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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
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.
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1. Introduction

Breast cancer is the most common form of cancer which affects
women all over the world and stands next to lung cancer in mortal-
ity among women [1,2]. A computer-aided diagnosis (CAD) system
based on mammograms can assist the radiologists in detecting
breast cancer. A CAD system for masses involves two main stages
for mass extraction and processing: detection and segmentation,
false positive reduction, and discrimination between benign and
malignant masses. In the first stage, potential mass regions of inter-
ests (ROIs) are detected and segmented from the mammogram
image. The detected ROIs represent not only masses but also dense
breast parenchyma, which appear as white regions like masses in
mammograms and result in false positives. The false positive reduc-
tion stage classifies the detected ROIs into mass and normal ROIs.
The mass ROIs are further classified as benign and malignant.

Different efforts have been made so far for reducing false
positives and increasing benign-malignant classification accuracy.
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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
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parameters of Gabor filters to address the filter design problem.
In addition, an incremental clustering algorithm removes redun-
dant Gabor filters from the bank by combining similar filters (in
parameter space), thus addressing the filter selection problem. Fil-
ters in the same cluster are represented with a single filter which
is the centroid of the cluster. The strategy helps in two ways; first,
the recognition accuracy is improved and second, the computa-
tional costis reduced (discussed in Section 4). This idea was initially
presented in Ref. [7].

The key idea is optimizing the parameters of Gabor filters
such that they respond stronger to features that best discriminate
between normal and abnormal tissue, improving the performance
of breast cancer recognition. The main contribution of this paper
is a strategy based on PSO and incremental clustering for optimiz-
ing a Gabor filter bank that responds stronger to multi-scale and
multi-orientation texture micro-patterns in a mammogram and
enhances the classification rate. For the evaluation of the effect of
the optimized Gabor filter bank on the mass classification problems,
it is applied on overlapping blocks of the ROIs to collect moment-
based features (i.e., mean, standard deviation, skewness) from the
magnitudes of Gabor responses.

The rest of this paper is organized as follows. In the next section,
we review related research. In Section 3, we present the proposed
methodology in detail. Subsequently, in Section 4, we present our
experimental results and discuss the effectiveness of the proposed
technique. Finally, Section 5 concludes our work and presents direc-
tions for future research.

2. Related work

Mass detection has attracted the attention of many researchers,
and many detection techniques have been proposed. A detailed
review of these methods can be found in Refs. [10-13]. Next, we
give an overview of the most related recent mass classification
methods.

Most of the existing methods differ in the types of features
that are used for mass representation and the way these features
are extracted. Different types of features such as texture, gradient,
grey-level, and shape [10] features have been employed for mass
representation. Texture descriptors have been very effective in
detecting normal and lesion regions in mammograms [ 14-16]. Wei
et al. [17] extracted multiresolution texture features from wavelet
coefficients and used them for the discrimination of masses from
normal breast tissue in mammograms. They used Linear Discrim-
inant Analysis (LDA) for classifying the ROIs as mass or non-mass.
This method was tested on 168 ROIs containing biopsy-proven
masses and 504 ROIs containing normal parenchyma, resulting in
Az (Area under ROC curve) equal to 0.89 and 0.86 for the training
and test data sets.

If texture is described accurately, then texture descriptors can
perform better than other descriptors [3]. Llad6 et al. [3] used a
spatially enhanced Local Binary Pattern (LBP) descriptor, to rep-
resent textural properties of masses and to reduce false positives;
this method achieved an overall Az equal to 0.94 + 0.02 on 512 ROIs
(256 normal and 256 masses) extracted from mammograms from
the DDSM database. The LBP-based method outperforms other CAD
methods for mass classification. However, the LBP descriptor builds
statistics on local micro-patterns (dark/bright spots, edges, and flat
areas etc.) and it is not robust to noise. The scheme proposed by
Sampaio et al. [18] used geo-statistic functions for extracting tex-
ture features and SVM for classification, yielding Az of 0.87.

Oliveira et al. [19] addressed the problem of the classification
of mammogram regions as mass and non-mass and proposed a
method using texture features and SVM. The texture features in this
method are computed using the taxonomic diversity index and the

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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Independent Component Analysis (ICA) for efficient encoding, and
LDA for classification. The success rate of their method, using Gabor
filters for feature extraction, was 85.05% on 5090 ROIs extracted
from mammograms in the DDSM database. Hussain at el. [6] used
a Gabor filter bank in a novel way to extract the most represen-
tative and discriminative textural properties of masses present at
different orientations and scales for mass classification. SVM with
Gaussian kernel was employed for classification. Their method was
evaluated over 1024 (512 masses and 512 normal) ROIs extracted
from the DDSM database. For classifying ROIs as masses and normal
tissues, this method resulted in Az=0.96 +0.02; the accuracy for
classifying mass ROIs as benign and malignant was Az=0.87 + 0.05.

In Ioan and Gacsadi [34], raw magnitude responses of 2D Gabor
filters were investigated as features for proximal SVM. A total of
322 mammogram images from the Mammographic Image Analysis
Society (MIAS) database were used for three experimental cases:
(a) discrimination between the three classes: normal, benign and
malignant using one against all SVM classification, (b) normal vs.
tumor (benign and malignant) and (c) benign vs. malignant; 80%
data samples were used for training and the rest 20% for testing.
The dimension of the feature space in this case was equal to the
number of pixels present in the mammogram images times the
number of Gabor filters; PCA was used for dimension reduction.
The best results (in terms of accuracy) for the three experimental
cases were: 75%, 84.37% and 78.26%, respectively.

