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a  b  s  t  r  a  c  t

Nowadays,  many  real applications  comprise  data-sets  where  the  distribution  of  the  classes  is  significantly
different.  These  data-sets  are  commonly  known  as  imbalanced  data-sets.  Traditional  classifiers  are  not
able  to deal  with  these  kinds  of  data-sets  because  they tend  to  classify  only  majority  classes,  obtaining
poor  results  for  minority  classes.  The  approaches  that  have  been  proposed  to address  this  problem  can  be
categorized  into  three  types:  resampling  methods,  algorithmic  adaptations  and  cost  sensitive  techniques.

Radial Basis  Function  Networks  (RBFNs),  artificial  neural  networks  composed  of  local  models  or  RBFs,
have demonstrated  their  efficiency  in different  machine  learning  areas.  Centers,  widths  and  output
weights  for  the  RBFs  must  be  determined  when  designing  RBFNs.

Taking  into  account  the  locally  tuned  response  of  RBFs,  the  objective  of  this  paper  is  to  study  the  influ-
ence  of  global  and  local  paradigms  on the  weights  training  phase,  within  the  RBFNs  design  methodology,

for  imbalanced  data-sets.  Least  Mean  Square  and  the  Singular  Value  Decomposition  have  been  chosen  as
representatives  of  local  and  global  weights  training  paradigms  respectively.  These  learning  algorithms
are  inserted  into  classical  RBFN  design  methods  that are  run  on  imbalanced  data-sets  and  also  on these
data-sets  preprocessed  with  re-balance  techniques.  After  applying  statistical  tests  to the  results  obtained,
some  guidelines  about  the RBFN  design  methodology  for imbalanced  data-sets  are  provided.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Many real applications are associated to data-sets with an
mplicit imbalance of the existing classes. This fact implies that
he number of instances of certain classes is much lower than the
nstances of the other classes. The importance of these data-sets
esides in the fact that a minority class usually represents the
oncept of interest, for example patients with illness in a medical
iagnosis problem; whereas the other class represents the coun-
erpart of that concept (healthy patients). For this kind of problems
tandard classifier algorithms have a bias toward the majority
lass. This is due to the fact that the mechanisms inside these
lassifiers are positively weighted to predict the majority class
efined by the accuracy metrics. The different methods proposed
or addressing this problem can be categorized into three groups
1]: resampling methods [2], algorithmic adaptations [3], and cost

ensitive techniques [4].

Radial Basis Function Networks (RBFNs) [5] are one of the
ost important Artificial Neural Network paradigms in the field

∗ Corresponding author: Tel.: +34 953 212892; fax: +34 953 212472.
E-mail address: lperez@ujaen.es (M.D. Pérez-Godoy).

ttp://dx.doi.org/10.1016/j.asoc.2014.09.011
568-4946/© 2014 Elsevier B.V. All rights reserved.
of Machine Learning. RBFNs have important features such as: a
simple topological structure; the possibility of extracting rules
[6,7]; a universal approximation capability [8]; and that each neu-
ron/RBF has a characteristic locally-tuned response. RBFNs have
been successfully applied in most important machine learning
areas [9] such as classification [10,11], regression [12,13] or time
series forecasting [14,15]. Examples of application fields where
RBFNs have been demonstrated their good behavior are: engineer-
ing problems [16–18], medical diagnosis [19,20] or web  mining
[21,22], among others. They have also obtained outstanding results
in imbalanced problems [23]. Typically, RBFNs are designed in two
stages: First, RBF parameters (center and width) are calculated
with different techniques [9]; and then, weights are obtained
with local or more global training algorithms. A global training
algorithm considers all the data-set instances at the same time in
a matrix that is resolved using numerical methods, whereas a local
training algorithm separately trains each instance, only modifying
weighs of the nearest RBFs.

From these premises, the objective of this paper is to carry out a

study that characterizes the most suitable RBFN training methodol-
ogy (local and global) taking into account the known locally-tuned
response of the RBFs and avoiding the above mentioned bias toward
the majority class on imbalanced data-sets.

dx.doi.org/10.1016/j.asoc.2014.09.011
http://www.sciencedirect.com/science/journal/15684946
www.elsevier.com/locate/asoc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.asoc.2014.09.011&domain=pdf
mailto:lperez@ujaen.es
dx.doi.org/10.1016/j.asoc.2014.09.011
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Thus, this paper analyzes the characteristics of Least Mean
quare (LMS) [24] and Singular Value Decomposition (SVD) [25], as
ocal and global weights training representative methods respec-
ively. In this way, the behavior of both training algorithms is
tudied with different RBFN design methods: an Incremental algo-
ithm, a Clustering method, a traditional Evolutionary Computation
ethod (Pittsburgh codification) and CO2RBFN [10], an evolution-

ry cooperative–competitive RBFN design method.
During experimentation, the RBFN design algorithms were

pplied to a largest group of data-sets with different imbalance
atio (IR) and to the same group of data-sets preprocessed in order
o re-balance them. The analysis of the results let us to obtain a set of
uidelines for the use of weights training algorithms in imbalanced
rameworks.

The paper is organized as follows: First, Section 2 introduces
BFNs. Section 3 describes LMS  and SVD, the two weights train-

ng algorithms for RBFNs. Section 4 details the most important
aradigms for RBFN design. In Section 5, the imbalance problem

s analyzed. The experimental framework of this research is spec-
fied in Section 6 and the results and their analysis are shown
n Section 7. Finally, the conclusions of the paper are outlined in
ection 8.

. Radial Basis Function Networks

From a structural point of view, an RBFN is a feed-forward neural
etwork with three layers: an input layer with n nodes, a hidden

ayer with m neurons or RBFs, and an output layer (Fig. 1).
The m neurons of the hidden layer are activated by a radially-

ymmetric basis function, �i : Rn → R, which can be defined in
everal ways [26], the Gaussian function being the most widely
sed (Eq. (1)):

i(�x) = �i(e
−(‖�x− �ci‖/di)

2
) (1)

here �ci ∈ Rn is the center of basis function �i, di ∈ R is the width
radius), and ‖‖ is typically the Euclidean norm on Rn. This expres-
ion is the one used in this paper as the Radial Basis Function
RBF). The output node implements the following function, where
eights wij show the contribution of an RBF to the output node

Eq. (2)):

j(�x) =
m∑

i=1

wij�i(�x) (2)

The objective of any RBFN design process is to determine cen-
ers, widths and the linear output weights connecting the RBFs to

he output neuron layer. The most traditional learning procedure
as two stages [27–29,13,30]: first, learning of centers and widths,
nd then, training of output weight. In order to obtain the weights
n the second stage, two paradigms are usually followed: gradient

Fig. 1. RBFN topology.
t Computing 25 (2014) 26–39 27

descent based methods (with a local behavior) [29,31,30] and
global linear regression methods [12,32,13,31,33].

One early technique to adjust the centers and widths is Cluster-
ing [34]. K-means algorithm [35] is a well-know algorithm based
on clustering, which has been used for the RBFN design in [36]. For
this kind of methods the center of the clusters are established as
the center of the RBFs and RBF widths are typically set to the width
of the previously calculated clusters or as the average distance
between RBFs.

RBFNs were initially used for function approximation. For
this reason, most of the RBFN design methods are based on
traditional optimization techniques such as regularization [37],
orthogonalization of regressors [38], gradient-based [39], or
Levenberg–Marquardt [40]. These techniques can be used to decide
if the RBFs aggregate or eliminate and may  be considered as for-
ward or backward selection methods [41]. The RAN algorithm [42]
is one of the most well-known methods based on an incremental
(aggregation) scheme.

Another important paradigm for RBFN design is Evolution-
ary Computation (EC) [43–45], which uses natural evolution and
stochastic searching to design optimization algorithms. Reviews
of EC applied to RBFN design can be found in [46,9]. In most
of the proposals within this evolutionary paradigm, an indi-
vidual represents a whole RBFN, and different operators are
applied to the entire population to improve individual fitness
[46,47]. This approach is known as the Pittsburgh represen-
tation scheme. An alternative to this evolutionary approach
is the cooperative–competitive evolutionary or cooperative–
coevolutionary strategy [48,49]. It provides a framework within
which an individual of the population represents only a part of the
solution, as it evolves in parallel and competes to survive, but at
the same time cooperates to find a common solution (the complete
RBFN).

In the engineering field, it can be found other RBFN design meth-
ods [17]. In [50–52] control systems are modeled using RBFNs. To
developed them, first genetic algorithms are employed to deter-
mine the initial parameters of the networks. Then, the parameters
of the decoupled adaptive neural network controllers are updated
regarding some stability theories, such as the Lyapunov theory, and
boundary-layer functions that guarantee the convergence of the
state errors within a specified error bound. In the experimentation,
the success of the design methods are demonstrated testing the sta-
bility and the error convergence of the modeled adaptive control
laws.

Pérez-Godoy et al. developed an evolutionary cooperative–
competitive RBFN design method, CO2RBFN [10]. The standard
version of CO2RBFN, which uses the LMS  algorithm for training
weights, was applied to the classification problem of imbalanced
data-sets [23] and achieved significant results. Other conclusions
deduced in [23] were the good behavior of some RBFN design meth-
ods dealing with imbalanced data-sets.

As mentioned in this paper a more general objective is estab-
lished, specifically to characterize the weights training phase
inside a RBFN design process for imbalance problems. Thus, we
will analyze the behavior of local and global training algorithms
with different RBFN design methods such as an Incremental algo-
rithm, a Clustering method, a traditional Evolutionary Computation
method (Pittsburgh codification) and CO2RBFN. Theses methods
are described in Section 4.

3. Training algorithms for RBFN weights
During the training phase for RBFN weights a known set of input
and output data pairs were delivered to the RBFN to compute the
output layer weights. Taking into account Eq. (2), the least squares
recipe is then to minimize the sum-squared-error.
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belongs by calculating its memberships function �pj
(�xi) (Eq. (6)).
8 M.D. Pérez-Godoy et al. / Appli

 =
p∑

i=1

(yi − f (xi))
2, ∀i = 1, . . .,  n (3)

here yi is the desired output and f(xi) is any output of the network.
In order to calculate the weights that reduce the error of Eq.

2), different methods are normally used. These methods can been
ategorized as local or global paradigms. Gradient descent based
ethods [29,31,30,15] have a local behavior and separately trains

ach instance, only modifying weighs of the nearest RBFs. Global
inear regression methods [27,12,32,13,31] consider all the data-set
nstances at the same time, solving the above equation by means
f linear least squares in matrix forms.

LMS  was selected, as representative of local weights training
lgorithms, because it is the reference algorithm within the gradi-
nt descent based methods. With respect to global weights training
lgorithms there are several well known techniques to solve the
atrix that results when linear regression methods are applied, for

nstance: the Cholesky decomposition [25], the orthogonal least
quares (OLS) method [38], or the Singular Value Decomposition
SVD) [25]. SVD, the selected global training method for the experi-

entation, is one of the most widely used because it avoids possible
ll-conditioning in the resolution matrix.

