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a  b  s  t  r  a  c  t

Gabor  filter  bank  has  been  successfully  used  for  false  positive  reduction  problem  and  the discrimination
of  benign  and  malignant  masses  in  breast  cancer  detection.  However,  a generic  Gabor  filter  bank is not
adapted  to multi-orientation  and  multi-scale  texture  micro-patterns  present  in  the  regions  of  interest
(ROIs)  of  mammograms.  There  are  two main  optimization  concerns:  how  many  filters  should  be  in  a
Gabor  filter  band  and  what  should  be their  parameters.  Addressing  these  issues,  this  work  focuses  on
finding  optimizing  Gabor  filter  banks  based  on an  incremental  clustering  algorithm  and  Particle  Swarm
Optimization  (PSO).  We  employ  an  SVM  with  Gaussian  kernel  as a fitness  function  for  PSO.  The effect  of
optimized  Gabor  filter  bank  was  evaluated  on 1024  ROIs  extracted  from  a  Digital  Database  for  Screening
irectional features
article Swarm Optimization (PSO)
ncremental clustering
igital mammography

Mammography  (DDSM)  using  four  performance  measures  (i.e.,  accuracy,  area  under  ROC  curve,  sen-
sitivity  and specificity)  for  the above  mentioned  mass  classification  problems.  The  results  show  that
the  proposed  method  enhances  the  performance  and  reduces  the  computational  cost.  Moreover,  the
Wilcoxon  signed  rank  test  over  the significance  level  of  0.05  reveals  that  the performance  difference
between  the  optimized  Gabor  filter  bank  and  non-optimized  Gabor  filter  bank  is  statistically  significant.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Breast cancer is the most common form of cancer which affects
omen all over the world and stands next to lung cancer in mortal-

ty among women [1,2]. A computer-aided diagnosis (CAD) system
ased on mammograms can assist the radiologists in detecting
reast cancer. A CAD system for masses involves two main stages
or mass extraction and processing: detection and segmentation,
alse positive reduction, and discrimination between benign and

alignant masses. In the first stage, potential mass regions of inter-
sts (ROIs) are detected and segmented from the mammogram
mage. The detected ROIs represent not only masses but also dense
reast parenchyma, which appear as white regions like masses in
ammograms and result in false positives. The false positive reduc-

ion stage classifies the detected ROIs into mass and normal ROIs.

he mass ROIs are further classified as benign and malignant.

Different efforts have been made so far for reducing false
ositives and increasing benign-malignant classification accuracy.

∗ Corresponding author.
E-mail address: salabat.khan@nu.edu.pk (S. Khan).

ttp://dx.doi.org/10.1016/j.asoc.2016.04.012
568-4946/© 2016 Elsevier B.V. All rights reserved.
Texture descriptors have been shown to represent masses more
accurately [3]. Since texture microstructures appear at different ori-
entations and scales, they can be represented more effectively using
Gabor filters. Gabor filters have been used for this purpose (e.g., see
Refs. [2,6] and references therein) and give better performance for
false positive reduction and benign-malignant discrimination [6].
However, a Gabor filter bank is not adopted to multi-orientation
and multi-scale texture microstructures present in mammograms.
To address this issue, we propose to tune and optimize the filters in
a Gabor filter bank in order to extract the local texture descriptors
that characterize texture micro-patterns (e.g., edges, lines, spots
and flat areas) more effectively. There are two  main optimization
concerns; first, how many filters are appropriate to be used in the
bank (filter selection problem) and second, what should be the
parameter values of each Gabor filter included in the bank (filter
design problem). Clearly, both of these problems are application
oriented and a general setting of a Gabor filter bank (see e.g., Refs.
[8,9]) does not perform well in different application scenarios. In
this work, we proposed a systematic approach that unifies the filter

selection and design processes using Particle Swarm Optimiza-
tion (PSO) and an incremental clustering algorithm. In particular,
PSO, a global optimization technique, is used to search for optimal

dx.doi.org/10.1016/j.asoc.2016.04.012
http://www.sciencedirect.com/science/journal/15684946
www.elsevier.com/locate/asoc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.asoc.2016.04.012&domain=pdf
mailto:salabat.khan@nu.edu.pk
dx.doi.org/10.1016/j.asoc.2016.04.012
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arameters of Gabor filters to address the filter design problem.
n addition, an incremental clustering algorithm removes redun-
ant Gabor filters from the bank by combining similar filters (in
arameter space), thus addressing the filter selection problem. Fil-
ers in the same cluster are represented with a single filter which
s the centroid of the cluster. The strategy helps in two  ways; first,
he recognition accuracy is improved and second, the computa-
ional cost is reduced (discussed in Section 4). This idea was  initially
resented in Ref. [7].

The key idea is optimizing the parameters of Gabor filters
uch that they respond stronger to features that best discriminate
etween normal and abnormal tissue, improving the performance
f breast cancer recognition. The main contribution of this paper
s a strategy based on PSO and incremental clustering for optimiz-
ng a Gabor filter bank that responds stronger to multi-scale and

ulti-orientation texture micro-patterns in a mammogram and
nhances the classification rate. For the evaluation of the effect of
he optimized Gabor filter bank on the mass classification problems,
t is applied on overlapping blocks of the ROIs to collect moment-
ased features (i.e., mean, standard deviation, skewness) from the
agnitudes of Gabor responses.
The rest of this paper is organized as follows. In the next section,

e review related research. In Section 3, we present the proposed
ethodology in detail. Subsequently, in Section 4, we  present our

xperimental results and discuss the effectiveness of the proposed
echnique. Finally, Section 5 concludes our work and presents direc-
ions for future research.

. Related work

Mass detection has attracted the attention of many researchers,
nd many detection techniques have been proposed. A detailed
eview of these methods can be found in Refs. [10–13]. Next, we
ive an overview of the most related recent mass classification
ethods.
Most of the existing methods differ in the types of features

hat are used for mass representation and the way these features
re extracted. Different types of features such as texture, gradient,
rey-level, and shape [10] features have been employed for mass
epresentation. Texture descriptors have been very effective in
etecting normal and lesion regions in mammograms [14–16]. Wei
t al. [17] extracted multiresolution texture features from wavelet
oefficients and used them for the discrimination of masses from
ormal breast tissue in mammograms. They used Linear Discrim-

nant Analysis (LDA) for classifying the ROIs as mass or non-mass.
his method was tested on 168 ROIs containing biopsy-proven
asses and 504 ROIs containing normal parenchyma, resulting in
z (Area under ROC curve) equal to 0.89 and 0.86 for the training
nd test data sets.

If texture is described accurately, then texture descriptors can
erform better than other descriptors [3]. Lladó et al. [3] used a
patially enhanced Local Binary Pattern (LBP) descriptor, to rep-
esent textural properties of masses and to reduce false positives;
his method achieved an overall Az equal to 0.94 ± 0.02 on 512 ROIs
256 normal and 256 masses) extracted from mammograms from
he DDSM database. The LBP-based method outperforms other CAD

ethods for mass classification. However, the LBP descriptor builds
tatistics on local micro-patterns (dark/bright spots, edges, and flat
reas etc.) and it is not robust to noise. The scheme proposed by
ampaio et al. [18] used geo-statistic functions for extracting tex-
ure features and SVM for classification, yielding Az of 0.87.
Oliveira et al. [19] addressed the problem of the classification
f mammogram regions as mass and non-mass and proposed a
ethod using texture features and SVM. The texture features in this
ethod are computed using the taxonomic diversity index and the
uting 44 (2016) 267–280

taxonomic distinctness. This method gives an average accuracy of
98.88% on DDSM database. The method developed by Nguyen et al.
[20] for the classification of suspicious ROIs into masses and non-
masses employs texture features extracted using Block Variance of
Local Coefficients (BVLC) and SVM. This method achieved AUC  of
0.93 on MIAS database. Junior et al. [21] presented a method for
false positive reduction problem using texture features extracted
as several diversity indices from ROIs and SVM. This method is
reported to achieve 100% accuracy on DDSM database. Reyad et al.
[22] compared first order statistics, LBP and multiresolution analy-
sis features for the classification of mass and non-mass. They used
SVM classifier and showed that the combination of first order statis-
tics and LBP gives the best accuracy (98.63%) for mass regions from
DDSM. Hussain [23] used multi-scale spatial Weber Law Descriptor
(WLD) and SVM to propose a method for false positive reduction
in mammograms. The accuracy rate of this method was 98.93% for
the classification of mass and non-mass ROIs from DDSM database.

Rouhi et al. [24] used intensity, textural, and shape features,
genetic algorithm (GA) for feature selection, and artificial neural
network (ANN) to develop a method for the classification of benign
and malignant masses. The accuracy of this method on DDSM using
10-fold cross validation is 82.06%. Nanni et al. [25] compared three
texture descriptors (Local Ternary Pattern (LTP), local phase quan-
tization (LPQ)) for the discrimination of mammogram tissues as
benign and malignant. They used SVM for classification and claimed
to achieve an AUC of 0.97, but Li et al. [26] compared their method
with this method and showed that this method achieved classifi-
cation accuracy rates of 64.62 (LTP) and 62.3 (LPQ) on 114 mass
regions (52 benign and 62 malignant) from DDSM database using
5-fold cross validation. Li et al. [26] proposed a method for the dis-
crimination of benign and malignant masses using texton analysis
with multiple sub-sampling strategies. K-nearest Neighbor (KNN)
classifier is used for each sub-sampling strategy and majority-vote
is used for final decision from all KNN classifiers. This method
achieved an accuracy rate of 85.96% on 114 mass regions (52 benign
and 62 malignant) from DDSM database.

