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Abstract: As a probability-based statistical classification
method, the Naive Bayesian classifier has gained wide
popularity despite its assumption that attributes are
conditionally mutually independent given the class label.
Improving the predictive accuracy and achieving
dimensionality reduction for statistical classifiers has been an
active research area in datamining. Our experimental results
suggest that on an average, with Minimum Description Length
(MDL) discretization the Naive Bayes Classifier seems to be the
best performer compared to popular variants of Naive Bayes as
well as some popular non-Naive Bayesian statistical classifiers.
We propose a Hybrid feature selection algorithm (CHI-WSS)
that helps in achieving dimensionality reduction by removing
irrelevant data, increasing learning accuracy and improving
result comprehensibility. Experimental results suggest that on
an average the Hybrid Feature Selector gave best results
compared to individual techniques with popular filter as well as
wrapper based feature selection methods. The proposed
algorithm which is a multi-step process utilizes discretization,
filters out irrelevant and least relevant features and finally uses
a greedy algorithm such as best first search or wrapper subset
selector. For experimental validation we have utilized two
established measures to compare the performance of statistical
classifiers namely; classification accuracy (or error rate) and
the area under ROC. Our work demonstrates that the proposed
algorithm using generative Naive Bayesian classifier on the
average is more efficient than using discriminative models
namely Logistic Regression and Support Vector Machine. This
work based on empirical evaluation on publicly available
datasets validates our hypothesis of development of
parsimonious models from our generalized approach.

Keywords: Naive Bayesian classifier, discretization, Minimum
description length, feature selection, chi-square statistics.

I. Introduction

In the last few years, the digital revolution has provided

relatively inexpensive and available means to collect and
store large amounts of patient data in databases containing
rich medical information and made available through the
Internet for Health services globally. Data mining techniques
applied on these databases discover relationships and
patterns that are helpful in studying the progression and the
management of diseases [38]. For a Physician who is guided
by empirical observation and clinical trials, this data
becomes appropriate if it is provided in terms of generalized
knowledge such as information pertaining to patient history,
diseases, medications, and clinical reports.

Several computer programs have been developed to carry
out optimal management of data for extraction of knowledge
or patterns contained in the data. These include Expert
Systems, Artificial Intelligence and Decision support
systems. One such program approach has been Data
Classification with the goal of providing information such as
if the patient is suffering from the illness or not from a case
or collection of symptoms. Particularly, in the medical
domain high classification accuracy is desirable. Data
classification using Naive Bayes (NB) has gained much
prominence because of its simplicity and comparable
accuracy with other classifiers. Research study shows that
Naive Bayesian classification works best for discretized
attributes [4], [10].

Based on the theory of Bayesian networks, Naive Bayes is
a simple yet consistently performing probabilistic model.
Data classification with Naive Bayes is the task of predicting
the class of an instance from a set of attributes describing
that instance and assumes that all the attributes are
conditionally independent given the class. This assumption
grossly violates real-world problems and much effort has
been focused in the name of Naive Bayes variants by
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relaxing the independence assumptions to improve
classification accuracy. It has been shown that Naive
Bayesian classifier is extremely effective in practice and
difficult to improve upon [9].

Research work show that Naive Bayes (NB) classification
works best for discretized attributes and the application of
Fayyad and Irani’s Minimum Discretization Length (MDL)
discretization gives on the average best classification
accuracy performance [41]. In this paper we compare the
accuracy performance of non-discretized NB with MDL
discretized NB, popular variants of NB and with state-of-the-
art classifiers such as k-Nearest Neighbor, Decision Trees,
Logistic Regression, Neural Networks and Support Vector
Machines.

Many factors affect the success of machine learning on
medical datasets. The quality of the data is one such factor.
If information is irrelevant or redundant or the data is noisy
and unreliable then knowledge discovery during training is
more difficult. Feature selection is the process of identifying
and removing as much of the irrelevant and redundant
information as possible [29], [34]. Regardless of whether a
learner attempts to select features itself or ignores the issue,
feature selection prior to learning can be beneficial.
Reducing the dimensionality of the data reduces the size of
the hypothesis space and allows algorithms to operate faster
and more effectively. The performance of the Naive Bayes
classifier is a good candidate for analyzing feature selection
algorithms since it does not perform implicit feature
selection like decision trees.

The motivation for this work comes from studies utilizing
the combination of machine learning techniques in literature.
They include the use of 3-NN for selecting best examples for
I-NN [45], application of decision trees to identify the
features for indexing in case based reasoning and selection of
the examples [7], and instance based learning using specific
instances [6]. The idea behind our general approach is to
reduce the space complexity at each phase of the process so
that greedy algorithms at the final step of the process have to
deal with relatively smaller subset of features than the
original.

The approach we have adopted is a three phased
framework. First, the continuous variables are discretized to
reduce the effect of distribution imbalance. (Naive Bayes
works well with categorical attributes). In the second phase,
irrelevant attributes are removed to minimize the feature
count for the model. Even though Naive Bayes gracefully
handles irrelevant attributes, we are removing the irrelevant
attributes to bring parsimony to the model structure. In the
third phase, a greedy search algorithm is applied to search
the best feature subset.

Through this paper we propose a Hybrid feature selection
algorithm which is a multi-step process. In the first step the
data is discretized. During the second step the discretized
data is filtered by removing irrelevant and least relevant
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features using chi-square feature selection. In the third step, a
greedy algorithm like Wrapper Subset or Best First search is
used to identify the best feature set. We experimentally
compare the accuracy performance with individual
techniques drawn from popular filter and wrapper based
approaches. The experimental results with our proposed
Hybrid feature selection algorithm show that it achieves on
the average better dimensionality reduction and increased
learning accuracy by reducing the space complexity at each
phase of the process. Our experimental study shows that it is
possible to reliably develop parsimonious models by
applying the Hybrid feature selection algorithm that is both
simple and effective.

II. Naive Bayes and NB Classifier

Naive Bayes, a special form of Bayesian network has been
widely used for data classification in that its predictive
performance is competitive with state-of-the-art classifiers
such as C4.5 [12]. As a classifier it learns from training data
from the conditional probability of each attribute given the
class label. Using Bayes rule to compute the probability of
the classes given the particular instance of the attributes,
prediction of the class is done by identifying the class with
the highest posterior probability. Computation is made
possible by making the assumption that all attributes are
conditionally independent given the value of the class. Naive
Bayes as a standard classification method in machine
learning stems partly because it is easy to program, its
intuitive, it is fast to train and can easily deal with missing
attributes. Research shows Naive Bayes still performs well in
spite of strong dependencies among attributes [9].

Naive Bayes is best understood from the perspective of
Bayesian networks. Bayesian networks (BN) graphically
represent the joint probability distribution of a set of random
variables. A BN is an annotated directed acyclic graph that
encodes a joint probability distribution over a set of attributes
X. Formally a BN for X is a pair B=<G,0>, where G
represents the directed acyclic graph whose nodes represent
the attributes X1, X2,..Xn and whose edges represent direct
dependencies between the attributes. The BN can be used to
compute the conditional probability of a node given values
assigned to the other nodes. The BN can be used as a
classifier where the learner attempts to construct a classifier
from a given set of training examples with class labels. Here
nodes represent dataset attributes.

Assuming that X;, X,.X, are the n attributes
corresponding to the nodes of the BN and say an example E
is represented by a vector Xi, X,,..X, Where x1 is the value of
the attribute X1. Let C represent the class variable and c its
value corresponding to the class node in the Bayesian
network, then the class ¢ of the example E (c(E)) can be
represented as a classifier by the BN [12] as

C(E) =argmax p(c) p(x1>Xx2,-Xn|C) 6]
ceC
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Although Bayesian networks can represent arbitrary
dependencies it is intractable to learn it from data. Hence
learning restricted structures such as Naive Bayes is more
practical. The Naive Bayesian classifier represented as a BN
has the simplest structure. Here the assumption made is that
all attributes are independent given the class and equation 1
takes the form.

