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Abstract. We have already proposed an island model for parallel distributed
implementation of fuzzy genetics-based machine learning (GBML) algorithms.
As in many other island models, a population of individuals is divided into
multiple subpopulations. Each subpopulation is assigned to a different island.
The main characteristic feature of our model is that training patterns are also
divided into multiple training data subsets. Each subset is assigned to a different
island. The assigned subset is used to train the subpopulation in each island.
The assignment of the training data subsets is periodically rotated over the
islands (e.g., every 100 generations). A migration operation is also periodically
used. Our original intention in the use of such an island model was to decrease
the computation time of fuzzy GBML algorithms. In this paper, we propose an
idea of using our island model for ensemble classifier design. An ensemble
classifier is constructed by choosing the best classifier in each island. Since the
subpopulation at each island is evolved using a different training data subset, a
different classifier may be obtained from each island to construct an ensemble
classifier. This suggests a potential ability of our island model as an ensemble
classifier design tool. However, the diversity of the obtained classifiers from
multiple islands seems to be decreased by frequent training data subset rotation
and frequent migration. In this paper, we examine the effects of training data
subset rotation and migration on the performance of designed ensemble
classifiers through computational experiments.

Keywords: Genetics-based machine learning (GBML), genetic fuzzy systems,
fuzzy rule-based classifiers, parallel evolutionary algorithms, island model.

1 Introduction

Since the early 1990s [1]-[4], evolutionary algorithms have been frequently used for
fuzzy system design. Such a hybrid approach is referred to as a genetic fuzzy system
(GFS [5]-[8]). This is because genetic algorithms have been mainly used for fuzzy
system design. Multi-objective evolutionary algorithms have also been used for fuzzy
system design [9]-[12]. Such a multi-objective hybrid approach is often referred to as
a multi-objective genetic fuzzy system (MoGFS).

Applications of evolutionary algorithms to machine learning are called genetics-
based machine learning (GBML). Many GBML algorithms have been proposed for
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rule-based classifier design [13]-[16]. Fuzzy GBML is GBML for fuzzy rule-based
classifier design [17]-[20], which can be viewed as a special class of GFS.

GBML algorithms are often categorized into three classes: Pittsburgh, Michigan
and iterative rule learning (IRL) approaches [16]. In Pittsburgh approach, an entire
rule-based classifier is coded as an individual. As a result, a population of individuals
is a set of rule-based classifiers. Since the fitness of each individual is directly related
to the performance of the corresponding rule-based classifier, Pittsburgh approach can
directly maximize the performance of rule-based classifiers through the search for
individuals with high fitness values. In Michigan approach, a single rule is coded as
an individual. A population of individuals is handled as a rule-based classifier. Thus
Michigan approach indirectly maximizes the performance of rule-based classifiers
through the search for good rules with high fitness values. In IRL approach, a single
rule is coded as an individual as in Michigan approach. A single rule is obtained from
a single run of a GBML algorithm in IRL approach. Thus multiple runs are needed to
design a rule-based classifier. Since IRL approach searches for a single best rule in
each run, classifier optimization is indirectly and sequentially performed.

In order to drastically decrease the computation time of fuzzy GBML algorithms in
Pittsburgh approach, we proposed an idea of parallel distributed implementation [21]-
[24] using an island model. As in other island models, a population of individuals is
divided into multiple subpopulations. Our island model also divides training patterns
into multiple training data subsets. In each island of our island model, a subpopulation
is evolved using a training data subset. Let Ncpy is the number of available processors
for parallel computation. Since both the population size and the training data size are
decreased to 1/Ncpy of their original size in each island, the speedup by our island
model is the order of 1/(NCPU)2. This is the main advantage of our island model over
other parallel implementation methods with the speedup of the order of 1/N¢py.