Gabor filters have been extensively used for texture description
in various image processing and analysis approaches [27,28]. They
decompose an image into multiple scales and orientations making
the analysis of texture patterns more straightforward. Mammo-
grams contain a lot of texture, and as such, Gabor filters are suitable
for texture analysis of mammograms [29,30]. Different texture
description techniques using Gabor filters differ in the way that the
texture features are extracted [31]. Hussain [2] employed Gabor fil-
ters to create 20 Gabor images, which were then used to extract a
set of edge histogram descriptors. He used KNN along with fuzzy c-
means clustering as a classifier. The method was evaluated on 431
mammograms (159 normal cases and 272 containing masses) from
the DDSM database using tenfold cross validation. This method
achieved a true positive (TP) rate of 90% at 1.21 false positives per
image. The data set used for validation is biased towards abnormal
cases, which favors the mass cases. It should be mentioned that this
method extracts edge histograms which are holistic descriptors,
and do not represent the local textures of masses.

Lahmiri and Boukadoum [32] used Gabor filters along with
Discrete Wavelet Transform (DWT) for mass classification. They
applied Gabor filters at different frequencies and spatial orienta-
tions on the HH high frequency sub-band image obtained using
DWT, and extracted statistical features (i.e., mean and standard
deviation) from the Gabor images. For classification, they used SVM
with polynomial kernel. Their method was  tested on 100 mam-
mograms from the DDSM database using tenfold cross validation,

achieving an accuracy of 98%. Although the detection accuracy
achieved was good, the size of the dataset used for testing was rela-
tively small. Costa et al. [33] explored the use of Gabor filters along
with Principal Component Analysis (PCA) for feature extraction,
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ndependent Component Analysis (ICA) for efficient encoding, and
DA for classification. The success rate of their method, using Gabor
lters for feature extraction, was 85.05% on 5090 ROIs extracted

rom mammograms in the DDSM database. Hussain at el. [6] used
 Gabor filter bank in a novel way to extract the most represen-
ative and discriminative textural properties of masses present at
ifferent orientations and scales for mass classification. SVM with
aussian kernel was employed for classification. Their method was
valuated over 1024 (512 masses and 512 normal) ROIs extracted
rom the DDSM database. For classifying ROIs as masses and normal
issues, this method resulted in Az = 0.96 ± 0.02; the accuracy for
lassifying mass ROIs as benign and malignant was  Az = 0.87 ± 0.05.

In Ioan and Gacsadi [34], raw magnitude responses of 2D Gabor
lters were investigated as features for proximal SVM. A total of
22 mammogram images from the Mammographic Image Analysis
ociety (MIAS) database were used for three experimental cases:
a) discrimination between the three classes: normal, benign and

alignant using one against all SVM classification, (b) normal vs.
umor (benign and malignant) and (c) benign vs. malignant; 80%
ata samples were used for training and the rest 20% for testing.
he dimension of the feature space in this case was  equal to the
umber of pixels present in the mammogram images times the
umber of Gabor filters; PCA was used for dimension reduction.
he best results (in terms of accuracy) for the three experimental
ases were: 75%, 84.37% and 78.26%, respectively.

Geralodo et al. [35] used Moran’s index and Geary’s coefficients
s input features for an SVM classifier and tested their approach
ver two cases: normal vs. abnormal and benign vs. malignant. They
btained an accuracy of 96.04% and Az of 0.946 with Geary’s coef-
cient and an accuracy of 99.39% and Az of 1 with Moran’s index

or the classification of normal vs. abnormal cases. For the second
ase (benign vs. malignant), an accuracy of 88.31% and Az of 0.804
ere obtained with Geary’s coefficient and an accuracy of 87.80%

nd Az of 0.89 with Moran’s index. The method was  tested over
394 ROI images collected from the DDSM database using tenfold
ross validation.

Most of the published research works using 2D Gabor filters
or feature extraction are mostly concerned with a generic (non-
ptimized) setting of filters in a bank [2,33,36,37,38,6]. Based on
he Gabor feature extraction strategy, there are three major differ-
nces between the earlier works and the method proposed in this
aper. First, the size of the Gabor filter bank used for filtering the
OIs is different. Parameters of an optimized Gabor filter in the bank
re not similar [2,33] resulting in different resultant responses that
re basis for eventual feature values. The second major difference is
n the way a filter in the bank is applied to the mammogram images.
n previous research works (e.g., Refs. [2,33,35,36] and references
herein) related to 2D Gabor filtering in mammography, the entire
OI is convolved with each Gabor filter increasing feature dimen-
ionality significantly. In most of these cases, a feature selection or
rojection strategy [33] is required to handle high dimensionality.

n our case, we partition an ROI into overlapping blocks (Section
.3), apply an optimized filter to each block and compute statisti-
al measures making the feature dimension more manageable. For
xample, using the feature extraction strategy presented in Ref.
33], the feature dimension for an ROI resolution of 32 × 32 pix-
ls with 40 Gabor filters is 40,960; in our case, using a block size of
6 × 16 pixels, yields 1080 features. This strategy also improves the
ecognition rate of the method significantly as depicted in Section
. The third major difference has to do with the way the resultant
ltered pixel values are used to form a feature vector. Gabor fil-
ering leads to complex values. We use moment-based magnitude

alues of pixels in blocks to construct a feature vector (Section 3.1);
arlier works [2,33], however, use the magnitude of the complex
alues directly as feature values, without any further processing.
uting 44 (2016) 267–280 269

3. Method

In this section, we describe in detail our method for optimizing
Gabor filter bank for false positive reduction and benign-malignant
classification problems. First, a brief overview of Gabor filter banks
is presented. Then, we  discuss the optimization of Gabor filter bank
using PSO and clustering. Finally, we review the SVM classifier that
is used as a fitness function in PSO.

3.1. Gabor filter bank

Masses in an ROI contain micro-patterns at different scales and
orientations. These micro-patterns are helpful in the recognition of
cancerous regions in a CAD system. Gabor filters can effectively be
used to detect these micro-patterns.

Gabor filters are biologically motivated convolution kernels [40]
that have been widely used in a number of applications in the fields
of computer vision and image processing (e.g., face recognition
[41], facial expression recognition, iris recognition, optical char-
acter recognition, vehicle detection [42] etc.). In order to represent
multi-scale and multi-orientation textural micro-patterns in ROIs,
Gabor filters can be tuned using different orientations and scales.
The general form g(x, y) of a 2D Gabor filter family is represented
by a Gaussian kernel modulated by an oriented complex sinusoidal
wave [42]:

g(x, y) = 1
2��x�y

e

[
−1/2

(
(x̃2/�2

x )+(ỹ2/�2
y )
)]
e(2�jWx̃) (1)

x̃ = x cos � + y sin �andỹ = −x sin � + y cos �. (2)

where �x and �y are the scaling parameters (i.e., they describe
the neighborhood of a pixel where the weighted summation takes
place), W is the central frequency of the complex sinusoid and
� ∈ [0,  �) is the orientation of the normal to the parallel stripes
of the Gabor function.

A particular Gabor filters bank (GFB) contains multiple individ-
ual filters adjusted with different parameters (scaling, orientation
and central frequency) [9]. In this paper, four different GFB con-
figurations have been considerd: GS2O3 (i.e., containing 6 filters, 2
scales{S} × 3 orientations{O}), GS3O5, GS4O6 and GS5O8 with an
initial max frequency equal to 0.2 and an initial orientation set to
0. The orientations and frequencies for a GFB are calculated using
following equations [42]:

Orientation (i) = (i − 1)�
O

where i = 1, 2, ......,

O (� total orientations). (3)

Frequency(i) = fmax=0.2

(
√

2)
i−1

where i = 1, 2, ......, S (�total scales). (4)

3.2. Gabor filter bank optimization

A Gabor filter is described with four parameters   =
{�, W,  �x, �y}. A bank contains several Gabor filters tuned with
different parameter settings  , yielding quite different filter
responses. In general, parameter settings are chosen in a data-
independent way. Different classification problems require an
optimal set of features and so optimal Gabor filters. Selecting GFB
with optimal parameter settings is an important optimization prob-
lem. We employ PSO [43] to select the GFB with optimal responses.

