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a b s t r a c t

This paper introduces a multi-objective algorithm based on genetic programming to extract classification
rules in databases composed of hybrid data, i.e., regular (e.g. numerical, logical, and textual) and non-
regular (e.g. geographical) attributes. This algorithm employs a niche technique combined with a
population archive in order to identify the rules that are more suitable for classifying items amongst
classes of a given data set. The algorithm is implemented in such a way that the user can choose the
function set that is more adequate for a given application. This feature makes the proposed approach
virtually applicable to any kind of data set classification problem. Besides, the classification problem is
modeled as a multi-objective one, in which the maximization of the accuracy and the minimization of
the classifier complexity are considered as the objective functions. A set of different classification
problems, with considerably different data sets and domains, has been considered: wines, patients with
hepatitis, incipient faults in power transformers and level of development of cities. In this last data set,
some of the attributes are geographical, and they are expressed as points, lines or polygons. The
effectiveness of the algorithm has been compared with three other methods, widely employed for
classification: Decision Tree (C4.5), Support Vector Machine (SVM) and Radial Basis Function (RBF).
Statistical comparisons have been conducted employing one-way ANOVA and Tukey’s tests, in order to
provide reliable comparison of the methods. The results show that the proposed algorithm achieved
better classification effectiveness in all tested instances, what suggests that it is suitable for a
considerable range of classification applications.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Rule mining is one of the steps for knowledge discovery in
databases (KDD) [15]. It has been studied in a wide range of
practical applications in which such information can be useful.
The objective of rule mining is to identify rules that can be used
for classifying or identifying data. In the literature, several
approaches are being employed for extracting non-trivial knowl-
edge from databases. Amongst these approaches, it is possible to
cite unsupervised learning algorithms [11] for classification rule
building, such as k-nearest neighbors (KNN) [47,46,21] and
Bayesian classifiers [3,6,38,40] and also supervised algorithms,

like decision trees (DT) [8,40,22], artificial neural networks (ANN)
[26,2,29,19,20] and support vector machines (SVM) [42,9,27,30].
Furthermore, there are works that propose evolutionary-based
tools for handling with classification problems [16], such as
genetic algorithms (GA) [35], genetic programming (GP) [4],
artificial immune systems [1], ant colony algorithms [34] and
particle swarm optimization.

Algorithms that are capable of directly handling hybrid databases,
without data preprocessing, have not been found in the literature.
A database is said hybrid when it is composed of conventional
attributes (e.g. numerical, textual, and logical) and unconventional
attributes (e.g. geographical). Usually, the algorithms that deal with
hybrid data adopt some alternative structure for representing the
unconventional attributes as conventional ones. For instance, the
works [49,25,48], which deal with geographic data, employ parti-
cular schemes for representing the geographic entities. In general
cases, these alternative representations are not desirable, since the
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performance of the classification algorithm and the interpretation of
the results become highly dependent on the representation scheme
adopted. Actually, there are many geographic databases that use a
pattern model to represent and store the attributes [12,13]. These
databases use functions that are well known [12], but just a few
classification algorithms explore this rich set of functions [5]. More-
over, the existing methods require data to be preprocessed, and they
are not able to mix conventional and unconventional functions in the
same classification rule.

Genetic programming is a class of optimization algorithms that
generates a population of individuals and evolves them along a
generational process [24]. It employs genetic operators inspired by
nature, like the ones employed in traditional GAs (selection,
crossover, mutation, etc.), but they differ in their structure. If a
proper evaluation mechanism is adopted, genetic programming
becomes able to deal with complex classification problems,
including the possibility of handling with multiple objectives
simultaneously.

This paper proposes a multi-objective genetic programming
algorithm that has been specially designed to classify conventional
and hybrid data in real world databases. An improved niche
strategy [18] and a population archive are used to increase the
ability of extracting suitable rules for all problem classes present in
the database. The algorithm is also very flexible; in such a way that
the user can choose the function set that should be employed to
build the rules, regardless the attribute types (numerical, textual,
geographical, etc.). This characteristic makes the proposed
approach adaptable to virtually any kind of problem, without
structural changes in the algorithm. A preliminary version of the
proposed algorithm can be found in [36], in which the flexibility of
the algorithm is illustrated in spatial data mining problems.