() = argmax p(©) [ [ p(x,|©) @

ceC i=1

The structure of Naive Bayes is graphically shown in
Figure 1. Accordingly each attribute has a class node as its
parent only. The most likely class of a test example can be
easily estimated and surprisingly effective [9]. Comparing
Naive Bayes to Bayesian networks, a much more powerful
and flexible representation of probabilistic dependence
generally did not lead to improvements in accuracy and in
some cases reduced accuracy for some domains [36].

Figure 1. Structure of Naive Bayes

ITII. Implementing the NB Classifier

Considering that an attribute X has a large number of values,
the probability of the value P(X=x; |C=c) from equation 2
can be infinitely small. Hence the probability density
estimation is used assuming that X within the class ¢ are
drawn from a normal (Gaussian) distribution where o, is

the standard
2
_ (Xi _ﬂc)
2
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deviation and . is the mean of the attribute values from the
training set [10]. The major problem with this approach is
that if the attribute data does not follow a normal
distribution, as often is the case with real-world data, the
estimation could be unreliable. Other methods suggested
include the kernel density estimation approach [22]. But
since this approach causes very high computational memory
and time it does not suit the simplicity of naive Bayes
classification.

When there are no values for a class label as well as an
attribute value, then the conditional probability P(x|c) will be
also zero if frequency counts are considered. To circumvent
this problem, a typical approach is to use the Laplace-m
estimate [3]. Accordingly

Nc + k

PC=0 = Tk
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where nc = number of instances satisfying C=c, N = number
of training instances, n= number of classes and k =1.

Nci + mxP(X = xj
P(X = xj|C =c¢) = (X = xi)

Ngc +m

where n.; = number of instances satisfying both X=xi and
C=c, m=2 (a constant) and P(X=xi) estimated similarly as
P(C=c) given above.

We also need to consider datasets that have a few
unknowns among the attribute values. Although unknowns
can be given a separate value [8], we have chosen to ignore
them in our experiments.

IV. Discretization for NB Classifier

Data discretization is the process of transforming data
containing a quantitative attribute so that the attribute in
question is replaced by a qualitative attribute [46]. Data
attributes are either numeric or categorical. While categorical
attributes are discrete, numerical attributes are either discrete
or continuous. Research study shows that Naive Bayes
classification works best for discretized attributes and
discretization effectively approximates a continuous variable
[4].

Discretization involves dividing an attribute’s values into
a number of intervals (min; .. max;) so that each interval can
be treated as one value of a discrete attribute. The choice of
the intervals can be determined by a domain expert or with
the help of an automatic procedure that makes the task easy.
For Naive Bayes, computational time complexity is only
linear with respect to the size of the training data. This is
much more efficient than the exponential complexity of Non-
Naive Bayesian approaches [47]. They are also space
efficient. With discretization, the learning complexity of the
Naive Bayes classifier should get reduced. Although several
discretization methods have been developed for Naive Bayes
classifiers, we have chosen 2 unsupervised (Equal Width and
Equal Frequency discretization) as well as the popular
supervised Fayyad and Irani’s Minimum Description Length
(MDL) [14], [42] methods for our experiments.

V. Equal Width & Frequency discretization

Both Equal Width and Equal Frequency discretization are
unsupervised direct methods and have been used because of
their simplicity and reasonable effectiveness [4]. In Equal
Width Discretization (EWD) an attribute’s values are divided
between Xy, and Xn.x into k equal intervals such that each
cut point i XpinT M X ((Xmax - Xmin ) / K); Where m takes on
the value from 0..(k-1). In Equal Frequency Discretization
(EFD) each interval in k between X, and Xqy. has
approximately the same number of the sorted values of the
attribute. Both EWD and EFW suffer from possible attribute
loss on account of the pre-determined value of k. For our
experiments we have chosen k to be 10.
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VI. MDL discretized Naive Bayes

The Minimum Description Length (MDL) discretization is
Entropy based heuristic given by Fayyad and Irani [13]. The
technique evaluates a candidate cut point between each
successive pair of sorted values. For each candidate cut
point, the data are discretized into two intervals and the class
information entropy is calculated. The candidate cut point,
which provides the minimum entropy is chosen as the cut
point. The technique is applied recursively to the two sub-
intervals until the criteria of the Minimum candidate cut
point, the data are discretized into two intervals and the class
information entropy is Description Length (MDL).

For a set of instances S, a feature A and a partition
boundary T, the class information entropy of the partition
induced by T is given by

E(A,T,S) = %Ent(s D+ %2 ENt(S )

and

c
Ent(S) = - D P(Ci,S)log,(Ci.S)

i=1
For the given feature the boundary T,,;, that minimizes the
class information entropy over the possible partitions is
selected as the binary discretization boundary. The method is
then applied recursively to both partitions induced by T,
until the stopping criteria known as the Minimum
Description Length (MDL) is met. The MDL principle
ascertains that for accepting a partition T, the cost of
encoding the partition and classes of the instances in the
intervals induced by T should be less than the cost of
encoding the instances before the splitting. The partition is

accepted only when

logy(N-1)  A(AT,S)
N

N

Gain(AT,S) )
where
ACAT,S) =logy °~2)~cENLS) —c ENtlS P —c2 ENtS )
Gain(A,T,S) = Ent(S)-E(AT,S)

N = number of instances, c,cl,c2 are number of distinct
classes present in S, S1 and S2 respectively.

and

VII. Variants of Naive Bayes Classifier

Real-world problems rarely show the conditional
independence assumption used in Naive Bayes. Extending
the structure was adopted as a direct way to possibly
overcome the limitation posed by Naive Bayes (NB)
resulting in various NB variants. Briefly described are 4
popular NB variants that were used in our experiments.

The Tree Augmented Naive Bayes (TAN) is an extended
NB [15] where with a less restricted structure in which the
class node directly points to all attribute nodes and an
attribute node can have only one parent attribute node. TAN
is a special case of Augmented Naive Bayes (ANB), which is
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equivalent to learning an optimal BN, which is N-P hard.
TAN has shown to maintain NB robustness and
computational complexity and at the same time displaying
better accuracy. The structure of TAN is shown in Figure 2.

(X9

~_ —
Figure 2. Structural representation of Tree Augmented
Naive Bayes (TAN)

Boosting involves learning a series of classifiers, where each
classifier in the series learns more attention to the examples
that have been misclassified by its predecessors. Hence each
next classifier learns from the reweighed examples. The final
boosted classifier outputs a weighted sum of the outputs of
each individual classifier series with each weighted
according to its accuracy on its training set. Boosting
requires only linear time and constant space and hidden
nodes are learned incrementally starting with the most
important [13]. A graphical representation for Boosted Naive
Bayes (BAN) is shown in Figure 3. The hidden nodes y
correspond to the outputs of the NB classifier after each
iteration of boosting. With sample datasets BAN shows
comparable accuracy with TAN.

Figure 3. Structural representation for the Boosted
Augmented Naive Bayes (BAN)

The Forest augmented Naive Bayes (FAN) represents an
Augmented Bayes Network defined by a Class variable as
parent to every attribute and an attribute can have at most
one other attribute as its parent [23],[43]. By applying the
algorithm [17] incorporating Kruskal’s Maximum Spanning
Tree algorithms an optimal Augmented Bayes Network can
be found. A graphical structural representation for the Forest
augmented NB is shown in Figure 4.

Figure 4. Structural representation for Forest augmented
Naive Bayes (FAN)
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The Selective Naive Bayesian classifier (SNB) uses only
a subset of the given attributes in making the prediction [28].
The model enables to exclude redundant, irrelevant variables
so that they do not reflect any differences for classification
purposes. Experiments with sample datasets reveal that SNB
appears to overcome the weakness of NB classifier. An
example structural representation for SNB is shown in Figure
5.