PSO is a population based stochastic global optimization technique,
which was  developed in 1995 by Eberhart and Kennedy [43]. PSO
is a suitable strategy that can better cope with the continuous non-
linear optimization problems as compared to Genetic Algorithms
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GAs). Further, for continuous valued problems, usually, the PSO
mplementation is simpler and converges faster than GAs. PSO car-
ies out both global and local searches simultaneously whereas GA
ainly involves global search [44].
The idea behind PSO was inspired by social behavior of flocks

f birds and school of fish. It is a multi-agent system where an
gent is called ‘particle’. PSO starts with an initial population of
articles with random positions and velocities. The position of a
article is a d-dimensional vector and represents a candidate solu-
ion to an d-dimensional problem. The particles fly through the
yperspace by updating their velocities and share their experi-
nces with each other. Though, a single particle is not intelligent
nough, working collectively through sharing the experience about
he problem space, however, help the swarm in solving complex
ptimization problems. In the standard PSO, velocities of the par-
icles are stochastically updated based on two factors: first, the
ersonal best position pb (a cognitive factor) found so far by the par-
icle itself and second, the global best position pgb (a social factor)
ound so far by the entire swarm. The quality of a particle position
s determined using an application specific fitness function. The
elocity and position of i-th particle is updated using the following
quations:

i
t+1 = xit + vit+1.

i
t+1 = wivit + c1r1(pib − xit) + c2r2(pgb − xit).

here xit and vit are n-dimensional vectors that represent the posi-
ion and velocity of the i-th particle in iteration t, respectively; wi
s known as the inertia weight. The wivit is the weighted current
elocity, c1r1(pib − xit) is the weighted deviation from the self-best
osition, and c2r2(pgb − xit) is the weighted deviation from the
lobal best position. If wi has a large value, the particle will be
oving faster due to which the search becomes less refined (global

xploration); if it is too low, the search will take longer time (local
xploitation). The values of c1 and c2 (known as acceleration coef-
cients) are set to some predefined values at initialization and r1,

2 are calculated randomly in the range from 0 to 1.
The four parameters in wi represent a single Gabor filter to be

ptimized. In order to optimize n filters (see Fig. 1), the particle
ill fly in 4n dimensional space, where each dimension assumes a

ontinuous value. It is worth mentioning that the encoding scheme
s quite flexible and any number of pre-specified filters can easily
e encoded by simply increasing/decreasing the dimension of the
earch space. Each of the parameters in   has its own  constraints
nd ranges which could be imposed using some prior knowledge.
e have adopted the ranges used in Ref. [7] such that the � param-

ter should satisfy the range [0,  �). Radial frequency of the filters
s allowed to be in the range [0 ≥ W ≤ 0.5] and the �x, �y (i.e., the
harpness of the filter along major and minor axes, respectively)
hould be in the range of [0.796 > � < w/5] where w is the width
f the mask in the filter. In our experiments, we have used a swarm
ize of 10 particles that are initialized randomly within the giving
anges of each dimension. The error rate of an SVM classifier is used
s fitness value to evaluate the effectiveness of the filters encoded
n a particle.

The velocities of the particles quickly attain very large values
ue to which the particles might take longer jumps in the search
pace and thus the search becomes less refined or coarse. In order
o ensure a finer search in the close proximities of the particles’ cur-
ent positions, velocity clamping is used. If the velocity of a particle
n any of its dimension exceeds the value of ±Vmax, the value at

hat dimension is clamped to ±Vmax where ±Vmax is the maximum
elocity in both positive and negative directions. In our approach,
max is equal to the maximum range values of the parameters in the
espective dimensions. To ensure that the particle does not over-
uting 44 (2016) 267–280

fly from the given ranges of parameters, velocity resetting is used.
After applying the position update equation, if the position value
at a particular dimension of the particle does not remain in the
given range, the older position value at that dimension is used and
the velocity at that dimension is reset to zero (known as velocity
resetting).

The particles keep searching for an optimum solution until the
stopping criteria are met. Two  stopping criteria are used; first, the
search process is terminated if the total number of iterations is
reached or the optimum is found. Second, the search is stopped
if convergence has been detected. The search process is supposed
to have converged when the global best fitness value of the entire
swarm doesn’t improve over the last few iterations. Convergence,
as defined in our approach, does not necessarily mean that the
optimal solution has been found. Convergence might occur due to
stagnation where the particles move back and forth in the positions
visited previously and no more exploration of the search space is
possible. There are numerous techniques in the PSO literature for
handling stagnation (e.g., particles re-initialization, regrouping of
the particles, etc.).

3.3. Incremental clustering

During the execution of PSO for Gabor filters parameter opti-
mization, it is possible that some of the filters encoded in a particle
become similar or even identical. These similar or possibly identical
filters generate similar/identical responses, thus introduce redun-
dancy in the feature space, which might degrade the generalization
ability of SVM and increase processing time. To deal with this sit-
uation, an incremental clustering algorithm is used that groups
together redundant filters in a particle. The centroid of the clus-
ter is then used as a single filter instead of using all the filters in the
cluster. Clustering is performed in the parameter space of  .  The
incremental clustering algorithm used in Ref. [7] was  also adopted
in our work. Specifically, the first filter in a particle is assigned to the
first cluster. Next, the n-th filter  n = {�n, Wn, �xn, �yn} in the par-
ticle is assigned to the i-th cluster, only if the following conditions
are satisfied.

�i − Thr� ≤ �n ≤ �i + Thr�

Wi − ThrW ≤ Wn ≤ Wi + ThrW

�xi − Thr� ≤ �xn ≤ �xi + Thr�

�yi − Thr� ≤ �yn ≤ �yi + Thr�

where i ∈ [1N] and N represents the total number of clusters;
{�i, Wi, �xi, �yi} is the centroid of the i-th cluster and Thr repre-
sents the threshold values used to quantify the similarity between
the filter and centroid of the cluster. The thresholds are calculated
as follows based on the minimum and maximum range values of
the parameters in  :

Thr� = �

K
× 0.5, ThrW = (Wmax − Wmin)

K
× 0.5 and

Thr� = (�max − �min)
K

× 0.5

Here, K is a user defined parameter which is used to handle the
extent of threshold values over the tradeoff between model com-
pactness and accuracy [7] (e.g., large values of K result in more
compact models).

The block diagram for the GFB optimization is given in Fig. 2.

First, a set of validation ROIs, selected from the mammogram
database, are used for PSO learning. The ROIs are resized to the
same resolution as per the requirement of GFB. The banks (which
are encoded as particles) are initialized randomly and the fitness
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Fig. 1. Particle encoding for a G

f each bank is calculated using the SVM classifier to initialize per-
onal best and global best positions. The i-th particle in the swarm is
eferred to as ‘i’ in the block diagram. As PSO learning takes place, it
s expected that each new generation would improve the accuracy
f the global best particle over the validation ROIs (i.e., measured
n terms of the SVM error rate using tenfold cross validation). A
eneration is completed when all particles update their positions
i.e., when ‘i’ exceeds the size of swarm represented as |particles).
n a generation, each particle is used to extract the features from
he selected validation ROIs. The fitness of i-th particle is calcu-
ated using the SVM classifier over the features (dataset) extracted

ith filters represented by the i-th particle using tenfold cross val-

dation. This process is repeated until the swarm converges or the
llowed number of generations is reached.

Fig. 2. Block diagram for GFB 
filter bank containing n filters.

3.4. Gabor features extraction

For the optimization process, we use the Gabor feature extrac-
tion method proposed in Ref. [6]. Here, we  give an overview of this
method.

The first step is to divide each ROI into overlapping windows
(OW) as shown in Fig. 3. For instance, an ROI of size 512 × 512 pix-
els is first divided into blocks of equal size of 128 × 128 pixels. In
this way, sixteen blocks are created, labeled 1–16 in Fig. 3. Using
these blocks, OWs  of equal sizes of 256 × 256 pixels are created (e.g.,
blocks 1, 2, 5 and 6 form the first 256 × 256 pixels OW,  blocks 2, 3,
6 and 7 the second, 5, 6, 9 and 10 the fourth, and so on). With this

formation, 9 OWs  are created. It should be noted that by increas-
ing/decreasing the size of a block, an ROI can be segmented into
different sizes and number of OWs

optimization using PSO.



272 S. Khan et al. / Applied Soft Computing 44 (2016) 267–280

Fig. 3. Segmentation of ROI into overlapping windows.
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Fig. 4. Extraction of Gabor features from OW

The second step involves convolving each OW of an ROI with a
FB and computing statistical moments to form the feature vector

epresenting the ROI (see Figs. 4 and 5). In this paper, three statisti-
al moments (SMs) are computed from the magnitude responses of
ach Gabor filter in an OW.  The employed SMs  are the mean �i,j , the
tandard deviation �i,j and the skewness ki,j (where i corresponds
o the i-th filter in the bank and j to the j-th OW of an ROI).

The statistical features Vwi computed from all OWs  are con-
atenated to form the feature vector representing the ROI (see
ig. 5). For instance, assuming GS5O8, which consists of 40 fil-
ers, and segmenting an ROI into 9 OWs, a feature vector of size
080 = (9OWs × 40GFs × 3SMs) is obtained which is shown below
s a row vector:

[�1,1, �1,1, k1,1, �2,1, �2,1, k2,1, ..., �40,1, �40,1, k40,1, �1,2,

�1,2, k1,2, ...., �40,9, �40,9, k40,9, class]. (5)

.5. Feature selection

We  used SVM as fitness function in PSO and when the size of

he OWs  is small, the dimension of the feature space becomes too
arge which makes it difficult to be handled by SVM. This is because

any of the features can be irrelevant or redundant, increasing the
omplexity of the search space and making generalization more

Fig. 5. Extraction of Gabor features from ROI an
sing GFB GS5O8, here VSiOj = [�i,j, �i,j, ki,j].

difficult (curse of dimensionality). SVMs are very sensitive to noisy
training data [45]; they are also prone to over-fitting and poor gen-
eralization [46] which can degrade classification performance [47].
In order to cater this shortfall, a fast and robust feature selection
strategy is required. Sparse Multinomial Logistic Regression with
Bayesian L1 Regularization (SBMLR FSS) [48] is a fast and robust
feature subset selection (FSS) algorithm, which is employed here.
Due to its fast execution, SBMLR FSS is an ideal algorithm to be used
with evolutionary and swarm based optimization methods.

