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Abstract—The inductive learning of fuzzy rule-based classifi-
cation systems suffers from exponential growth of the fuzzy rule
search space when the number of patterns and/or variables be-
comes high. This growth makes the learning process more difficult
and, in most cases, it leads to problems of scalability (in terms of the
time and memory consumed) and/or complexity (with respect to
the number of rules obtained and the number of variables included
in each rule). In this paper, we propose a fuzzy association rule-
based classification method for high-dimensional problems, which
is based on three stages to obtain an accurate and compact fuzzy
rule-based classifier with a low computational cost. This method
limits the order of the associations in the association rule extrac-
tion and considers the use of subgroup discovery, which is based
on an improved weighted relative accuracy measure to preselect
the most interesting rules before a genetic postprocessing process
for rule selection and parameter tuning. The results that are ob-
tained more than 26 real-world datasets of different sizes and with
different numbers of variables demonstrate the effectiveness of the
proposed approach.

Index Terms—Associative classification, classification, data min-
ing, fuzzy association rules, genetic algorithms (GAs), genetic fuzzy
rule selection, high-dimensional problems.

1. INTRODUCTION

UZZY rule-based classification systems (FRBCSs) [1], [2]
F are useful and well-known tools in the machine learning
framework, since they can provide an interpretable model for
the end user [3]-[6]. There are many real applications in which
FRBCSs have been employed, including anomaly intrusion de-
tection [7], image processing [8], among others. In most of these
areas, the available or useful data consist of a high number of
patterns (instances or examples) and/or variables. In this situa-
tion, the inductive learning of FRBCSs suffers from exponential
growth of the fuzzy rule search space. This growth makes the
learning process more difficult, and in most cases, it leads to
problems of scalability (in terms of the time and memory con-
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sumed) and/or complexity (with respect to the number of rules
obtained and the number of variables included in each rule)
[91, [10].

Association discovery is one of the most common data min-
ing techniques that are used to extract interesting knowledge
from large datasets [11]. Much effort has been made to use its
advantages for classification under the name of associative clas-
sification [12]-[19]. Association discovery aims to find interest-
ing relationships between the different items in a database [20],
while classification aims to discover a model from training data
that can be used to predict the class of test patterns [21]. Both
association discovery and classification rules mining are essen-
tial in practical data mining applications [11], [22], and their
integration could result in greater savings and convenience for
the user.

A typical associative classification system is constructed in
two stages:

1) discovering the association rules inherent in a database;

2) selecting a small set of relevant association rules to con-

struct a classifier.

In order to enhance the interpretability of the obtained clas-
sification rules and to avoid unnatural boundaries in the parti-
tioning of the attributes, different studies have been presented
to obtain classification systems, which is based on fuzzy asso-
ciation rules [23]-[28]. For instance, in [24], the authors have
made use of a genetic algorithm (GA) [29], [30] to automat-
ically determine minimum support and confidence thresholds,
mining for each chromosome a fuzzy rule set for classification
by means of an algorithm, which is based on the Apriori al-
gorithm [31], and adjusting the fuzzy confidence of these rules
with the approach that was proposed by Nozaki et al. in [32].
Consequently, this approach can only be used for small prob-
lems since its computational cost is very high when we consider
problems that consist of a high number of patterns and/or vari-
ables. On the other hand, in [25], the authors used an algorithm
that is based on the Apriori algorithm to mine association rules
only up to a certain level and to select the &' most confident
ones for each class among them, in order to finally employ a ge-
netic rule-selection method that obtains a classifier from them.
However, many patterns may be uncovered if we only consider
the confidence measure to select the candidate rules.

In this paper, we present a fuzzy association rule-based classi-
fication method for high-dimensional problems (FARC-HD) to
obtain an accurate and compact fuzzy rule-based classifier with
a low computational cost. This method is based on the following
three stages:
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1) Fuzzy association rule extraction for classification: A
search tree is employed to list all possible frequent fuzzy
item sets and to generate fuzzy association rules for
classification, limiting the depth of the branches in or-
der to find a small number of short (i.e., simple) fuzzy
rules.

2) Candidate rule prescreening: Even though the order of the
associations is limited in the association rule extraction,
the number of rules generated can be very large. In order
to decrease the computational cost of the genetic postpro-
cessing stage, we consider the use of subgroup discovery
based on an improved weighted relative accuracy mea-
sure (WWRAcc') to preselect the most interesting rules by
means of a pattern weighting scheme [33].

3) Genetic rule selection and lateral tuning: Finally, we
make use of GAs to select and tune a compact set of
fuzzy association rules with high classification accuracy
in order to consider the known positive synergy that both
techniques present (selection and tuning). Several works
have successfully combined the selection of rules with
the tuning of membership functions (MFs) within the
same process [34], [35], taking advantage of the possi-
bility of different coding schemes that GAs provide. The
successful application of GAs to identify fuzzy systems
has led to the so-called genetic fuzzy systems (GFSs)
[36]-[38].

In order to assess the performance of the proposed approach,
we have used 26 real-world datasets with a number of vari-
ables ranging from 4 to 90 and a number of patterns ranging
from 150 to 19 020. We have developed the following studies.
First, we have shown the results that are obtained from com-
parison with three other GFSs [38]. Second, we have compared
the performance of our approach with two approaches to obtain
fuzzy associative classifiers. Third, we have shown the results
that are obtained from the comparison with four other classical
approaches for associative classification and with the C4.5 deci-
sion tree [39]. Furthermore, in these studies, we have made use
of some nonparametric statistical tests for pairwise and multi-
ple comparison [40]-[43] of the performance of these classifiers.
Then, we have shown a study on the influence of the depth of
the trees and the number of evaluations in the genetic selection
and tuning process. Finally, we have analyzed the scalability of
the proposed approach.

This paper is arranged as follows. Section II introduces the
type of rules, rule weights, and inference model, which are used,
and the basic definitions for fuzzy association rules and asso-
ciative classification. Section III describes in detail each stage
of the proposed approach. Section IV presents the experimental
setup. Section V shows and discusses the results that are ob-
tained on 26 real-world datasets. Finally, in Section VI, some
concluding remarks are made.

II. PRELIMINARIES

In this section, we first describe FRBCSs. Then, we introduce
the basic definitions for fuzzy association rules. Finally, we
present fuzzy association rules for classification.
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A. Fuzzy Rule-Based Classification Systems

Any classification problem consists of N training patterns,
ie., z, = (zp1,---, Tpm), p=1,2,..., N, from S classes,
where z,,; is the ith attribute value (z = 1,2,...,m) of the
pth training pattern. In this paper, we use fuzzy rules of the
following form for our classifier:

Rule R;:IF 21 is Aj; and - - - and @, is Ajy,
THEN Class = C; withRW;

where R; is the label of the jth rule, x = (zy,...,2y) is an
m-dimensional pattern vector, A;; is an antecedent fuzzy set,
C} is a class label, and RW; is the rule weight.

The rule weight of each fuzzy rule R; has a great effect on the
performance of fuzzy rule-based classifiers [44]. Different spec-
ifications of the rule weight have been proposed and examined
in the literature. In [45], we can find some heuristic methods
for rule weight specification. In this paper, we employ the most
common one, i.e., the fuzzy confidence value or certainty factor
(CF) [46]:

er €ClassC; MA; (Tp)
N
Zp:l /'LA‘, (xp)

where 114, () is the matching degree of the pattern x,, with the
antecedent part of the fuzzy rule R;. We use the fuzzy reasoning
method of the weighted vote or additive combination [46] to
classify new patterns by the rule base (RB). With this method,
each fuzzy rule casts a vote for its consequent class. The total
strength of the vote for each class is computed as follows:

R, €RB; C;=h
h=1,2,...,85,

RW, = CF; = (1)

Vetass, (7p) = pa; (zp) - CF;

R, € RB. )

The new pattern x,, is classified as the class with the maximum
total strength of the vote. If multiple class labels have the same
maximum value for z,, or no fuzzy rule is compatible with z,,
this pattern is classified as the class with most patterns in the
training data.

B. Fuzzy Association Rules

Association rules are used to represent and identify depen-
dences between items in a database [11], [20]. They are expres-
sions of the type A — B, where A and B are sets of items,
and A N B = @. This means that if all the items in A exist in a
transaction, then all the items in B with a high probability are
also in the transaction, and A and B should have no common
items [31]. There are many previous studies to mine association
rules that are focused on databases with binary or discrete val-
ues; however, data in real-world applications usually consist of
quantitative values. Designing data mining algorithms, which
are able to deal with various types of data, presents a challenge
to workers in this research field.