©

Figure S. Structural representation for Selective Naive
Bayes (SNB)
For the above given model, and an example given by
E=<x1, x2, X3, x4 >, will be assigned to the class

¢(E) =argmax p(c) p(x1/¢) P(x2[C)P(x4|c)
ceC

VIII. Popular non-NB statistical classifiers

Here we briefly describe the 5 non-Naive Bayesian
Statistical classifiers we have used in our experiments. The
idea of a Decision Tree (DT) [39] is to partition the input
space into small segments, and label these small segments
with one of the various output categories. A DT is a k-ary
tree where each of the internal nodes specifies a test on some
attributes from the input feature set used to represent the
data. Each branch descending from a node corresponds to
one of the possible values of the feature specified at that
node. Each test results in branches, which represent different
outcomes of the test. The basic algorithm for DT induction is
a greedy algorithm that constructs decision trees in a top-
down recursive divide-and-conquer manner. The class
probability of an example is estimated by the proportion of
the examples of that class in the leaf into which the example
falls. For our experiments we have used the J48 class of C4.5
decision trees provided in the Weka machine learning
environment. The J48 tree classifier forms rules from pruned
partial decision trees built using C4.5’s heuristics. The J48
classifier parameters in Weka were set as follows:
Confidence Factor is 0.25 (sets the threshold for the
InformationGainRatio measure used by J48), minimum
number of Instances per leaf is 2.0, number of folds is 3 (1
for pruning and 2 for growing the tree) and sub tree pruning
enabled.

The k-NN is a supervised learning algorithm where the
result of new instance query is classified based on majority
of k-Nearest Neighbor category [6]. The purpose of this
algorithm is to classify a new object based on attributes and
training samples. The classifiers do not use any model to fit
and only based on memory. Given a query point, we find k
number of objects or (training points) closest to the query
point. The classification is using majority vote among the
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classification of the k objects. Any ties can be broken at
random. k-NN algorithm uses neighborhood classification as
the prediction value of the new query instance. k-nearest
neighborhood may be influenced by the density of the
neighboring data points. We have used Weka’s IBk
implementation of the k-nearest neighbor classifier [6] and
set the classifier parameters as - number of nearest neighbors
(k) as 1, the windowSize is 0 (indicating that there was no
limit on the number of training instances) and disabled
distance weighting method, cross validation for selecting the
best k value and attribute normalization.

Logistic regression (LR) is part of a category of statistical
models called generalized linear models. LR allows one to
predict a discrete outcome, such as group membership, from
a set of variables that may be continuous, discrete,
dichotomous, or a mix of any of these [28]. LR is often
referred to as a discriminative classifier unlike NB which is
referred to as a generative classifier. To cater to Logistic
Regression for more than 2 discrete outcomes, we have used
Weka’s Multinominal Logistic Regression algorithm with
ridge estimator in our experiments. The implementation of
the Multinominal Logistic Regression with ridge estimator is
believed to be suitable for small training sets [48]. The
classifier parameters were configured for Weka’s default
values as follows: the ridge is 1.0E-8 (to enable log—
likelihood) and the maximum number of iterations to be
performed is -1.

Artificial neural networks (NN) are relatively crude
electronic networks of "neurons" based on the neural
structure of the brain. They process records one at a time,
and "learn" by comparing their classification of the record
(which, at the outset, is largely arbitrary) with the known
actual classification of the record. The errors from the initial
classification of the first record is fed back into the network,
and used to modify the networks algorithm the second time
around, and so on for many iterations [19]. For the Neural
Network classifier, we have used Weka’s Multilayer Perceptron
algorithm. This network uses a sigmoid function as its activation
function and back propagation as its learning algorithm. The
classifier parameters for the multilayer perceptron in Weka were
set to the default values as follows — Hidden Layers is ‘a’ [the
wildcard a = (attributes + classes) / 2 ], Momentum is 0.2,
Learning rate is 0.3, Number of Epochs is 500, Random seed
for Weights is 0, validationSetSize is 0 and the validation
threshold is 20.

Support Vector Machines (SVMs), are one of the most
powerful methods in machine learning for solving binary
classification problems, based on the idea of identifying
hyperplanes that maximizes the margins between the two
classes [2]. The concept of decision planes that define
decision boundaries are used in SVM. A decision plane is
one that separates between a set of objects having different
class memberships. This approach constructs hyper planes in
a multidimensional space that separates cases of different
class labels. SVM can handle multiple continuous and
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categorical variables [5]. For our experiments we have used
Weka’s SMO classifier- which implements John C. Platt's
sequential minimal optimization algorithm for training a
support vector classifier using polynomial kernels [49][50].
We have chosen Weka’s default values as follows:
complexity parameter ¢ is 1.0, gamma is 1.0, kernel cache
size is 250007, use of the Polynomial kernel with exponent is
1.0 and the values (not to be changed) 1.0E-8 and 0.0010 for
Epsilon and toleranceParameter respectively.

IX. Feature Selection for NB Classifier

Feature selection is often an essential data pre-processing
step prior to applying a classification algorithm such as
Naive Bayes. The term feature selection is taken to refer to
algorithms that output a subset of the input feature set. One
factor that plagues classification algorithms is the quality of
the data. If information is irrelevant or redundant or the data
is noisy and unreliable then knowledge discovery during
training is more difficult. Regardless of whether a learner
attempts to select features itself or ignores the issue, feature
selection prior to learning can be beneficial. Reducing the
dimensionality of the data reduces the size of the hypothesis
space and allows algorithms to operate faster and more
effectively. In some cases accuracy on classification can be
improved [29]. As a learning scheme Naive Bayes is simple,
very robust with noisy data and easily implementable. We
have chosen to analyze feature selection algorithms with
respect to Naive Bayes method since it does not perform
implicit feature selection like decision trees.

Algorithms that perform feature selection as a
preprocessing step prior to learning can generally be placed
into one of two broad categories namely filter and wrapper
based approaches [21]. For our experimental study we have
considered 3 popular filter based approaches namely Chi-
squared, Gain Ration and ReliefF and 3 popular wrapper
based approaches namely Correlation feature selection
(CFS), WrapperSubset feature selection and Consistency-
based subset feature selection.

X. Filter based feature selection

The Filter based feature selection methods operate
independently of any learning algorithm. Undesirable
features are filtered out of the data before induction
commences. Although filters are suitable to large datasets
they have not proved as effective as wrappers. While the
filter approach is generally computationally more efficient
than the wrapper approach, its major drawback is that an
optimal selection of features may not be independent of the
inductive and representational biases of the learning
algorithm to be used to construct the classifier. Discussed
below are 3 popular filter approaches used for our
experiments.

The Chi-squared feature selection algorithm evaluates the
worth of a feature by computing the value of the chi-squared

statistic with respect to the class. The Chi-Squared (%?)
method [30] is built on the top of the entropy method. The ¥”
method evaluates features individually by measuring their
chi-squared statistic with respect to the classes.

Information Gain is one of the most popular feature
selection algorithms. It uses the measure of information
entropy of one variable (or feature) before and after
observing another variable, the difference of which is the
information gain [30]. Gain Ratio is a modified version of
the Information Gain measure, and tells us the amount of
information gain of the variable relative to the entropy of the
class. The Gain Ratio can be termed as a modification of the
information gain that reduces its bias towards attributes with
more states. However a drawback of Gain Ratio is that it
may overcompensate, i.e. choose an attribute just because its
intrinsic information is very low.

The Relief algorithm [27] assigns “relevance” weights to
each feature which indicates the relevance to the target
concept [29]. The method works by randomly sampling an
instance from the data and locating its nearest neighbor from
the same and opposite class. The values of the attributes of
the nearest neighbor are compared to the sampled instance
and used to update relevance scores for each attribute. The
process is repeated for a user specified number of instances
m. Here the useful attribute differentiates between instances
from different classes and have the same value from the
same class. This method of Relief originally intended for
two-class problems has been extended using ReliefF to
handle noisy and multi-class datasets. An advantage of
ReliefF algorithm is that it can deal with noisy and
incomplete datasets [29].