.1. LMS  method

The Least Mean Square (LMS) algorithm [24] can be used to
alculate the RBF weights. This technique exploits the local infor-
ation that can be obtained from the behavior of each RBFs. Eq. (4)

hows the update of the weights.

k+1 = wk + ˛
ekxk

|x2
k |

(4)

here k is the number of iterations, wk+1 is the next value of the
eight vector, wk is the present value of the weight vector and xk

s the value of the actual input pattern vector. The present linear
rror, ek, is defined as the difference between the desired output
nd the output network before adaptation. The  ̨ value is the speed
f learning, which measures the size of the adjustment to be made.
he choice of  ̨ controls stability and speed of convergence.

.2. SVD method

This weight training algorithm is easier to explain if the RBFN
erformance is expressed in a matrix form: y = �w, where y is the
ector of the desired training outputs, w is the weight vector, and

 is a non-square matrix with components which are equal to the
utput of the radial basis functions evaluated in the training points.

Minimization of the sum-squared error function yields the well-
nown least-squares solution for the weights: Aw = �T y, from this
quation we can extract the weight vector: w = A−1�T y. A−1, the
ariance matrix, is: A−1 = �T �

−1
.

Thus, the network weights can be computed by fast linear matrix
nversion techniques using SVD.

SVD is chosen because it avoids possible ill-conditioning of A.
his method provides a decomposition of A that allows the cal-
ulation of w and an optimal solution to the least mean squares
quation.

. RBFN design algorithms

This section describes the algorithms which represent some

f the most significant paradigms in the RBFN design: a method
ased on the clustering technique (Clustering), a procedure based
n the incremental technique (Incremental), an evolutionary algo-
ithm based on the Pittsburgh representation scheme (Genetic),
t Computing 25 (2014) 26–39

and CO2RBFN, an evolutionary cooperative–competitive algorithm.
All the algorithms were implemented by the authors of this paper.

4.1. Clustering method

Traditionally, clustering has been associated with classification
tasks. The objective of the cluster analysis is to capture the natural
structure of the data by dividing them into groups (clusters) that
are meaningful, useful or both. These meaningful groups have been
assigned to classes and often a representative or prototype of each
group is often determined. As has been previously mentioned, clus-
tering techniques have been the first stage in the classical design
of RBFNs, as they relate each cluster to an RBF. Therefore, the RBFN
will have the same number of RBFs as the calculated clusters and
the geometric center of the clusters are established as the center of
the RBFs. RBF widths are typically set to the width of the previously
calculated clusters or may  be established as the average distance
between RBFs.

One of the most well-known clustering techniques is K-means
[53]. This technique defines a prototype in terms of a centroid,
i.e., the mean of a group of points. K initial centroids are cho-
sen, where K is a user specified parameter and represents the
desired number of clusters. Each point is then assigned to the clos-
est centroid, and each collection of points assigned to a centroid
is a cluster. The centroid of each cluster is then updated using the
points assigned to the cluster. The assignment and update steps are
repeated until the centroids remain the same, i.e., no point changes
clusters.

Following this paradigm, the Clustering method for RBFN design
was implemented. The structure of this algorithm is shown in
Algorithm 1. Thus, given the input data vector X = �xi : i = 1, . . .,  n,
the objective was  to obtain K clusters with their corresponding
prototype. In order to calculate the cluster to which each vector
belongs, it was necessary to define a distance measure and to min-
imize the objective function D (Eq. (5)):

D =
c∑

j=1

n∑
i=1

‖ �xi − �pj ‖ (5)

where �x1, . . ., �xn are the vectors to group, �p1, . . ., �pc are the proto-
types for each group and ‖‖ is the Euclidean distance. Moreover,
membership function �pj

(�xi) of the input vector �xi to the cluster
represented by the prototype �pj is defined in Eq. (6). The cluster-
ing achieved by the K-means algorithm can be described by the
partition matrix U shown in Eq. (7).

�pj
(�xi) =

{
1 if ‖ �xi − �pj‖2 <‖ �xi − �pl‖2 ∀l /= j

0 in another case
(6)

U =

{
� ∈ {0, 1}|

c∑
i=1

�Pi
(�xk) = 1 ∀k and 0 <

n∑
k=1

�Pi
(�xk) < n ∀i

}
(7)

The Clustering method, described in Algorithm 1, begins with
random initialization of the prototypes �pj to existing input vector
and sets the distortion ı to infinite where ı measures changes in
the clusters. Following the main loop will determine the clusters.
The stop condition of this loop is to check, whether in this itera-
tion the distortion has changed over a threshold, �, with respect to
the distortion of the previous iteration ıprev. The two  main steps
of the loop are: first, determining to which partition each vector
Second, recalculating prototypes of each partition using Eq. (8). In
the last step of the main loop, ı is calculated using Eq. (9) where
ıj is distortion calculated for cluster j. Finally, once the clusters are
determined, the weights are trained using LMS or SVD.
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lgorithm 1. Main steps of the Clustering method

ı =∞
Random initialization of the first set of prototypes �pj

while |ıant − ı|/ı > = � do
ıant = ı
Calculate membership functions �pi

(�xk)
Calculate prototypes �pj

Calculate ı
end while
Train Weights (LMS or SVD)

�j =
∑n

i=1�pj
(�xi)�xi∑n

i=1�pj
(�xi)

(8)

 =
c∑

j=1

ıj (9)

j =
∑
�xi∈Pj

‖ �xi − �pj‖2 (10)

.2. Incremental method

Incremental algorithms are a traditional paradigm for RBFN
esign [42,54,41]. One of the first and most well-known algorithms

s the RAN (Random Allocation Network) algorithm [42]. This algo-
ithm starts with an empty RBFN (without RBFs) and, iteratively,
dentifies patterns that are not currently well represented by the
etwork, allocating new units that memorize these patterns. Thus,

n each iteration of the main loop, a random pattern of the training
et is analyzed in order to check whether two  conditions are ful-
lled. These conditions are firstly whether the pattern is placed at

 distance of more than a ı threshold from any RBF, and secondly
hether the difference for this pattern, between the desired output

nd the output of the network, is larger than an � threshold. If both
onditions are met, a new RBF is inserted, where the RBF center is
et to the pattern, and the RBF width is set to the minimum distance
etween the new RBF and the other RBFs in the RBFN. If these con-
itions are not fulfilled, the weights of this RBF are adapted using
he LMS  algorithm.

To test this important paradigm, the Incremental method was
mplemented. This method includes two versions of the RAN algo-
ithm, one for each weights training algorithm (LMS and SVD). The
ain steps of the algorithm are detailed in Algorithm 2.
The main loop of the implemented algorithm begins with the

andom determination of the instance I from the training data-set
TD). Then, the output of the RBFN, f(x), and the error committed
or this instance, e, are calculated. Next, the distance, d, from I to the
earest RBF in the RBFN is determined. Having e and d, the typical
onditions of the RAN algorithm are checked, i.e., If e is higher than

 And d is higher than ı Then a new RBF is placed on I. As in the
riginal RAN algorithm, the RBF center is set to I, and the RBF width
s set to the minimum distance between the new RBF and the other
BFs. For the first RBF, the RBF width is set to ı. After that, weights
re trained using SVD or LMS.

This is the main difference with regards to the original RAN algo-
ithm, because RAN only trains the weight of the instance I when
he conditions are not met. This change was introduced for two rea-
ons: SVD cannot be applied only for a weight of one RBF, and most
lgorithms for RBFN design train the whole set of the weights of the

BFN. Finally, the stop condition of the loop checks the number of
imes that RAN conditions are not met. If this number cont is higher
han the total number of instances of the training data-set, then the
lgorithm ends.
t Computing 25 (2014) 26–39 29

Algorithm 2. Main steps of Incremental method

cont = 0
while cont < nInstances(TD) do

I  = random(TD)
Evaluate the output of the RBFN f(x)
Compute error e = |y − f(x)|
Find distance, d, from I to nearest RBF
if (e > �)and(d > ı) then

Insert a new RBF with center = I
if is the first RBF then

RBF width = delta
else

RBF width = d
end if
Train Weights (LMS or SVD)
cont = 0

else
cont = cont + 1

end if
end while

4.3. Genetic method

Evolutionary computation is a widely used paradigm in opti-
mization and particularly in RBFN design [9]. Thus, the Genetic
method has been implemented following the design lines of genetic
algorithms for RBFNs learning [46].

This method follows the traditional Pittsburgh evolutionary
approach for the design of RBFNs. In this approach each individ-
ual is a whole network and therefore contains the coordinates of
the center, widths and weights for each RBF. A real codification of
the individuals was used considering a variable number of RBFs.
The objective of the evolutionary process is to minimize the classi-
fication error. The best individual will be the final solution.

Algorithm 3. Main steps of Genetic method

Initialize RBFN
while Number of Generations not Achieved do

Selection
Recombination
Mutation
Train Weights (LMS or SVD)
Evaluation RBFN

end while

The main steps of this algorithm are shown in Algorithm 3.
As an initialization step, for each individual, a random number

of neurons is allocated to the different patterns of the training set.
Thus, each RBF center, �ci, is randomly established to a pattern of
the training set. The RBF widths, di, will be set to half of the average
distance between the centers. Finally, the RBF weights, wij , are set
to zero.

A tournament selection mechanism is applied to the whole
group in order to determine the new population. The diversity of
the population is promoted by using a low value for the tournament
size (k = 3).

Recombination and mutation operators are applied to the new
RBFNs population. With the crossover (recombination) operator
two individuals (RBFNs) parents are chosen to obtain an RBFN off-
spring. The number of RBFs of the new individual will be delimited
between a minimum and a maximum value. The minimum value
is set to the number of RBFs of the parent with fewest RBFs. In the
same way, the maximum value is set to the number of RBFs of the
parent with most RBFs. In order to generate the offspring, RBFs will

be chosen from the parents at random.

Six mutation operators, usually considered in the specialized
bibliography [46], were implemented. They can be classified as
random operators or biased operators. The random operators are:
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DelRandRBFs: randomly eliminates k RBFs, where k is a pm per-
cent of the total number of RBFs in the RBFN.
InsRandRBFs: randomly aggregates k RBFs, where k is a pm per-
cent of the total number of RBFs in the RBFN.
ModCentRBFs: randomly modifies the center of k RBFs, where k is
a pm percent of the total number of RBFs in the RBFN. The center
of the basis function will be modified in a pr percent of its width.
ModWidtRBFs: randomly modifies the center of k RBFs, where k
is a pm percent of the total number of RBFs in the RBFN. The width
of the basis function will be modified in a pr percent of its width.

Biased operators which exploit local information are:

DelInfRBFs: deletes the k RBFs of the RBFN with a lower weight.
k is a pm percent of the total number of RBFs in the RBFN.
InsInfRBFs: inserts the k RBFs in the RBFN outside the width of any
RBF present in the RBFN. k is a pm percent of the total number of
RBFs in the RBFN.