Fuzzy set theory has been used more and more frequently in
data mining because of its simplicity and similarity to human
reasoning [1]. The use of fuzzy sets to describe associations
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Fig. 1.  Attributes and linguistic terms for the attributes X7 and X.
between data extends the types of relationships that may be
represented, facilitates the interpretation of rules in linguistic
terms, and avoids unnatural boundaries in the partitioning of
the attribute domains. For this reason, in recent years, different
studies have proposed methods to mine fuzzy association rules
from quantitative data [47]-[54].

Let us consider a simple database 7" with two attributes (X
and X5) and three linguistic terms with their associated MFs
(see Fig. 1). Based on this definition, a simple example of fuzzy
association rule is that X; is Middle — X5 is High.

Support and confidence are the most common measures of
interest of an association rule. These measures can be defined
for fuzzy association rules as follows:

>, et Han(p)

3

Support(4A — B) =

2, cr Pan(@p)

Confidence(A — B) = > PRES)
z, €T p

“4)
where |N| is the number of transactions in 7', p(z,) is the
matching degree of the transaction x,, with the antecedent part of
the rule, and 114 5 () is the matching degree of the transaction
2, with the antecedent and consequent of the rule.

C. Fuzzy Association Rules for Classification

Over the past few years, different studies have proposed meth-
ods to obtain fuzzy association rule-based classifiers [23]-[28].
The task of classification is to find a set of rules in order to iden-
tify the classes of undetermined patterns. A fuzzy association
rule can be considered to be a classification rule if the antecedent
contains fuzzy item sets, and the consequent part contains only
one class label (C' = {C1,...,Cj,...,Cs}). A fuzzy associa-
tive classificationrule, i.e., A — C}, could be measured directly
in terms of support and confidence as follows:

Zzp cClassC KA (‘rl’)
|N|

Zm,, €ClassC KA (xp)
Z.’t,, eT Ha (Tp)

Support(4 — C;) = &)

Confidence(A — Cj) = (6)

III. Fuzzy ASSOCIATION RULE-BASED CLASSIFIER FOR
HIGH-DIMENSIONAL PROBLEMS

In this section, we will describe our proposal to obtain a fuzzy
association rule-based classifier for high-dimensional problems.
This method is based on the following three stages:

1) Fuzzy association rule extraction for classification: A
search tree is employed to list all the possible frequent
fuzzy item sets and to generate fuzzy association rules for
classification.

2) Candidate rule prescreening: A rule evaluation criterion
is used to preselect candidate fuzzy association rules.

3) Genetic rule selection and lateral tuning: The best coop-
erative rules are selected and tuned by means of a GA,
considering the positive synergy between both techniques
within the same process.

Finally, we add a default rule considering the class with the
most patterns in the training data. In the following, we will intro-
duce the three mentioned stages, which explain in detail all their
characteristics (see Sections III-A—C and present a flowchart of
the algorithm (see Section III-D).

A. Stage 1. Fuzzy Association Rule Extraction for Classification

To generate the RB, we employ a search tree to list all the
possible fuzzy item sets of a class. The root or level O of a search
tree is an empty set. All attributes are assumed to have an order
(in our case, the order of appearance in the training data), and
the one-item sets that correspond to the attributes are listed in
the first level of the search tree according to their order. If an
attribute has j possible outcomes (g; linguistic terms for each
quantitative attribute), it will have j one-item sets that are listed
in the first level. The children of a one-item node for an attribute
A are the two-item sets that include the one-item set of attribute
A and a one-item set for another attribute behind attribute A in
the order, and so on. If an attribute has j > 2 possible outcomes,
it can be replaced by j binary variables to ensure that no more
than one of these j binary attributes can appear in the same node
in a search tree. An example with two attributes V; and V;, with
two linguistic terms L and H is detailed in Fig. 2.

An item set with a support higher than the minimum support
is a frequent item set. If the support of an n-item set in a node J
is less than the minimum support, it does not need to be extended
more because the support of any item set in a node in the subtree,
which is led by node .J, will also be less than the minimum sup-
port. Likewise, if a candidate item set generates a classification
rule with confidence higher than the maximum confidence, this
rule has reached the quality level that is demanded by the user,
and it is again unnecessary to extend it further. These properties
greatly reduce the number of nodes needed for searching.

The fuzzy support of an item set can be calculated as follows:

Sumport( ) = Zzecr 145 o
|N|

where f14 () is the matching degree of the pattern x,, with the

item set. The matching degree 14 (z,) of x, to the different

fuzzy regions is computed by the use of a conjunction operator,

in our case, the product 7-norm.

Once all frequent fuzzy item sets have been obtained, the
candidate fuzzy association rules for classification can be gen-
erated, setting the frequent fuzzy item sets in the antecedent of
the rules and the corresponding class in the consequent. This
process is repeated for each class.
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Fig. 2.

The number of frequent fuzzy item sets that are extracted de-
pends directly on the minimum support. The minimum support
is usually calculated considering the total number of patterns in
the dataset; however, the number of patterns for each class in
a dataset can be different. For this reason, our algorithm deter-
mines the minimum support of each class by the distributions
of the classes over the dataset. Thus, the minimum support for
class C; is defined as

MinimumSupport., = minSup * fc, 3

where minSup is the minimum support determined by the expert,
and fc, is the pattern ratio of the class Cj.

In this stage, we can generate a large number of candidate
fuzzy association rules for classification. It is, however, very
difficult for human users to handle such a large number of gen-
erated fuzzy rules and to intuitively understand long fuzzy rules
with many antecedent conditions. For this reason, we only gener-
ate short fuzzy rules and with only a small number of antecedent
conditions. Thus, the depth of the trees is limited to a fixed value
Depth,, . that is determined by an expert.

max

B. Stage 2. Candidate Rule Prescreening

In the previous stage, we can generate a large number of
candidate rules. In order to decrease the computational costs of
stage 3, we consider the use of subgroup discovery to preselect
the most interesting rules from the RB, which are obtained in
the previous stage by means of a pattern weighting scheme
[33]. This scheme treats the patterns in such a way that covered
positive patterns are not deleted when the current best rule is
selected. Instead, each time a rule is selected, the algorithm
stores a count ¢ for each pattern of how many times (with how
many of the selected rules) the pattern has been covered.

Weights of positive patterns covered by the selected rule de-
crease according to the formula w(e;, i) = . In the first it-
eration, all target class patterns are assigned the same weight,
i.e., w(e;,0) = 1, while in the following iterations the contribu-
tions of patterns are inversely proportional to their coverage by
previously selected rules. This way, the patterns that are already
covered by one or more selected rules decrease their weights
while uncovered target class patterns whose weights have not
been decreased will have a greater chance of being covered in
the following iterations. Covered patterns are completely elim-
inated when they have been covered more than k; times.
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Search tree for two quantitative attributes V; and V> with two linguistic terms L and H.

\ A
TABLE I
FIVE PATTERNS IN THIS EXAMPLE
ID X; X, Class Weight
ID1 0.0 10.0 Cy 1.0
ID2 25 4.0 Co 1.0
ID3 32 1.0 Co 0.0
ID4 9.0 5.0 Co 1.0
IDS 25 10 Ch 0.5

Thus, in each iteration of the process, the rules are ordered
according to a rule evaluation criterion from best to worst. The
best rule is selected, covered patterns are reweighted, and the
procedure repeats these steps until one of the stopping criteria
is satisfied: either all patterns have been covered more than k;
times, or there are no more rules in the RB. This process is to
be repeated for each class.

wWRACcc” was used to evaluate the quality of intervalar rules
in APRIORI-SD [33]. This measure was defined as follows:

WWRAcC'(4 - C;) = n/z(vfl) ’ (n/%@?) - n(]?)) ©)

where N’ is the sum of the weights of all patterns, n'(A)
is the sum of the weights of all covered patterns, n'(A - C;)
is the sum of the weights of all correctly covered patterns,
n(C;) is the number of patterns of class C;, and N is the
number of all patterns. For instance, let us consider a simple
database with two attributes X; and X5, two classes C and
C5, and five training patterns. Table 1 shows the five train-
ing patterns and their weights in the pth iteration of the pro-
cess. In this iteration, the wWRAcc’ value of a simple rule,
ie, R= IF X; is [0.0,5.0] and X» is [5.0,10.0] — C, is
calculated as follows:

wWRAcC'(R)

7 1.0+0.5 10405 2
~ 1.04+1.0+0.04+1.0+40.5 \1.0+05 5

= 0.257.