The efficiency of the algorithm is measured using the following
data sets that are detailed in Section 3:

� Hepatitis and wine, both from UCI machine learning repository.
These data sets are composed of regular attributes (numerical
and textual) and the instances are classified into two and three
classes respectively.1

� Digital gases analysis (DGA) problem, where three real data sets
of power transformers are classified into three classes [35].

� City Development, in which cities are classified into three
classes. This data set is composed of conventional (categori-
cal/numerical) and geographical (points, lines and polygons)
attributes.2

The algorithm proposed here is employed to maximize classi-
fication effectiveness and to minimize rule size. It has been
conceived to handle a wide range of real world classification
problems. Furthermore, the characteristics of the algorithm sug-
gest that it is well suited for dealing with unbalanced data sets
(i.e., data sets in which the number of samples in some class is
considerably higher than in the others). Problems with unbalanced
data sets are notoriously harder to solve [33], especially when
more than two classes are involved [31].

Finally, it is important to emphasize that all problems consid-
ered in this work have been modeled in such a way that other
classical algorithms could be used and their performances could
be assessed to establish a fair comparison with the proposed
algorithm. For that purpose, three different classification assess-
ment strategies to select and to test the obtained rules have been
proposed.

This paper is structured as follows. The proposed algorithm is
described in Section 2. Results achieved by the proposed algorithm
for the considered problems are presented in Section 3, along with
comparisons to the results of three classical approaches. Finally,
Section 4 presents the conclusions that could be drawn from
the study.

2. Proposed algorithm

2.1. Algorithm modeling

The possible solution or individual in our MOGP (multi-objective
genetic programming) algorithm is represented by a Boolean pre-
dicate, defined in the same manner as the WHERE clause of the
structured query language’s (SQL) SELECT statement [14]. The
adequacy of the individual to the problem is assessed by using a
vector of objective functions, which determines its selection
probability.

The classification problem is modeled as a bi-objective optimi-
zation problem, in which the objectives are (1) to maximize the
effectiveness of the extracted rules, and (2) to minimize the
complexity (size) of the rules. The main goal of this model is to
generate low complexity (small) rules that correctly classify the
samples, since smaller rules are easier to understand and tend to
avoid overfitting [41,45,50]. The proposed algorithm, during its
execution, can only generate valid rules. Since the first objective is
often more important than the second one, an external mechan-
ism, which controls the chance of accepting longer solutions
during the algorithm execution, is proposed. In this mechanism,
the chance of accepting long solutions is kept high at the first
iterations and it decreases along the evolutionary process. At the
end of the run, the two objectives are equally balanced.

The algorithm is divided in two phases: (1) rule extraction and
(2) data classification. The first phase (see Algorithm 1) generates
rules using the training set and predefined sets of functions and
terminals that are necessary to the genetic programming algo-
rithm. The best rules found in the first phase are used on the
second one, in which three different classification strategies can be
used. Details about these classification strategies are presented in
Section 2.8.

Algorithm 1. Pseudo code of the rule extraction algorithm (multi-
objective maximization problem).

Input: Set of functions function_set, Set of terminals
terminal_set, Population Size (integer) n, Number of
Generations (integer) max_number_of_generations, Data
training_data, Classes classes.

Output: Subpopulations of non-dominated solutions
1. Generate n individuals using function_set and terminal_set;
2. Identify the number of distinct classes in classes. Call this

quantity dc;
3. Create dc subpopulations;
4. for each individual i do /n this loop looks for the

best class to label each
individual n/

5. best_fitness:¼ 0;
individual_class:¼ null;

6. for each class cl in classes
do

7. Using the training_data,
calculate the fitness of
individual i considering this
individual belonging to class cl
and store these results f;

1 Wine: http://archive.ics.uci.edu/ml/datasets/Wine, Hepatitis: http://archive.
ics.uci.edu/ml/datasets/Hepatitis.

2 http://www.geominas.mg.gov.br/ (accessed 2011).
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