After applying mutation operators, weights are trained using the
MS or the SVD algorithm. The fitness for each individual/RBFN is
efined as the geometric mean, see Eq. (15), classification error.

The search space of this method was limited in order to estab-
ish similar operating conditions for the algorithms. As it is well
nown, with Pittsburgh genetic algorithms, where the only objec-
ive to optimize is the classification error, the complexity of the
ndividuals (i.e. number of RBFs) grows in an uncontrolled way
because an RBFN with more RBFs usually gives a lower error per-
entage than an RBFN with fewer RBFs). In this way a maximum
omplexity (chromosome size) was established.

.4. CO2RBFN method

CO2RBFN [10], is an evolutionary cooperative–competitive
ybrid algorithm for the design of RBFNs. In this algorithm each

ndividual of the population represents, with a real representation,
n RBF and the entire population is responsible for the final solu-
ion. The individuals cooperate toward a definitive solution, but
hey must also compete for survival. In this environment, in which
he solution depends on the behavior of many components, the
tness of each individual is known as its “credit assignment”. In
rder to measure the credit assignment of an individual, three fac-
ors were proposed: the RBF contribution to the network output,
he error in the basis function radius, and the degree of overlapping
mong RBFs.

There are four evolutionary operators that can be applied to an
BF: an operator that eliminates the RBF, two operators that mutate
he RBF, and finally, an operator that maintains the RBF parameters
n order to explore and exploit the search space and to preserve the
est RBF, respectively.

The application of the operators is determined by an fuzzy rule
ase system. The inputs of this system are the three parameters
sed for credit assignment and the outputs are the operators’ appli-
ation probability.

The main steps of CO2RBFN, explained in the following subsec-
ions, are shown in the pseudocode in Algorithm 4.

lgorithm 4. Main steps of CO2RBFN method

Initialize RBFN
while Not Stop do

Train RBFN (LMS or SVD)
Evaluate RBFs

Apply operators to RBFs
Substitute the eliminated RBFs
Select the best RBFs

end while
t Computing 25 (2014) 26–39

In the RBFN initialization step, to define the initial network, a
specified number m of neurons (i.e. the size of population) is ran-
domly allocated to the different patterns of the training set. To do
so, each RBF center, �ci, is randomly assigned to a pattern of the
training set. The RBF widths, di, will be set to half of the average
distance between the centers. Finally, the RBF weights, wij , are set
to zero.

In the RBFN training step, LMS  or SVD training algorithm is used.
For the RBF evaluation, a credit assignment mechanism is

required in order to evaluate the role of each RBF �i in the
cooperative–competitive environment. For an RBF, three param-
eters, ai, ei, oi are defined:

• The contribution, ai, of the RBF �i, i = 1, . . .,  m,  is determined by
considering the weight, wi, and the number of patterns of the
training set inside its width, npii. An RBF with a low weight and
few patterns inside its width will have a low contribution:

ai =
{

|wi| if npii > q

|wi| ∗ (npii/q) otherwise
(11)

where q is the average of the npii values minus the standard
deviation of the npii values.

• The error measure, ei, for each RBF �i, is obtained by counting the
wrongly classified patterns inside its radius:

ei = npibci

npii
(12)

where npibci and npii are the number of wrongly classified
patterns and the number of all patterns inside the RBF width
respectively.

• The overlapping of the RBF �i and the other RBFs is quantified by
using the parameter oi. This parameter is computed by taking into
account the fitness sharing methodology [44], whose aim is to
maintain the diversity in the population. This factor is expressed
as:

oi =
m∑

j=1

oij oij =
{

(1− ‖ �i − �j ‖ /di) if ‖ �i − �j ‖< di

0 otherwise
(13)

where oij measures the overlapping of the RBF �i y �j j = 1 . . . m.

In CO2RBFN four operators have been defined in order to be
applied to the RBFs:

• Operator Remove: eliminates an RBF.
• Operator Random Mutation: randomly modifies the coordinates

of the center and the width of an RBF.
• Operator Biased Mutation: modifies the width and the coordinates

of the center using local information of the RBF environment.
• Operator Null: in this case all the parameters of the RBF are main-

tained.

The operators are applied to the whole population of RBFs. The
probability of choosing an operator is determined by means of a
Mandani-type fuzzy rule based system [55]. This system represents
expert knowledge about the operator application in order to obtain
a simple and accurate RBFN.

The inputs of this system are parameters ai, ei and oi used for
defining the credit assignment of the RBF �i. These inputs are con-
sidered linguistic variables vai, vei and voi. The outputs, premove, prm,

pbm and pnull, represent the probability of applying Remove, Ran-
dom Mutation, Biased Mutation and Null operators, respectively.

The rule base system aims to evolve RBFs with a good behavior
(high contribution, low error and low overlapping) and to eliminate
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In short, the main idea is to form new minority class exam-
ples by interpolating between several minority class examples that
lie together. More specifically, synthetic samples are generated in
the following way: Take the difference between the feature vector
M.D. Pérez-Godoy et al. / Appli

BFs with a bad behavior (low contribution, high error and high
verlapping).

In the introduction of new RBFs step, the eliminated RBFs are
ubstituted by new RBFs. The new RBF is located in the center of
he area with maximum error or in a randomly chosen pattern with

 probability of 0.5 respectively.
The width of the new RBF will be set to the average of the RBFs

n the population plus half of the minimum distance to the nearest
BF. Its weights are set to zero.

The replacement scheme determines which new RBFs (obtained
efore the mutation) will be included in the new population. To do
o, the role of the mutated RBF in the net was compared with the
riginal one to determine the RBF with the best behavior in order
o include it in the population.

. Imbalanced data-sets

Firstly, this section introduces the problem of imbalanced data-
ets in classification. Secondly, it describes the pre-processing
echnique that was applied in order to deal with the imbalanced
ata-sets: the SMOTE algorithm [56].

.1. The problem of imbalanced data-sets

The number of instances of each class can be very different in
mbalanced classification problems [57]. Standard classifier algo-
ithms usually have a bias toward the majority class during the
earning process in favor of the standard accuracy rate metric,

hich does not take into account the class distribution of the
ata. Consequently, the instances belonging to the minority class
re misclassified more often than those belonging to the majority
lass.

We used the imbalance ratio (IR), defined as the ratio of the
umber of instances of the majority class to the minority class, to
rganize the different data-sets. In the bibliography [58], research
sually focuses on binary imbalanced data-sets, where there is only
ne positive and one negative class. In the same way, in order to
ake the analysis of the results easier, data-sets were categorized

nto two groups according to the IR level. The first group, called
high”, comprises data-sets with IR levels higher than 9, where
here are no more than 10% of positive instances in the whole data-
et compared to the negative ones. The second sub-group is “low”
nd it is composed of data-sets where the instances of the positive
lass are between 10% and 40% of the total instances (IR between
.5 and 9).

The measures of the quality of classification were defined from
 confusion matrix (shown in Table 1), which recorded correctly
nd incorrectly recognized examples for each class.

The most extensively used empirical classification measure,
ccuracy rate (Eq. (14)), does not distinguish between the number
f correct labels of different classes. This fact may  lead to erroneous
onclusions in the context of imbalanced problems. For example, a
lassifier that obtains an accuracy of 99% in a data-set with a dis-
ribution of 1:100 might not be accurate if it does not extensively

over any minority class instance.

cc = TP + TN

TP + FN + FP + TN
(14)

able 1
onfusion matrix for a two-class problem.

Positive prediction Negative prediction

Positive class True positive (TP) False negative (FN)
Negative class False positive (FP) True negative (TN)
t Computing 25 (2014) 26–39 31

A widely used metric for imbalanced data-sets, also used in this
study, is the geometric mean of the true rates [59], which can be
defined as:

GM =
√

TP

TP + FN
· TN

FP + TN
(15)

This metric attempts to maximize the accuracy of each of the
two classes with a good balance. It is a performance metric that
links both objectives.

As already mentioned, the approaches previously proposed for
dealing with the class-imbalance problem can be categorized into
three groups [1]: resampling methods which pre-process or resam-
ple the data in order to diminish the effects of their class imbalance
[60,61,2]; algorithmic adaptations which create new algorithms or
modify existing ones to take the class-imbalance problem into con-
sideration [59,62,63,3]; and cost-sensitive learning solutions [4]
which incorporate the data and algorithmic level approaches and
which assume higher misclassification costs with samples in the
minority class and seek to minimize the high cost errors [64–66].

The advantage of the approaches based on pre-processing the
data is that they are independent of the classifier used. In [60] these
methods are classified into three groups:

• Under-sampling methods that eliminates some of the examples
of the majority class in order to decrease the imbalance.

• Over-sampling methods that creates new synthetic examples of
the minority class.

• Hybrid methods that combine the two previous methods.

In this study the choice was an over-sampling method which is
widely-used in this area: the SMOTE algorithm [56].

5.2. SMOTE

With this approach, the positive class is over-sampled by tak-
ing each minority class sample and introducing synthetic examples
along the line segments joining any/all of the k minority class
nearest neighbors. Depending upon the amount of over-sampling
required, neighbors from the k nearest neighbors are randomly cho-
sen. This process is illustrated in Fig. 2, where xi is the selected
point, xi1 to xi4 are some selected nearest neighbors and r1 to r4
the synthetic data points created by the randomized interpolation.
The implementation of this method uses only one nearest neigh-
bor with the Euclidean distance, and balances both classes to 50%
distribution.
Fig. 2. An illustration of how to create the synthetic data points in the SMOTE
algorithm.



3 ed Sof

(
m
a
t
t
r

6

a
i
t
o
d
t
s
d
n
p
A
i
p

T
D

2 M.D. Pérez-Godoy et al. / Appli

sample) which is under consideration and its nearest neighbor,
ultiply this difference by a random number between 0 and 1,

nd add it to the feature vector under consideration. This causes
he selection of a random point along the line segment between
wo specific features. This approach effectively forces the decision
egion of the minority class to become more general.

. Experimental framework

A high number of data-sets with different IR was  selected to
nalyze the performance of training algorithms for RBFNs in an
mbalanced scenario. The objective was to analyze the influence
hat weight training algorithms with global and local behavior has
n the design of RBFNs models for imbalanced data-sets. Thus,
ifferent RBFNs design methods and two representative weight
raining algorithms were considered. To include in the analy-
is the effect on preprocessed data-sets the experimentation was
ivided into two subsections: performance analysis with origi-
al data-sets (without preprocessing) (Section 7.1), and the same

ackage of data-sets but preprocessed with SMOTE (Section 7.2).
s previously mentioned, SMOTE was chosen because nowadays

t is one of the most widely used methods that shows the best
erformance.

able 2
escription for imbalanced data-sets.