We have modified this measure to enable the handling of
fuzzy rules. The new measure is defined as follows:

(10)
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where n”(A) is the sum of the products of the weights of all
covered patterns by their matching degrees with the antecedent
part of the rule, n”(A - C;) is the sum of the products of the
weights of all correctly covered patterns by their matching de-
grees with the antecedent part of the rules, and n'(C';) is the sum
of the weights of patterns of class C;. Moreover, the first term
in the definition of wWWRAcc’ has been replaced by "NTL((ATC;) to
reward rules that cover uneliminated patterns of class C]-.J

Let us consider three linguistic terms for the attributes
X, and X, (see Fig. 1). Based on this definition, a sim-
ple example of fuzzy association rule for classification is:
R = 1If X; is Low and X5 is High — (. This rule covers
the training patterns in Table I with degrees (ID1, 1.0), (ID2,
0.0), (ID3, 0.0), (ID4, 0.0), and (ID5, 0.5). In this situation, the
wWRAcc” value of this rule is calculated as follows:

1.0%x1.04+0.5%0.5
wWRAcc"(R) = - 0 i 05 -

1.0%1.0405%05 2
-( #10+0.0% ):05

1.01.0+05%05 5

This measure can obtain positive or negative values in the inter-
val [—1.0, 1.0]. A rule with a wWRAcc” value near to 1 may be
more useful for the classification.

C. Stage 3. Rule Selection and Lateral Tuning

We consider the use of GAs to select and tune a compact set
of fuzzy association rules with high classification accuracy from
the RB, which are obtained in the previous stage. We consider
the approach that is proposed in [35], where rules are based
on the linguistic two-tuple representation [55]. This represen-
tation allows the lateral displacement of the labels considering
only one parameter (symbolic translation parameter), which in-
volves a simplification of the tuning search space that eases the
derivation of optimal models, particularly, when it is combined
with a rule selection within the same process enabling it to take
advantage of the positive synergy that both techniques present.
This way, this process to contextualize the MFs enables them
to achieve a better covering degree while maintaining the orig-
inal shapes, which results in accuracy improvements without a
significant loss in the interpretability of the fuzzy labels. The
symbolic translation parameter of a linguistic term is a number
within the interval [—0.5, 0.5) that expresses the domain of a
label when it is moving between its two lateral labels. Let us
consider a set of labels .S representing a fuzzy partition. For-
mally, we have the pair (S;, ), S; € S, a; € [—0.5,0.5). An
example is illustrated in Fig. 3, where we show the symbolic
translation of a label that is represented by the pair (S, —0.3).

Let us consider the simple problem presented in the previous
section. Based on this definition, examples of classic rule and
linguistic two-tuple represented rule are as follows.

Classic Rule:

IF X is Low and X is Middle
THEN Class is C

// ',"”(sz, - 0.3)\\‘ \\

(b)

Fig. 3. Symbolic translation of a linguistic label and lateral displacement
of the involved MF. (a) Simbolic translation of a linguistic term. (b) Lateral
displacement of an MF.

Two-Tuple Representation:
IF X is (Low, 0.1) and X3 is (Middle, —0.3)
THEN Class isCY .

In [35], two different rule representation approaches were
proposed: a global approach and a local approach. In our partic-
ular case, the tuning is applied to the level of linguistic partitions
(global approach). This way, the pair (X, label) takes the same
« value in all the rules where it is considered, i.e., a global
collection of two tuples is considered by all the fuzzy rules. For
example, X is (High, 0.3) that will present the same value for
those rules in which the pair “X; is High” was initially consid-
ered. This proposal decreases the tuning problem complexity,
greatly easing the derivation of optimal models. Another im-
portant issue is that from the parameters « that are applied to
each label, we could obtain the equivalent triangular MFs, by
which an FRBCS that is based on linguistic two tuples could
be represented as a classical Mamdani FRBCS. Notice that the
class label and RW of the rule are not modified.

In the following, the main characteristics of the genetic ap-
proach that combines rule selection and lateral tuning are pre-
sented: genetic model, codification and initial gene pool, chro-
mosome evaluation, crossover operator, and restarting approach.

1) CHC Genetic Model: The approach that is proposed in
[35] considers the use of a specific GA, the CHC algorithm [56].
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parents and offsprings
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Initialize population
and Threshold

no

Restart the population If NO new individuals,

Threshold < 0.0

and Threshold decrement Threshold
Fig. 4. Scheme of the CHC algorithm.

The CHC algorithm is a GA that presents a good trade-off
between exploration and exploitation, making it a good choice
for problems with complex search spaces [57]. This genetic
model makes use of a mechanism of selection of populations in
order to perform an adequate global search. P parents and their
corresponding offspring compete to select the best P individuals
to take part in the next population. The CHC approach makes use
of an incest prevention mechanism and a restarting process to
encourage diversity in the population, instead of the well-known
mutation operator.

This incest prevention mechanism will be considered in or-
der to apply the crossover operator, i.e., two parents are crossed
if their hamming distance divided by 2 is more than a prede-
termined threshold L. This threshold value is initialized as the
maximum possible distance between two individuals (the num-
ber of genes in the chromosome) divided by 4. Following the
original CHC scheme, L is decremented by 1 when there are
no new individuals in the population in one generation. In order
to make this procedure independent of the number of genes in
the chromosome, in our case, L will be decremented by % of
its initial value (with ¢ determined by the user, usually 10%).
When L is below zero, the algorithm restarts the population (for
more information, see [58]).

A scheme of this algorithm is shown in Fig. 4.

2) Codification and Initial Gene Pool: To combine the rule
selection with the global lateral tuning, a double coding scheme
for both rule selection C's and lateral tuning C'r is used

1) For the Cg part, each chromosome is a binary vector
that determines when a rule is selected or not (alleles
“1” and “0,” respectively). Considering the M rules that
are contained in the candidate rule set, the corresponding
part,i.e., Cs = {c1,...,cu }, represents a subset of rules
composing the final RB so that IF ¢; = 1 THEN (R; €
RB) else (R; ¢ RB), with R; being the corresponding
ith rule in the candidate rule set and RB being the final
RB.

2) For the C'r part, a real coding is considered. This part
is the joint of the « parameters of each fuzzy parti-
tion. Let us consider the following number of labels
per variable: (m',m?,...,m") with n being the num-
ber of system variables. Then, this part has the follow-
ing form, where each gene is associated with the tuning
value of the corresponding label: Cp = (c11, ..

oy Comn )-

<5 Cimt,

Coly-+ -3 Com2,y. -5 Cnly .-
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Finally, a chromosome C' is coded in the following way:
C' = CsCr. To make use of the available information, all the
candidate rules are included in the population as an initial solu-
tion. To do this, the initial pool is obtained with the first individ-
ual having all genes with value “1” in the C's part and all genes
with value “0.0” in the C'r part. The remaining individuals are
generated at random.

3) Chromosome Evaluation: To evaluate a determined chro-
mosome penalizing a large number of rules, we compute the
classification rate and the following function is maximized:

_ #Hits NRinitial
N NRipitial — NR + 1.0

Fitness(C) (11)

where #Hits is the number of patterns that are correctly clas-
sified (see Section II-C), NR;,itia1 1S the number of candidate
rules, NR is the number of selected rules, and § is a weight-
ing percentage given by the system expert that determines the
tradeoff between accuracy and complexity. If there is at least
one class without selected rules or if there are no covered pat-
terns, the fitness value of a chromosome will be penalized with
the number of classes without selected rules and the number of
uncovered patterns.

4) Crossover Operator: The crossover operator will depend
on the chromosome part where it is applied.

1) For the Cp part, we consider the Parent Centric BLX

(PCBLX) operator [59] (an operator that is based on BLX-
«v). This operator is based on the concept of neighborhood,
which allows the offspring genes to be around the genes
of one parent or around a wide zone that is determined by
both parent genes. Let us assume that X = (z1,...,x,),
and Y = (y1,...,y,), where x;,y; € [a;,b;]] C R,i =
1,...,n, are two real-coded chromosomes that are going
to be crossed. We generate the following two offspring.
a) O1 = (011 -+ 01,), Where o0y; is a randomly (uni-
formly) chosen number from the interval [I},u}],
with I} = max{a;,x; — I - a}, u} = min{b;, z; +
Ii . 0&}, and Ii = |$i — y,|
b) Oy = (091 -+ 09,), where o09; is a randomly
(uniformly) chosen number from the interval
(12, u?], with I = max{a;,y; — I; - a}, and u? =
min{b;,y; + I; - a}.

2) Inthe Cy part, the half-uniform crossover scheme (HUX)
is employed [58]. The HUX crossover exactly inter-
changes the mid of the alleles that are different in the
parents (the genes to be crossed are randomly selected
from among those that are different in the parents). This
operator ensures the maximum distance of the offspring
to their parents (exploration).

In this case, four offspring are generated by the combination
of the two from the part Cr with the two from the part C's. The
two best offspring obtained in this way are considered as the
two corresponding descendents.

Notice that since we consider a real coding scheme for the
Cr part, the incest prevention mechanism has to transform each
gene considering a Gray code (binary code) with a fixed number
of bits per gene (BITSGENE) that is determined by the expert
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to calculate the hamming distance between two individuals in
order to apply the crossover operators.