XI. Wrapper based feature selection

The Wrapper employs as a subroutine a statistical
resampling technique such as cross validation using the
actual target learning algorithm to estimate the accuracy of
feature subsets. This approach has proved useful but is slow
because the learning algorithm is called repeatedly. The
wrapper approach involves the computational overhead of
evaluating candidate feature subsets by executing a selected
learning algorithm on the dataset represented using each
feature subset under consideration [40]. Wrapper methods
are widely recognized as a superior alternative in supervised
learning problems, but on account of the number of
executions that the search process requires results in a high
computational cost than filters methods. We briefly describe
3 popular wrapper methods that were used in our
experiments.

Correlation Feature Selection (CFS) evaluates the worth
of a subset of features by considering the individual
predictive ability of each feature along with the degree of
redundancy between them. Subsets of features that are highly
correlated with the class while having low inter-correlation
are preferred [34]. The method employs a heuristic to select a
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subset taking into account its usefulness for predicting the
class along with the level of inter-correlation among them.
While irrelevant features will be poor predictors, redundant
attributes will be highly correlated to one or more of the
other features. If expanding a subset results in no
improvement, the search drops back to the next best
unexpanded subset and continues from there. Given enough
time a best first search will explore the entire feature subset
space, so it is common to limit the number of subsets
expanded that result in no improvement. The best subset
found is returned when the search terminates. CFS uses a
stopping criterion of five consecutive fully expanded non-
improving subsets. The greatest limitation of CFS is its
failure to select features that have locally predictive values
when they are overshadowed by strong, globally predictive
features.

The Wrapper attribute selection uses a target learning
algorithm to estimate the worth of attribute subsets. In this
method, selection is made on a subset of original features of
the dataset such that the induction algorithm (Naive Bayes in
our case) that is run on the data containing only those
features generates a classifier with the highest possible
accuracy [26]. Cross validation (we have used 5 CV for our
experiments) is used to provide an estimate of the accuracy
of the NB classifier when using only the attributes in a given
subset. The forward selection search is used to produce a list
of attributes ranked according to their overall contribution to
the accuracy of the attribute set with respect to the target
learning algorithm.

Consistency-based subset evaluates the worth of a subset
of features by the level of consistency in the class values
when the training instances are projected onto the subset of
features. For this feature selection approach, combinations of
attributes whose values divide the data into subsets
containing a strong single class majority is looked for. This
approach is biased towards small feature subsets with a high-
class consistency. Here we use Liu and Sentiono’s
consistency metric [31]. The forward selection search is used
to produce a list of attributes ranked according to their
overall contribution to the consistency of the attribute set.

XII. CHI-WSS feature selection algorithm

Our proposed feature selection algorithm (CHI-WSS)
combines the filter approach with a greedy subset search
approach such as wrapper subset selector. The reason for
using both filter based and wrapper based approach is to
reduce the search space in each phase. Specifically wrapper
based approach will not remove irrelevant features and filter
algorithms do not greedily search the feature space. The
hypothesis of our research is to find the effectiveness of
combining these two approaches to reduce the search space
and build a parsimonious model. Our approach can be
viewed in terms of 3 distinct phases as shown in Figure 6.

In the Discretization phase all non-categorical features of the
dataset are discretized. All irrelevant and least relevant
features are removed in the Filter phase. During the Subset
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search phase, feature subsets are identified using a greedy
algorithm to find the set of features that maximizes
classification accuracy.

The CHI-WSS algorithm in Steps

Step 1: Given the Dataset, apply MDL (Fayyad and Irani)
discretization to all non-categorical features.

Step 2: Compute chi-square feature ranking. Remove all
irrelevant features from the dataset if their chi-square
average merit equals zero. Next, remove all least relevant
features from the dataset that satisfy the condition

avg _ merit;x log(N?)
X

100 (0

Zavg _merit xN where we set 8= 0.1 to

satisfy our criterion. avg_merit; is the average merit for the
feature in consideration and N is the total number of
attributes.

Step 3: Identify the feature subsets using a greedy algorithm
such as Best First Search or Wrapper Subset selector.

Discretization Phase

Filter Phase

Subset Search Phase

Figure 6. CHI-WSS feature selection Phases

The MDL discretization is carried out in the first step
because greedy subset search methods like Wrapper subset
do not do data discretization. Through the second step, by
removing irrelevant and least relevant features, we reduce the
computational overhead of the greedy feature search.
Further, our approach is a generalized one as any suitable
greedy search method such as Best First search or Wrapper
subset search selector may be employed in the final step.

The chi-square feature ranking computes the average of
the 10 Cross Validation chi-square statistics with respect to
the class — called average merit and given as avg_merit in the
above given mathematical formula which is used for
identification of least relevant features. The mathematical
formula was empirically obtained through experimentation
with various publicly available datasets. The wrapper
methods are widely recognized as a superior alternative in
supervised learning problems, since by employing the
inductive algorithm to evaluate alternatives they have into
account the particular biases of the algorithm. However, even
for algorithms that exhibits a moderate complexity, the
number of executions that the search process requires results
in a high computational cost [33]. The CHI-WSS algorithm
helps to reduce the space complexity at each phase so that
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greedy algorithms such as the Wrapper subset selector used
at the final step have to deal with relatively smaller feature
subsets than the original. This in turn validates the
hypothesis of the development of parsimonious models from
our generalized approach.

XIII. Experimental Evaluation

We have used 17 natural Medical datasets for our
experiments whose technical specifications are as shown in
Table 1. All the chosen datasets had at least one or more
attributes that were continuous. The main software package
used in our experiments is Weka version 3.4.8 (Waikato
Environment for Knowledge Analysis), developed at the
University of Waikato in New Zealand [51]. For our
experiments we have substituted all noisy data with
unknowns. For datasets with redundant attributes and non-
computational attributes (such as patient identification
number), we have ignored them from our experiments. All
missing attribute values were ignored.

Table 1: Specifications for the Medical datasets

5L . No.of | Towlmw. | Number | Missing | oy atir.
No, | Medical Datuset  { ces|of atiribuieslof Classes atir starw| _ staius
1 [Wiscomin Breast Cancer [1] 132 10 ] Tes Mo
2 |Pima Diabetes [1] T 9 2 Ha Ha
3 |BupaLiver Disorders [1] 345 7 2 Ha Na
4 [Cleveland Heaxt Disease [1] i 14 ] Tes Mo
5 |Hepatitis [1] 155 20 2 Tes Na
& Thyroad —rew [1] 215 i 3 Ha Ha
T Thyrend (am-traim) [1] 3 2 3 Ha Ho
3 [Statlog- heart 1] am 14 2 Ha Ha
9 |Hepatchiliazy disceders [0,35] | 5% 10 4 Ha Ha
10 |4 ppendicitis [44] 106 9 2 Ves Ha
11 |Leisermng neo sdiclogy [37] 3152 2 2 Ha Na
12 [Norton reonatal andiolegy [37) | 5038 LI 2 Ves Ha
153 [Lazymgeal 1 [32] 213 17 2 Ha Ha
14 [BDS [32] 85 13 2 Ha Ha
15 [Voiee 3 [32] 3 11 3 Ha Ho
16 [Voies 9 [32] 48 11 902 Ha Ha
17 [Weaning [32] 302 13 2 Ha Hao

We have used 10-fold cross validation test method to all
the medical datasets [25]. The dataset was divided into 10
parts of which 9 parts were used as training sets and the
remaining one part as the testing set. The classification
accuracy was taken as the average of the 10 predictive
accuracy values.