Data-sets #Ex. #Atts. Class(min.; ma

Glass1 214 9 (build-win-no
Ecoli0vs1 220 7 (im; cp) 

Wisconsin 683 9 (malignant; be
Pima  768 8 (tested-positiv
Iris0  150 4 (Iris-Setosa; re
Glass0 214 9 (build-win-flo
Yeast1 1484 8 (nuc; remaind
Vehicle1 846 18 (Saab; remain
Vehicle2 846 18 (Bus; remaind
Vehicle3 846 18 (Opel; remain
Haberman 306 3 (Die; Survive) 

Glass0123vs456 214 9 (non-window 

Vehicle0 846 18 (Van; remaind
Ecoli1  336 7 (im; remainde
New-thyroid2 215 5 (hypo; remain
New-thyroid1 215 5 (hyper; remain
Ecoli2  336 7 (pp; remainde
Segment0 2308 19 (brickface; rem
Glass6 214 9 (headlamps; r
Yeast3 1484 8 (me3; remaind
Ecoli3  336 7 (imU; remaind
Page-blocks0 5472 10 (remainder; te
Yeast2vs4 514 8 (cyt; me2) 

Yeast05679vs4 528 8 (me2; mit, me
Vowel0 988 13 (hid; remainde
Glass016vs2 192 9 (ve-win-float-

build-win-non
Glass2 214 9 (Ve-win-float-
Ecoli4  336 7 (om; remainde
Yeast1vs7 459 8 (nuc; vac) 

Shuttle0vs4 1829 9 (Rad Flow; Byp
Glass4 214 9 (containers; re
Page-blocks13vs2 472 10 (graphic; horiz
Abalone9vs18 731 8 (18, 9) 

Glass016vs5 184 9 (tableware; bu
build-win-non

Shuttle2vs4 129 9 (Fpv Open; By
Yeast1458vs7 693 8 (vac; nuc, me2
Glass5 214 9 (tableware; re
Yeast2vs8 482 8 (pox; cyt) 

Yeast4 1484 8 (me2; remaind
Yeast1289vs7 947 8 (vac; nuc, cyt, 

Yeast5 1484 8 (me1; remaind
Ecoli0137vs26 281 7 (pp; imL, cp, im
Yeast6 1484 8 (exc; remaind
Abalone19 4174 8 (19; remainde
t Computing 25 (2014) 26–39

Two versions, LMS  and SVD, were implemented respectively for
the RBFN design methods and therefore eight different algorithms
were obtained.

First, this section describes the collection of imbalanced data-
sets selected for the study (Section 6.1). Second, it shows the
algorithms selected for comparison in the experimental study and
the corresponding parameters (Section 6.2). Finally, it presents the
statistical tests used in the analysis (Section 6.3).

6.1. Data-sets

This study used forty four binary data-sets with different IR from
KEEL (Knowledge Extraction based on Evolutionary Learning) [67]
repository.

Table 2 summarizes the data selected in this study and shows, for
each data-set, the number of examples (#Ex.), number of attributes
(#Atts.), class name of each class (minority and majority), class
attribute distribution and IR. This table is ordered according to the

IR, from low to highly imbalanced data-sets.

A five fold cross validation approach was used to estimate preci-
sion. This is five partitions for training and test sets, 80% for training
and 20% for testing, where the five test partitions form the whole

j.) %Class(min., maj.) IR

n-float-proc; remainder) (35.51, 64.49) 1.82
(35.00, 65.00) 1.86

nign) (35.00, 65.00) 1.86
e; tested-negative) (34.84, 66.16) 1.90
mainder) (33.33, 66.67) 2.00
at-proc; remainder) (32.71, 67.29) 2.06
er) (28.91, 71.09) 2.46
der) (28.37, 71.63) 2.52
er) (28.37, 71.63) 2.52
der) (28.37, 71.63) 2.52

(27.42, 73.58) 2.68
glass; remainder) (23.83, 76.17) 3.19
er) (23.64, 76.36) 3.23
r) (22.92, 77.08) 3.36
der) (16.89, 83.11) 4.92
der) (16.28, 83.72) 5.14

r) (15.48, 84.52) 5.46
ainder) (14.26, 85.74) 6.01

emainder) (13.55, 86.45) 6.38
er) (10.98, 89.02) 8.11
er) (10.88, 89.12) 8.19
xt) (10.23, 89.77) 8.77

(9.92, 90.08) 9.08
3, exc, vac, erl) (9.66, 90.34) 9.35
r) (9.01, 90.99) 10.10

proc; build-win-float-proc, (8.89, 91.11) 10.29
-float-proc, headlamps)
proc; remainder) (8.78, 91.22) 10.39
r) (6.74, 93.26) 13.84

(6.72, 93.28) 13.87
ass) (6.72, 93.28) 13.87
mainder) (6.07, 93.93) 15.47
.line, picture) (5.93, 94.07) 15.85

(5.65, 94.25) 16.68
ild-win-float-proc, (4.89, 95.11) 19.44
-float-proc, headlamps)

pass) (4.65, 95.35) 20.5
, me3, pox) (4.33, 95.67) 22.10
mainder) (4.20, 95.80) 22.81

(4.15, 95.85) 23.10
er) (3.43, 96.57) 28.41

pox, erl) (3.17, 96.83) 30.56
er) (2.96, 97.04) 32.78
,  imU, imS) (2.49, 97.51) 39.15

er) (2.49, 97.51) 39.15
r) (0.77, 99.23) 128.87



M.D. Pérez-Godoy et al. / Applied Sof

Table  3
Parameter specification for the algorithms employed in the experimentation.

Algorithm Parameter Value

CO2RBFN Generations of the main loop 200
Number of RBFs 5

Genetic Generations of the main loop 200
Individuals 40
Chromosome length Max = 6
Crossover probability 0.6
Mutation probability 0.1
Mutation widths percent 0.2
Mutation centers percent 0.2
Tournament size 3

Incremental Epsilon 0.1
Alpha 0.3
Delta 0.1

Clustering Epsilon 0.001
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Alpha 0.2
clusters 5

et. For each data-set the study considered the average results of
he five partitions by five run repetitions.

.2. Parameters of the algorithms

As stated above, alternative paradigms in the RBFN design field
ere selected to evaluate the training methods. The paradigms

elected are: a procedure based on the incremental technique
Incremental method), a method based on the clustering technique
Clustering method), a genetic algorithm based on the Pittsburgh
epresentation scheme (Genetic method) and the evolutionary
ooperative–competitive method, CO2RBFN.

Table 3 summarizes the parameters for the different approaches
sed in the experimental study. The parameters used in the exper-

mentation are typical for these algorithms. A population, number
f RBFs, of 5 was established for CO2RBFN as in [23].

In the same way, to establish models with similar complexity,

he maximum number of RBFs for RBFN (Chromosome length) for
he Genetic method was established at 6. Thus, the experimenta-
ion demonstrates that the average number of RBFs of the models
btained is about 5.5.

able 4
verage GM test results for data-sets with high imbalance and without pre-processing.

Data-set Clustering-LMS Clustering-SVD CO2RBFN-LMS CO2RBFN-

yeast2vs4 85.57 ± 5.36 79.26 ± 11.4 86.87 ± 4.9 81.87 ± 7
yeast05679vs4 67.98 ± 17.9 0 ± 0 77.06 ± 8.2 55.6 ± 1
vowel0  10.87 ± 16.73 6.4 ± 15.01 87.03 ± 5.86 70.26 ± 1
glass016vs2 26.57 ± 25.16 0 ± 0 47.27 ± 19.5 7.44 ± 2
glass2  0 ± 0 0 ± 0 57.23 ± 15.11 9.02 ± 2
ecoli4  39.09 ± 44.24 50.65 ± 45.94 90.96 ± 6.23 87.67 ± 9
shuttlec0vsc4 99.6 ± 0.81 99.6 ± 0.81 69.69 ± 12.5 99.67 ± 0
yeast1vs7 4.76 ± 12.9 0 ± 0 99.67 ± 0.8 27.48 ± 2
glass4  11.94 ± 24 18.31 ± 29.7 81.84 ± 14.07 73.27 ± 2
pageblocks13vs4 55.38 ± 21.61 24.15 ± 24.72 90.15 ± 7.7 73.7 ± 1
abalone918 3.41 ± 11.75 2.81 ± 9.52 75.7 ± 9.52 44.97 ± 1
glass016vs5 4 ± 19.6 9.46 ± 26 62.4 ± 40 61.7 ± 3
shuttlec2vsc4 86.14 ± 27.92 64.49 ± 45.18 93.59 ± 11.7 93.82 ± 1
yeast1458vs7 5.33 ± 14.8 0 ± 0 55.02 ± 14.7 0 ± 0
glass5  2.83 ± 13.86 0 ± 0 57.3 ± 43.95 50.9 ± 4
yeast2vs8 72.83 ± 13.39 72.83 ± 13.39 71.88 ± 14.13 66.18 ± 1
yeast4  2.51 ± 12.31 0 ± 0 77.33 ± 10.86 29.14 ± 2
yeast1289vs7 34.31 ± 25.98 0 ± 0 55.19 ± 22.5 6.53 ± 1
yeast5  9.32 ± 25.42 5.61 ± 15.2 94.12 ± 4.4 72.88 ± 1
ecoli0137vs26 73.68 ± 38.56 73.83 ± 38.66 70.5 ± 29.5 69.62 ± 4
yeast6  0 ± 0 0 ± 0 83.27 ± 10.45 66.82 ± 1
abalone19 0 ± 0 0 ± 0 50.12 ± 21.81 0 ± 0

Mean  31.64 ± 16.92 23.06 ± 12.52 74.28 ± 14.93 52.21 ± 1

he bold font is used to highligth the best result between the two  versions (LMS or SVD) 
t Computing 25 (2014) 26–39 33

Regarding the use of the SMOTE pre-processing method [56],
only the 1-nearest neighbor (using the Euclidean distance) was
considered to generate the synthetic samples. Furthermore both
classes were balanced to the 50% distribution.

6.3. Statistical techniques

This study used statistical techniques for the analysis of the
results, in order to provide a correct empirical study [68–70].
Specifically, non-parametric tests were considered. The reason for
this was  that as the initial conditions that guarantee the reliability
of the parametric tests might not have been satisfied and that would
decrease the credibility of the statistical analysis [68]. Specifically, a
Wilcoxon signed-rank test was  employed as a non-parametric sta-
tistical procedure to perform pairwise comparisons between two
algorithms, the RBFN design method trained with LMS  and the same
method trained with SVD. This test is explained in Appendix A. Fur-
thermore, any interested reader can find additional information on
the website http://sci2s.ugr.es/sicidm/, together with the software
to apply the statistical tests.

7. Results and analysis

In this section, a complete experimental analysis is carried out in
order to study the performance of two  different training methods
over the original data-sets (Section 7.1) and over the pre-processed
data-sets with SMOTE (Section 7.2).

7.1. Performance analysis with original data-sets (without
preprocessing)

In Tables 4 and 5 the reader can observe the test GM accuracy
results for data-sets with high IR and low IR, respectively. Results
are shown with their associated standard deviation, and the data-
sets of these tables are sorted according to their IR.

As discussed in Section 6.2, for CO2RBFN and Clustering the
number of neurons or clusters is fixed as a parameter to five RBFs.