Geralodo et al. [35] used Moran’s index and Geary'’s coefficients
as input features for an SVM classifier and tested their approach
over two cases: normal vs. abnormal and benign vs. malignant. They
obtained an accuracy of 96.04% and Az of 0.946 with Geary’s coef-
ficient and an accuracy of 99.39% and Az of 1 with Moran’s index
for the classification of normal vs. abnormal cases. For the second
case (benign vs. malignant), an accuracy of 88.31% and Az of 0.804
were obtained with Geary’s coefficient and an accuracy of 87.80%
and Az of 0.89 with Moran’s index. The method was tested over
1394 ROI images collected from the DDSM database using tenfold
cross validation.

Most of the published research works using 2D Gabor filters
for feature extraction are mostly concerned with a generic (non-
optimized) setting of filters in a bank [2,33,36,37,38,6]. Based on
the Gabor feature extraction strategy, there are three major differ-
ences between the earlier works and the method proposed in this
paper. First, the size of the Gabor filter bank used for filtering the
ROIsis different. Parameters of an optimized Gabor filter in the bank
are not similar [2,33] resulting in different resultant responses that
are basis for eventual feature values. The second major difference is
in the way a filter in the bank is applied to the mammogram images.
In previous research works (e.g., Refs. [2,33,35,36] and references
therein) related to 2D Gabor filtering in mammography, the entire
ROI is convolved with each Gabor filter increasing feature dimen-
sionality significantly. In most of these cases, a feature selection or
projection strategy [33] is required to handle high dimensionality.
In our case, we partition an ROI into overlapping blocks (Section
3.3), apply an optimized filter to each block and compute statisti-
cal measures making the feature dimension more manageable. For
example, using the feature extraction strategy presented in Ref.
[33], the feature dimension for an ROI resolution of 32 x 32 pix-
els with 40 Gabor filters is 40,960; in our case, using a block size of
16 x 16 pixels, yields 1080 features. This strategy also improves the
recognition rate of the method significantly as depicted in Section
4. The third major difference has to do with the way the resultant
filtered pixel values are used to form a feature vector. Gabor fil-
tering leads to complex values. We use moment-based magnitude
values of pixels in blocks to construct a feature vector (Section 3.1);
earlier works [2,33], however, use the magnitude of the complex
values directly as feature values, without any further processing.

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]:

_ 1 2(®@epe?o))] emws
gx,y)= 2mxaye e (1)
X =xcosf +ysinfandy = —xsinf + y cos 6. (2)

where ox and oy 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 < [0, m) 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: GS203 (i.e., containing 6 filters, 2
scales{S} x 3 orientations{0}), GS305, GS406 and GS508 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) = there i=1,2,.... ,
O (4 total orientations). 3)
Frequency(i) = fm‘”‘izﬁ'lzwherei =1,2,..... , S(fitotal scales). (4)
(v2)

3.2. Gabor filter bank optimization

A Gabor filter is described with four parameters i =
{6, W, ox, 0y}. A bank contains several Gabor filters tuned with
different parameter settings v, 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 animportant optimization prob-
lem. We employ PSO [43] to select the GFB with optimal responses.
PSOis 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
implementation is simpler and converges faster than GAs. PSO car-
ries out both global and local searches simultaneously whereas GA
mainly involves global search [44].

The idea behind PSO was inspired by social behavior of flocks
of birds and school of fish. It is a multi-agent system where an
agent is called ‘particle’. PSO starts with an initial population of
particles with random positions and velocities. The position of a
particle is a d-dimensional vector and represents a candidate solu-
tion to an d-dimensional problem. The particles fly through the
hyperspace by updating their velocities and share their experi-
ences with each other. Though, a single particle is not intelligent
enough, working collectively through sharing the experience about
the problem space, however, help the swarm in solving complex
optimization problems. In the standard PSO, velocities of the par-
ticles are stochastically updated based on two factors: first, the
personal best position pj, (a cognitive factor) found so far by the par-
ticle itself and second, the global best position pg}, (a social factor)
found so far by the entire swarm. The quality of a particle position
is determined using an application specific fitness function. The
velocity and position of i-th particle is updated using the following
equations:

X' =X+ 0.

Viq = Wivp + crT1(p — X¢) + czrz(pgb —Xp).

where xi; and v/ are n-dimensional vectors that represent the posi-
tion and velocity of the i-th particle in iteration t, respectively; w;
is known as the inertia weight. The w;vi; is the weighted current
velocity, c;r1(pl — x!) is the weighted deviation from the self-best
position, and czr2(pgp — xi) is the weighted deviation from the
global best position. If w; has a large value, the particle will be
moving faster due to which the search becomes less refined (global
exploration); if it is too low, the search will take longer time (local
exploitation). The values of ¢; and ¢, (known as acceleration coef-
ficients) are set to some predefined values at initialization and r,
r, are calculated randomly in the range from O to 1.

The four parameters in w; represent a single Gabor filter to be
optimized. In order to optimize n filters (see Fig. 1), the particle
will fly in 4n dimensional space, where each dimension assumes a
continuous value. It is worth mentioning that the encoding scheme
is quite flexible and any number of pre-specified filters can easily
be encoded by simply increasing/decreasing the dimension of the
search space. Each of the parameters in i has its own constraints
and ranges which could be imposed using some prior knowledge.
We have adopted the ranges used in Ref. [ 7] such that the 6 param-
eter should satisfy the range [0, ). Radial frequency of the filters
is allowed to be in the range [0 > W < 0.5] and the oy, oy (i.e., the
sharpness of the filter along major and minor axes, respectively)
should be in the range of [0.796 > o < w/5] where w is the width
of the mask in the filter. In our experiments, we have used a swarm
size of 10 particles that are initialized randomly within the giving
ranges of each dimension. The error rate of an SVM classifier is used
as fitness value to evaluate the effectiveness of the filters encoded
in a particle.