5) Restarting Approach: To get away from local optima,
this algorithm uses a restart approach. In this case, the best
chromosome is maintained, and the remaining are generated at
random. The restart procedure is applied when the threshold
value L is below zero, which means that all the individuals
coexisting in the population are very similar.

D. Flowchart

In accordance with the previous description, the proposed
algorithm to obtain a fuzzy association rule-based classifier is
described in the following.

INPUT: A dataset with size T" and m attributes, each with g;
predefined linguistic terms.

OUTPUT: A fuzzy associative classifier.

Stage 1. Fuzzy Association Rule Extraction for Classification.

For each class C;:

Step 1: Calculate the minimum support of class C'; according
to (9).

Step 2: Create the levels 0 and 1 of the tree.

Step 3: Create a new level in the tree.

Step 4: Prune nodes.

Step 5: If there are more than two nodes in the new level, and
the depth of the tree is less than Depth, ., go to Step 3.

Step 6: Generate the rules with class C; on the right-hand
side.

Stage 2. Candidate Rule Prescreening.

For each class C:

Step 7: Set the weight of the patterns as 1.

Step 8: Calculate the wWRAcc” value for each rule.

Step 9: Select the best rule as a part of the initial RB for Stage
3 and remove it from the candidate rule set.

Step 10: Decrease the weight of the patterns covered by the
selected rule.

Step 11: 1f any pattern has been covered less than k; times
and there are more rules in the candidate rule set, go to Step 8.

Stage 3. Rule Selection and Lateral Tuning.

Step 12: Generate the initial population with P chromosomes.

Step 13: Evaluate the population.

Step 14: Initialize the threshold value taking into account
Gray codings, i.e., L = Liyitial-

Step 15: Generate the next population as following.

1) Shuffle the population.
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2) Select the parents two by two. Each pair is crossed if
the hamming distance between the parent Gray codings
divided by 2 is more than L.

Evaluate the new individuals.

Join the parents with their offspring, and select the best P
individuals to take part in the next population.

Step 16: If the best chromosome does not change or there are
no new individuals in the population, then L = L — (Lipitial *
0.1).

Step 17: If L < 0, restart the population and initialize L.

Step 18: If the maximum number of evaluations is not reached,
go to Step 15.

A scheme of this algorithm is shown in Fig. 5.

3)
4)

IV. EXPERIMENTAL SETUP

Several experiments have been carried out in this paper to
evaluate the usefulness of our proposal. In the following, first,
we describe the real-world databases that are used in these exper-
iments; second, we introduce a brief description of the methods
considered for comparison; third, we show the configuration of
the methods (determining all the parameters used); and finally,
we describe the statistical analysis that is adopted in this study.

A. Datasets

In order to analyze the performance of the proposed approach,
we have considered 26 real-world datasets. Table II summa-
rizes the main characteristics of the 26 datasets and shows
the link to the Knowledge Extraction based on Evolutionary
Learning (KEEL)-dataset repository [60] from which they can
be downloaded, where “Attributes(R/I/N)” is the number of
(Real/Integer/Nominal) attributes in the data, “Patterns” is the
number of patterns, and “Classes” is the number of classes.
Notice that we have removed the instances with any missing
value in the datasets (Cleveland and Crx), and 12 datasets have
a number of variables greater than or equal to 15.

To develop the different experiments, we consider a tenfold
cross-validation model, i.e., we randomly split the dataset into
ten folds, each containing 10% of the patterns of the dataset,
and use nine folds for training and one for testing.! For each
of the ten partitions, we executed three trials of the algorithms.

'The corresponding data partitions (tenfold) for these datasets are avail-
able at the KEEL-dataset repository [60]: http://sci2s.ugr.es/keel/
datasets.php
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TABLE 11
DATASETS CONSIDERED FOR THE EXPERIMENTAL STUDY

Name Attributes (R/I/N) Patterns Classes Name Attributes (R/I/N) Patterns Classes
Iris 4 (4/0/0) 150 3 Vowel 13 (10/3/0) 990 11
Phoneme 5 (5/0/0) 5404 2 Crx 15 (3/3/9) 653(690) 2
Monks 6 (0/6/0) 432 2 Pen-based 16 (0/16/0) 10992 10
Appendicitis 7 (7/0/0) 106 2 German 20 (0/7/13) 1000 2
Ecoli 7 (7/0/0) 336 8 Twonorm 20 (20/0/0) 7400 2
Pima 8 (8/0/0) 768 2 Ringnorm 20 (20/0/0) 7400 2
Yeast 8 (8/0/0) 1484 10 Wdbc 30 (30/0/0) 569 2
Glass 9 (9/0/0) 214 7 Satlmage 36 (0/36/0) 6435 6
Page-blocks 10 (4/6/0) 5472 5 Texture 40 (40/0/0) 5500 11
Magic 10 (10/0/0) 19020 2 Specttheart 44 (0/44/0) 267 2
Wine 13 (13/0/0) 178 3 Spambase 57 (57/0/0) 4597 2
Heart 13 (1/12/0) 270 2 Sonar 60 (60/0/0) 208 2
Cleveland 13 (13/0/0) 297(303) 5 Movementlibras 90 (90/0/0) 360 15

Available at http://sci2s.ugr.es/keel/datasets.php

For each dataset, we therefore consider the average results of 30

runs.

B. Methods Considered for Comparison

In these experiments, we compare the proposed approach
with other ten methods, which are available in the KEEL soft-
ware tool [61]. A brief description of these methods is as
follows.

1y

2)

3)

4)

(4.5 [39]: This is a well-known algorithm used to generate
adecision tree from a set of training data in the same way as
the ID3 algorithm [62]. The extensions or improvements
with respect to ID3 are that it accounts for unavailable
or missing values in data, it handles continuous attribute
value ranges, it chooses an appropriate attribute selection
measure (maximizing the gain ratio), and it prunes the
resulting decision trees.

Classification based on associations (CBA) [12]: This
method consists of two parts. In the first part, an algo-
rithm based on the Apriori algorithm [31] is used to mine
the interval association rules for classification. In the sec-
ond part, this sorts the generated rules according to their
precedence relation and chooses a set of high precedence
rules to cover the training data.

CBA2 [13]: This method is the second version of the CBA
algorithm, which improves the previous system by the use
of multiple class minimum support in rule generation.
Classification based on multiple association rules
(CMAR) [14]: This method extends an efficient frequent
pattern (FP) mining method, i.e., FP-Growth [63], con-
structs a class distribution-associated FP-tree, and mines
large databases efficiently. Moreover, it applies a CR-tree
structure to store and retrieve mined interval association
rules efficiently, and it prunes rules effectively based on
confidence, correlation (by using a weighted chi-square
method), and database coverage. The classification is per-
formed based on a weighted chi-square analysis using
multiple strong association rules.

)

6)

7

8)

Structural learning algorithm on vague environment
(2SLAVE) [64]: This method is a modification of the GA
of the SLAVE algorithm [65] in order to include a feature
selection process. This is an inductive learning algorithm
based on the iterative rule learning approach, in which
each chromosome represents a rule, to obtain a set of dis-
junctive normal form (DNF) fuzzy rules. Chromosomes
compete in every GA run, choosing the best rule per run.
The global solution is formed by the best rules obtained
when the algorithm is run multiple times.

Learning algorithm to discover fuzzy association rules for
classification (LAFAR) [24]: This method uses a GA to
automatically determine the minimum fuzzy support and
the minimum fuzzy confidence. To evaluate a determined
chromosome, this method finds frequent fuzzy grids and
generates fuzzy classification rules from them. Once the
whole classifier is obtained, the fitness value can be cal-
culated, which maximizes the classification accuracy rate
and minimizes the number of fuzzy rules. When reaching
the termination condition, the chromosome with the max-
imum fitness value is used to test the performance of the
proposed method.

Classification based on predictive association rules
(CPAR) [15]: This method adopts a greedy algorithm to
generate interval association rules directly from training
data. In this process, this algorithm selects multiple literals
with similar gains to build multiple rules simultaneously
in order to avoid missing important rules. To perform the
classification, this uses expected accuracy to evaluate each
rule and uses the best k rules in prediction.