Table 2 provides the experimental evaluation of
discretization techniques employed. The wins for Fayyad and
Irani’s MDL discretization indicates on the average
improved classification accuracy compared to that of Equal
Frequency and Equal Width discretization. We argue that
MDL discretization does better on account of using the class
information entropy after discretization and EWD and EFD
discretization levels are not optimized.

Table 3 shows the accuracy results for non-discretized
NB, MDL discretized NB and variants of NB. The 4 variants
of Naive Bayes chosen for our experiments are Selective
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Naive Bayes (SNB), Boosted Naive Bayes (BNB), Tree
Augmented Naive Bayes (TAN) and Forest Augmented
Naive Bayes (FAN).

Table 2: Naive Bayes Classification Accuracy with and
without Discretization

. Nade Bayer with
5L. . NEB withowt . .
No. Medical Dataset discrefization dizcretization
EWD EFDr MDL
1 [Wiscors in Breast Cancer 959943 972815 | 972818 | 99957
2 [Pima Dishetes 63021 753504 s TIEEE
3 [PBupa Liver Discrdes 55380 F49275 | A23188 | 31884
4 Cleveland Heart Disease BER28 254985 | 834985 | 23.8284
5 [Hepatibis 245161 24.5181 | 83.2258 | 245181
& [Thyroid -newr 96 7442 w2093 | El4 | %2Rl
T [Thyroid {amteain) 95519 957189 | 5l | SR.EDT
2 PFtatlog- heart 242145 24001 | 82222 | 83,3505
3 Hepatohiliary disomers 479473 505537 | 656716 | A3.47701
10 Jppendicitis 242057 211521 | 349057 | &=R.aWd
11 |Leiserring neo sudiclogy 100 10 100 a0
12 Morton meonatal sudiclozy 950854 QE5204 | MEATS] | 96 ATRS
13 Larmgzeal 1 155868 202817 | B26N] | B5.8H5
14 [REDS 224113 941174 | 941178 | 952941
15 [Voice_3 59747 Tl42es | T2EER1 | T .E908
16 |Voice 9 81383 229439 | 838785 | 245794
17 [Weaing 257351 227417 | B3.404 | 91.0998
Wins 17 317 317 1117

Table 3: Classification Accuracy with Naive Bayes (NB),
MDL discretized NB and variants of NB.

51 . NB Variant of NB

No. Mediral Dataset NB (MDL}| svB | BNB | TAN | FAN
1 [Wisconsin Breast Carcer  |25.9243|96 9257 26,7096 (25 5551 |26 7026 25,5651
2 [Pima Dishetes 63021 |77 5646 | 770333 74349 |74 A004 | 730553
3 [Bupa Liver Discrders 55325 93,1554 |61.4493 | 68087 | % 2319 |F3.0855
4 [levelad Heart Disease | 53.5284 |53 2224 |24.4364 |33 4953 | 83 4963 | 334983
5 [Hepatitis 245161 |84 5161 |27.0962 |82.5806 | 93 2298 | 832250
& [Thyroid-new 95.7442| 96 2791 |97.6744 | 95814 |94 4186 |95.3480
7 [Thyroid (ann-train) 95.5196| 98 207 |95.6257|93.0208 |99 3107 | 993637
8 PBtaflog- heart 24 2148|93.3333 |24.21 42 |80, 7407 | 20,7407 | 203704
9 [Hepatohiliarydisorders |47 9472 |82.4701 |49.0672|45.1493 | 65,4851 | 79.1045
10 |hpperdinitis B4 9057|582 6792 | 236792 |34.9057 | 27,7358 | 56,7925
11 [Leiserving neo andiclogy | 100 100 10 | 100 | 100 100

12 [Harton neanatal mdiology |96 0854 | %6 6983 960254 (970542 |26 2751 [96.9751
13 [Larymngeal 1 75.5869| 95 2545 | 85446 |82.1596 |84 0376 | 340376
14 [RD3 594118952941 |91.7647 |29.41 18 | 90 5882 | 9204 12
15 [Vaiee_3 &3.7479| 76 2908 | 202521 | 718457 | 74 3697 | 731092
16 [Foice_o 787355 54 5794 |29.2573 |26 4322 | 28 0841 | 248598
17 [Wearing 89,7351 |91 0596 |29.0723 |37, 7453 | 29,7351 |3741 72

Wins L | wrd | wmy | A7) 1w | A7

Abbreviations Used: NB- Naive Bayes, NB (MDL) — Naive Bayes
with MDL discretization, SNB — Selective Naive Bayes, BNB-
Boosted Naive Bayes, TAN- Tree Augmented Naive Bayes, FAN —
Forest Augmented Naive Bayes

Table 4 shows the accuracy performance with non-
discretized NB, MDL discretized NB and some popular non-
NB classifiers. The 5 popular non-NB statistical classifiers
are Decision Tree (DT), k —Nearest Neighbor (k- NN),
Logistic Regression (LR), Neural Network (NN) and Support
Vector Machine (SVM). The wins at the bottom of Table 3
and Table 4 provides the ratio of medical datasets where the
accuracy is highest among the considered classifiers to the
total number of datasets used for our experiments. In both
tables the MDL discretized NB on the average gave best
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results.

Table 4: Classification Accuracy with Naive Bayes (NB),
MDL discretized NB and non-NB classifiers

51 Medical Ng | NB Popular ren-NB Clssifiers

No- (MDL} DI |RNN| LE | NN | VM
1 [WiscominBreast Camcer  [75.99473%6.9957 |2 5637)74 9928 |26 566.5] 25272 |25 9937
2 [Pima Dishetes 76 2021 (77.8646 738281 70 1823(77.2135075. 1302{77 34
3 [Bupa Liver Dis opdes 55 3623(63.1 50 |Ae . Aes 7|62 2986 68, 1 159f 71 5942{58 2609
4 Klevelond Heat Disease  [B3.5284(33.8284(75.0076(75 2076 (545815 5f80 8581 [85 1425
5 [Hepatitis b4 5161 (54,5161 | 53,871 [30.6452 (82 Se0afR1 5355{85 1613
6 [Thyroid-new b 7442(96.2791 | 92,093 97 2093 |96, 7442006 F442{z0 774
7 [Thyroid ¢ anoetrain) b5 5196|5507 |00, ME4(22.1 262|765 71 7f0s 2354{03 7064
& Ftatloe- heart 4 A1 48{83.35335 | 78 2063(75 555 (83353308 3333 B2 e
o [Hepatobiliary disorders 47 24 78]68.4 701 710621 |73 3200 |50.3284)60 s209fe2 3507
10 | ppendicitis b4 057|556 702 (a8, 2 slaa 01 89 (87 7358} 7aselae Toas

100 ] 100 1m 100 100 100
e (2 54(26. 6583 |97 073994 A 19 (370542096 9553(37 0542

11 Leisemring neo mdiclogy
12 [Hortm recnatal mdiology

153 [Laryngeal 1 [75.5669(86.054 5| 75,4038 79 51 22| 84,507 |52.15%6[84 05376
14 D3 2941 15(75.254 1 |34 0@ 532 3529 (87 0585]87 0585]88 2353
15 [Voice_3 5. 7479 16,008 | 74, TBR3| 71 2487 (T8, 1513] 76 4706[78 5714
16 [Toice_9 [75.7383(24.5794 |91 121 5|94 5593 (37.1435] 89 436 [25 2804
17 [Weaning 55,7551 (R 1.0326|52.4503)78 4762 (81 7885)54 437 1|82 4505
Wins F17 | &7 | 417 | 317 | 17 ) LT ST

Abbreviations Used: NB- Naive Bayes, NB (MDL) — Naive Bayes
with MDL discretization, DT — Decision Tree, k-NN - k -Nearest
Neighbor, LR- Logistic Regression, NN-Neural Network, SVM —
Support Vector Machine

Table 5: AUROC (in percentage) with Naive Bayes (NB),
MDL discretized NB and variants of NB.