The number of neurons of the Genetic method was  upper-limited to
6. Tables 6 and 7 show the average of number of neurons obtained
by the Genetic and Incremental methods during the execution are
shown. Results are shown with their associated standard deviation.

SVD Genetic-LMS Genetic-SVD Incremental-LMS Incremental-SVD

.15 88.76 ± 4.29 83.94 ± 4.74 85.42 ± 7.7 76.62 ± 7.83
7.5 75.38 ± 9.3 70.64 ± 10.71 72.05 ± 10.21 57.48 ± 14.67
1.41 87.53 ± 6.52 83.72 ± 8.45 90.79 ± 6.36 90.25 ± 8.39
0.33 45 ± 24.04 30.02 ± 32.55 34.51 ± 34.62 2 ± 9.8
0.94 48.17 ± 25.61 31.94 ± 30.06 12.92 ± 26.31 0 ± 0
.44 91.44 ± 6.22 90.62 ± 6.42 75.3 ± 13.75 83.95 ± 9.55
.74 99.66 ± 0.74 99.59 ± 0.81 98.71 ± 2.69 97.11 ± 4.67
5.14 58.81 ± 18.44 48.24 ± 23.74 54.49 ± 19.9 27.29 ± 25.31
0.79 79.28 ± 14.16 79.84 ± 13.07 39.85 ± 40.81 43.72 ± 34.36
6.2 92.88 ± 8.15 92.44 ± 11.57 86.32 ± 11.53 63.55 ± 16.57
1.01 75.1 ± 10.28 51.34 ± 18.55 36.29 ± 15.62 40.03 ± 14.3
6.71 68.23 ± 36.44 70.82 ± 33.57 43.72 ± 43.33 38.99 ± 38.24
1.58 93.98 ± 11.66 94.06 ± 11.68 62.14 ± 44.03 50.99 ± 46.22

 55.16 ± 20.39 28.56 ± 25.21 23.28 ± 25.89 0 ± 0
2.88 52.51 ± 44.21 68.98 ± 36.6 32.49 ± 44.1 46.04 ± 45.45
7.43 73 ± 13.44 70.89 ± 12.7 51.93 ± 24.53 51.53 ± 25.31
4.44 78.47 ± 8.03 56.23 ± 11.58 44.32 ± 11.91 46.17 ± 13.55
4.96 62.28 ± 9.91 32.29 ± 25.66 33.43 ± 26.34 4.89 ± 13.25
9.36 94.83 ± 4.72 87.46 ± 10.94 77.83 ± 12.82 75.1 ± 7.89
0.68 72.59 ± 37.85 65.54 ± 42.45 35.75 ± 41.41 43.31 ± 46.09
5.13 84.21 ± 10.39 79.2 ± 14.01 58.74 ± 12.69 61.35 ± 16.56

 66.66 ± 14.5 19.79 ± 27 4.34 ± 14.74 0 ± 0

7.45 74.72 ± 15.42 65.28 ± 18.73 52.48 ± 22.33 45.47 ± 18.09

for each RBFN desing algorithm.

http://sci2s.ugr.es/sicidm/
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Table  5
Average GM test results for data-sets with low imbalance and without pre-processing.

Data-set Clustering-LMS Clustering-SVD CO2RBFN-LMS CO2RBFN-SVD Genetic-LMS Genetic-SVD Incremental-LMS Incremental-SVD

glass1 30 ± 25.25 49.95 ± 19.89 69.3 ± 6.16 68.64 ± 6.19 72.41 ± 6.16 69.21 ± 8.03 72.97 ± 6.9 72.93 ± 7.17
ecoli0vs1 95.02 ± 3.44 94.58 ± 3.29 97.03 ± 2.8 96.35 ± 3.24 95.89 ± 3.24 96.97 ± 2.83 96.29 ± 4.05 96.33 ± 3.71
wisconsin 97.45 ± 0.69 96.9 ± 0.96 97.29 ± 0.77 97.54 ± 0.64 97.37 ± 0.79 97.4 ± 0.88 95.48 ± 2.15 95.6 ± 1.48
pima  59.68 ± 6.56 61.22 ± 4.6 71.73 ± 4.3 71.93 ± 3.68 73.57 ± 3.27 72.87 ± 2.99 65.59 ± 6.86 67.37 ± 4.42
iris0  100 ± 0 100 ± 0 99.79 ± 1.01 99.59 ± 1.39 100 ± 0 99.9 ± 0.5 98.03 ± 3.25 99.28 ± 1.7
glass0  46.07 ± 21.93 57.49 ± 5.97 75.69 ± 7.12 73.31 ± 7.33 76.94 ± 8.47 75.71 ± 8.61 76.76 ± 6.98 81.04 ± 5.97
yeast1  48.73 ± 14.08 44.42 ± 16.02 70.77 ± 3.58 60.88 ± 4.29 70.08 ± 3.23 67.37 ± 3.61 62.51 ± 3.64 63 ± 2.87
vehicle1 48.05 ± 17.48 22.2 ± 20.85 65.57 ± 2.98 55.82 ± 7.78 66.75 ± 3.4 62.18 ± 4.86 61.48 ± 6.94 60.43 ± 4.72
vehicle2 31.36 ± 23.47 36.17 ± 21.67 83.37 ± 3.83 82.12 ± 4.79 78.51 ± 5.51 79.6 ± 5.44 93.27 ± 2.85 93.21 ± 3.21
vehicle3 21.85 ± 26.09 15.01 ± 17.5 66.97 ± 3.46 53.67 ± 5.71 65.58 ± 3.14 64.27 ± 4.3 60.38 ± 6.43 62.71 ± 3.93
haberman 19.73 ± 18.34 20.73 ± 19.07 61.21 ± 7.26 45.52 ± 11.07 59.14 ± 7.86 54.32 ± 7.5 42.98 ± 9.75 43.72 ± 6.7
glass0123vs456 86.49 ± 5.87 85.54 ± 6.03 92.27 ± 3.27 92.56 ± 3.41 94.02 ± 3.84 92.18 ± 3.9 93.27 ± 4.59 87.86 ± 6.67
vehicle0 37.85 ± 25.38 27.68 ± 23.57 89.12 ± 4.55 88.08 ± 5.04 87.29 ± 3.68 87.15 ± 4.51 92.14 ± 3.12 90.47 ± 2.46
ecoli1  77.64 ± 6.94 80.23 ± 4.94 88.65 ± 4.42 87.66 ± 4.77 87.49 ± 5.28 87.57 ± 4.36 82.47 ± 8.35 84.5 ± 6.7
newthyroid2 94.32 ± 5.94 89.43 ± 8.38 98.4 ± 3.72 97.19 ± 4.62 96.82 ± 4.31 96.72 ± 5.37 88.23 ± 11.09 90.49 ± 8.96
newthyroid1 92.96 ± 8.21 89.06 ± 8.15 98.02 ± 3.05 96.1 ± 4.64 96.87 ± 3.93 96.11 ± 4.78 91.72 ± 8.41 93.51 ± 6.71
ecoli2  90.5 ± 5.25 89.47 ± 5.75 92.02 ± 3.4 92.92 ± 4.65 92.35 ± 4.8 91.34 ± 5.5 91.25 ± 5.16 89.13 ± 7.51
segment0 25.9 ± 28.94 29.98 ± 32.76 96.05 ± 2.2 96.78 ± 1.96 95.79 ± 1.72 96.05 ± 1.74 95.27 ± 4.82 98.33 ± 1.22
glass6  83.32 ± 7.74 86.57 ± 8.07 87.07 ± 7.38 87.12 ± 7.8 88.9 ± 7.39 89.83 ± 6.54 84.54 ± 6.82 83.22 ± 6.19
yeast3  39.12 ± 36.99 35.96 ± 38.75 89.51 ± 2.58 82.27 ± 5.32 89.89 ± 2.76 87.85 ± 3.13 79.6 ± 5.7 78.97 ± 4.16
ecoli3  72.27 ± 22.99 60.58 ± 32.26 87.02 ± 7.65 78.96 ± 11.91 85.89 ± 8.26 86.66 ± 6.54 70.47 ± 13.27 68.47 ± 13.05

 ± 3.6

 ± 5.1
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pageblocks0 65.48 ± 3.9 61.85 ± 3.81 86.07 ± 2.4 74.66

Mean  61.99 ± 14.34 60.68 ± 13.74 84.68 ± 4 80.89

he bold font is used to highligth the best result between the two versions (LMS or

At first glance, if we examine the full results (Tables 4 and 5)
ith original imbalanced data-sets, the training method LMS  out-
erforms SVD. This can be observed from the average value for GM
etric. However, this in not the case for the Incremental method,
here the SVD training algorithm slightly outperforms the LMS

raining algorithm, for the group of data-sets with lower IR, Table 5.
n this case, the number of neurons created by LMS  Incremental ver-
ion method is higher than the SVD Incremental version method.
s a result, there may  be certain overlearning.

We can also appreciate that the differences between pair algo-
ithms (LMS–SVD) are higher for high IR data-sets (Table 4), where
ll RBFN design paradigms trained with LMS  outperform the SVD
ersion paradigm. However, in Table 5 with the results of low IR

ata-sets, the difference between any paradigm trained with LMS
nd trained with SVD is small.

For the analysis of the number of RBFs in the models obtained,
rst it must be remembered that, for the CO2RBFN and Clustering

able 6
verage number of nodes for data-sets with high imbalance and without pre-processing.

Data-set Genetic-LMS Genetic-SVD

yeast2vs4 5.52 ± 0.5 5.44 ± 0.7 

yeast05679vs4 5.44 ± 0.57 5.6 ± 0.63
vowel0  5.52 ± 0.7 5.48 ± 0.76
glass016vs2 5.76 ± 0.43 5.76 ± 0.43
glass2  5.72 ± 0.45 5.68 ± 0.61
ecoli4  5.28 ± 0.72 5.2 ± 0.75
shuttlec0vsc4 4.32 ± 1.09 4.6 ± 1.13
yeast1vs7 5.68 ± 0.55 5.48 ± 0.7 

glass4  5.4 ± 0.63 5.76 ± 0.43
pageblocks13vs4 5.72 ± 0.45 5.64 ± 0.56
abalone918 5.4 ± 0.85 4.96 ± 1.11
glass016vs5 5.36 ± 0.69 5.4 ± 0.63
shuttlec2vsc4 4.6 ± 1.06 4.72 ± 1.04
yeast1458vs7 5.52 ± 0.57 5.28 ± 0.92
glass5  5.44 ± 0.85 5.68 ± 0.55
yeast2vs8 5.64 ± 0.56 4.8 ± 1.1 

yeast4  5.44 ± 0.57 5.48 ± 0.76
yeast1289vs7 5.6 ± 0.49 5.44 ± 0.75
yeast5  5.12 ± 0.86 5.04 ± 1.15
ecoli0137vs26 5.4 ± 0.63 5.24 ± 0.76
yeast6  5.68 ± 0.47 5.28 ± 0.96
abalone19 5.28 ± 0.67 4.72 ± 1.11

Mean  5.4 ± 0.65 5.3 ± 0.8 
3 85.73 ± 2.27 81.12 ± 2.96 81.06 ± 3.36 81.19 ± 2.73

8 84.42 ± 4.24 83.29 ± 4.49 80.72 ± 6.11 80.99 ± 5.1

for each RBFN desing algorithm.

methods, the number of RBFs was  set to 5 and, for the Genetic
method, the maximum number of nodes was fixed to 6 (it obtains
an average of 5.4 nodes). So, this analysis is focused on the
Incremental method.