We  used the implementation of SBMLR FSS from Ref. [49]. It
returns a list of selected features and provides the weight (based
on the information gain) values assigned to all the features in the
original feature space. The features selected by SBMLR FSS are used
without any post-processing (e.g., thresholding) in the resultant
weight vector.

3.6. Classification and fitness function

For the classification of ROIs, we employ SVM. The error rate
of SVM is used as the fitness value to evaluate the effectiveness
of the filters encoded by a particle in PSO. Classification of ROIs
is a binary classification problem. SVM classifiers [50] are gener-

ally designed to solve binary classification problems; thus perfectly
suiting our requirements. The idea is to find an optimal hyper-
plane that can separate the data samples belonging to two different
classes with large margins in high dimensional space [51,59,60].

d feature vector V representing the ROI.
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he margin is defined as the sum of distances to the decision bound-
ry (hyper-plane) from the nearest samples (support vectors) of the
wo classes. SVM formulation is based on statistical learning the-
ry and has attractive generalization capabilities in linear as well
s non-linear decision problems [50,52]. SVM uses structural risk
inimization as opposed to empirical risk minimization [50] by

educing the probability of misclassifying an unseen pattern drawn
andomly from a fixed but unknown distribution.

SVM takes classification decisions using the following optimal
yper-plane with maximum margin:

(x) = wTx + w0 = 0 (6)

here x is the feature descriptor and w and w0 are unknown
arameters, which are computed using training samples {(xi, yi)|

 ≤ i ≤ N}, where yi ∈ {+1, −1} is the class label; the computation
nvolves the solution of an optimization problem based on large

argin theory. Once the optimal hyper-plane has been computed,
he classification of a test sample x is performed using

(x) =
∑Ns

i=1
�iyix

T
i x + w0 (7)

here �i are Lagrange multipliers and Ns is the number of support
ectors i.e., the training samples corresponding to non-zero �i’s.
n case the data samples belonging to two classes are not linearly
eparable, Kernel trick is used; a kernel function satisfying Mercer’s
ondition [50] is employed that maps the lower dimensional space
o a higher dimensional space where the samples become linearly
eparable. Using a kernel function, the function g(x) is expressed as

(x) =
∑Ns

i=1
�iyiK(xi,x) + w0 (8)

here K(xi, x) is the kernel function that expresses the inner prod-
ct of data samples in the higher dimensional space. User defined
arameter C is used to control the misclassified penalty or error in
he new formulation, the misclassification penalty or error is con-
rolled with a user defined parameter C (regularization parameter,
ontrolling tradeoff between error of SVM and margin maximiza-
ion), and is tied with the kernel. There are several kernels available
o be used e.g., linear, polynomial, sigmoid, radial basis function
RBF), etc. In our experiments, RBF kernel is used as given by:

(xi, x) = exp(−� ||xi − x||2), � > 0. (9)

The � is the width of the kernel function. RBF kernel is now
ied with two parameters � and C. Model selection procedure is an
ttempt to find better hypothesis which is done by tuning these

 parameters. Loose grid search is the first operation to find the
odel selection for better regions in the parameter space. After

oing the loose grid is followed by finer grid to search the region
ound by loose grid search. This model selection procedure is rec-
mmended in the work of Hsu et al. [53]. SVM parameter groups
re used (as found by grid search) only for non-PSO based meth-
ds. The best parameters found in these non-optimized methods
xperiments are saved and used for PSO based experiments in an
ffort to reduce computational cost of the proposed method. In this
ay, the parameters of SVM kernel are fixed and there is no need

o run grid search (for setting parameters of SVM) when evaluating
he fitness of each particle in PSO.

. Results and discussion

In this section, we present our experimental results to demon-
trate the performance of the proposed method. We  have

onducted experiments for two classification problems: (i) false
ositive reduction (i.e., to classify candidate ROIs into normal and
ass) and, (ii) the classification of mass ROIs into benign and
alignant. First, we discuss the mammogram database and the
uting 44 (2016) 267–280 273

evaluation methodology used in our experiments. Then, we discuss
different parameter configurations investigated during our experi-
ments. We  statistically compare the optimized and non-optimized
GFBs using a non-parametric Wilcoxon signed rank test [54,55] to
validate our conclusions. Finally, the proposed method is compared
with some recent state-of-the-art methods.

4.1. Database and evaluation methodology

For evaluation, we used the Digital Database for Screening Mam-
mography (DDSM) [56], which consists of more than 2000 cases
and is a commonly used benchmark database for breast cancer
detection. The database is completely annotated by expert radi-
ologists for each case. The locations of masses in mammograms are
available as code chains. We  randomly selected 768 cases from the
database and using code chains, extracted 256 ROIs, which contain
true masses; the sizes of these ROIs vary depending on the size of
the mass regions. In addition, we extracted 512 ROIs containing
normal but suspicious tissues and 256 benign ROIs. Some sample
ROIs are shown in Fig. 6.

For the false positive reduction problem, we  used 256 normal
and 256 mass (malignant and benign) ROIs. For the discrimination
of benign and malignant ROIs, we used 256 benign and 256 malig-
nant mass ROIs. We  used 150 ROIs (75 normal, 75 malignant and
benign) in the first case and 150 ROIs (75 benign and 75 malig-
nant) in the second case as validation ROIs for the PSO based Gabor
filter bank optimization. The GFB was optimized with PSO using
tenfold cross validation. The performance of optimized GFB (OGFB)
was compared with the non-optimized GFB (NGFB) using an SVM
classifier and tenfold cross validation (see Fig. 7).

Using tenfold cross validation, the data set is randomly parti-
tioned into ten non-overlapping and mutually exclusive subsets.
For the experiment of fold i, subset i is selected as testing set and
the remaining nine subsets are used to train the classifier. In order
to have a fair comparison, the same tenfold cross validation sub-
sets were used for different experiments (e.g., with/without feature
selection).

We employed commonly used performance evaluation mea-
sures for performance evaluation. The SVM classifier assigns a
membership value of each class when an unseen pattern is pre-
sented to it. The receiver operator characteristics (ROC) curve
can be obtained by varying the threshold on this membership
value. Then, the area under ROC curve (Az.) can be calcu-
lated. The other commonly used evaluation measures in the
machine learning community are accuracy or recognition rate
(RR) = (tp + tn)/(tp + fp + tn + fn), sensitivity (Sn) = tp/(tp + fn), and
specificity (Sp) = tn/(tn + fp), where tn,  tp,  fp and fn denote, respec-
tively, the number of true negatives, true positives, false positives
and false negatives.

4.2. Parameter settings

To thoroughly evaluate the effect of the proposed optimization
procedure, we examined its effect on three types of parameters
(used for Gabor features): (i) size of ROIs, (ii) size of blocks and
OWs and (iii) the number of filters in a GFB. The extracted ROIs
are of different sizes; to process them using a Gabor filter bank,
they are resized to the same resolution. For resizing the ROIs, Bicu-
bic interpolation method is used where the output pixel value is
a weighted average of pixels in the nearest 4 × 4 neighborhood.
We have tested two resolutions: 128 × 128 and 64 × 64. In order to

extract features at different levels of granularity, the ROIs are par-
titioned into blocks of three sizes: 8 × 8, 16 × 16 and 32 × 32 pixels.
The size of OWs  is dependent on the block size and therefore, is not
required to be tuned. For the third parameter, we used four config-



274 S. Khan et al. / Applied Soft Computing 44 (2016) 267–280

 row) 

u
G

t
t
w
s
l

m
e
s

Fig. 6. (Top row) Normal but suspicious ROIs, (middle

rations of Gabor filter banks: GS2O3 (2 scales and 3 orientations),
S3O5, GS4O6 and GS5O8.

For the optimization of GFB, the following PSO parame-
ers were used: swarm size = 10, total generations = 50, itera-
ions for converge = 5, c1 & c2 = 1.4, k-threshold = 3 and inertia
eight = 0.7. These parameter values were chosen because they

eems to provide reasonable performance as reported earlier in the
iterature [43].
In the following discussion, we refer to Gabor feature extraction
ethod using NGFB as noPSO. The second feature extraction strat-

gy is referred as PSO-noFSS where PSO is used without feature
ubset selection to find OGFB. We  have noticed that PSO results

Fig. 7. Performance evalu
benign mass ROIs, (bottom row) malignant mass ROIs.

are highly dependent on the performance of SVM classification.
The high dimension of features can mislead the learning process
by inducing error in the classification phase. We  therefore apply
SBMLR FSS before the fitness function evaluation to facilitate the
search of particles in the right direction. We  refer to this strat-
egy as PSO-FSS (i.e., PSO guided by feature subset selection). For
a fair comparison, the fourth feature extraction strategy called
noPSO-FSS is also investigated, where the first feature extrac-

tion method noPSO is combined with feature subset selection (i.e.,
SBMLR FSS).

ation using OGFB.
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Table  1
Performance in terms of sensitivity (mean ± std) for normal vs. masses (bold highlighted values are best).