Fuzzy hybrid genetic-based machine learning algo-
rithm (FH-GBML) [66]: This method follows a genetic
cooperative—competitive learning (GCCL) approach and
consists of two processes. The first process is used to gen-
erate good fuzzy rules while the second one is used to find
good combinations of generated fuzzy rules. This method
simultaneously uses multiple fuzzy partitions with dif-
ferent granularities for fuzzy rule extraction, using four
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TABLE IIT
PARAMETERS CONSIDERED FOR COMPARISON
Method Parameters
C4.5 Pruned = yes, Confidence = 0.25, InstancesPerLeaf = 2
CBA Minsup = 0.01, Minconf = 0.5, Pruned = yes, RuleLimit = 80,000
CBA2 Minsup = 0.01, Minconf = 0.5, Pruned = yes, RuleLimit = 80,000
CMAR Minsup = 0.01, Minconf = 0.5, § = 4, Dif ferenceT hreshold = 20%
2SLAVE Pop =100, Iterchange = 500, P. = 0.6, P, = 0.01, k1 =0, k2 = 1, Opor = 0.1,
Opand = 0.1, Pgep, = 0.1, P = 0.1,  =0.15
LAFAR tmaz = 50, Npop = 30, | s |=| ¢ |= 10, Wear = 10, Wy =1, P. = 1.0, P, = 0.01,
Jmaz = 100, m1 = 0.001, 2 = 0.1
CPAR 6 = 0.05, min_gain = 0.7, a = 0.66, k =5
FH-GBML  N,yes = 20, Fsers = 200, Gen = 1000, P. = 0.9, Pycare = {0.5,0.8,0.95},
Pmichigan =05
SGERD @ = heuristics
CFAR Minpsup = {0.05,0.1}, Minpconf = 0.85, MS = 0.15
FARC-HD Minsup = 0.05, Maxzconf = 0.8, Depthmaz = 3, kt = 2,

Pop = 50, Evaluations = 15,000, BITSGENE = 30, § = 0.2

homogeneous fuzzy partitions with triangular fuzzy sets

and a don’t-care condition.
9) Steady-state GA for extracting fuzzy classification rules
from data (SGERD) [67]: It is a steady-state GA to gener-
ate a prespecified number of () rules per class following a
GCCL approach. In each iteration, parents and their corre-
sponding offspring compete to select the best () rules for
each class. This method also simultaneously uses multiple
fuzzy partitions with different granularities and a don’t-
care condition for fuzzy rule extraction.
Classification with fuzzy association rules (CFAR) [27]:
This method uses the Apriori algorithm to mine all the
fuzzy association rules for classification and remove the
conflicting and redundant rules to generate a compact set
of rules denoted as CompSet. Then, this method selects
the best rules to build the classifier by means of two pro-
cesses. In the first process, for each pattern, CompSet
is sorted by matching and confidence degree, reward-
ing the best rule that classify this pattern and punishing
the rules that do not classify it. In the second process,
the worst rules from CompSet are removed. These pro-
cesses are iterated until the error rate in the training set
increases.

10)

C. Parameters of the Methods

The parameters of the analyzed methods are shown in
Table IT1.2 Notice that only the rules with a number of antecedent
conditions less than or equal to 3 are examined for our proposal.
This restriction is intended to facilitate the discovery of a small
number of short (i.e., simple) fuzzy rules. The parameters of
the remaining methods were selected according to the recom-
mendation of the corresponding authors within each proposal,

2With these values for our proposal, we have tried to facilitate comparisons,
selecting standard common parameters that work well in most cases instead of
searching for very specific values.

which are the default parameter settings included in the KEEL
software tool [61]. Notice that in the FH-GBML algorithm, the
authors used three different probabilities of don’t care (0.5, 0.8,
and 0.95 depending on the size of the dataset) to obtain fuzzy
rules with a few antecedent fuzzy sets. In these experiments, we
have used these three probabilities of don’t care in each dataset
and have shown in the tables the best average result obtained
for each one. Furthermore, in the CFAR algorithm, the authors
used 0.1 as the minimum support and this could be very high
for some datasets (we are using 0.05 as the minimum support
in our proposal). Likewise, we have used these two minimum
supports in each dataset (0.1 and 0.05), and we have shown in
the tables the best average result obtained in each one.

The initial linguistic partitions for our proposal and the fuzzy
methods analyzed are comprised of five linguistic terms with
uniformly distributed triangular MFs giving meaning to them,
except in the FH-GBML and SGERD algorithms, where the
partitions are comprised of two, three, four, and five linguistic
terms for each attribute. The discretization of the continuous
attributes for the CBA, CBA2, CMAR, and CPAR algorithms is
done by the use of the entropy method [68]. Notice that we use
a crisp label for each value of the nominal variables.

D. Statistical Analysis

In order to assess whether significant differences exist among
the results, we adopt statistical analysis [41]-[43] and, in par-
ticular, nonparametric tests, according to the recommendations
made in [40], where a set of simple, safe, and robust nonpara-
metric tests for statistical comparisons of classifiers has been
introduced.

For pairwise comparison, we use Wilcoxon’s Signed-Ranks
test [69], [70], and for multiple comparison we employ Fried-
man’s test [71], Iman and Davenport’s test [72], and Holm’s
method [73]. In order to perform multiple comparisons, it is
necessary to check whether all the results obtained by the algo-
rithms present any significant difference (Friedman’s test and
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TABLE IV
RESULTS OBTAINED BY THE ANALYZED METHODS
2SLAVE FH-GBML SGERD FARC-HD
Dataset #R #C Tra Tst | #R #C Tra Tst | #R #C Tra Tst #R #C Tra Tst
Iris 40 3.294.329444 (149 3.3 98.89 94.00| 3.4 2.0 95.14 94.89 4.0 1.1 98.59 96.00
Phoneme 11.5 242 77.52 76.41 | 17.4 4.5 79.57 79.66 | 3.6 1.9 75.74 75.55| 17.8 2.2 83.52 82.14
Monks 3.0 1.397.2297.26|14.7 2.1 98.36 98.18| 2.2 1.4 80.56 80.65| 14.2 2.0 99.92 99.77
Appendicitis 44 7.591.20 82.91|13.8 7.0 93.19 86.00 | 2.5 2.0 87.88 84.48 6.8 1.8 93.82 84.18
Ecoli 12.6 9.6 89.51 84.53 | 10.3 4.2 75.83 69.38 | 9.4 1.6 76.53 74.05| 33.8 2.4 92.33 82.19
Pima 7.8 8.8 76.35 73.71 | 10.6 6.0 77.18 75.26 | 3.1 2.0 74.01 73.37| 22.7 2.4 82.90 75.66
Yeast 23.6 9.8 55.54 51.27| 7.5 595231 5142|11.3 1.539.83 38.77| 352 2.6 63.81 58.50
Glass 15.1 9.3 7425 58.05| 9.4 5.0 64.8557.99| 6.9 2.0 61.31 58.49| 22.7 2.5 81.10 70.24
Page-blocks 75103 91.3991.39| 74 8194379421 | 6.5 2.0 90.83 90.72| 19.1 2.3 95.62 95.01
Magic 4.1 10.573.97 73.96 | 9.9 8.2 81.23 81.30| 3.1 2.0 72.17 72.06 | 43.3 2.5 85.36 84.51
Wine 5.5 10.3 92.52 89.47| 9.2 4.7 95.51 92.61 | 4.2 2.0 93.67 91.88 8.7 1.6 99.94 94.35
Heart 4.3 10.7 7535 71.36 | 12.7 3.2 84.65 75.93 | 2.7 1.9 74.83 73.21 | 27.0 2.6 93.91 84.44
Cleveland 11.9 12.8 54.24 48.82 | 6.9 4.5 58.29 53.51 | 6.4 2.0 56.55 51.59| 61.3 2.9 88.18 55.24
Vowel 63.1 15.6 82.06 71.11 | 9.2 13.0 67.41 67.07 | 18.0 1.9 72.99 65.83 | 72.3 2.9 80.48 71.82
Crx 24 6.77436 74.06|11.6 6.2 86.32 86.60 | 2.1 1.9 85.04 85.03| 25.4 2.6 91.17 86.03
Pen-based 40.0 18.9 81.32 81.16 | 18.4 8.0 50.69 50.45|15.9 2.0 68.17 67.93 | 152.8 2.8 97.04 96.04
German 6.5 847244 70.53| 5.1 4.0 87.11 87.01 | 3.4 2.0 68.54 67.97| 85.7 2.8 86.81 72.80
Twonorm 26.5 15.5 87.45 86.99 | 12.0 7.6 86.26 85.97 | 3.1 2.0 74.49 73.98| 60.9 2.6 96.64 95.28
Ringnorm 4.6 23.7 80.12 79.63 | 6.9 11.3 87.34 86.92| 6.8 2.0 73.21 72.63 | 24.0 1.9 95.13 94.08
Wdbce 5.2 8.192439233| 7.2 4995.129226| 3.7 2.0 91.79 90.68 | 10.4 1.7 98.57 95.25
SatImage 57.9 25.1 84.03 81.69 | 16.5 36.0 74.90 74.72 | 12.2 2.0 77.15 77.10| 76.1 2.7 88.68 87.32
Texture 34.9 23.9 82.87 81.57 | 14.6 40.0 69.91 70.15 [ 18.6 2.0 72.12 71.66 | 54.5 2.7 93.71 92.89
Spectfheart 6.1 21.7 80.71 79.17 | 10.8 44.0 79.28 72.36 | 2.1 1.9 79.05 78.16| 12.9 1.8 91.43 79.83
Spambase 79 11.4 69.87 70.14 | 3.9 18.5 77.86 77.22 | 3.7 2.0 72.90 72.98 | 29.8 2.4 92.37 91.93
Sonar 9.6 17.577.92 71.42|10.3 4.7 80.56 68.24 | 3.2 2.0 7422 71.90| 18.0 2.3 98.77 80.19
Movementlibras 47.4 26.5 90.13 67.04 | 12.1 90.0 77.87 68.89 | 22.9 2.0 72.37 68.09 | 83.1 2.9 95.52 76.67
Mean 16.4 13.5 80.73 76.94 | 10.9 13.6 79.80 76.82 | 6.9 1.9 75.43 73.99| 39.3 2.3 90.97 83.94

Iman—Davenport’s test), and in the case of finding one, then,
we can find out by using a post-hoc test to compare the control
algorithm with the remaining algorithms (Holm’s test). We use
«a = 0.05 as the level of confidence in all cases. A wider de-
scription of these tests, together with software for their use, can
also be found at: http://sci2s.ugr.es/sicidm/.