The velocities of the particles quickly attain very large values
due to which the particles might take longer jumps in the search
space and thus the search becomes less refined or coarse. In order
to ensure a finer search in the close proximities of the particles’ cur-
rent positions, velocity clamping is used. If the velocity of a particle
in any of its dimension exceeds the value of +Vpax, the value at
that dimension is clamped to +Vax where £V« is the maximum
velocity in both positive and negative directions. In our approach,
Vmax is equal to the maximum range values of the parameters in the
respective dimensions. To ensure that the particle does not over-

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 1. 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 y" = {6", W", 04", 0,"} in the par-
ticle is assigned to the i-th cluster, only if the following conditions
are satisfied.

0" — Thry < 6" < 6" + Thry

Wi —Thry < W" < Wi 4 Thry
ox' — Thry < ox" < ox' + Thry
oy' — Thr, < 0y" < 0, + Thr,

where i € [IN] and N represents the total number of clusters;
{61, Wi, oy, 0y} 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 v:

(Wmax - Wmin)

% x 0.5 and

Thrg = % x 0.5, ThI'W =

(0max — Omin)

Thry = 7

x 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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Filter# 1

—

Filter# n

Lefwlefalo [w]o]a]

H_J

Filter # 2

Fig. 1. Particle encoding for a Gabor filter bank containing n filters.

of each bank is calculated using the SVM classifier to initialize per-
sonal best and global best positions. The i-th particle in the swarm is
referred to as ‘i’ in the block diagram. As PSO learning takes place, it
is expected that each new generation would improve the accuracy
of the global best particle over the validation ROIs (i.e., measured
in terms of the SVM error rate using tenfold cross validation). A
generation is completed when all particles update their positions
(i.e., when ‘i’ exceeds the size of swarm represented as |particles).
In a generation, each particle is used to extract the features from
the selected validation ROIs. The fitness of i-th particle is calcu-
lated using the SVM classifier over the features (dataset) extracted
with filters represented by the i-th particle using tenfold cross val-
idation. This process is repeated until the swarm converges or the
allowed number of generations is reached.

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 x 512 pix-
els is first divided into blocks of equal size of 128 x 128 pixels. In
this way, sixteen blocks are created, labeled 1-16 in Fig. 3. Using
these blocks, OWs of equal sizes of 256 x 256 pixels are created (e.g.,
blocks 1, 2, 5 and 6 form the first 256 x 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

Initial generation :
l Randomly initialize
[ St particles representing
Gabor filter banks Validation ROIs
from
mararaogram
Datahase
Resize allROIs toa
i=1 given resolution
YES ™ Extract features using particle '
Update to new generation : et
P & from ROIs in validation set
v
) Apply feature selection on the
if swarm extracted features
corverged or total
generations
executed? !
Ewaluate fitness using SVIvI
over validation data with tenfold
cross validation
Onptirized Gabor filter bank =
global best particle
h 4
Update the position of particle
3 '{, its personal and global best
Stop positions

Fig. 2. Block diagram for GFB optimization using PSO.
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Fig. 3. Segmentation of ROI into overlapping windows.
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Fig. 4. Extraction of Gabor features from OW W; using GFB GS508, here Vsioj = [ij, 0ij, kijl.

The second step involves convolving each OW of an ROI with a
GFB and computing statistical moments to form the feature vector
representing the ROI (see Figs. 4 and 5). In this paper, three statisti-
cal moments (SMs) are computed from the magnitude responses of
each Gabor filter inan OW. The employed SMs are the mean u; j, the
standard deviation o; j and the skewness k; ; (where i corresponds
to the i-th filter in the bank and j to the j-th OW of an ROI).

The statistical features V,,; computed from all OWs are con-
catenated to form the feature vector representing the ROI (see
Fig. 5). For instance, assuming GS508, which consists of 40 fil-
ters, and segmenting an ROI into 9 OWs, a feature vector of size
1080=(90Ws x 40GFs x 3SMs) is obtained which is shown below
as a row vector:

(1,1, 01,1, k1,15 2,1, 02,1, K215 -+-5 40,15 O40,1> Kao,1, 11,2,

(5)

01,2, K12, ...., 40,9, 040,9, k40,9, Class].

3.5. Feature selection

We used SVM as fitness function in PSO and when the size of
the OWs is small, the dimension of the feature space becomes too
large which makes it difficult to be handled by SVM. This is because
many of the features can be irrelevant or redundant, increasing the
complexity of the search space and making generalization more

(4%

ROI

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 L; 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].

Fig. 5. Extraction of Gabor features from ROI and feature vector V representing the ROIL
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The margin is defined as the sum of distances to the decision bound-
ary (hyper-plane) from the nearest samples (support vectors) of the
two classes. SVM formulation is based on statistical learning the-
ory and has attractive generalization capabilities in linear as well
as non-linear decision problems [50,52]. SVM uses structural risk
minimization as opposed to empirical risk minimization [50] by
reducing the probability of misclassifying an unseen pattern drawn
randomly from a fixed but unknown distribution.

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

gX)=w'x+wo =0 (6)

where x is the feature descriptor and w and wg are unknown
parameters, which are computed using training samples {(x;, y;)|
1 <i<N}, where y; € {+1, —1} is the class label; the computation
involves the solution of an optimization problem based on large
margin theory. Once the optimal hyper-plane has been computed,
the classification of a test sample x is performed using

Ns
gx) = Zi:l)»iyl‘XiTXJrWo (7)

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

. l)‘iYiK(xi.x) +wo (8)

1=

gx) =

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

K(x;, x) = exp(—y|x; — X||*), y > 0. 9)

The y is the width of the kernel function. RBF kernel is now
tied with two parameters y and C. Model selection procedure is an
attempt to find better hypothesis which is done by tuning these
2 parameters. Loose grid search is the first operation to find the
model selection for better regions in the parameter space. After
doing the loose grid is followed by finer grid to search the region
found by loose grid search. This model selection procedure is rec-
ommended in the work of Hsu et al. [53]. SVM parameter groups
are used (as found by grid search) only for non-PSO based meth-
ods. The best parameters found in these non-optimized methods
experiments are saved and used for PSO based experiments in an
effort to reduce computational cost of the proposed method. In this
way, the parameters of SVM kernel are fixed and there is no need
to run grid search (for setting parameters of SVM) when evaluating
the fitness of each particle in PSO.