ROI size Block size noPSO noPSO-FSS PSO-noFSS PSO-FSS

GFB Sn GFB Sn OGFB Sn OGFB Sn

64 × 64 16 × 16 GS3O5 88.04 ± 6.84 GS3O5 84.93 ± 7.93 PSO15 (14) 89.76 ± 4.87 PSO15 (13) 95.81 ± 3.34
GS4O6 90.99 ± 6.86 GS4O6 91.56 ± 3.10 PSO24 (22) 89.57 ± 5.47 PSO24 (23) 95.81 ± 3.03
GS5O8 93.97 ± 4.11 GS5O8 92.64 ± 3.09 PSO40 (30) 79.16 ± 29.39 PSO40 (31) 95.20 ± 4.54

8  × 8 GS3O5 91.95 ± 3.15 GS3O5 91.54 ± 6.37 PSO15 (13) 87.90 ± 6.81 PSO15 (15) 96.89 ± 5.42
GS4O6 91.85 ± 5.42 GS4O6 92.36 ± 4.53 PSO24 (20) 89.60 ± 4.15 PSO24 (19) 97.92 ± 3.08
GS5O8 92.66 ± 5.56 GS5O8 90.57 ± 5.43 PSO40 (37) 90.17 ± 5.83 PSO40 (30) 96.95 ± 2.25

128  × 128 32 × 32 GS3O5 91.01 ± 4.87 GS3O5 89.16 ± 5.90 PSO15 (14) 83.43 ± 6.46 PSO15 (14) 95.49 ± 4.53
GS4O6 91.82 ± 6.14 GS4O6 88.08 ± 8.56 PSO24 (21) 83.54 ± 4.17 PSO24 (21) 96.22 ± 2.88
GS5O8 92.13 ± 4.20 GS5O8 90.77 ± 6.27 PSO40 (33) 89.43 ± 7.26 PSO40 (35) 94.07 ± 4.73

16  × 16 GS3O5 88.50 ± 4.87 GS3O5 91.34 ± 3.97 PSO15 (14) 88.60 ± 6.05 PSO15 (14) 95.85 ± 5.20
GS4O6 90.72 ± 5.90 GS4O6 90.92 ± 5.95 PSO24 (20) 90.45 ± 4.74 PSO24 (22) 96.55 ± 2.92
GS5O8 90.46 ± 4.78 GS5O8 90.03 ± 4.26 PSO40 (35) 90.51 ± 6.52 PSO40 (26) 97.70 ± 3.54

8  × 8 GS3O5 87.26 ± 8.30 GS3O5 88.81 ± 6.53 PSO15 (14) 89.82 ± 6.30 PSO15 (14) 98.19 ± 1.91
GS4O6 88.47 ± 2.74 GS4O6 89.07 ± 5.59 PSO24 (18) 89.83 ± 6.24 PSO24 (20) 98.80 ± 2.76
GS5O8 91.67 ± 6.97 GS5O8 94.62 ± 3.10 PSO40 (38) 89.63 ± 7.96 PSO40 (34) 97.08 ± 3.35

Table 2
Performance in terms of specificity (mean ± std) for normal vs. masses (bold highlighted values are best).

ROI size Block size noPSO noPSO-FSS PSO-noFSS PSO-FSS

GFB Sp GFB Sp OGFB Sp OGFB Sp

64 × 64 16 × 16 GS3O5 93.51 ± 5.79 GS3O5 95.63 ± 3.49 PSO15 (14) 92.82 ± 3.56 PSO15 (13) 96.38 ± 3.67
GS4O6 94.80 ± 5.48 GS4O6 93.85 ± 5.64 PSO24 (22) 91.26 ± 6.00 PSO24 (23) 97.20 ± 1.99
GS5O8 94.81 ± 5.12 GS5O8 96.01 ± 4.85 PSO40 (30) 90.40 ± 5.93 PSO40 (31) 97.48 ± 3.32

8  × 8 GS3O5 96.95 ± 4.31 GS3O5 93.48 ± 5.38 PSO15 (13) 95.97 ± 4.96 PSO15 (15) 98.13 ± 3.21
GS4O6 96.04 ± 3.24 GS4O6 93.48 ± 6.61 PSO24 (20) 95.08 ± 4.14 PSO24 (19) 98.08 ± 2.03
GS5O8 95.85 ± 3.70 GS5O8 95.13 ± 3.34 PSO40 (37) 94.67 ± 3.93 PSO40 (30) 98.76 ± 2.03

128  × 128 32 × 32 GS3O5 92.34 ± 3.55 GS3O5 92.35 ± 6.85 PSO15 (14) 87.55 ± 6.64 PSO15 (14) 98.46 ± 1.99
GS4O6 93.45 ± 4.04 GS4O6 91.94 ± 5.51 PSO24 (21) 92.12 ± 3.47 PSO24 (21) 96.68 ± 2.84
GS5O8 93.16 ± 5.45 GS5O8 89.63 ± 5.66 PSO40 (33) 93.55 ± 4.93 PSO40 (35) 98.42 ± 2.08

16  × 16 GS3O5 94.12 ± 1.94 GS3O5 94.70 ± 3.05 PSO15 (14) 95.13 ± 3.70 PSO15 (14) 99.17 ± 1.76
GS4O6 92.64 ± 6.10 GS4O6 94.59 ± 4.82 PSO24 (20) 94.18 ± 5.99 PSO24 (22) 99.62 ± 1.22
GS5O8 95.27 ± 3.69 GS5O8 97.98 ± 2.15 PSO40 (35) 92.50 ± 3.97 PSO40 (26) 98.03 ± 3.45

8  × 8 GS3O5 94.47 ± 4.34 GS3O5 96.38 ± 3.39 PSO15 (14) 93.92 ± 5.24 PSO15 (14) 98.49 ± 1.98
GS4O6 94.21 ± 5.14 GS4O6 94.62 ± 3.65 PSO24 (18) 93.96 ± 3.02 PSO24 (20) 98.90 ± 2.48
GS5O8 93.56 ± 3.86 GS5O8 98.34 ± 2.22 PSO40 (38) 95.06 ± 4.54 PSO40 (34) 98.95 ± 2.44

Table 3
Performance in terms of accuracy (mean ± std) for normal vs. masses (bold highlighted values are best).

ROI size Block size noPSO noPSO-FSS PSO-noFSS PSO-FSS

GFB Acc. (%) GFB Acc. (%) OGFB Acc. (%) OGFB Acc. (%)

64 × 64 16 × 16 GS3O5 90.44 ± 4.73 GS3O5 90.05 ± 4.82 PSO15 (14) 91.40 ± 3.50 PSO15 (13) 95.90 ± 2.15
GS4O6 92.76 ± 3.23 GS4O6 92.59 ± 3.35 PSO24 (22) 90.45 ± 3.65 PSO24 (23) 96.48 ± 1.80
GS5O8 94.33 ± 3.64 GS5O8 94.52 ± 3.18 PSO40 (30) 84.15 ± 13.10 PSO40 (31) 96.09 ± 2.62

8  × 8 GS3O5 94.33 ± 3.00 GS3O5 92.18 ± 3.35 PSO15 (13) 92.02 ± 4.37 PSO15 (15) 97.46 ± 3.92
GS4O6 93.94 ± 2.53 GS4O6 92.78 ± 3.57 PSO24 (20) 92.19 ± 2.76 PSO24 (19) 97.85 ± 1.95
GS5O8 94.13 ± 3.82 GS5O8 92.78 ± 3.18 PSO40 (37) 92.38 ± 2.53 PSO40 (30) 97.86 ± 1.42

128  × 128 32 × 32 GS3O5 91.40 ± 3.25 GS3O5 90.43 ± 4.16 PSO15 (14) 85.77 ± 4.96 PSO15 (14) 96.87 ± 2.48
GS4O6 92.59 ± 2.85 GS4O6 90.03 ± 4.92 PSO24 (21) 88.10 ± 3.99 PSO24 (21) 96.48 ± 1.55
GS5O8 92.58 ± 3.02 GS5O8 90.06 ± 3.55 PSO40 (33) 91.62 ± 4.63 PSO40 (35) 96.29 ± 2.15

16  × 16 GS3O5 91.20 ± 2.83 GS3O5 92.78 ± 2.05 PSO15 (14) 92.01 ± 3.92 PSO15 (14) 97.46 ± 3.07
GS4O6 91.59 ± 4.26 GS4O6 92.78 ± 3.18 PSO24 (20) 92.20 ± 4.00 PSO24 (22) 98.05 ± 1.59
GS5O8 92.76 ± 3.60 GS5O8 93.94 ± 2.85 PSO40 (35) 91.60 ± 3.45 PSO40 (26) 97.85 ± 1.95

2.58 ±
1.79 ±
6.48 ±
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8  × 8 GS3O5 90.83 ± 4.77 GS3O5 9
GS4O6 91.40 ± 2.81 GS4O6 9
GS5O8 92.57 ± 4.42 GS5O8 9

.3. False positive reduction problem

In this section, our experimental results for the first classi-
cation problem (suspicious normal vs. masses) are presented
nd discussed. Although most of the benign masses are struc-
urally closer to the malignant masses, there are cases that are

tructurally closer to the normal masses; this makes the dis-
rimination task challenging. In Table 1, the columns titled OGFB
orrespond to PSO15, PSO24 and PSO40 while the columns titled
GFB correspond to GS3O5, GS4O6 and GS5O8. The value inside
 3.66 PSO15 (14) 92.01 ± 3.18 PSO15 (14) 98.25 ± 1.43
 3.54 PSO24 (18) 91.99 ± 2.69 PSO24 (20) 98.82 ± 2.48
 2.40 PSO40 (38) 92.58 ± 3.30 PSO40 (34) 98.05 ± 2.25

the parentheses on the right side of PSO15 (third row, seventh col-
umn  of Table 1) is the number of Gabor filters finally selected using
the incremental clustering algorithm. In Tables 1–4 , our experi-
mental results are given for the four feature extraction strategies
in terms of the four performance measures: sensitivity, specificity,
accuracy and Az, respectively. The best results both in terms of

average accuracy (98.82 ± 2.48) and average Az (0.99 ± 0.02) were
obtained with PSO24(20), a block size of 8 × 8 pixel and an ROI res-
olution of 128 × 128 pixels. Considering the results in Tables 1–4,
three points are noteworthy. First, the OGFBs yielded a more com-
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Table 4
Performance in terms of Az (mean ± std) for normal vs. masses (bold highlighted values are best).