V. EXPERIMENTAL RESULTS

In this section, we analyze the results obtained in the different

experiments. This section is organized as follows.

1) In Section V-A, we show a statistical study obtained from
the comparison with other three GFSs, including FH-
GBML [66], 2SLAVE [64], and SGERD [67].

2) In Section V-B, we compare the performance of our ap-
proach with two other approaches to obtain a fuzzy as-
sociative classifier: the LAFAR algorithm [24] and the
CFAR algorithm [27].

3) In Section V-C, we compare the performance of our ap-
proach with the C4.5 decision tree [39] and four classical
approaches for associative classification: the CBA algo-
rithm [12], the CBA2 algorithm [13], the CMAR algo-
rithm [14], and the CPAR algorithm [15].

4) In Section V-D, we show an analysis of the performance
of our approach, depending on the depth of the trees and
the number of evaluations in the genetic process.

5) In Section V-E, we analyze the scalability of our proposal.

A. Comparison With Other Genetic Fuzzy Systems

This section analyzes the performance of our model against
three recognized GFSs. The results obtained by the analyzed
methods are shown in Table IV, where we have the following.

1) #R stands for the average number of rules.

2) #C stands for the average number of conditions in the

antecedent of the rules.

3) Tra stands for the average classification percentage ob-

tained over the training data.

4) Tst stands for the average classification percentage ob-

tained over the test data.

The best global result for each one is stressed in boldface in
each case.

In order to compare the results, we have used nonparamet-
ric tests for multiple comparison to find the best approach
(see Section IV-D), considering the average results obtained
in test (Tst). First of all, we have used the Friedman and Iman—
Davenport tests in order to find out whether significant differ-
ences exist among all the mean values. Table V shows the Fried-
man and Iman—Davenport statistics, and it relates them to the
corresponding critical values for each distribution by using a
level of significance, i.e., &« = 0.05. The p-value obtained is
also reported for each test. Given that the statistics of Friedman
and Iman—Davenport are clearly greater than their associated
critical values, there are significant differences among the ob-
served results with a level of significance o < 0.05. Table VI
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TABLE V
RESULTS OF THE FRIEDMAN AND IMAN-DAVENPORT TESTS (o = 0.05)

Friedman Test

Statistic (X?) Critical Value p value
40.823 7.814 <0.0001
ImanDavenport Test
Statistic (Fr) Critical Value p value
27.452 2.7386 <0.0001
TABLE VI
AVERAGE RANKINGS OF THE METHODS
Method Ranking
SGERD 3.2884
2SLAVE 2.9808
FH-GBML 2.5577
FARC-HD 1.1731
TABLE VII
HoLM’s TABLE FOR THE SELECTION METHODS WITH & = 0.05
i  Method z P afi Hypothesis
3  SGERD 5.01 3.46E-9 0.0166 Rejected
2 2SLAVE 5.05 4.45E-7 0.0125 Rejected
1 FH-GBML 387 1.10E4 0.05 Rejected

shows the rankings (which are computed by the use of a Fried-
man test) of the different methods that are considered in this
study.

We now apply Holm’s test to compare the best ranking method
(FARC-HD) with the remaining methods. Table VII presents
these results. In this table, the methods are ordered with respect
to the z-value obtained. Holm’s test rejects the hypothesis of
equality with the rest of the methods (p < «//7). Therefore, by
the analysis of the statistical study that is shown in Tables VI
and VII, we conclude that our model is a solid approach to deal
with high-dimensional datasets, as it has shown itself to be the
best accuracy method when compared with the remaining fuzzy
GFSs that are applied in this study.

Finally, the results presented in Table IV show that our pro-
posal obtains a higher average number of rules (39.2 rules on
average) than all the GFSs (good approaches to obtain very com-
pact models), showing a good trade-off closer to the accuracy
with rules involving no more than three attributes in their an-
tecedent and giving the advantage of easier understanding with
respect to the 2SLAVE and FH-GBML.

B. Comparison With Other Fuzzy Associative Classifiers

In this section, we compare the performance of our model with
two other approaches to obtain a fuzzy associative classifier:
the LAFAR algorithm [24] and the CFAR algorithm [27]. The
results obtained by these methods are shown in Table VIIL.
(This kind of table was described in Section V-A.) Notice that
we show less datasets; this is due to scalability problems in
the LAFAR and CFAR algorithms, which cannot run in all
datasets.

In order to compare the two algorithms, we use a Wilcoxon
test, which is shown in Table IX. We can observe that the null
hypothesis for the Wilcoxon test has been rejected (p-value<=

TABLE VIII
RESULTS OBTAINED BY THE ANALYZED METHODS
LAFAR CFAR FARC-HD
Dataset #R #C Tra Tst #R #C Tra Tst #R #C Tra Tst
Iris 17.4 1.0 98.74 92.67| 9.1 1.5 91.33 90.67| 4.0 1.1 98.59 96.00
Phoneme 169 1.1 78.49 77.87| 2.0 1.0 70.65 70.65| 17.8 2.2 83.52 82.14
Monks 126.4 3.9 94.64 93.36 | 12.1 1.8 100.00 99.55| 14.2 2.0 99.92 99.77
Appendicitis | 39.1 1.1 95.91 86.00 | 14.8 1.4 88.47 87.82 6.8 1.8 93.82 84.18
Ecoli 68.4 2.1 81.58 72.36| 4.0 3.1 48.45 47.61| 33.8 2.4 92.33 82.19
Pima 323 1.1 77.36 75.40 20 1.9 65.10 65.11| 22.7 2.4 82.90 75.66
Yeast 40.2 2.0 54.53 50.90 3.0 1.0 3644 3644 | 352 2.6 63.81 58.50
Glass 36.0 2.568.59 52.17 | 3.4 2.1 44.19 44.66| 22.7 2.5 81.10 70.24
Page-blocks 2.0 1.0 89.78 89.78| 19.1 2.3 95.62 95.01
Magic 2.0 1.5 64.84 64.84| 43.3 2.5 85.36 84.51
Wine 115.7 3.0 99.63 93.24| 8.7 1.6 99.94 94.35
Heart 453 3.3 86.01 8222 27.0 2.6 93.91 84.44
Cleveland 2.0 2.1 53.87 53.88| 61.3 2.9 88.18 55.24
Crx 89.9 5.1 89.45 86.79| 25.4 2.6 91.17 86.03
Pen-based 6.9 2.9 36.54 36.43|152.8 2.8 97.04 96.04
German 2.0 2.7 70.00 70.00 | 85.7 2.8 86.81 72.80
Twonorm 498.7 3.7 91.96 91.66| 60.9 2.6 96.64 95.28
Sonar 37.3 3.0 83.01 72.48| 18.0 2.3 98.77 80.19
Mean 47.1 1.8 81.23 75.09 | 47.3 2.3 72.76 71.32| 36.6 2.3 90.52 82.92

TABLE IX
WILCOXON’S TEST (o = 0.05)
Comparison RT R~ Hypothesis p-value
FARC-HD vs. CFAR 161 10 Rejected 0.001
FARC-HD vs. LAFAR | 34 2 Rejected 0.025
LAFAR vs. CFAR 32 4 Rejected 0.05

«), and our proposal has achieved a higher ranking. We may
conclude that our proposal also presents the best performance
in this case.

On the other hand, the results presented in Table VIII show
that our approach obtains an average number of rules lower
than the LAFAR and CFAR algorithms. However, the CFAR
algorithm obtains less rules than our approach in 11 of the 18
datasets.

C. Comparison With Classical Approaches

This section analyzes the performance of our model against
five classical approaches. The results obtained by the analyzed
methods are shown in Table X.