4. Results and discussion

In this section, we present our experimental results to demon-
strate the performance of the proposed method. We have
conducted experiments for two classification problems: (i) false
positive reduction (i.e., to classify candidate ROIs into normal and
mass) and, (ii) the classification of mass ROIs into benign and
malignant. First, we discuss the mammogram database and the

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 x 4 neighborhood.
We have tested two resolutions: 128 x 128 and 64 x 64. In order to
extract features at different levels of granularity, the ROIs are par-
titioned into blocks of three sizes: 8 x 8,16 x 16 and 32 x 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-
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Fig. 6. (Top row) Normal but suspicious ROIs, (middle row) benign mass ROIs, (bottom row) malignant mass ROIs.

urations of Gabor filter banks: GS203 (2 scales and 3 orientations),
GS305, GS406 and GS508.

For the optimization of GFB, the following PSO parame-
ters were used: swarm size=10, total generations=50, itera-
tions_for_converge=5, ¢; & c;=1.4, k-threshold=3 and inertia
weight=0.7. These parameter values were chosen because they
seems to provide reasonable performance as reported earlier in the
literature [43].

In the following discussion, we refer to Gabor feature extraction
method using NGFB as noPSO. The second feature extraction strat-
egy is referred as PSO-noFSS where PSO is used without feature
subset selection to find OGFB. We have noticed that PSO results

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).

Testing ROls Resize all ROIs to a | Enxtract features using
m from fixed resolution optiraized Gabor filter bank
mammogram l
Database
Lpply feature selection on
the extracted features
SVM  Training set split data, terfold cross
Classifier - validation
Output Classification Classification model Testing set
{ Pexformance (Stop) leamt using SV

Fig. 7. Performance evaluation 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 x 64 16 x 16 GS305 88.04+6.84 GS305 84.93+7.93 PSO15(14) 89.76 +£4.87 PSO15(13) 95.81+3.34
GS406 90.99 +6.86 GS406 91.56+3.10 PS024 (22) 89.57 +£5.47 PS024 (23) 95.81+3.03
GS508 93.97 +4.11 GS508 92.64+3.09 PS040 (30) 79.16 £29.39 PS040 (31) 95.20+4.54
8x8 GS305 91.95+3.15 GS305 91.54+6.37 PSO15(13) 87.90 +£6.81 PSO15(15) 96.89+£5.42
GS406 91.85+5.42 GS406 92.36+4.53  PS024 (20) 89.60+4.15 PS024 (19) 97.92 +£3.08
GS508 92.66 +5.56 GS508 90.57+5.43 PS040 (37) 90.17+£5.83 PS040 (30) 96.95+2.25
128 x 128 32x32 GS305 91.01+4.87 GS305 89.16+5.90 PSO15(14) 83.43+£6.46 PSO15 (14) 95.49+4.53
GS406 91.82+6.14 GS406 88.08+8.56 PS024(21) 83.54+4.17 PS024 (21) 96.22 +2.88
GS508 92.13+£4.20 GS508 90.77+6.27 PS040 (33) 89.43+7.26 PS040 (35) 94.07 £4.73
16 x 16 GS305 88.50+4.87 GS305 91.34+3.97 PSO15(14) 88.60 +£6.05 PSO15 (14) 95.85+5.20
GS406 90.72 £5.90 GS406 90.92+5.95 PS024 (20) 90.45+4.74 PS024 (22) 96.55+2.92
GS508 90.46 +£4.78 GS508 90.03+4.26 PS040 (35) 90.51+6.52 PS040 (26) 97.70+£3.54
8x8 GS305 87.26 £8.30 GS305 88.81+6.53 PSO15(14) 89.82+6.30 PSO15 (14) 98.19+£1.91
GS406 88.47+2.74 GS406 89.07+5.59 PS024(18) 89.83+£6.24 PS024 (20) 98.80+2.76
GS508 91.67 £6.97 GS508 94.62+3.10 PS040 (38) 89.63+7.96 PS040 (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 x 64 16 x 16 GS305 93.51+£5.79 GS305 95.63+3.49 PSO15(14) 92.82+3.56 PSO15(13) 96.38 +£3.67
GS406 94.80+5.48 GS406 93.85+5.64 PS024(22) 91.26 £6.00 PS024 (23) 97.20+£1.99
GS508 94.81+5.12 GS508 96.01+4.85 PS040 (30) 90.40+5.93 PS040 (31) 97.48 £3.32
8x8 GS305 96.95+4.31 GS305 93.48+5.38 PSO15(13) 95.97 +4.96 PSO15 (15) 98.13+£3.21
GS406 96.04+3.24 GS406 93.48+6.61 PS024(20) 95.08 £4.14 PS024 (19) 98.08 £2.03
GS508 95.85+3.70 GS508 95.13+£3.34 PS040 (37) 94.67 +£3.93 PS040 (30) 98.76 £2.03
128 x 128 32x32 GS305 92.34+3.55 GS305 92.35+6.85 PSO15(14) 87.55+6.64 PSO15 (14) 98.46+1.99
GS406 93.45+4.04 GS406 91.94+5.51 PS024(21) 92.12+£3.47 PS024 (21) 96.68 +2.84
GS508 93.16 £5.45 GS508 89.63+£5.66 PS040 (33) 93.55+4.93 PS040 (35) 98.42 +£2.08
16 x 16 GS305 94.12+1.94 GS305 94.70+3.05 PSO15(14) 95.13+3.70 PSO15 (14) 99.17+1.76
GS406 92.64+6.10 GS406 94.59+4.82 PS024(20) 94.18 £5.99 PS024 (22) 99.62+1.22
GS508 95.27 £3.69 GS508 97.98+£2.15 PS040 (35) 92.50+3.97 PS040 (26) 98.03 £3.45
8x8 GS305 94.47+4.34 GS305 96.38+3.39 PSO15(14) 93.92+5.24 PSO15 (14) 98.49+1.98
GS406 94.21+5.14 GS406 94.62+3.65 PS024(18) 93.96 +3.02 PS024 (20) 98.90+2.48
GS508 93.56 +3.86 GS508 98.34+2.22 PS040 (38) 95.06 +£4.54 PS040 (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 x 64 16 x 16 GS305 90.44 £4.73 GS305 90.05+4.82 PSO15(14) 91.40+3.50 PSO15 (13) 95.90£2.15
GS406 92.76 £3.23 GS406 92.59+3.35 PS024 (22) 90.45+3.65 PS024 (23) 96.48 +1.80
GS508 94.33 +3.64 GS508 94.52+3.18 PS040 (30) 84.15+13.10 PS040 (31) 96.09 +2.62
8x8 GS305 94.33 +3.00 GS305 92.18+3.35 PSO15(13) 92.02+4.37 PSO15 (15) 97.46 £3.92
GS406 93.94+2.53 GS406 92.78 +£3.57 PS024(20) 92.19+2.76 PS024 (19) 97.85+1.95
GS508 94.13 +£3.82 GS508 92.78 +3.18 PS040 (37) 92.38+2.53 PS040 (30) 97.86+1.42
128 x 128 32x32 GS305 91.40+3.25 GS305 90.43+4.16 PSO15 (14) 85.77+£4.96 PSO15 (14) 96.87+£2.48
GS406 92.59 £2.85 GS406 90.03 +4.92 PSO24(21) 88.10+£3.99 PS024 (21) 96.48 +£1.55
GS508 92.58 +£3.02 GS508 90.06 +3.55 PS040 (33) 91.62+4.63 PS040 (35) 96.29+2.15
16 x 16 GS305 91.20+2.83 GS305 92.78 +2.05 PSO15(14) 92.01+£3.92 PSO15 (14) 97.46 +3.07
GS406 91.59+£4.26 GS406 92.78 £3.18 PS024 (20) 92.20+£4.00 PS024 (22) 98.05+1.59
GS508 92.76 +3.60 GS508 93.94+2.85 PS040 (35) 91.60+3.45 PS040 (26) 97.85+1.95
8x8 GS305 90.83 +4.77 GS305 92.58+3.66 PSO15(14) 92.01+3.18 PSO15 (14) 98.25+1.43
GS406 91.40+£2.81 GS406 91.79+3.54 PS024 (18) 91.99+2.69 PS024 (20) 98.82+2.48
GS508 92.57 +£4.42 GS508 96.48 +2.40 PS040 (38) 92.58+3.30 PS040 (34) 98.05+2.25