ROI size Block size noPSO noPSO-FSS PSO-noFSS PSO-FSS

GFB Az. GFB Az. OGFB Az. OGFB Az.

64 × 64 16 × 16 GS3O5 0.91 ± 0.05 GS3O5 0.90 ± 0.07 PSO15 (14) 0.91 ± 0.03 PSO15 (13) 0.96 ± 0.02
GS4O6  0.92 ± 0.04 GS4O6 0.93 ± 0.03 PSO24 (22) 0.91 ± 0.04 PSO24 (23) 0.97 ± 0.02
GS5O8  0.95 ± 0.03 GS5O8 0.94 ± 0.03 PSO40 (30) 0.86 ± 0.11 PSO40 (31) 0.97 ± 0.03

8  × 8 GS3O5 0.94 ± 0.03 GS3O5 0.93 ± 0.04 PSO15 (13) 0.91 ± 0.06 PSO15 (15) 0.98 ± 0.04
GS4O6  0.95 ± 0.04 GS4O6 0.92 ± 0.04 PSO24 (20) 0.93 ± 0.03 PSO24 (19) 0.97 ± 0.02
GS5O8  0.95 ± 0.03 GS5O8 0.93 ± 0.03 PSO40 (37) 0.93 ± 0.04 PSO40 (30) 0.98 ± 0.02

128  × 128 32 × 32 GS3O5 0.92 ± 0.03 GS3O5 0.92 ± 0.04 PSO15 (14) 0.87 ± 0.05 PSO15 (14) 0.97 ± 0.03
GS4O6  0.93 ± 0.04 GS4O6 0.90 ± 0.05 PSO24 (21) 0.87 ± 0.04 PSO24 (21) 0.96 ± 0.03
GS5O8  0.92 ± 0.05 GS5O8 0.89 ± 0.04 PSO40 (33) 0.91 ± 0.04 PSO40 (35) 0.96 ± 0.02

16  × 16 GS3O5 0.90 ± 0.04 GS3O5 0.92 ± 0.03 PSO15 (14) 0.93 ± 0.05 PSO15 (14) 0.98 ± 0.03
GS4O6  0.91 ± 0.06 GS4O6 0.93 ± 0.03 PSO24 (20) 0.91 ± 0.05 PSO24 (22) 0.99 ± 0.02
GS5O8  0.93 ± 0.04 GS5O8 0.94 ± 0.03 PSO40 (35) 0.93 ± 0.05 PSO40 (26) 0.98 ± 0.02

0.93 ± 0.03 PSO15 (14) 0.92 ± 0.04 PSO15 (14) 0.98 ± 0.02
0.91 ± 0.04 PSO24 (18) 0.94 ± 0.04 PSO24 (20) 0.99 ± 0.02
0.97 ± 0.03 PSO40 (38) 0.93 ± 0.05 PSO40 (34) 0.98 ± 0.03
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Table 5
Statistical comparison between OGFBs and NGFBs with and without FSS based on 2-
sided paired Wilcoxon signed rank test at 0.05 significance level (normal vs. masses,
bold highlighted values indicate significant difference).

Hypothesis Measure Score p

PSO-noFSS vs. noPSO Sensitivity �23/97 3.53 × 10−2

Specificity 30/90 9.46 × 10−2

Accuracy �23.5/96.5 3.66 × 10−2

Az. value 17/49 1.74 × 10−1

PSO-FSS vs. noPSO-FSS Sensitivity �120/0 6.10 × 10−5

Specificity �120/0 6.10 × 10−5
8  × 8 GS3O5 0.91 ± 0.04 GS3O5 

GS4O6  0.89 ± 0.05 GS4O6 

GS5O8  0.93 ± 0.05 GS5O8 

act filter bank (e.g., 20 for the best case PSO24, four redundant
lters were removed, which results in a smaller feature space).
econd, OGFBs with FSS gave the best performance in almost all
ases. Third, GFBs with FSS yielded higher performance than those
ithout FSS.

For a fair comparison between OGFBs and NGFBs, a similar
xperimental setup was used with the same GFB sizes. For exam-
le, using a ROI resolution of 64 × 64 and a block size of 8 × 8 pixels,
he performance of PSO15 was compared with that of GS3O5. It is
bvious from the statistics given in Tables 3 and 4, that the PSO-
SS method performs significantly better than the corresponding
oPSO and noPSO-FSS methods in almost all the cases. It can be
bserved that even the best results of noPSO are lower than the
verage results of PSO-FSS. Rather, the worst case results of PSO-FSS
re almost comparable to the best results of noPSO and noPSO-FSS
ethods.
To statistically analyze the difference between NGFB and OGFB

ith and without FSS, we  conducted two tailed paired Wilcoxon
igned rank test (SRT) at the 0.05 significance level in terms of
ll performance measures given in Tables 1–4. This test is a non-
arametric alternative to the paired Student’s t-test that does not
ake any assumption about the distribution of the measurements

eing compared. Wilcoxon SRT compares two methods by ranking
he pair-wise differences in their performances by absolute value
nd enumerates the sums for the ranks. The null hypothesis is that
he difference between the mean performance values of the two
ompeting algorithms is zero (H0 = �1 − �2 = 0) which is rejected if
he observed p-value ≤ significance level (S.L). The smaller the p-
alue, the higher the difference between the mean performances
f the methods. If the null hypothesis is rejected, a � symbol is
laced as an indication that the first method has performed signifi-
antly better than the second method (e.g., in the hypothesis ‘algo1
s. algo2, algo1 is the first algorithm); alternatively, a � symbol
s placed if the second method has significantly outperformed the
rst method. The significant differences at the selected significance

evel are indicated in bold.
According to the statistics of Table 5, OGFBs with FSS (i.e.,

SO-FSS method) is significantly better than NGFBs with FSS (i.e.,
oPSO-FSS method) in terms of all performance measures (in all
he cases). The scores and p-values for the hypothesis ‘PSO-FSS vs.
oPSO-FSS’ are similar (in all the cases) indicating that the perfor-
ance of OGFBs is better than that of the corresponding NGFBs.

he statistical comparison between PSO-noFSS and noPSO meth-

ds reveals that there is no significant difference in terms of average
pecificity and Az values. However, the noPSO method significantly
utperformed the PSO-noFSS in terms of accuracy and sensitivity. It
Accuracy �120/0 6.10 × 10−5

Az. value �120/0 6.10 × 10−5

is thus concluded that OGFBs with FSS are significantly better than
NGFBs with and without FSS (Table 5).

4.4. Discrimination between benign and malignant masses

This section presents the results for a comparatively more diffi-
cult classification problem (i.e., the discrimination between benign
and malignant masses) in Tables 6–9. This discrimination task is
relatively hard due to highly identical microstructures and sim-
ilar textural patterns of the two classes (benign and malignant).
It is therefore expected to have a decline in the recognition rate
as depicted in Table 8, when compared to the results presented
in Table 3. Tables 8 and 9 indicate that for benign-malignant dis-
crimination, the best average accuracy of (91.81 ± 3.74) and best
average Az value of (0.92 ± 0.04) were obtained with GS5O8, an ROI
size of 128 × 128 and a block size of 8 × 8 pixels and the noPSO-FSS
method. However, using the same parameter configuration (ROI
size, block size and GFB size), almost similar results (i.e., an average
accuracy of (91.61 ± 4.20) and an average Az value of (0.92 ± 0.05))
were obtained with the PSO-FSS method with only 32 Gabor fil-
ters (i.e., PSO40 (32)) which contain 8 filters less than GS5O8 (40)
that is used by the noPSO-FSS method. This 20% reduction in GFB
size is extremely helpful in reducing the computational processing
time during filtering the ROIs for extracting features and eventu-
ally during learning of the classification model. We  can also observe
from the results presented in Table 8 that the performance of PSO-
FSS method improves for large ROI sizes. We  therefore conducted
an experiment using ROI resolution of 256 × 256 and block size of
8 × 8 pixels with PSO24(20). In this experiment with the PSO-FSS

method, we obtained an average accuracy of (93.95 ± 3.85) and an
average Az value of (0.948 ± 0.043)  with just 20 Gabor filters.

As reported previously (for normal vs. masses case), OGFBs are
again more compact and recognition rate is up to the mark when
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Table  6
Performance in terms of sensitivity (mean ± std) for benign vs. malignant (bold highlighted values are best).