In order to compare the results, we have applied the nonpara-
metric tests described in Section V-A. Table XI shows that the
statistics of Friedman and Iman—Davenport are clearly greater
than their associated critical values, and there are significant dif-
ferences among the observed results with a level of significance,
i.e., a < 0.05. Table XII shows the rankings (computed using
a Friedman test) of the different methods considered in this
study.

Table XIII shows that Holm’s test rejects the hypothesis of
equality with the rest of the methods (p < «/7). Therefore, by
the analysis of the statistical study shown in Tables XII and
XIII, we conclude that our model is the best performing method
when compared with the remaining classical approaches applied
in this study. Finally, the results presented in Table X show that
our proposal obtains a smaller average number of rules than the
remaining approaches.
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TABLE X
RESULTS OBTAINED BY THE ANALYZED METHODS

CBA CBA2 CMAR CPAR C45 FARC-HD
Data #R Tra Tst | #R Tra Tst | #R Tra Tst | #R Tra Tst | #R Tra Tst | #R Tra Tst
Iris 4 96.7 933 4 96.7 933 41 964 94.0 34 964 96.0 5 98.0 96.0 4 98.6 96.0
Phoneme 81 814 805 | 116 822 81.2 | 358 79.3 78.6 (1109 84.0 81.9 | 129 91.9 86.8 | 18 83.5 82.1
Monks 11 100.0 100.0 11 100.0 100.0 | 126 100.0 100.0 79 100.0 100.0 5 100.0 100.0 | 14 99.9 99.8
Appendicitis 6 91.5 89.6 6 91.5 89.6 42 90.8 89.7 25 89.5 87.8 3 91.0 833 7 93.8 84.2
Ecoli 29 873 78.0 35 89.2 77.1 178 82.5 77.7 | 158 82.6 762 | 20 91.7 79.5 | 34923 82.2
Pima 42 79.6 727 44 799 725 | 237 794 75.1 166 79.1 745 | 18 83.2 74.0 | 23 829 75.7
Yeast 48 594 547 67 61.8 559 | 262 572 53.6 | 427 594 563 | 169 81.5 55.6 | 35 63.8 58.5
Glass 25 823 1708 28 83.1 713 | 174 789 703 | 121 772 689 | 26 93.7 674 | 23 81.1 70.2
Page-blocks 172 94.6 94.0 | 256 98.2 959 [ 1348 947 944 | 464 974 96.1 | 43 98.5 97.1 | 19 95.6 95.0
Magic 728 82.7 81.5 | 1015 84.8 83.7 | 4200 79.3 78.8 | 5422 87.9 84.9 | 321 90.9 85.1 | 43 854 845
Wine 9 999 938 9 999 9338 73 99.9 96.7 44 99.7 95.6 5 989 933 999.9 943
Heart 40 93.8 83.0 40 94.2 81.5 | 306 915 822 93 90.1 80.7 | 17 91.7 785 | 27 939 84.4
Cleveland 30 643 56.9 47 70.0 549 | 230 54.1 539 | 107 61.8 549 | 40 83.1 545 | 61 88.2 552
Vowel 130 77.8 63.6 | 215 92.6 749 | 945 71.2 60.4 | 888 76.1 63.0 | 95 97.1 815 | 72805 71.8
Crx 97 95.2 83.6 97 949 850 | 728 920 85.0 | 204 91.1 87.3 | 21 90.8 853 | 2591.2 86.0
Pen-based 653 85.3 83.1 | 592 90.3 88.1 {4328 72.0 71.7 |2536 97.9 93.1 | 191 99.3 96.5 | 153 97.0 96.0
German 177 94.5 753 | 227 929 73.7 | 1984 84.4 719 | 666 88.1 73.3 | 83 849 725 | 86 86.8 72.8
Twonorm 708 97.7 91.6 | 724 97.0 91.7 [ 2163 97.7 95.5 | 1646 99.0 89.4 | 286 98.7 84.5 | 61 96.6 95.3
Ringnorm 295 963 94.1 | 184 97.2 93.7 [ 2788 87.2 83.7 | 1209 99.1 92.2 | 203 98.7 90.2 | 24 95.1 94.1
Wdbc 50 100.0 94.7 51 99.9 95.1 | 309 99.9 949 66 99.0 95.1 12 99.1 952 | 10 98.6 95.3
SatImage 722 88.5 85.2 | 587 87.6 83.6 |7083 86.6 84.9 |2032 97.3 85.8 | 287 97.7 858 | 76 83.7 87.3
Texture 377 88.3 84.5 50 53.5 52.5 |5616 76.3 73.8 [ 1492 98.5 90.7 | 152 99.0 92.6 | 5593.7 92.9
Spectfheart 31 92.0 79.8 33 91.8 79.8 | 305 855 794 87 87.3 783 19 983 76.5 | 13914 79.8
Spambase 278 95.0 93.2 | 302 952 93.0 {2317 929 92.0 | 686 97.9 93.5 | 109 974 92.7 | 30924 919
Sonar 27 923 754 39 97.7 779 | 234 98.3 78.8 92 958 75.0 | 14 97.7 705 18 98.8 80.2
Movementlibras | 41 54.8 36.1 4 116 7.2 510 51.7 39.2 | 636 853 63.6 | 47 944 69.4 | 83 95.5 76.7
Mean 185 87.4 80.3 | 184 85.9 78.7 | 1419 83.8 79.1 | 788 89.1 82.1 | 89 94.1 825 | 39 91.0 83.9

TABLE XI

RESULTS OF THE FRIEDMAN AND IMAN-DAVENPORT TESTS (v = 0.05)

Friedman Test

Statistic (Xl%) Critical Value p value
15.84 11.0705 <0.01
ImanDavenport Test
Statistic (Fr) Critical Value p value
3.4703 2.2885 <0.01
TABLE XII
AVERAGE RANKINGS OF THE METHODS
Method Ranking
CBA 3.807
CMAR 3.775
CBA2 3.730
C45 3.576
CPAR 3.346
FARC-HD 2.307
TABLE XIII
HOLM’S TABLE FOR THE SELECTION METHODS WITH o = 0.05
i  Method =z P aft Hypothesis
5 CMAR 371 2.1035E-4 0.01 Rejected
4 CBA 2.89 0.0038 0.0125 Rejected
3 CBA2 2.74  0.0060 0.0166 Rejected
2 C45 245 0.0144 0.025 Rejected
1 CPAR 2.01 0.0453 0.05 Rejected

D. Analysis of the Influence of Depth,,, .. and the Number
of Evaluations

In this section, several experiments have been carried out
to analyze the performance of our approach depending on
Depth,, ., and the number of evaluations in the genetic se-
lection and tuning process (using the experimental setting de-
scribed in Section IV). In order to make this analysis easier
to interpret, we have used four representative datasets in this
experiments: Yeast, Vowel, Ringnorm, and Spectfheart (8, 13,
20, and 44 variables, respectively). Table XIV shows the re-
sults obtained with three different values for Depth, ,. (2, 3,
and 4), where #R1 stands for the average number of rules
obtained at the end of Stage 1, #R2 stands for the average
number of rules obtained at the end of Stage 2, #R3 stands
for the average number of rules obtained at the end of Stage
3, and “time” stands for the average runtime (in format hh :
mm : SS).

By the analysis of the results presented in Table XIV, we can
highlight the following facts.