4.3. False positive reduction problem

In this section, our experimental results for the first classi-
fication problem (suspicious normal vs. masses) are presented
and discussed. Although most of the benign masses are struc-
turally closer to the malignant masses, there are cases that are
structurally closer to the normal masses; this makes the dis-
crimination task challenging. In Table 1, the columns titled OGFB
correspond to PSO15, PSO24 and PS040 while the columns titled
NGFB correspond to GS305, GS406 and GS508. The value inside

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 x 8 pixel and an ROI res-
olution of 128 x 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 x 64 16 x 16 GS305 0.91+0.05 GS305  0.90+0.07 PSO15 (14) 0.91+0.03 PSO15 (13) 0.96 +0.02
GS406 0.92+0.04 GS406  0.93+0.03 PS024 (22) 0.91+0.04 PS024 (23) 0.97 £0.02
GS508 0.95+0.03 GS508  0.9440.03 PS040 (30) 0.86+0.11 PS040 (31) 0.97 +£0.03
8x8 GS305 0.94+0.03 GS305  0.93+0.04 PSO15 (13) 0.91+£0.06 PSO15 (15) 0.98 £ 0.04
GS406 0.95+0.04 GS406  0.924+0.04 PS024 (20) 0.93+0.03 PS024 (19) 0.97 +£0.02
GS508 0.95+0.03 GS508  0.93+0.03 PS040 (37) 0.93+0.04 PS040 (30) 0.98 +0.02
128 x 128 32x32 GS305 0.92+0.03 GS305  0.924+0.04 PSO15 (14) 0.87+0.05 PSO15 (14) 0.97+0.03
GS406 0.93+0.04 GS406  0.90+0.05 PS024 (21) 0.87+0.04 PS024 (21) 0.96 +0.03
GS508 0.92+0.05 GS508  0.89+0.04 PS040 (33) 0.91+0.04 PS040 (35) 0.96 +0.02
16 x 16 GS305 0.90+0.04 GS305 0.924+0.03 PSO15 (14) 0.93+0.05 PSO15 (14) 0.98+0.03
GS406 0.91+0.06 GS406  0.93+0.03 PS024 (20) 0.91+0.05 PS024 (22) 0.99 £ 0.02
GS508 0.93+0.04 GS508  0.944+0.03 PS040 (35) 0.93+0.05 PS040 (26) 0.98 +0.02
8x8 GS305 0.91+0.04 GS305  0.93+0.03 PSO15 (14) 0.92+0.04 PSO15 (14) 0.98 +0.02
GS406 0.89+0.05 GS406  0.91+0.04 PS024 (18) 0.94+0.04 PS024 (20) 0.99 £ 0.02
GS508 0.93+0.05 GS508  0.97+0.03 PS040 (38) 0.93+0.05 PS040 (34) 0.98+0.03

pact filter bank (e.g., 20 for the best case PS024, four redundant
filters were removed, which results in a smaller feature space).
Second, OGFBs with FSS gave the best performance in almost all
cases. Third, GFBs with FSS yielded higher performance than those
without FSS.