51 . NB Varianie of NB
No, | MedicalDataset | NB |nrpy o s [BNB | TAN | FAN
1 [WAscorsin Breast Cancer [98.75| 992 |99.11 |97.82 9254 |98 A8
2 |PirmaDidetes B85 Bdad |0 E00E 0TS e 42
3 |Bupa Liver Disordess el 0l 5595 el a2 4] |51 36 |HE AT
4 [Cleweland Heart Diseas e 9071 9127 |82.46 | 8544 | 2052 (20 22
5 |Hepahhs B5.95) Ba9d |BSE2 B 15|81 0|8 45
& [Thyrood - newr 97| FEA P45 |93 5 QRTS8 48
T [Thyeid (arertain) TS SIS |99 |9R AR |9 95|99 9T
2 [Statlog- heart EF| 1 |ET|EN RS (N (ET LD
2 |Hepatchiharydisceders T35 B4 |71 s Es | BS.55]91 14
10 |Appendicitis TG MR 1SR | B0EL [ PEES [ES A0
11 |Letsermng nec adiclegy | 100 100 100 | 100 | 100 | 100
12 |Mormon neonatal avdiclegy (8091 5844|8091 |61.04 (5783|5501
13 |Lapmgeall 024 562 9102 | HR L | ER AT e 19
14 [RELE Q55| FEE 008|611 | FTEE (R 22
15 |Vaolee 3 R | 9501 |0aT|E2eS 91T (eR AT
18 |Volce 2 A0.91 | 9538 |91.75 92208 | 50|98 29
17 | Wearing 9595 9675 |97 M AT M| 1A
s 127 97 1207|227 307 | &n?

Abbreviations Used: NB- Naive Bayes, NB (MDL) — Naive Bayes
with MDL discretization, SNB — Selective Naive Bayes, BNB-
Boosted Naive Bayes, TAN- Tree Augmented Naive Bayes, FAN —
Forest Augmented Naive Bayes

To further substantiate the results obtained in Table 3 and
4, we have tabled the results for the Area under the Receiver
Operator Characteristics (AUROC) in Table 5 and 6 for the
above mentioned statistical classifiers. Clearly the wins
obtained by MDL discretized NB classifier proves that it is
the best performer.

Table 7 provides the results of feature selection using the
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proposed CHI-WSS algorithm. From the wins given at the
bottom of the table; applying the proposed hybrid feature
selector, all the 17 datasets saw improvement in
dimensionality reduction with comparable classification
accuracy.

Figure 7 shows that feature dimensionality reduction was
achieved for all the 17 datasets using the CHI-WSS
algorithm. Figure 8 depicts the classification accuracy
performance before and after the application of the CHI-
WSS feature selection algorithm.

Table 6: AUROC (in percentage) with Naive Bayes (NB),
MDL discretized NB and non-NB classifiers

51 . NB Popular nom-NB Classifiors

No.| MedicalDatwet | NB |y s Ior [1:NN] LE | NN |SVM
1 |Wiscomsin Breast Cawcer (2875 922 (2547|9731 1925332861 |36.52
2 |Poma Dish etes 2185 B4.54 |75 14 |8501 (83187027195
53 |BupaLiver Disceder B0l | 5595 | &85 |82 267177416 50,534
4 |Cleveland Heart Disease (2071 R1.27 [T828 |78 28 |20.86 (2830|8475
5 |Hepatitis B5095| BAHM | |ES 35802581 A3 T5A2
& | Thywid new QO a3 |ER 12|96 44 (B899 45| 85.08
T | Thyoid (arerain) QTS| o |07 | E2S0(27 56|99 24 | 5499
5 [Statlog- heart OEF 21 | ETSTS A2 (044 |88 55| B25S
9 [Hepatchiliary discrders ES| BTAE | TRELQSE0O7(TTIT|B0.AR) 70
10 |Appendicits TS| TR (A3 EL RS (TR0 TT.A0) 70
11 |Leiserring neo aidiclogy | 100 100 100 | 100 | 100 ) 100 | 100
12 |Horon neonatal andiclogy (A0S1 | 5244 |51 AR (51 41 |A2.590)59.12(50.00
13 |Lavmzeal 1 A2 I3 A2 [T B |05 8707 (855
14 |RTE Q93| IR |ERZE R 44 (2231 |94 55| BE.08
15 [Voiee_ 3 RO 9501 (£244 |77 279042 (2072|8452
16 Vol 9 09| 3535 |ER75|92AT(91.74|23.11 705
17 [Wearing Q95| 3675 |91 44 |08 (8. 18| 23.23)12R.07
s LA17 | 1417 [ 2017 ) 117 | &7 | 217 | 117

Abbreviations Used: NB- Naive Bayes, NB (MDL) — Naive Bayes
with MDL discretization, DT — Decision Tree, k-NN- k -Nearest
Neighbor, LR- Logistic Regression, NN-Neural Network, SVM —
Support Vector Machine

Table 7: Classification accuracy before and after applying
CHI-WSS algorithm

App lving CHI-WSS aleorithm
St Medical Dataset | B WL | ies semovel [Chassification
' = wing Chi-Syuare [Aceuracy - Forward
ranking criterion . Search
1 |Wisconsin Breast Cancer | 259942 (10) none o7 4249 (6)
2 |Pima Diabetes 6 3021 (%) 2 T931TT(5)
3 |Bupa Liver Disorders 533623 (T) 5 631884 (2)
4 |Cleveland Heart Disease | 835284 (14) 3 244884 (4)
5 |Hepatitis 345161 (20) 7 883871 (6)
6 |Thyroid —new 0F 7442 (6) none DT ET44(5)
7 |Thyroid {ann-train) 055196 (22) 15 081707 ()
2 |Statlog- heart 348148 (1) 3 343148 (4)
0 |Hepatobiliary disorders | 470478 (10) 1 69,403 (2)
10 |Appendicitis 349057 (9 2 00,566 (4)
11 |Leisenring neo awdiclogy 100¢7 2 100 (2
12 [Morton neo audiclogy 06 0854 (T) 3 06 983 (4)
13 |Larymgeal | 155869 (17) 1 873239 (13)
14 |FDS 204118 (18) 4] 064706 (7)
15 (Woice_3 697479 (11} 1 223529 (3)
16 Woice_B TBT3BI(1L) none 807196 (5)
17 Weaning [ R A E) cd o P TAET
Wins 17017

Note: Given in brackets is the total number of attributes selected

In Table 8a and Table 8b we compare the performance
accuracy of the NB classifier using CHI-WSS algorithm with
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popular filter based algorithms. For our study we have
considered 3 popular filter based approaches namely Chi-
squared, Gain Ration and ReliefF. While Table 8a shows
results for the datasets without any discretization, Table 8b
gives the results for MDL discretized datasets carried out at
the pre-processing stage. From the wins at the bottom of
both tables, naive Bayesian classification using the CHI-
WSS algorithm gives best accuracy results.

2
M | O Default o CHI- WSS
18 4 A -
15 4
E12- L
3 R
g,
= H
6 AR 1 il
o o [} ] )]
(&l (] T = = I e <L = — (%] o g
2 =3 3 mE W T 5z - 8 = >

Iiedic al Datasets
Figure 7. Feature dimensionality reduction before and after
using CHI-WSS algorithm
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Figure 8. Classification accuracy performance before and
after using CHI-WSS algorithm

Table 9a and Table 9b compare the performance accuracy
of the NB classifier using CHI-WSS algorithm with popular
wrapper based algorithms. In our experimental study we
have considered 3 popular wrapper based approaches namely
Correlation feature selection (CFS), WrapperSubset feature
selection and Consistency-based subset feature selection.
From the wins at the bottom of both tables, Naive Bayesian
classification with the CHI-WSS algorithm gave on the
average best accuracy results comparable to the
computationally intensive Wrapper Subset approach. The
results also show that by using the CHI-WSS algorithm we
achieve on the average better dimensionality reduction
compared to the widely recognized Wrapper Subset feature
selection method.