1) Candidate rule prescreening allows the selection of a re-
duced number of interesting rules with the three values
for Depth,,,., decreasing the computational cost in the
genetic selection and tuning process. Notice that the num-
ber of rules obtained in Stage 1 for the dataset Spectfheart
is higher than 300 000 rules.
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TABLE XIV
ANALYSIS OF THE PERFORMANCE DEPENDING ON Depthy, ax
Depthmar = 2 Depthpar =3 Depthmar = 4
Data #R1 #R2 #R3 Tra Tst Time #R1 #R2 #R3 Tra Tst Time #R1 #R2 #R3 Tra Tst Time
Yeast 96.9 38.9 27.9 62.2 57.7 0:00:51 373.2 56.3 35.2 63.8 58.5 0:01:00 845.5 68.1 43.7 64.6 57.6 0:02:03
Vowel 211.9 48.3 35.2 60.4 52.3 0:00:58 | 1482.3 97.5 72.3 80.4 71.8 0:02:16 6423 111.1 90.5 89.8 78.4 0:07:10
Ringnorm | 1460.4 36.7 25.9 94.8 93.8 0:05:44 | 9927.7 41.4 24.0 95.1 94.1 0:07:28 | 35201.1 45.4 28.0 95.9 94.6 0:19:42
Specttheart | 2870.0 37.6 13.8 91.3 79.1 0:00:19 | 45508.1 34.7 12.9 91.4 79.8 0:01:59 | 389983 32.8 15.4 92.6 77.5 1:10:21
TABLE XV
AVERAGE RUNTIME OF THE ANALYZED METHODS (HH:MM:SS)
Dataset Var Patt | 2SLAVE FH-GBML SGERD CFAR LAFAR CBA CBA2 CMAR CPAR C4.5 FARC-HD
Iris 4 150 00:00:05 00:12:57 00:00:00 00:00:00 00:09:39 00:00:00 00:00:00 00:00:00 00:00:00 00:00:00 00:00:01
Phoneme 5 5404 | 00:03:01 01:39:48 00:00:01 00:00:05 01:08:27 00:00:01 00:00:01 00:00:01 00:00:05 00:00:00 00:01:44
Monks 6 432 00:00:07 00:10:57 00:00:00 00:00:01 07:39:18 00:00:00 00:00:00 00:00:00 00:00:00 00:00:00 00:00:09
Appendicitis 7 106 | 00:00:03 00:02:05 00:00:00 00:00:05 01:00:44 00:00:00 00:00:00 00:00:00 00:00:00 00:00:00 00:00:02
Ecoli 7 336 00:00:50 00:11:05 00:00:00 00:00:01 01:20:10 00:00:00 00:00:00 00:00:00 00:00:01 00:00:00 00:00:15
Pima 8 768 | 00:00:41 00:23:31 00:00:00 00:00:06 04:18:18 00:00:00 00:00:00 00:00:00 00:00:01 00:00:00 00:00:22
Yeast 8 1484 | 00:07:04 00:48:51 00:00:00 00:00:01 15:27:38 00:00:00 00:00:00 00:00:00 00:00:01 00:00:01 00:01:00
Glass 9 214 00:00:38 00:08:05 00:00:00 00:00:04 07:58:01 00:00:00 00:00:00 00:00:00 00:00:00 00:00:00 00:00:18
Page-blocks 10 5472 | 00:09:59 03:09:10 00:00:02 00:01:08 - 00:00:06 00:01:09 00:00:10 00:00:04 00:00:07 00:02:15
Magic 10 19020 | 01:03:25 13:04:02 00:00:21 00:16:30 - 00:00:28 00:00:50 00:01:18 00:01:20 00:00:52 00:17:52
Wine 13 178 | 00:00:12  00:10:16  00:00:00 00:00:45 - 00:04:45 00:43:04 00:15:58 00:00:00 00:00:00 00:00:09
Heart 13 270 00:00:15 00:12:51 00:00:00 00:00:12 - 00:00:00 00:00:00 00:00:00 00:00:00 00:00:00 00:00:14
Cleveland 13 303 | 00:01:29 00:14:36  00:00:00 00:00:09 - 00:00:00 00:00:00 00:00:00 00:00:00 00:00:00 00:00:37
Vowel 13990 | 00:13:20 00:13:40  00:00:00 00:00:10 - 00:01:12 00:02:13 00:00:05 00:00:03 00:00:00 00:02:16
Crx 15 690 | 00:00:35 00:35:37  00:00:00 00:02:02 - 00:02:06 00:00:18 00:06:19 00:00:01 00:00:00 00:00:27
Pen-based 16 10992 | 02:32:58 10:29:28 00:00:13 00:00:07 - 00:00:29 00:00:52 00:01:24 00:00:36 00:00:27 00:45:08
German 20 1000 | 00:02:26 01:03:06 00:00:00 00:02:17 - 00:01:16 00:00:15 00:04:46 00:00:03 00:00:00 00:02:20
Twonorm 20 7400 | 00:39:37 09:29:46  00:00:07 05:03:33 - 00:00:49 00:00:39 00:00:13 00:00:14 00:00:10 00:15:46
Ringnorm 20 7400 | 00:08:04 10:05:13 00:00:07 - - 00:02:12 00:01:14 00:13:33 00:00:16 00:00:31 00:07:28
Wdbc 30 569 | 00:00:30 00:50:01 00:00:00 - - 00:00:09 00:00:05 01:01:00 00:00:01 00:00:01 00:00:51
SatImage 36 6435 01:57:23 04:07:42  00:00:13 - - 00:00:43 00:00:24 00:04:50 00:00:54 00:00:18 00:35:08
Texture 40 5500 | 01:29:43  03:40:14 00:00:12 - - 00:00:28 00:00:15 00:03:50 00:00:40 00:00:15 00:36:42
Specttheart 44 267 | 00:00:31  00:14:30  00:00:00 - - 00:00:09 00:00:05 00:02:39 00:00:00 00:00:10 00:01:59
Spambase 57 4597 00:42:58 13:01:47 00:00:10 - - 00:00:15 00:00:12 00:24:55 00:00:13 00:00:27 00:14:36
Sonar 60 208 | 00:01:04 00:21:02 00:00:01 00:00:20 - 00:00:03 00:00:08 00:10:26 00:00:01 00:00:00 00:17:27
Movementlibras 90 360 | 00:10:45 05:17:58 00:00:01 - - 00:00:01 00:00:01 00:00:01 00:00:06 00:00:27 01:20:10
2) When we use Depth,,, = 4, we can see how the pro- 1%
posed approach does not obtain important improvement o0 L e s e o 1§ =
in training for three of the four datasets and only improves [ - :‘_f_'.'.:-:«----' """"""""""""" cTmTTTeTTT
the results obtained in test for two of the four datasets. 80 A
Moreover, the increase of the computational cost is high
in all datasets, where Depth,, = 3isavalue withagood "
compromise between both properties. & -
On the other hand, Fig. 6 depicts the accuracy obtained over
the training data along with different numbers of evaluations in %0
the genetic process with Depth,,,.. = 4. In this figure, we can i
highlight how this process obtains the best solution in less than 0 2000 4000 6000 8000 10000 12000 14000
14 000 evaluations in all datasets because the initial RBs consist oast meves Vowsl: ————Ringnom’ == * =Spectinedr
of a reduced number of rules.
Fig. 6. Accuracy obtained over the training data with different numbers of

Taking into account both studies, a good neutral choice en-
suring the convergence may be to use 3 for Depth .  and
15 000 for the number of evaluations in the genetic process,
obtaining a good trade-off between accuracy and computa-
tional cost (good accuracy and not too great a computational
cost).

evaluations in the genetic process with Depth =4.

max

E. Analysis of Scalability

Table XV shows the average runtime of the analyzed meth-
ods in the previous sections on 26 real-world problems (with
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a number of variables ranging from 4 to 90 and a number of
patterns ranging from 150 to 19 020) and using the tenfold
cross-validation model. The methods were implemented using
Java, and all of the experiments were performed using a Pentium
Core 2 Quad, 2.5-GHz CPU with 4 GB of memory and running
Linux.

By the analysis of the results presented in Table XV, we can

draw the following conclusions.

1) The SGERD algorithm presents a very low average run-
time in all datasets, obtaining a good scalability when
we increase the size of the problem. This method,
however, should be the worst in Friedman’s test when
we compare the results obtained in the test data (see
Table VI).

2) The 2SLAVE, FH-GBML, LAFAR, and CFAR algorithms
expend a large amount of time when the number of at-
tributes and patterns in the dataset is high. Notice that
the CFAR and LAFAR cannot run in 7 and 18 of the 26
datasets, respectively.

3) The remainder of the methods obtain low computational
costs in all datasets and present good results in accuracy.
However, our proposal obtains the best ranking in Fried-
man’s test when we compare the results that are obtained
in the test partitions.

4) Notice that the CBA and CBA2 algorithms present similar
runtimes to the CMAR and CPAR algorithms because
they limit the total number of candidates rules that are
generated in datasets with more than 15 variables since
they cannot be completed within this limit.

5) The FARC-HD approach presents a good computational
cost in all datasets, obtaining a good scalability and the
best performance in accuracy.

VI. CONCLUDING REMARKS

In this paper, we have proposed a new fuzzy associative clas-
sification method for high-dimensional datasets, named FARC-
HD. Our aim was to obtain accurate and compact fuzzy asso-
ciative classifiers with a low computational cost. To do this, we
mine fuzzy association rules limiting the order of the associa-
tions in order to obtain a reduced set of candidate rules with
less attributes in the antecedent. We have made use of a pattern
weighting scheme in order to reduce the number of candidate
rules, preselecting the rules with the best quality. A genetic
rule selection and lateral tuning have been applied to select a
small set of fuzzy association rules with a high classification
accuracy.

Taking into account the results obtained, we can conclude that
our model is a solid approach to deal with high-dimensional
datasets, as it obtains the best accuracy in the experimental
study. Moreover, the FARC-HD obtains models with a reduced
number of rules (39.2 rules on average) and, particularly, with
few attributes in the antecedent. Finally, the limit in the depth
of the trees, along with candidate rule prescreening using the
fuzzy measure wWWRACC”, allows us to reduce the search space
considerably. Thus, the genetic process for selection and tuning
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does not introduce an excessive computational cost in to the
whole process.
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