For a fair comparison between OGFBs and NGFBs, a similar
experimental setup was used with the same GFB sizes. For exam-
ple, using a ROl resolution of 64 x 64 and a block size of 8 x 8 pixels,
the performance of PSO15 was compared with that of GS305. It is
obvious from the statistics given in Tables 3 and 4, that the PSO-
FSS method performs significantly better than the corresponding
noPSO and noPSO-FSS methods in almost all the cases. It can be
observed that even the best results of noPSO are lower than the
average results of PSO-FSS. Rather, the worst case results of PSO-FSS
are almost comparable to the best results of noPSO and noPSO-FSS
methods.

To statistically analyze the difference between NGFB and OGFB
with and without FSS, we conducted two tailed paired Wilcoxon
signed rank test (SRT) at the 0.05 significance level in terms of
all performance measures given in Tables 1-4. This test is a non-
parametric alternative to the paired Student’s t-test that does not
make any assumption about the distribution of the measurements
being compared. Wilcoxon SRT compares two methods by ranking
the pair-wise differences in their performances by absolute value
and enumerates the sums for the ranks. The null hypothesis is that
the difference between the mean performance values of the two
competing algorithms is zero (Hg = (41 — 2 =0) which is rejected if
the observed p-value < significance level (S.L). The smaller the p-
value, the higher the difference between the mean performances
of the methods. If the null hypothesis is rejected, a o symbol is
placed as an indication that the first method has performed signifi-
cantly better than the second method (e.g., in the hypothesis ‘algo1
vs. algo2, algo1 is the first algorithm); alternatively, a v symbol
is placed if the second method has significantly outperformed the
first method. The significant differences at the selected significance
level are indicated in bold.

According to the statistics of Table 5, OGFBs with FSS (i.e.,
PSO-FSS method) is significantly better than NGFBs with FSS (i.e.,
noPSO-FSS method) in terms of all performance measures (in all
the cases). The scores and p-values for the hypothesis ‘PSO-FSS vs.
noPSO-FSS’ are similar (in all the cases) indicating that the perfor-
mance of OGFBs is better than that of the corresponding NGFBs.
The statistical comparison between PSO-noFSS and noPSO meth-
odsreveals that there is no significant difference in terms of average
specificity and Az values. However, the noPSO method significantly
outperformed the PSO-noFSS in terms of accuracy and sensitivity. It

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 v23/97 3.53x102
Specificity 30/90 9.46 x 102
Accuracy v23.5/96.5 3.66 x 102
Az. value 17/49 1.74 x 107!

PSO-FSS vs. noPSO-FSS Sensitivity A120/0 6.10 x 10>
Specificity 4120/0 6.10x 103
Accuracy 4120/0 6.10 x 10>
Az.value A120/0 6.10 10>