The Incremental method, with no upper limit, obtained much
more complex models with a much higher number of nodes. In
fact, Table 7 shows that for the Incremental paradigm trained with
LMS  algorithm the average number of nodes was 76.57. Moreover,
the number of RBFs for LMS  Incremental was clearly higher than
for the Incremental-SVD method for high and low IR data-sets
(see Tables 6 and 7). In addiction, the number of RBFs introduced
in models which predict low IR data-sets was higher than the
number of RBFs introduced in models which predict high IR

data-sets. This fact can be explained from the fundamentals of how
classical classifiers (an so Incremental) work with an imbalanced
dataset. When the IR of the datasets grows, there are less instances
of the minority class, and almost all are of the majority class.

 Incremental-LMS Incremental-SVD

28.04 ± 5.83 21.84 ± 2.56
 63.28 ± 7.12 37.16 ± 3.06
 31.28 ± 2.41 27.84 ± 2.66
 24.16 ± 5.07 12.08 ± 1.65
 17.6 ± 8.19 11.88 ± 1.34
 11.32 ± 2.91 10.4 ± 2.42

 10.16 ± 8.41 5.48 ± 1.94
50.68 ± 8.54 21 ± 2.19

 10.08 ± 1.7 9.72 ± 1.99
 16.28 ± 4.61 12.44 ± 2.37

 21.52 ± 4.28 20.36 ± 2.17
 8.64 ± 2.68 7.16 ± 1.49
 4.84 ± 0.92 4.68 ± 1.01
 86.92 ± 20.74 24.08 ± 1.6
 7.36 ± 2.02 6.64 ± 1.72

13.48 ± 1.9 12.8 ± 2.12
 59.44 ± 39.03 36.68 ± 2.46
 75.96 ± 19.24 23.4 ± 1.81

 39.64 ± 13.65 24.28 ± 2.99
 6.32 ± 1.67 5.84 ± 0.97
 36.12 ± 24.63 23 ± 2.3

 27.6 ± 21.52 15.52 ± 1.36

29.58 ± 9.41 17.01 ± 2.01
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Table  7
Average number of nodes for data-sets with low imbalance and without pre-processing.

Data-set Genetic-LMS Genetic-SVD Incremental-LMS Incremental-SVD

glass1 5.6 ± 0.49 5.96 ± 0.2 41.6 ± 2.81 36.16 ± 3.17
ecoli0vs1 5.32 ± 0.61 5.4 ± 0.69 11.2 ± 4.1 10 ± 2.64
wisconsin 4.92 ± 0.63 5.04 ± 0.96 27.72 ± 5.22 24.04 ± 3.4
pima  5.52 ± 0.57 5.88 ± 0.33 219.56 ± 12.33 163.72 ± 7.59
iris0  4.56 ± 0.98 3.84 ± 1.12 5.76 ± 2.72 4.32 ± 0.68
glass0  4.96 ± 0.82 5.84 ± 0.37 31.04 ± 5.05 27.08 ± 1.85
yeast1  5.44 ± 0.64 5.84 ± 0.46 260 ± 18.58 193.68 ± 9.49
vehicle1 5.52 ± 0.57 5.52 ± 0.85 215.84 ± 10.52 150.96 ± 6.87
vehicle2 5.76 ± 0.51 5.8 ± 0.4 65.52 ± 5.16 52.68 ± 4.89
vehicle3 5.32 ± 0.79 5.6 ± 0.69 201.88 ± 7.7 158.24 ± 5.49
haberman 5.56 ± 0.57 5.36 ± 0.89 57.68 ± 3.08 49.56 ± 2.89
glass0123vs456 5.32 ± 0.73 5.6 ± 0.57 19.24 ± 3.42 15.48 ± 3.45
vehicle0 5.64 ± 0.48 5.84 ± 0.46 76.16 ± 7.92 60.84 ± 6.12
ecoli1  5.68 ± 0.55 5.48 ± 0.64 37.64 ± 4.17 29.12 ± 3.72
newthyroid2 5.04 ± 0.96 5.32 ± 0.73 12.4 ± 4.85 8.16 ± 1.91
newthyroid1 5 ± 0.94 4.96 ± 0.87 11.2 ± 3.56 8.4 ± 2.83
ecoli2  5.36 ± 0.69 5.52 ± 0.85 24.36 ± 6.12 16.36 ± 3.03
segment0 5.8 ± 0.49 5.88 ± 0.33 152.72 ± 174.54 23.32 ± 2.89
glass6  5.44 ± 0.57 5.32 ± 0.84 13.68 ± 3.94 10.28 ± 2.07
yeast3  5.36 ± 0.69 5.64 ± 0.79 76.36 ± 14.51 57.72 ± 3.7
ecoli3  5.32 ± 0.73 4.68 ± 0.88 23.88 ± 3.55 21.52 ± 2.47
pageblocks0 5.6 ± 0.63 4.92 ± 0.98 

Mean  5.37 ± 0.67 5.42 ± 0.68 

Table 8
Wilcoxon test of original data-sets with high IR. R+ corresponds to LMS  and R− to
SVD.

Comparison R+ R− p-Value

Clustering-LMS vs Clustering-SVD 177.0 54.0 0.031164
CO2RBFN-LMS vs. CO2RBFN-SVD 238.0 15.0 0.000277
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Genetic-LMS vs Genetic-SVD 223.0 30.0 0.001637
Incremental-LMS vs Incremental-SVD 190.0 63.0 0.037728

n these situations the classifiers obtained are simpler (with a
ower number of RBFs) because the classification space is easier to
epresent. On the other hand, if the imbalance level of the dataset
s low, there is a more similar number of instances of the majority
nd minority classes. As result difficult classification tasks and
ore complex (with more RBFs) models are defined.
Here follows the analysis of the results obtained by the two

raining methods of the different algorithms using statistical tests
re analyzed. The aim is to determine whether the differences
etween the two versions (LMS or SVD) of the same algorithm are
tatistically significant. To do so, a Wilcoxon signed-ranks test is
pplied to compare the results of each version and to detect signif-
cant differences between the behavior of pairs of algorithms.

From the above results statistical tests were applied to data-
ets with high IR, Table 8, and to data-sets with low IR, Table 9. In
able 8, R+ corresponds to LMS  and is the sum of ranks for the data-
ets with high IR on which the SVD algorithm is outperformed, and
− is the sum of ranks for the opposite (see Appendix A). In this table

 p-value below 0.05 indicates that the null hypothesis of equality

f means is rejected with a 95% confidence level, which implies
hat LMS  outperforms SVD with significant differences for all RBFN
esign paradigms.

able 9
ilcoxon test of original data-sets with low IR. R+ corresponds to LMS and R− to

VD.

Comparison R+ R− p-Value

Clustering-LMS vs Clustering-SVD 141.0 90.0 0.366155
CO2RBFN-LMS vs. CO2RBFN-SVD 224.0 29.0 0.001464
Genetic-LMS vs Genetic-SVD 200.0 53.0 0.016285
Incremental-LMS vs Incremental-SVD 96.0 157.0 1
99.12 ± 5.29 94.8 ± 3.94

76.57 ± 14.05 55.29 ± 3.87

Now, Table 9 analyzes the performance of the training algo-
rithms in imbalanced data-sets with low IR. In this table R+

corresponds to LMS  and R− to SVD. A p-value below 0.05 indicates
that the null hypothesis of equality of means is rejected with a
95% confidence level. Therefore, LMS  outperforms SVD with signifi-
cant differences for the CO2RBFN and Pittsburgh based evolutionary
paradigms.

From these results, it can be concluded that, with original imbal-
anced data-sets and their performance measure (GM metric), it
is more appropriate to use LMS  as a training algorithm for RBFN
design, especially when the IR of these data-sets is higher. This can
be explained by the fact that SVD is a more general training opti-
mization method, with internal mechanisms that promote a bias
toward the majority class and that disfavors the minority class. On
the other hand, LMS  has a more localized operation mode which,
for each given instance, applies corrections in weights that only
affect the nearest RBFs to this instance. Therefore, minority class
instances can receive adequate training if they are isolated enough.

7.2. Performance analysis with preprocessed data-sets

The results obtained for preprocessed data-sets with the SMOTE
technique are shown in Tables 10 and 11, for high and low IR respec-
tively.

As in the previous subsection, the number of neurons obtained
by the Genetic and the Incremental paradigm, achieved in the
experimentation, are shown in Table 12 for high IR data-sets and
in Table 13 for low IR data-sets.

From the results obtained by the algorithms for the prepro-
cessed data-sets with high IR, Table 10, it can be observed that
paradigms trained with LMS  and paradigms trained with SVD
achieved similar results to the ones obtained by original data-sets.
The LMS  algorithm outperforms the SVD algorithm with CO2RBFN
and Incremental paradigms, and the SVD algorithm outperforms
the LMS  algorithm for Genetic and Clustering. In Table 11, for data-
sets with low IR, SVD paradigms outperform LMS  paradigms for all
the methods.
Regarding the number of RBFs achieved by the models, the con-
clusions were similar to those obtained in the previous section.
From Tables 12 and 13, it can observed that the Genetic method
obtained models with an approximate number of nodes in the
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Table  10
Average GM test results for data-sets with high imbalance and with pre-processing (SMOTE).