ROI size Block size noPSO noPSO-FSS PSO-noFSS PSO-FSS

GFB Sn GFB Sn OGFB Sn OGFB Sn

64 × 64 16 × 16 GS3O5 79.29 ± 4.88 GS3O5 79.19 ± 6.26 PSO15 (13) 79.76 ± 8.63 PSO15 (13) 83.00 ± 5.45
GS4O6 80.78 ± 6.49 GS4O6 81.04 ± 9.34 PSO24 (21) 80.06 ± 6.18 PSO24 (18) 84.69 ± 7.24
GS5O8 81.97 ± 10.37 GS5O8 82.76 ± 7.56 PSO40 (34) 79.04 ± 8.24 PSO40 (32) 86.85 ± 8.98

8  × 8 GS3O5 79.58 ± 9.80 GS3O5 88.08 ± 8.13 PSO15 (12) 80.50 ± 7.95 PSO15 (14) 90.69 ± 6.46
GS4O6 80.08 ± 8.69 GS4O6 84.68 ± 7.00 PSO24 (19) 80.05 ± 7.56 PSO24 (18) 89.65 ± 3.50
GS5O8 83.54 ± 6.80 GS5O8 84.01 ± 8.65 PSO40 (29) 80.70 ± 6.76 PSO40 (34) 89.28 ± 7.86

128  × 128 32 × 32 GS3O5 81.11 ± 9.48 GS3O5 79.46 ± 7.02 PSO15 (15) 82.44 ± 6.66 PSO15 (13) 84.45 ± 4.84
GS4O6 80.49 ± 6.05 GS4O6 81.28 ± 8.79 PSO24 (20) 77.91 ± 7.18 PSO24 (21) 85.44 ± 6.48
GS5O8 80.03 ± 9.56 GS5O8 83.31 ± 6.83 PSO40 (33) 80.55 ± 6.36 PSO40 (34) 89.94 ± 5.19

16  × 16 GS3O5 84.40 ± 4.78 GS3O5 80.76 ± 5.45 PSO15 (13) 82.05 ± 3.99 PSO15 (13) 90.20 ± 4.53
GS4O6 81.20 ± 7.48 GS4O6 83.45 ± 7.02 PSO24 (21) 84.41 ± 7.52 PSO24 (22) 90.02 ± 6.04
GS5O8 81.18 ± 8.06 GS5O8 84.81 ± 10.40 PSO40 (30) 81.82 ± 7.70 PSO40 (34) 88.07 ± 6.65

8  × 8 GS3O5 78.52 ± 8.23 GS3O5 86.83 ± 5.59 PSO15 (13) 82.21 ± 9.99 PSO15 (15) 89.63 ± 5.59
GS4O6 79.77 ± 8.40 GS4O6 85.43 ± 5.89 PSO24 (22) 81.17 ± 9.68 PSO24 (20) 91.79 ± 7.10
GS5O8 85.09 ± 9.42 GS5O8 92.83 ± 5.92 PSO40 (29) 81.30 ± 7.99 PSO40 (32) 89.94 ± 7.04

Table 7
Performance in terms of specificity (mean ± std) for benign vs. malignant (bold highlighted values are best).

ROI size Block size noPSO noPSO-FSS PSO-noFSS PSO-FSS

GFB Sp GFB Sp OGFB Sp OGFB Sp

64 × 64 16 × 16 GS3O5 76.94 ± 8.54 GS3O5 80.48 ± 10.45 PSO15 (13) 79.37 ± 8.23 PSO15 (13) 85.49 ± 7.10
GS4O6 79.29 ± 7.44 GS4O6 79.89 ± 10.09 PSO24 (21) 82.61 ± 8.45 PSO24 (18) 82.59 ± 4.94
GS5O8 78.08 ± 8.72 GS5O8 82.19 ± 6.19 PSO40 (34) 82.83 ± 10.38 PSO40 (32) 86.71 ± 6.54

8  × 8 GS3O5 82.86 ± 5.37 GS3O5 70.52 ± 9.66 PSO15 (12) 83.22 ± 10.33 PSO15 (14) 84.70 ± 5.64
GS4O6 81.74 ± 9.13 GS4O6 82.53 ± 10.01 PSO24 (19) 81.32 ± 6.44 PSO24 (18) 88.57 ± 3.63
GS5O8 83.97 ± 5.95 GS5O8 83.94 ± 7.53 PSO40 (29) 85.02 ± 6.40 PSO40 (34) 87.51 ± 6.33

128  × 128 32 × 32 GS3O5 80.86 ± 6.47 GS3O5 81.42 ± 8.60 PSO15 (15) 83.64 ± 5.13 PSO15 (13) 84.03 ± 9.46
GS4O6 81.69 ± 10.62 GS4O6 78.55 ± 10.36 PSO24 (20) 81.05 ± 5.60 PSO24 (21) 85.42 ± 5.71
GS5O8 83.15 ± 5.38 GS5O8 83.16 ± 4.06 PSO40 (33) 81.90 ± 9.18 PSO40 (34) 85.62 ± 7.95

16  × 16 GS3O5 82.02 ± 8.78 GS3O5 82.66 ± 4.52 PSO15 (13) 84.79 ± 8.03 PSO15 (13) 85.50 ± 9.03
GS4O6 82.00 ± 5.38 GS4O6 85.81 ± 6.07 PSO24 (21) 84.97 ± 5.06 PSO24 (22) 88.54 ± 8.18
GS5O8 82.37 ± 8.32 GS5O8 85.67 ± 8.15 PSO40 (30) 83.86 ± 4.77 PSO40 (34) 91.48 ± 7.82

8  × 8 GS3O5 82.88 ± 7.88 GS3O5 86.83 ± 6.27 PSO15 (13) 80.39 ± 6.34 PSO15 (15) 88.43 ± 11.28
GS4O6 83.97 ± 6.22 GS4O6 88.40 ± 5.32 PSO24 (22) 79.74 ± 7.88 PSO24 (20) 89.40 ± 5.62
GS5O8 85.97 ± 6.58 GS5O8 90.92 ± 3.28 PSO40 (29) 81.22 ± 7.05 PSO40 (32) 92.99 ± 3.51

Table 8
Performance in terms of accuracy (mean ± std) for benign vs. malignant (bold highlighted values are best).

ROI size Block size noPSO noPSO-FSS PSO-noFSS PSO-FSS

GFB Acc. (%) GFB Acc. (%) OGFB Acc. (%) OGFB Acc. (%)

64 × 64 16 × 16 GS3O5 78.11 ± 5.84 GS3O5 79.86 ± 7.32 PSO15 (13) 79.30 ± 6.04 PSO15 (13) 84.58 ± 4.70
GS4O6 80.07 ± 5.06 GS4O6 80.44 ± 5.82 PSO24 (21) 81.04 ± 4.84 PSO24 (18) 83.79 ± 2.47
GS5O8 80.08 ± 7.83 GS5O8 82.41 ± 4.91 PSO40 (34) 80.88 ± 3.97 PSO40 (32) 86.72 ± 5.29

8  × 8 GS3O5 81.23 ± 6.58 GS3O5 79.11 ± 3.63 PSO15 (12) 81.63 ± 3.28 PSO15 (14) 87.49 ± 2.50
GS4O6 80.83 ± 6.11 GS4O6 83.21 ± 5.60 PSO24 (19) 80.65 ± 6.84 PSO24 (18) 89.07 ± 2.25
GS5O8 83.77 ± 4.38 GS5O8 83.79 ± 5.58 PSO40 (29) 82.80 ± 5.63 PSO40 (34) 88.28 ± 5.63

128  × 128 32 × 32 GS3O5 81.04 ± 5.96 GS3O5 80.45 ± 5.64 PSO15 (15) 82.82 ± 3.98 PSO15 (13) 84.36 ± 5.01
GS4O6 81.05 ± 5.32 GS4O6 80.10 ± 6.59 PSO24 (20) 79.50 ± 4.22 PSO24 (21) 85.34 ± 5.42
GS5O8 81.63 ± 4.93 GS5O8 83.19 ± 2.99 PSO40 (33) 81.43 ± 4.71 PSO40 (34) 87.71 ± 5.99

16  × 16 GS3O5 83.21 ± 4.63 GS3O5 81.45 ± 4.20 PSO15 (13) 83.62 ± 4.11 PSO15 (13) 88.48 ± 3.09
GS4O6 81.64 ± 4.43 GS4O6 84.56 ± 6.45 PSO24 (21) 84.57 ± 5.01 PSO24 (22) 89.05 ± 4.99
GS5O8 81.83 ± 7.19 GS5O8 85.16 ± 4.00 PSO40 (30) 83.02 ± 5.19 PSO40 (34) 89.47 ± 5.64

8  × 8 GS3O5 80.67 ± 5.37 GS3O5 86.52 ± 3.71 PSO15 (13) 81.04 ± 4.20 PSO15 (15) 88.65 ± 6.48
.91 ± 2
.81 ± 3

c
T
t
N
p
p
b
i
o

GS4O6 81.86 ± 5.76 GS4O6 86
GS5O8 85.53 ± 5.43 GS5O8 91

ompared with the corresponding NGFBs with and without FSS.
able 10 shows the results of the Wilcoxon signed rank test for
he statistical differences between the performances of OGFB and
GFB with and without FSS. It is obvious that the PSO-FSS method
erforms significantly better than the noPSO-FSS in terms of all
erformance measures. PSO-noFSS is only significantly defeated

y noPSO when compared on the basis of average sensitivity. This

mplies that optimization of GFBs can lead to better results in terms
f different performance metrics and the difference is statistically
.46 PSO24 (22) 80.08 ± 5.83 PSO24 (20) 90.63 ± 4.00

.74 PSO40 (29) 80.84 ± 5.85 PSO40 (32) 91.61 ± 4.20

significant. Moreover, the generalization ability of SVM is better
with PSO-FSS. The results obtained with PSO-FSS using different
parameter configurations (e.g., ROI size, block size, initial GFB size)
are consistent in the sense that the difference between best and
worst cases is very low. This indicates that the performance of
PSO-FSS is less dependent on parameters setting and thus more

attractive choice.
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Table 9
Performance in terms of Az (mean ± std) for benign vs. malignant (bold highlighted values are best).