927152
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Table 8a: Classification accuracy of NB with Filter
based Feature Selection Algorithms

SL ] e Bayes Feature Selection Apphied (Forward 5 fal Search)
Ne. | Melical Daaset ifieation Filter Approaches CHI-WSS
ChiSquare | GainRatio | RelheF Algprithm
1| WiscomsinBreast Cancer | 95993 (100 | 96.1373(7) | S61373(8) | 961373(4) | 97.0249(8)
2 | Pima Dishetes IR | TS0002) | WA | 843R33) | RATIE
3 | BupaLiverDiscrders SS3E23(T) | G0ST9T(H) | eDSTOT(H) | S623N9(2) | 63.1884(2)
4 | Cleveland HeartDisease | 238284 (14) | 6.276(2) | W276(2) | 759076(2) | 448849
5 | Hepatitis 845161 (20) | 85.1813(3) | SSI61(2) | 793M8(2) | 8BBI(H)
& | Thyroid -new GETHM2(E) | TTEMAY) | WHMI(E) | B3I | ST
7 | Thyroid (ann-trin) 955196 (22) | 954931(8) | 959726(10) | 934252(3) | 9B1707(%)
2 | ftatlog: heat SRR (14) | MAR(Z) | MAHE(D | MOMI2) | B48148(%)
9 | Hepatobiliary disorders 479473(10) | 40.0119(3) | 401119(4) | 485%0(7) | £9.4030(8)
10 | Apperdicitis R40057(9) | EITSB(Z) | BEM2S(3) | 877 | 9038E(4)
11 | Leiseming neo sudinlogy 10000 (7) 100.00(2) 10000(2) | 10000(2) 100(2)
12 | Nortonneanatal mdiclogy | 960854(7) | 97.0542(2) | 970842(2) | 970%203) | 96.6983(4)
13 | Laryrgeal | 75586917 | REM1E) | W25 | 81207( | 873B9 (13)
14 | RDS 294118(18) | WMI24) | LMW | 913 | 06D
15 | Voiee 3 ML | MBUE | TBIE | 0582 | 82352 (D
16 | Voiee 9 TRTWI(N) | A24TEE(4) | BIEMES() | MEB/I(2) | 9NW(Y
17 | Weaning B9731(18) | 88750(5) | @WSIN | 0394(R) | 92M52(D
Wi FEa 3 37 pEa o) 16/17

Table 8b: Classification accuracy of NB with (MDL
discretized) Filter based Feature Selection Algorithms

SL ] Taiire Bayer MDL disc -Feahure Selection App hied (F551
He | Melial Dataset Classification Filler Approaches CHI-W5§
(MDL &) [ Gifuare | GoinFatb | Reld | Algorifim
1 | Wisconsin Breast Camcer | 965957(10) | 974249(%) | 974M9(%) | 974249(5) | 974249(5)
2 | Pima Dishetes TEEE) | TRTEE WIEE | TRONTE | RBITTE)
3 | Bups LiverDiscedess G3.1834(7) | 63188407 | E31ER4(7) | 3184 (7) | €514
4 | Cleveland Heart Disease | 838284(14) | WM.2376(2) | 76296(2) | 759076 (2) | 844834 (4)
5 | Hepatitis 245161(20) | 2SMES(T) | BMSE1(T | TIME (D | 823WLiE)
6 | Thyroid -new WI9L(E) | W2GL(E) | FTEM4(S) | F2WIE) | FIEMEE)
7 | Thyroid (ann-train) 9R.A07(22) | 9E091Z (4) | 9E.0M12 (4) | 9R0512 (4) | SRITT(4)
B | ftaflog heatt A1) | MEME( | R4OMICT | TR1ES2(H) | B48148(4)
9 | Hepatohiliary disorders EB4M1(10) | 565033 B3R | 51N E 69,403 (8)
10 | Appendinitis BST(9) | B8AI92(9) | BREMI(Y) | BUEZE @) 90,568 (4)
11| Leiserving nec andickegy 100 (7 100123 10 2) 13 1m0 2
12 | Horbonneonatal mdiclogy | 96.6983(7) | 97.0542(2) | 970%2(2) | 9702(3) | 96693(4)
13 | Larpngeal | FREME(1T) | WEMA(S) | WIS | BKEMSM) | 27319 (13
14 | RDS Q52MIC1E) | S5.8310(4) | P52051¢4) | RIS () | BE4AE(T)
15 | Voice_3 TEE08(11) | 0.2521¢% | 802213 | BlIWE(D | 8235290
16 | Veiee 8 45FA1L) | RS | 2IBWS(H | WIS | BRTIFES)
17 | Weaning 9106 (18) | S24503(%) | 82403 | 24303 (D | §27152(7
Wiins 3 4117 4717 4117 15717

Note: Given in brackets is the total number of attributes selected

Figure 9 shows a comparison between the feature
dimensionality reduction achieved using the hybrid feature
selection algorithm (CHI-WSS) to the widely recognized
Wrapper Subset Feature Selection. The WIN-LOSS-TIE for
the CHI-WSS feature selection method with respect to the
widely recognized Wrapper Subset Feature selection is 8-4-5
clearly demonstrating that on the average the proposed
hybrid feature selection (CHI-WSS) method achieves better
dimensionality reduction compared to Wrapper Subset
feature selector.

Table 10 provides the results of the classifier accuracy
using our proposed CHI-WSS algorithm as well as those
achieved by WrapperSubset based feature selection using
discriminative models- Logistic Regression and  Support
Vector Machine. From the wins given at the bottom of the
table we see that feature selection with our proposed
algorithm on the average gives better performance than the
other non-generative methods.
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Table 9a: Classification accuracy of NB with Wrapper based
Feature Selection Algorithms

. . Feature Selection Applied (Forwand Sequential earch)
" | Medical Dataset nlve Doy Wrapper Approahes CHLWSS
Ne. Classification TS mu (hw Mzprithn
| | WircominBreast Carcer | 959943(10) | 955M3(10) | S670% () | 962 (5 | 97429(5)
2| Tima Didbets BALE | VAN | TEEE | Benm | BN
3| Bupa Livet Disordes SEBM | w2 | sMmm | w290 | Bl
4 | Clerelard Besst Dissase BISBI(Y | RSB | sdBM() | BEBA(Y) | eedEH()
5| Hepatis ML) | THBOD | WREE | BESW | BBNE
§ | Thyrcid -new WG | G | WSl | M | VSN
7| Thveid (vt 955196(20 | SSES(S) | BSATE) | BAR@ | BIME)
8 | Statg- loat BMEME(lY | BSATRE) | MEMEQ) | BEE(Y) | 4E8()
9 | Hepatchiliaey disendex SISAT(L0) | ATSAE D) | S0ETIC) | MO0 | 694m0(E)
10 | Appendicit RANE | WIBE) | WEORE | O0RE | 0566
1 | Leisearing nec andiclagy WM | N | W0 | e | e
12 | Hotonmomtelaliclogy | SGCES4(T) | SEESE3(A) | SEORM(T | SETI(D | eI
15 | Lugeal] WG | WITZOD) | S4A6) | ARG | 2P0
14 | RIS BIAIE(1Y | 920412(4) | LN | RML2A0) | 9E4AME)
15 | Voice_3 BMED | EIME | a0 | nEeE | 21
16 | Voice 9 WIEIL) | AIBALLCE | B2EE) | BLMA®M | 8T
17 | Weuig L0l | 92050019 | 92050012 | RN | wIRE
s Lm 3T un un B

Note: Given in brackets is the total number of attributes selected

Table 9b: Classification accuracy of NB with (MDL
discretized) Wrapper based Feature Selection Algorithms