Data-set Clustering-LMS Clustering-SVD CO2RBFN-LMS CO2RBFN-SVD Genetic-LMS Genetic-SVD Incremental-LMS Incremental-SVD

yeast2vs4 82.53 ± 6.1 85.73 ± 5.25 87.29 ± 3.6 88.33 ± 3.6 89.04 ± 3.34 88.92 ± 3.58 91.49 ± 3.89 60.85 ± 5.71
yeast05679vs4 76 ± 6.48 80.27 ± 5.44 78.22 ± 5.1 78 ± 6.03 78.39 ± 5.44 78.73 ± 5.45 78.63 ± 6.63 77.76 ± 6.22
vowel0  47.39 ± 9.87 60.36 ± 9.96 93.77 ± 3.52 94.63 ± 2.76 93.98 ± 4.26 93.81 ± 2.19 98.98 ± 0.95 99.13 ± 1.13
glass016vs2 50.23 ± 9.45 52.92 ± 21.19 56.44 ± 20.8 61.1 ± 14.69 57.77 ± 17.59 60.2 ± 15.53 59.56 ± 24.46 60.85 ± 13.85
glass2  47.15 ± 16.15 53.95 ± 9.76 58.15 ± 25.25 62.51 ± 23.49 46.59 ± 23.28 59.44 ± 18.98 63 ± 15.31 63.46 ± 16.13
ecoli4  92.81 ± 4.1 92.49 ± 5.85 89.65 ± 6.17 90.06 ± 6.29 89.81 ± 6.4 90.78 ± 6.37 90.86 ± 6.75 87.58 ± 6.21
shuttlec0vsc4 99.6 ± 0.81 99.6 ± 0.81 99.58 ± 0.8 99.59 ± 0.81 99.59 ± 0.83 99.58 ± 0.82 98.76 ± 2.52 99.57 ± 0.81
yeast1vs7 63.3 ± 9.65 70 ± 10.99 99.49 ± 0.9 70.08 ± 10.57 75.13 ± 8.88 73.63 ± 7.83 70.34 ± 10.05 73 ± 9.8
glass4  81.46 ± 9.83 83.93 ± 10.9 85.45 ± 12.62 87.23 ± 12.64 85.67 ± 14.16 88.96 ± 11.08 88.31 ± 9.78 86.39 ± 11.94
pageblocks13vs4 75.11 ± 11.34 75.74 ± 6.08 96.65 ± 3.6 96.39 ± 4.02 95.03 ± 6.69 95.92 ± 4.07 97.33 ± 3.59 95.26 ± 4.76
abalone918 39.41 ± 21.49 64.24 ± 10.04 77.41 ± 10.6 77.38 ± 14.11 76.22 ± 8.33 74.97 ± 10.05 65.82 ± 9.73 62.44 ± 13.92
glass016vs5 86.29 ± 7.95 86.62 ± 9.21 84.71 ± 31.8 80.76 ± 35.74 76.52 ± 38.65 73.59 ± 38.27 75.62 ± 38.63 76.74 ± 39.23
shuttlec2vsc4 90.25 ± 10.21 90.07 ± 27.11 99.51 ± 1 99.5 ± 1.35 95.51 ± 19.52 95.51 ± 19.53 94.06 ± 7.22 95.75 ± 19.56
yeast1458vs7 41.82 ± 16.63 47.76 ± 12.98 60.8 ± 11.2 60.53 ± 14.95 54.72 ± 19.21 55.41 ± 19.34 62.63 ± 20.28 62.33 ± 15.18
glass5  80.1 ± 24.18 87.05 ± 7.81 74.91 ± 38.45 85.59 ± 21.68 59.38 ± 42.15 60.55 ± 42.74 78.48 ± 31.26 84.17 ± 21.27
yeast2vs8 63.44 ± 20.14 75.27 ± 8.42 77.31 ± 12.23 77.99 ± 10.99 76.05 ± 12.42 75.77 ± 13.84 76.89 ± 13.4 76.11 ± 16.63
yeast4  78.94 ± 6.51 82.66 ± 3.81 78.95 ± 4.23 80.93 ± 4.33 81.95 ± 3.91 82.02 ± 4.5 77.65 ± 8.94 75.81 ± 9.78
yeast1289vs7 45.23 ± 17.24 59.46 ± 8.28 70.14 ± 7.5 71.23 ± 7.71 72.58 ± 5.12 71.14 ± 10.55 63.49 ± 9.83 61.09 ± 12.37
yeast5  95.92 ± 0.77 95.89 ± 0.51 94.69 ± 3.6 94.01 ± 4.77 93.89 ± 4.27 95.6 ± 3.16 93.85 ± 3.21 94.24 ± 2.98
ecoli0137vs26 68.13 ± 30.93 68.45 ± 31.2 70.09 ± 36.3 69.77 ± 36.14 71.1 ± 36.95 70.76 ± 36.73 72.92 ± 37.85 68.61 ± 40.01
yeast6  84.81 ± 6.28 87.65 ± 6.52 86.57 ± 8.4 86.25 ± 7.99 85.85 ± 8.75 85.75 ± 8.88 81.78 ± 11.06 82.69 ± 9.54
abalone19 56.12 ± 8.53 61.42 ± 12.14 70.18 ± 11.77 66.44 ± 17.93 64.69 ± 19.89 69.58 ± 16.84 58.57 ± 17.14 63.27 ± 9.18
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Mean  70.27 ± 11.57 75.52 ± 10.19 81.36 ± 11.79 80.83

he bold font is used to highligth the best result between the two versions (LMS or

ange from 5.4 to 5.8 for high and low IR. The Incremental method
btained many more complex models, even more than in the previ-
us section. Thus Table 13 shows that for the Incremental method
rained with LMS  the average number of nodes is 96.73. As in the
ection above for the Incremental-LMS method the number of RBFs
s clearly higher than for the Incremental-SVD method for low and
igh IR data-sets (see Tables 12 and 13). Moreover, the number of
BFs introduced in models which predict low IR data-sets is higher
han the number of RBFs introduced in models which predict high
R data-sets.

Then statistical tests were applied to data-sets with high IR
Table 14), and to data-sets with low IR (Table 15). In Table 14, R+
orresponds to SVD and R− to LMS, as it can be seen, there are only
ignificant differences, in favor of SVD, for the clustering paradigm.

In Table 15, data-sets with low IR, R+ corresponds to SVD and
− to LMS. In addition, p-values below 0.05 are observed. This

able 11
verage GM test results for data-sets with low imbalance and with pre-processing (SMOT

Data-set Clustering-LMS Clustering-SVD CO2RBFN-LMS CO2RBFN-SV

glass1 56.94 ± 7.16 65.84 ± 6.36 69.86 ± 6.44 69.71 ± 4.0
ecoli0vs1 95.73 ± 3.35 95.23 ± 2.9 96.18 ± 2.96 96.64 ± 2.9
wisconsin 97.47 ± 0.94 97.42 ± 0.94 97.26 ± 0.85 97.34 ± 0.7
pima  63.77 ± 5.55 68.83 ± 5.18 72.56 ± 3.71 73.43 ± 4.1
iris0  100 ± 0 100 ± 0 99.9 ± 0.5 99.9 ± 0.5
glass0  65.8 ± 5.1 69.58 ± 4.86 75.64 ± 6.99 77.73 ± 6.6
yeast1  56.72 ± 6.94 64.34 ± 2.54 70.08 ± 3.47 71.07 ± 3.4
vehicle1 40.74 ± 17.64 62.61 ± 4.46 69.08 ± 4.37 70.36 ± 3.4
vehicle2 50.47 ± 16.55 61.37 ± 7.75 87.24 ± 3.98 89.72 ± 2.6
vehicle3 40.88 ± 20.64 63.55 ± 3.27 69.55 ± 3.98 70.75 ± 4.5
haberman 26.72 ± 18.99 51.84 ± 8.81 60.21 ± 6.25 60.4 ± 6.7
glass0123vs456 89.41 ± 6.14 89.67 ± 4.83 93.78 ± 3.28 93.04 ± 4.2
vehicle0 67.07 ± 4.01 70.21 ± 3.58 92.15 ± 2.48 92.61 ± 1.9
ecoli1  87.26 ± 2.72 86.93 ± 2.5 87.84 ± 4.1 87.64 ± 3.8
newthyroid2 97.21 ± 2.34 98.42 ± 1.99 98.46 ± 2.22 99.04 ± 1.1
newthyroid1 97.56 ± 2.25 96.96 ± 5.68 97.54 ± 4.03 98.41 ± 2.2
ecoli2  89.68 ± 5.04 90.33 ± 4.7 93.14 ± 4.5 92.51 ± 4.1
segment0 81.1 ± 2.83 79.08 ± 7.03 97.97 ± 0.81 97.93 ± 1.0
glass6  87.73 ± 7.03 88.88 ± 6.03 85.93 ± 8.39 86.38 ± 7.8
yeast3  85.47 ± 3.21 86.76 ± 4.31 91.11 ± 2.34 91.4 ± 2.4
ecoli3  88.01 ± 4.96 88.17 ± 4.93 85.72 ± 7.9 86.24 ± 7.0
pageblocks0 74.2 ± 9.95 77.3 ± 3.75 88.6 ± 2.01 88.28 ± 1.7

Mean  74.54 ± 6.97 79.7 ± 4.38 85.45 ± 3.89 85.93 ± 3.5

he bold font is used to highligth the best result between the two versions (LMS or SVD) 
.94 78.16 ± 14.09 79.12 ± 13.65 79.05 ± 13.29 77.6 ± 13.01

for each RBFN desing algorithm.

indicates that SVD methods outperform LMS  methods with signifi-
cant differences for CO2RBFN, Clustering and Incremental methods.

As a conclusion of this study, it can be stated that results for
preprocessed data-sets were coherent with those obtained with
the original data-sets and validated our thesis: the use of weights
training algorithms with local behavior benefits the design of RBFNs
for imbalanced data-sets. Due to the use of SMOTE (an over-
sampling technique oriented to balance data-sets), these data-sets
were more balanced than in the previous section. This implies
that SVD, a more general optimization method, can improve its
functioning.

Thus, with high IR data-sets, there were not significant dif-

ferences between SVD and LMS, except for the Clustering design
method where SVD outperforms LMS. On the other hand, for low
IR data-sets SVD training method outperforms LMS  for Clustering,
CO2RBFN and Incremental methods with significant differences.

E).

D Genetic-LMS Genetic-SVD Incremental-LMS Incremental-SVD

3 72.59 ± 5.38 71.72 ± 5.5 76.76 ± 5.64 78.73 ± 5.53
1 96.19 ± 2.79 96.9 ± 2.68 95.84 ± 3.36 96.04 ± 3.57

 97.56 ± 0.86 97.32 ± 0.85 96 ± 2.02 96.8 ± 1.09
8 71.93 ± 4.9 71.01 ± 4.47 69.16 ± 4.4 68.91 ± 3.83

 99.79 ± 1.01 100 ± 0 90.84 ± 10.42 99.39 ± 1.5
8 77.27 ± 8.8 80.12 ± 6.89 79.15 ± 5.06 80.02 ± 6.87
3 70.76 ± 3.04 70.93 ± 3.22 68.55 ± 2.48 69.81 ± 2.52
2 69.26 ± 4.54 68.99 ± 3.6 69.74 ± 4.22 69.84 ± 3.51
1 81.86 ± 4.61 83.93 ± 4.13 95.8 ± 1.36 95.94 ± 2.04
5 68.42 ± 4.41 69.22 ± 3.36 74.47 ± 3.21 73.48 ± 2.94
2 60.76 ± 7.12 60.59 ± 6.84 53.44 ± 7.54 52.14 ± 6.71
2 94.2 ± 2.79 93.86 ± 3.59 92.49 ± 3.1 92.68 ± 3.94
2 87.47 ± 2.97 88.46 ± 3.11 93.3 ± 1.71 93.76 ± 1.42

 87.04 ± 4.76 88.16 ± 4.42 87.42 ± 4.82 88.87 ± 4.31
1 98.52 ± 2.3 98.4 ± 2.12 91.45 ± 7.56 97.25 ± 4.38
6 98.04 ± 2.91 97.69 ± 3.07 91.79 ± 8.12 96.15 ± 4.85
9 92.84 ± 3.29 91.71 ± 4.35 90.62 ± 5.4 92.9 ± 4.6
6 96.57 ± 1.43 97.23 ± 1.74 98.41 ± 1.32 99.02 ± 0.62
7 88.77 ± 6.79 89.5 ± 8.01 87.43 ± 8.85 89.13 ± 6.66
9 90.89 ± 2.34 91.08 ± 2.75 87.36 ± 3.07 88.17 ± 2.42
3 87.19 ± 6.61 84.48 ± 8.28 81.59 ± 10.08 81.64 ± 11.47
4 86.81 ± 1.77 87.19 ± 1.89 88.84 ± 1.71 90.64 ± 1.04

2 85.21 ± 3.88 85.39 ± 3.86 84.57 ± 4.79 85.97 ± 3.9

for each RBFN desing algorithm.
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Table  12
Average number of nodes for data-sets with high imbalance and with pre-processing (SMOTE).