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 4+ 0.04) were obtained with GS508, an ROI
size of 128 x 128 and a block size of 8 x 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 GS508 (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 x 256 and block size of
8 x 8 pixels with PS024(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 x 64 16 x 16 GS305  79.29+4.88 GS305  79.19+6.26 PSO15 (13) 79.76 £8.63 PSO15(13) 83.00+5.45
GS406  80.78 +6.49 GS406  81.04+9.34 PS024 (21) 80.06 +£6.18 PS024 (18) 84.69+7.24
GS508 81.97+10.37 GS508 82.76+7.56 PS040 (34) 79.04 £8.24 PS040 (32) 86.85+8.98
8x8 GS305  79.58+9.80 GS305 88.08+8.13 PSO15(12) 80.50 £7.95 PSO15 (14) 90.69 £ 6.46
GS406  80.08 +8.69 GS406  84.68+7.00 PS024 (19) 80.05 +7.56 PS024 (18) 89.65 +3.50
GS508  83.54+6.80 GS508 84.01+8.65 PS040 (29) 80.70 £6.76 PS040 (34) 89.28 +7.86
128 x 128 32x32 GS305 81.11+9.48 GS305  79.46+7.02 PSO15 (15) 82.44 £ 6.66 PSO15(13) 84.45+4.84
GS406  80.49+6.05 GS406  81.28+8.79 PS024 (20) 77.91+7.18 PS024 (21) 85.44+6.48
GS508  80.03+9.56 GS508 83.31+6.83 PS040 (33) 80.55 +£6.36 PS040 (34) 89.94+5.19
16 x 16 GS305 84.40+4.78 GS305 80.76 +5.45 PSO15 (13) 82.05+£3.99 PSO15 (13) 90.20£4.53
GS406  81.20+7.48 GS406  83.45+7.02 PS024 (21) 84.41+7.52 PS024 (22) 90.02 +£6.04
GS508  81.18+8.06 GS508 84.81+10.40 PS040 (30) 81.82+7.70 PS040 (34) 88.07 £ 6.65
8x8 GS305 78.52+8.23 GS305  86.83+5.59 PSO15 (13) 82.21+9.99 PSO15 (15) 89.63 £5.59
GS406  79.77 £8.40 GS406  85.43+5.89 PS024 (22) 81.17 £9.68 PS024 (20) 91.79+7.10
GS508  85.09+9.42 GS508 92.83+5.92 PS040 (29) 81.30+7.99 PS040 (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 x 64 16 x 16 GS305 76.94+8.54 GS305 80.48 +£10.45 PSO15 (13) 79.37+8.23 PSO15(13)  85.49+7.10
GS406 79.29+7.44 GS406 79.89 £10.09 PS024 (21) 82.61+8.45 PS024 (18)  82.59+4.94
GS508 78.08 +8.72 GS508 82.19+6.19 PS040 (34) 82.83+10.38 PS040(32) 86.71+6.54
8x8 GS305 82.86 +5.37 GS305 70.52 £ 9.66 PSO15 (12) 83.22+10.33 PSO15(14) 84.70+5.64
GS406  81.74+9.13 GS406 82.53+10.01 PS024 (19) 81.32+6.44 PSO24(18)  88.57+3.63
GS508 83.97 £5.95 GS508 83.94+7.53 PS040 (29) 85.02+6.40 PS040 (34) 87.51+6.33
128 x 128 32x32 GS305 80.86 +6.47 GS305 81.42+8.60 PSO15 (15) 83.64+5.13 PSO15(13)  84.03+9.46
GS406  81.69+10.62 GS406 78.55+10.36 PS024 (20) 81.05+5.60 PSO24 (21)  85.42+5.71
GS508 83.15+£5.38 GS508 83.16 £4.06 PS040 (33) 81.90+9.18 PS040 (34) 85.62+7.95
16 x 16 GS305 82.02+8.78 GS305 82.66 +4.52 PSO15 (13) 84.79+8.03 PSO15(13)  85.50+9.03
GS406  82.00+5.38 GS406 85.81+6.07 PS024 (21) 84.97 +£5.06 PS024 (22)  88.54+8.18
GS508 82.37+£8.32 GS508 85.67 £8.15 PS040 (30) 83.86 £4.77 PS040 (34) 91.48+7.82
8x8 GS305 82.88+7.88 GS305 86.83+6.27 PSO15(13) 80.39+6.34 PSO15(15) 88.43+11.28
GS406  83.97+6.22 GS406 88.40+5.32 PS024 (22) 79.74+7.88 PS024 (20)  89.40+5.62
GS508  85.97 +6.58 GS508  90.92+3.28 PS040 (29) 81.22+7.05 PS040 (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 x 64 16 x 16 GS305 78.11+5.84 GS305  79.86+7.32 PSO15(13) 79.30 +£6.04 PSO15(13) 84.58+4.70
GS406  80.07 +5.06 GS406  80.44+5.82 PS024 (21) 81.04+4.84 PS024 (18) 83.79+2.47
GS508  80.08+7.83 GS508  82.41+4.91 PS040 (34) 80.88 +£3.97 PS040 (32) 86.72+5.29
8x8 GS305 81.23+6.58 GS305  79.11+3.63 PSO15(12) 81.63+£3.28 PSO15(14) 87.49+2.50
GS406  80.83+6.11 GS406  83.21+5.60 PS024 (19) 80.65 +6.84 PS024 (18) 89.07+2.25
GS508  83.77+4.38 GS508 83.794+5.58 PS040 (29) 82.80+5.63 PS040 (34) 88.28+5.63
128 x 128 32x32 GS305 81.04+5.96 GS305 80.45+5.64 PSO15 (15) 82.82+£3.98 PSO15(13) 84.36+5.01
GS406  81.05+5.32 GS406  80.10+6.59 PS024 (20) 79.50 +4.22 PSO24(21) 85.34+5.42
GS508  81.63+4.93 GS508 83.194+2.99 PS040 (33) 81.43+4.71 PS040 (34) 87.71+5.99
16 x 16 GS305 83.21+4.63 GS305 81.45+4.20 PSO15 (13) 83.62+4.11 PSO15(13) 88.48 +3.09
GS406 81.64+4.43 GS406  84.56+6.45 PS024 (21) 84.57 +5.01 PS024 (22) 89.05+4.99
GS508 81.83+7.19 GS508  85.16+4.00 PS040 (30) 83.02+5.19 PS040 (34) 89.47 +5.64
8x8 GS305 80.67+5.37 GS305 86.52+3.71 PSO15 (13) 81.04+4.20 PSO15(15) 88.65+6.48
GS406 81.86+5.76 GS406  86.914+2.46 PS024 (22) 80.08 £5.83 PS024 (20) 90.63 £4.00
GS508 85.53+5.43 GS508 91.81+3.74 PS040 (29) 80.84+£5.85 PS040 (32) 91.61+4.20

compared with the corresponding NGFBs with and without FSS.
Table 10 shows the results of the Wilcoxon signed rank test for
the statistical differences between the performances of OGFB and
NGFB with and without ESS. It is obvious that the PSO-FSS method
performs significantly better than the noPSO-FSS in terms of all
performance measures. PSO-noFSS is only significantly defeated
by noPSO when compared on the basis of average sensitivity. This
implies that optimization of GFBs can lead to better results in terms
of different performance metrics and the difference is statistically

significant. Moreover, the generalization ability of SVM is better
with PSO-FSS. The results obtained with PSO-FSS using different
parameter configurations (e.g., ROl 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).
ROl size Block size noPSO noPSO-FSS PSO-noFSS PSO-FSS
GFB Az. GFB Az. OGFB Az. OGFB Az.
64 x 64 16 x 16 GS305 0.79+0.06 GS305 0.81+0.08 PSO15 (13) 0.81+0.05 PSO15(13) 0.85+0.05
GS406 0.81+£0.05 GS406 0.80+£0.08 PS024 (21) 0.82+£0.05 PS024 (18) 0.84+£0.04
GS508 0.81-+0.07 GS508 0.82+0.04 PS040 (34) 0.82+0.04 PS040 (32) 0.88+0.04
8x8 GS305 0.82+0.07 GS305 0.80+0.03 PSO15(12) 0.81+0.05 PSO15 (14) 0.88+0.04
GS406 0.80+0.07 GS406 0.82+0.06 PS024 (19) 0.80+0.08 PS024 (18) 0.87+0.05
GS508 0.82+0.06 GS508 0.86+0.06 PS040 (29) 0.82+£0.05 PS040 (34) 0.88+0.07
128 x 128 32x32 GS305 0.81+0.06 GS305 0.80+0.05 PSO15 (15) 0.83+0.05 PSO15 (13) 0.84+0.05
GS406 0.83+0.04 GS406 0.81+0.09 PS024 (20) 0.80+0.04 PS024 (21) 0.85+0.06
GS508 0.81+0.07 GS508 0.83+0.03 PS040 (33) 0.81+£0.07 PS040 (34) 0.89+£0.05
16 x 16 GS305 0.85+0.05 GS305 0.81+0.04 PSO15 (13) 0.83+0.05 PSO15(13) 0.87 +0.04
GS406 0.83+0.06 GS406 0.85+0.07 PS024 (21) 0.86 £ 0.06 PS024 (22) 0.91+0.05
GS508 0.82-+£0.08 GS508 0.85+0.04 PS040 (30) 0.82+£0.07 PS040 (34) 0.90+£0.06
8x8 GS305 0.81+0.05 GS305 0.88+0.05 PSO15 (13) 0.80-+0.06 PSO15 (15) 0.90+0.05
GS406 0.79+0.06 GS406 0.85+0.03 PS024 (22) 0.79 +£0.06 PS024 (20) 0.92+0.04
GS508 0.87+0.05 GS508 0.92+0.04 PS040 (29) 0.82+0.05 PS040 (32) 0.92+0.05
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 v13/107 537x103
Specificity 74.5/45.5 430x 10!
Accuracy 71/49 5.52x 10!
Az. value 25.5/29.5 8.89 x 10!