ROI size Block size noPSO noPSO-FSS PSO-noFSS PSO-FSS

GFB Az. GFB Az. OGFB Az. OGFB Az.

64 × 64 16 × 16 GS3O5 0.79 ± 0.06 GS3O5 0.81 ± 0.08 PSO15 (13) 0.81 ± 0.05 PSO15 (13) 0.85 ± 0.05
GS4O6 0.81 ± 0.05 GS4O6 0.80 ± 0.08 PSO24 (21) 0.82 ± 0.05 PSO24 (18) 0.84 ± 0.04
GS5O8 0.81 ± 0.07 GS5O8 0.82 ± 0.04 PSO40 (34) 0.82 ± 0.04 PSO40 (32) 0.88 ± 0.04

8  × 8 GS3O5 0.82 ± 0.07 GS3O5 0.80 ± 0.03 PSO15 (12) 0.81 ± 0.05 PSO15 (14) 0.88 ± 0.04
GS4O6 0.80 ± 0.07 GS4O6 0.82 ± 0.06 PSO24 (19) 0.80 ± 0.08 PSO24 (18) 0.87 ± 0.05
GS5O8 0.82 ± 0.06 GS5O8 0.86 ± 0.06 PSO40 (29) 0.82 ± 0.05 PSO40 (34) 0.88 ± 0.07

128  × 128 32 × 32 GS3O5 0.81 ± 0.06 GS3O5 0.80 ± 0.05 PSO15 (15) 0.83 ± 0.05 PSO15 (13) 0.84 ± 0.05
GS4O6 0.83 ± 0.04 GS4O6 0.81 ± 0.09 PSO24 (20) 0.80 ± 0.04 PSO24 (21) 0.85 ± 0.06
GS5O8 0.81 ± 0.07 GS5O8 0.83 ± 0.03 PSO40 (33) 0.81 ± 0.07 PSO40 (34) 0.89 ± 0.05

16  × 16 GS3O5 0.85 ± 0.05 GS3O5 0.81 ± 0.04 PSO15 (13) 0.83 ± 0.05 PSO15 (13) 0.87 ± 0.04
GS4O6 0.83 ± 0.06 GS4O6 0.85 ± 0.07 PSO24 (21) 0.86 ± 0.06 PSO24 (22) 0.91 ± 0.05
GS5O8 0.82 ± 0.08 GS5O8 0.85 ± 0.04 PSO40 (30) 0.82 ± 0.07 PSO40 (34) 0.90 ± 0.06

8  × 8 GS3O5 0.81 ± 0.05 GS3O5 0.88 ±
GS4O6 0.79 ± 0.06 GS4O6 0.85 ±
GS5O8 0.87 ± 0.05 GS5O8 0.92 ±

Table 10
Statistical comparison between OGFBs and NGFB with and without FSS based on 2-
sided paired Wilcoxon signed rank test at 0.05 significance level (benign vs. malign,
bold highlighted values indicate significant difference).

Hypothesis Measure Score p

PSO-noFSS vs. noPSO Sensitivity �13/107 5.37 × 10−3

Specificity 74.5/45.5 4.30 × 10−1

Accuracy 71/49 5.52 × 10−1

Az. value 25.5/29.5 8.89 × 10−1

PSO-FSS vs. noPSO-FSS Sensitivity �117/3 3.05 × 10−4

Specificity �120/0 6.10 × 10−5

Accuracy �119/1 1.22 × 10−4

4

p
c
t
G
r
e
w
e

in Table 11. The quantities that are not reported in the literature are
indicated with a dash symbol. For some methods, standard devia-

T
C

Az. value �105/0 1.22 × 10−4

.5. Reduction in computation cost

A close look at the results for both classification problems
resented in the above sections indicates that the optimization pro-
edure reduces the number of filters in a GB with FSS and improves
he classification performance. With less number of filters in a
B will take less time for feature extraction and also, because of

eduction in feature space, classification time will also reduce. For

xample, in case of PSO40 the number of filters is reduced to 32,
hich in turn decreases the computational cost for Gabor feature

xtraction by 20%.

able 11
omparison with state-of-the-art methods based on average Acc. and Az values (bold hig

Problem Research work Database 

Normal vs. masses Moayedi et al. [57] MIAS 

Costa et al. [33] DDSM 

Ioan  and Gacsadi [34] MIAS 

Geraldo et al. [35] DDSM 

Lladó et al. [3] DDSM 

Nguyen et al. [20] MIAS 

Reyad et al. [22] DDSM 

Oliveira et al. [19] DDSM 

Hussain et al. [31] DDSM 

Proposed method DDSM 

Benign vs. malignant Geraldo et al. [35] DDSM 

Moayedi et al. [57] MIAS 

Costa et al. [33] DDSM 

Ioan  and Gacsadi [34] MIAS 

Li  et al. [26] DDSM 

Nanni et al. [25] 

Rouhi et al. [24] DDSM 

Hussain et al. [31] DDSM 

Proposed method DDSM 
 0.05 PSO15 (13) 0.80 ± 0.06 PSO15 (15) 0.90 ± 0.05
 0.03 PSO24 (22) 0.79 ± 0.06 PSO24 (20) 0.92 ± 0.04
 0.04 PSO40 (29) 0.82 ± 0.05 PSO40 (32) 0.92 ± 0.05

4.6. Comparison with existing methods

In the last sections, it has been shown in detail that the
optimization technique has significant impact on improving the
classification accuracy and reducing the computational cost. In this
section, we  give a comparison of the mass classification method
based on this optimization technique with existing methods. It is
to be noted that it is rather difficult to objectively compare different
methods for the two classification problems due to many factors.
For example, which mammogram database was used for evalua-
tion? Even if the same database was  employed, were the same
mammograms selected for evaluation? How many samples were
used? Which evaluation approach (validation methodology, train-
ing and testing set formation with different percentages of ROIs)
was used? Were the ratios of ROIs for different classes (e.g., nor-
mal, malignant and benign) the same? Even if other methods are
implemented and evaluated on the same dataset it might still not
be a fair comparison because the tuning of parameters involved in
different methods might not necessarily be the same.

In any case, to give a general trend of the performance and give
comparison with state-of-the-art methods in terms of accuracy and
Az, we have compiled information from various studies as shown
tion values are not available. For the two problems, only the best
case mean and standard deviation results are reported for all the

hlighted values are best).

#ROIs Avg. Acc. (%) ± std Avg. Az ± std

90 85.9 ± 0.03 –
5090 90.07 –
322 84.37 0.79
584 99.39(max) 1.00(max)
512 – 0.94 ± 0.02
– – 0.93
512 98.63(max) –
3404 98.88(max) –
512 94.92 ± 2.30 0.96 ± 0.02
512 98.82 ± 2.48 0.99 ± 0.02

584 88.31 0.89
90 87.00 ± 0.008 –
3240 84.22 –
114 78.26 0.78
114 85.96 –

0.97
82.06 –

512 85.53 ± 5.43 0.87 ± 0.05
512 93.95 ± 3.85 0.948 ± 0.043
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ethods being compared. The results in Table 11 indicate that the
ass classification method based on the proposed optimization

echnique is comparable with the existing.

. Conclusion

In this paper, a technique has been presented for the opti-
ization of GFBs which are used to extract multi-scale and
ulti-orientation local texture micro-patterns from mammo-

rams. In particular, PSO has been used for the optimization of GFBs
a design problem), and incremental clustering has been exploited
o eliminate redundant Gabor filters from a GFB (a selection prob-
em). The resultant OGFBs are employed to extract Gabor features,

hich have been evaluated over 768 ROIs using SVM for two classi-
cation problems. The results are encouraging as the OGFBs become
ore compact. The model compactness indirectly implies that the

eature space is low dimensional and thus the classification model
as better computational efficiency and better generalization.

The effectiveness of the proposed optimization technique was
valuated for the two mass classification problems i.e., false pos-
tive reduction problem and discrimination between benign and

alignant masses using well-known performance measures. In
ddition, statistical tests based on different performance metrics
ere conducted using the Wilcoxon signed rank test. The evalua-

ion confirmed that the overall performance of PSO-FSS method is
etter than other methods (noPSO, PSO-noFSS, noPSO-FSS) and the
ifference is statistically significant. For the two classification prob-

ems, PSO-FSS achieved encouraging results, reported as 98.82%,
ith a standard deviation of 0.99, for normal vs. masses and 93.95%,
ith a standard deviation of 0.95, for benign vs. malignant. The

xperimental results are comparable with those by state-of-the-
rt results. It validates that the proposed optimization technique is
ffective in improving classification rate and reducing the computa-
ional cost. Though we examined the effectiveness of the proposed
echnique with a specific Gabor feature extraction method, it is
eneral and can be employed with other Gabor feature extraction
ethods.
There are several future avenues in order to enhance the effect of

he proposed technique. We  employed SBMLR, other feature subset
election techniques can further enhance the effectiveness of the
roposed optimization method. It will be interesting to investigate
he performance of the proposed method in more complex problem
cenarios (e.g., recognition and identification of breast abnormal-
ties like breast structural disorder). Other optimization strategies
e.g., Cuckoo optimization [58]) can also be investigated.
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