Data-set Genetic-LMS Genetic-SVD Incremental-LMS Incremental-SVD

yeast2vs4 5.72 ± 0.45 5.96 ± 0.2 62.76 ± 10.18 42.16 ± 4.42
yeast05679vs4 5.72 ± 0.45 5.92 ± 0.27 101.08 ± 8.4 72.56 ± 5.78
vowel0  5.76 ± 0.51 5.92 ± 0.27 60.68 ± 6.28 38 ± 4.64
glass016vs2 5.88 ± 0.32 5.88 ± 0.32 38.4 ± 4.37 28.72 ± 3.55
glass2  5.56 ± 0.7 5.96 ± 0.2 32.68 ± 5.82 27.12 ± 5.6
ecoli4  5.68 ± 0.47 5.8 ± 0.4 27.88 ± 6.33 16.12 ± 4.03
shuttlec0vsc4 4.64 ± 1.26 4.2 ± 1.17 14.72 ± 7.74 6.6 ± 2.47
yeast1vs7 5.4 ± 0.75 5.8 ± 0.4 87.8 ± 8.84 67.12 ± 6.78
glass4  5.72 ± 0.53 5.84 ± 0.37 28.64 ± 5.84 18.6 ± 3.72
pageblocks13vs4 5.68 ± 0.55 5.88 ± 0.32 32.48 ± 6.56 20.24 ± 3.39
abalone918 5.64 ± 0.62 5.92 ± 0.27 52.08 ± 7.23 38.52 ± 4.07
glass016vs5 5.68 ± 0.47 5.64 ± 0.56 20 ± 6.27 16.68 ± 3.79
shuttlec2vsc4 5.52 ± 0.64 5.52 ± 0.57 9.56 ± 1.9 9.64 ± 1.96
yeast1458vs7 5.84 ± 5.84 6 ± 0 116.52 ± 15.93 87.6 ± 7.69
glass5  5.8 ± 0.4 5.84 ± 0.46 20.6 ± 5.87 15.56 ± 3.6
yeast2vs8 5.56 ± 0.57 5.84 ± 0.37 46.64 ± 15.64 26.56 ± 8.39
yeast4  5.56 ± 0.7 5.92 ± 0.27 121.4 ± 13.64 95.12 ± 6.02
yeast1289vs7 5.8 ± 0.4 5.68 ± 0.55 117.6 ± 10.36 80.8 ± 8.16
yeast5  5.08 ± 0.74 5.52 ± 0.75 60.48 ± 7.26 46 ± 5.97
ecoli0137vs26 5.72 ± 0.45 5.88 ± 0.32 32.12 ± 15.72 17.44 ± 5.52
yeast6  5.32 ± 0.55 5.88 ± 0.32 77.2 ± 15.05 57 ± 9.34
abalone19 5.64 ± 0.56 5.84 ± 0.37 84.36 ± 15.3 68.32 ± 9.68

Mean  5.59 ± 0.81 5.76 ± 0.4 56.62 ± 9.12 40.75 ± 5.39

Table 13
Average number of nodes for data-sets with low imbalance and with pre-processing (SMOTE).

Data-set Genetic-LMS Genetic-SVD Incremental-LMS Incremental-SVD

glass1 5.72 ± 0.45 5.84 ± 0.37 46.36 ± 4.45 38.64 ± 3.96
ecoli0vs1 5.16 ± 0.78 4.84 ± 1.05 13.84 ± 5.5 9.92 ± 1.49
wisconsin 5.2 ± 0.57 5.16 ± 0.83 42.64 ± 14.33 26.64 ± 2.71
pima  5.56 ± 0.57 5.92 ± 0.27 271.16 ± 11.84 178.72 ± 7.07
iris0  4.04 ± 1.31 4.4 ± 1.41 19.72 ± 11.92 4.84 ± 0.88
glass0  5.52 ± 0.64 5.8 ± 0.4 35.48 ± 3.47 30.96 ± 2.47
yeast1  5.48 ± 0.64 5.92 ± 0.27 326.48 ± 16.92 222.08 ± 6.79
vehicle1 5.84 ± 0.37 5.84 ± 0.37 281.8 ± 14.4 190.12 ± 7.88
vehicle2 5.84 ± 0.37 6 ± 0 93.84 ± 10.62 58.16 ± 8.22
vehicle3 5.72 ± 0.53 5.96 ± 0.2 280.52 ± 16.85 194.2 ± 8.41
haberman 5.52 ± 0.7 5.8 ± 0.4 66.56 ± 4.13 54.68 ± 4.37
glass0123vs456 5.64 ± 0.48 5.64 ± 0.48 22.84 ± 4.48 17.4 ± 1.65
vehicle0 5.88 ± 0.32 5.96 ± 0.2 108.48 ± 9.59 76.08 ± 6.85
ecoli1  5.56 ± 0.5 5.72 ± 0.53 43.4 ± 6.1 31.64 ± 4.44
newthyroid2 5 ± 0.98 5.4 ± 0.57 23.84 ± 8.59 9 ± 2.32
newthyroid1 5.12 ± 0.82 5.28 ± 0.83 19.64 ± 8.92 8.56 ± 1.75
ecoli2  5.48 ± 0.7 5.56 ± 0.57 31.68 ± 5.64 20.72 ± 3.34
segment0 5.8 ± 0.4 5.92 ± 0.27 81.44 ± 53.71 46.32 ± 10.93
glass6  5.92 ± 0.27 5.72 ± 0.53 24.56 ± 5.46 16.72 ± 3.79
yeast3  5.52 ± 0.57 5.88 ± 0.32 126.36 ± 11.9 85.32 ± 5.68
ecoli3  5.64 ± 0.56 5.76 ± 0.51 37.16 ± 5.42 30.2 ± 3.76
pageblocks0 5.68 ± 0.47 5.92 ± 0.27 

Mean  5.49 ± 0.59 5.65 ± 0.48 

Table 14
Wilcoxon test of preprocessed data-sets with high IR. R+ corresponds to SVD and R−

to LMS.

Comparison R+ R− p-Value

Clustering-SVD vs Clustering-LMS 225.0 6.0 0.000132
CO2RBFN-SVD vs. CO2RBFN-LMS 150.0 103.0 0.435876
Genetic-SVD vs Genetic-LMS 155.0 98.0 0.346447
Incremental-SVD vs Incremental-LMS 109.0 144.0 1

Table 15
Wilcoxon test of preprocessed data-sets with low IR. R+ corresponds to SVD and R−

to LMS.

Comparison R+ R− p-Value

Clustering-SVD vs Clustering-LMS 204.0 27.0 0.001979
CO2RBFN-SVD vs CO2RBFN-LMS 203.0 50.0 0.012424
Genetic-SVD vs Genetic-LMS 149.0 104.0 0.455239
Incremental-SVD vs Incremental-LMS 221.0 32.0 0.002041
130.24 ± 16.45 96.32 ± 4.86

96.73 ± 11.39 65.78 ± 4.71

8. Conclusions

Nowadays, research on imbalanced data-sets is receiving more
attention because they are present in many real applications. How-
ever, traditional classifiers are often unable to handle these kinds of
data-sets adequately. This is because they are biased toward a cor-
rect classification of the majority classes and leave aside minority
classes.

The present study identifies the most suitable RBFN weights
training methodology to avoid the above mentioned bias toward
the majority class. To do so, the study considered the two main
weights training paradigms (local and global) used in the RBFN
design. For these typical training paradigms used to calculate out-

put weights, two  representative algorithms were chosen: LMS, a
gradient descent-based algorithm that makes more local transfor-
mations; and SVD, a matrix computation algorithm that achieves a
global solution. In order to test these training algorithms, different
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BFN design methods belonging to the main paradigms in the field
ere chosen.

The results, statistically validated, show:

For data-sets with the highest IR, i.e., data-sets with high IR and
without preprocessing, all the RBFN design methods trained with
the LMS algorithm outperformed, with significant differences,
RBFN design methods trained with the SVD algorithm.
For data-sets with low IR and also without preprocessing, RBFN
design methods trained with the LMS  algorithm often out-
performed RBFN design methods trained with the SVD algorithm,
but not always with significant differences.
For data-sets with an original high IR, but rebalanced with SMOTE,
SVD methods outperformed LMS  methods. However, it was  dif-
ficult to find significant differences.
Finally, for the data-sets with the lowest level of IR, i.e., data-
sets with low IR and preprocessed with SMOTE, SVD methods
outperformed LMS methods, even with frequently significant dif-
ferences.

A general conclusion is that the higher the data-set IR, the bet-
er the results are achieved by a local weights training methods
such as LMS). This fact can be explained because SVD obtains

ore global optimization models, which improves the classifica-
ion performance of the majority class and disfavors the minority
lass. Nevertheless, LMS with a more local (per instance) optimiza-
ion is able to achieve best results. When the IR of the data-set is
ower or the data-set is balanced with methods like SMOTE, the
VD algorithm improves its performance.
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ppendix A. Pairwise comparisons: Wilcoxon signed-ranks
est

This is the analog of the paired t-test in non-parametrical statis-
ical procedures; therefore, it is a pairwise test that aims to detect
ignificant differences between the behavior of two  algorithms.

Let di be the difference between the performance scores of
he two classifiers on i-th out of Nds data-sets. The differences
re ranked according to their absolute values; average ranks are
ssigned in the case of ties. Let R+ be the sum of ranks for the data-
ets in which the second algorithm outperformed the first, and R−

he sum of ranks for the opposite. Ranks of di = 0 are split evenly
mong the sums; if there is an odd number in them, one is ignored:

+ =
∑
di>0

rank(di) + 1
2

∑
di=0

rank(di) (A.1)

− =
∑
di<0

rank(di) + 1
2

∑
di=0

rank(di) (A.2)

Let T be the smallest of the sums, T = min(R+, R−). If T is less than
r equal to the value of the distribution of Wilcoxon for Nds degrees
f freedom (Table B.12 in [71]), the null hypothesis of equality of
eans is rejected.
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