PSO-FSS vs. noPSO-FSS Sensitivity A117/3 3.05x10*
Specificity A4120/0 6.10x 105
Accuracy A119/1 1.22x 104
Az. value 4105/0 1.22x 104

4.5. Reduction in computation cost

A close look at the results for both classification problems
presented in the above sections indicates that the optimization pro-
cedure reduces the number of filters in a GB with FSS and improves
the classification performance. With less number of filters in a
GB will take less time for feature extraction and also, because of
reduction in feature space, classification time will also reduce. For
example, in case of PSO40 the number of filters is reduced to 32,
which in turn decreases the computational cost for Gabor feature
extraction by 20%.

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
in Table 11. The quantities that are not reported in the literature are
indicated with a dash symbol. For some methods, standard devia-
tion values are not available. For the two problems, only the best
case mean and standard deviation results are reported for all the

Table 11
Comparison with state-of-the-art methods based on average Acc. and Az values (bold highlighted values are best).

Problem Research work Database #ROIs Avg. Acc. (%) £ std Avg. Az +std

Normal vs. masses Moayedi et al. [57] MIAS 90 85.9+0.03 -
Costaetal. [33] DDSM 5090 90.07 -
Ioan and Gacsadi [34] MIAS 322 84.37 0.79
Geraldo et al. [35] DDSM 584 99.39(max) 1.00(max)
Lladé et al. [3] DDSM 512 - 0.94+0.02
Nguyen et al. [20] MIAS - - 0.93
Reyad et al. [22] DDSM 512 98.63(max) -
Oliveiraetal. [19] DDSM 3404 98.88(max) -
Hussain et al. [31] DDSM 512 94.92 +£2.30 0.96 +0.02
Proposed method DDSM 512 98.821+2.48 0.99 +0.02

Benign vs. malignant Geraldo et al. [35] DDSM 584 88.31 0.89
Moayedi et al. [57] MIAS 90 87.00+£0.008 -
Costa et al. [33] DDSM 3240 84.22 -
lIoan and Gacsadi [34] MIAS 114 78.26 0.78
Li et al. [26] DDSM 114 85.96 -
Nanni et al. [25] 0.97
Roubhi et al. [24] DDSM 82.06 .
Hussain et al. [31] DDSM 512 85.53+5.43 0.87+£0.05
Proposed method DDSM 512 93.95+3.85 0.948 +0.043




S. Khan et al. / Applied Soft Computing 44 (2016) 267-280 279

methods being compared. The results in Table 11 indicate that the
mass classification method based on the proposed optimization
technique is comparable with the existing.

5. Conclusion

In this paper, a technique has been presented for the opti-
mization of GFBs which are used to extract multi-scale and
multi-orientation local texture micro-patterns from mammo-
grams. In particular, PSO has been used for the optimization of GFBs
(a design problem), and incremental clustering has been exploited
to eliminate redundant Gabor filters from a GFB (a selection prob-
lem). The resultant OGFBs are employed to extract Gabor features,
which have been evaluated over 768 ROIs using SVM for two classi-
fication problems. The results are encouraging as the OGFBs become
more compact. The model compactness indirectly implies that the
feature space is low dimensional and thus the classification model
has better computational efficiency and better generalization.

The effectiveness of the proposed optimization technique was
evaluated for the two mass classification problems i.e., false pos-
itive reduction problem and discrimination between benign and
malignant masses using well-known performance measures. In
addition, statistical tests based on different performance metrics
were conducted using the Wilcoxon signed rank test. The evalua-
tion confirmed that the overall performance of PSO-FSS method is
better than other methods (noPSO, PSO-noFSS, noPSO-FSS) and the
difference is statistically significant. For the two classification prob-
lems, PSO-FSS achieved encouraging results, reported as 98.82%,
with a standard deviation of 0.99, for normal vs. masses and 93.95%,
with a standard deviation of 0.95, for benign vs. malignant. The
experimental results are comparable with those by state-of-the-
art results. It validates that the proposed optimization technique is
effective inimproving classification rate and reducing the computa-
tional cost. Though we examined the effectiveness of the proposed
technique with a specific Gabor feature extraction method, it is
general and can be employed with other Gabor feature extraction
methods.

There are several future avenues in order to enhance the effect of
the proposed technique. We employed SBMLR, other feature subset
selection techniques can further enhance the effectiveness of the
proposed optimization method. It will be interesting to investigate
the performance of the proposed method in more complex problem
scenarios (e.g., recognition and identification of breast abnormal-
ities like breast structural disorder). Other optimization strategies
(e.g., Cuckoo optimization [58]) can also be investigated.
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