) e | Pt Scon el Forvand Soentl S
No, | Medicel Datuset wd:)" - wm\?&;?z am&m CHL WSS
Gt | St | prim
1 | Wiseomim Brewt Camer | S69057(10) | 969957(10) | 974249(6) | STRIB( | 974H9(6)
2| P Disbetes TEEE | MEEm | BATE | mweE | 0
5| Bupa Lise Disonders GIEA(T) | ESLA(T) | G3LEMA(T) | ERL8RA(D | 313402
4 | Clonlond et Dissase | S38B4(18) | BALBA(7) | BO4SBY) | REWIN) | Becaa(s)
5 | Hepati BASIEL) | SES() | SAWIE) | WA | 836
¢ | Thywid new W0 | WEma(s) | e | s | emas)
7 | Tiprcid snvtei) WAL | WEN(Z) | UG | mESE | B
B | St st B | GOHLY) | SBLBE) | BN | 84818
9 | Hopatbitagy diserles ERAML(I0) | 634701 Q0) | 834701 010) | B4TOLOD) | mAE)
10| Appendict BT | memam | W | owME | s
11| Labsaring o sdilogy wo | wg | wg | wp g
12 | Hotonmontel mbickegy | 06983(T) | o70si2(3) | veesmen) | semmaen | sesse
13 | Lungsd ] Bsas(1) | gamag) | ssolse) | mam | @ o
14 | ros ssaM1(1g | ssami) | o | wemem | %sems
15 | Voiee 3 WEOR(Y | AN | smE) | BIBE | 825090
16 | Voiee 3 BASHA(IY) | SEBlsa) | ST | sase(m | sa7I(S)
17| Wesning sL0ms(g | sl q) | wan | sane | enno
Wirs D Ty wr | sn B

Note: Given in brackets is the total number of attributes selected

In order to compare the efficiency of our proposed new
feature selection algorithm based on generative Naive Bayes
model, we have used two established measures namely;
classification accuracy (or error rate) and the area under
ROC to compare the classifier performance with two other
popular discriminative models such as SVM and Logistic
Regression that are used in Medical data mining.
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Figure 9. Number of features of Original set, Wrapper using Naive
Bayes and CHI-WSS using Naive Bayes

Table 10: Comparative analysis of Feature selection based on
Classification Accuracy

Chassific ation Aceuracy using
NB with
SL. - . Forward Sey. | Forward Seq.
No,| Medial Dataset | orighal | ooy Seamnoein |  Soreehuih
ta withNB | WrapperSubset | WrapperSub set
using LR * using SVM*
| [Wisconsin Breast Cancer 5559943 (10)] 974249 (6) | 96.83% (5) 069957 (3)
2 |Pira Dighetes TE3021 (M| TOE1TT(5) | TRELTI(S) T83854(6)
3 [Pupa LieerDisorders  |553623(T)| 63.1884(2) | 63.1884(2) 631884 (2
4 Cleveland Heart Disease 835284 (14)) 24.4884(4) | 84.8185(8) 248185(8)
5 [Hepatitis B4.5161 (20) 283871(6) | 83.8065 (4) 245161 (4
i [Thyroid —newr 96744206 | 9T6T44(5) | FLATH () 972093 (4
7 [Thyroid (ann-train) P5.5196 (22) 981707 (4) | 981972 (4) 022503 (4
2 Btatlng- heart P42148 (14) 248142 (4) | 851832 (%) 244444 (4
9 Hepatobiliary disorders 470478 (10)) 62403 (2) 70,8055 (8) 9. 5806 (6)
10 {Bppendicitis 240057 (% | 00566 (4 826792 () BEAT2 (3
11 [eisenring neo audiology| 100 (T 100(2) 100 () 1002
12 Mortonneo audiology  [P6.0854(T)| 966083 (4) | 97.0542 (4) 970542 ()
13 Laryngeall [15.5869 (17 87.32%9 (13) |  26.385(%) 24.507 ()
14 BD3 BOALIE (18) D6.4706(7) | 929412 (8) 02.0412(12)
15 [Woice 3 B0.7479 (1)) 823520(3) | E3.6134(4) 210328 ()
16 [Woice 9 787383 (11)] 297196 (5) | D13888(7) 01 8224(5)
17 [Weaning B0.7351 (18)) 92.7152(7) | 82.4503 (3) 007285 (11)
Wing 117 /17 9 6/17

*all irrelevant and least relevant features were initially removed
using our Chi-square feature ranking criterion

Further, in Table 11 using true positive rates given in
terms of the area under ROC (AUROC), the proposed hybrid
feature selector (CHI-WSS) with Naive Bayes gets more
wins than the other methods as shown at the bottom of the
table. For the proposed hybrid feature selection algorithm
(CHI-WSS), the computational overhead with Naive Bayes
is much lower compared to using discriminative models
such as Support Vector Machine (SVM) and Logistic
Regression (LR).
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Table 11: Comparative analysis of Feature selection based on
AUROC (in percentage)

Chssification AUROC (in %) wing

SL. - Forward Seq. | Forward Seq.

Mo. Medical Dataset CIE-;INSS Smrchwﬁlq Smm]lwsifl?

mB awe WrapperSubset | Wrapp erSubset

ayes wing LR * | using SVM *
1 |Wiszonsin Breast Cancer 0921 09 36 06 92
2 |Pima Disbetes 2434 2417 1327
3 |Buga Lrver Disorders 3595 3595 G1.99
4 ECleveland Heart Disease 2846 26.43 24.44
5 [Hepmtitis 261 T6.27 6944
& |Thyroid —new 9032 992 96 A9
7 [Thyroid (anm-train) 9095 9095 9093

& -Giatlag- heart o 5759 - 850k =IO

9 Hepatobiliary disorde 2667 s 3159
10 |4 ppendicitis 1818 68.12 T840
11 [Leiserming neo audiology 100 100 100
12 [Morton neo audinlogy 5119 50.00 50.00
13 [Larymgeal 1 9379 o005 3.2
14 [RDE 0578 L 29z
15 [Woice 3 o097 2590 2130
16 [Woice O 0344 D614 o015
17 [Weaning 9585 2116 9073
Wins 11/17 51 4117

*all irrelevant and least relevant features were initially removed
using our Chi-square feature ranking criterion

XIV. Conclusions

In this work an attempt was made to show how the Naive
Bayesian classification accuracy and dimensionality
reduction could be achieved with discretization methods and
with the proposed hybrid feature selector (CHI-WSS)
algorithm for Medical datamining.

Our experimental results indicate that with Medical
datasets, on an average, Naive Bayes with Fayyad and Irani’s
Minimum Description Length (MDL) discretization seems to
be the best performer compared to the 4 popular variants of
Naive Bayes and the 5 popular non-Naive Bayesian
statistical classifiers. Since most of the state of the art
classifiers are performing well on these datasets, it is clear
that the data transformation is more important than the
classifier itself.

The experimental results with the proposed hybrid feature
selector (CHI-WSS) indicate that, utilizing Naive Minimum
Description Length (MDL) discretization, filtering out
irrelevant and least relevant features using Chi-square feature
selection ranking and finally using a greedy algorithm like
Wrapper subset selector to identify the best feature set, we
could achieve effective feature dimensionality reduction and
increased learning accuracy compared to using individual
techniques — popular filter as well as wrapper based methods.

Comparing to the use of discriminative models such as
Logistic Regression and Support Vector Machines
employing wrapper based approach for feature selection, our
proposed algorithm on the average gives better performance
with much reduced computational overhead. The new hybrid
feature selection algorithm helps in reducing the space
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complexity through its process steps enabling greedy
algorithms in the final step to deal with relatively smaller
subset of features than the original. We validate our method
for the development of parsimonious models from the
generalized approach. We also propose that the Naive
Bayesian classifier with the proposed hybrid feature selector
(CHI-WSS) could be set as a benchmark for statistical
classifiers.
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