In this paper, we propose an idea of using our island model for fuzzy rule-based
ensemble classifier design. In our former studies [21]-[24], only a single best fuzzy
rule-based classifier was selected from all individuals at the final generation. With no
increase in computation load, we can choose a single best fuzzy rule-based classifier
from each island to construct an ensemble classifier. Since a different training data
subset is used in each island, a different classifier is likely to be obtained from each
island. We examine the usefulness of our idea through computational experiments.

This paper is organized as follows. First we briefly explain fuzzy rule-based
classifiers and fuzzy GBML algorithms in Section 2. In Section 3, we explain our
island model for parallel distributed implementation of fuzzy GBML algorithms.
Then we report experimental results in Section 4 where a single best classifier and an
ensemble classifier are compared with each other. This comparison is performed
under various specifications of two important parameters in our island model. One is
a training data subset rotation interval. This parameter controls the frequency of the
rotation of training data subsets over islands. The other is a migration interval. This
parameter controls the frequency of the migration of individuals (i.e., the migration of
fuzzy rule-based classifiers) over subpopulations. Frequent rotation and/or frequent
migration may decrease the diversity of classifiers in different subpopulations, which
may lead to the deterioration in the performance of designed ensemble classifiers. The
effects of rotation and migration are examined through computational experiments in
Section 4. Finally we conclude this paper in Section 5.



2 Fuzzy Rule-Based Classifiers and Fuzzy GBML Algorithms

In this paper, we used the same parallel distributed fuzzy GBML algorithm as in our
former study [24]. Our fuzzy GBML algorithm has a framework of Pittsburgh
approach (i.e., an individual is a set of fuzzy rules). Michigan approach is used as a
kind of local search for each individual. Our fuzzy GBML algorithm can be viewed as
a hybrid algorithm for fuzzy rule-based classifier design (see [17] for details).

Let us assume that we have an n-dimensional pattern classification problem with m
training patterns X,= (X1, ..., Xp»), p=1, 2, ..., m. We use fuzzy rules of the following
type for our classification problem:

Rule R, : If x;is 4, and ... and x, is 4,, then Class C, with CF,, €))

where R, shows the gth fuzzy rule, 4, is an antecedent fuzzy set (i=1, 2, ..., n), C, is
a class label, and CF; is a rule weight.

Let S be a fuzzy rule-based classifier for our classification problem. The fuzzy
rule-based classifier S is a set of fuzzy rules of the type in (1). When a pattern X, is to
be classified by S, a single winner rule is chosen for x, from S. The selection of the
winner rule for x, is based on the compatibility grade of each fuzzy rule R, with x,
and the rule weight CF,. More specifically, first the product of the compatibility
grade and the rule weight is calculated for each fuzzy rule in S as a winner rule
selection criterion. Then the fuzzy rule with the maximum product is chosen as the
winner rule for x,, which is assigned to the consequent class of the winner rule.

Since our study on fuzzy rule-based classifiers in the early 1990s [25], the single
winner-based fuzzy reasoning method has been frequently used in fuzzy rule-based
classifiers together with fuzzy rules of the type in (1). For other types of fuzzy
reasoning methods and fuzzy rules for classification problems, see [26], [27].

Our fuzzy GBML algorithm is used to find the best fuzzy rule-based classifier S
with respect to the following fitness function (This fitness function is minimized):

fitness(S) = w1 fi(S) + wz /() + w3 f5(S), 2

where w;, w, and w; are non-negative weights, and f£(S), /(S) and f£(S) are the
following measures to evaluate the fuzzy rule-based classifier S:

f1(S): The error rate of S on training patterns in percentage,
f2(S): The number of fuzzy rules in S,
f3(S): The total rule length over fuzzy rules in S.

The total rule length is the total number of antecedent conditions of fuzzy rules in S.
In the fitness function in (2), f1(S) is an accuracy measure of S while £,(S) and f;(S) are
complexity measures of S. These three measures are combined into a single fitness
function in (2). It is possible to use these measures as separate objectives in multi-
objective fuzzy GBML algorithms [10]. In this paper, we use the weighted sum
fitness function as in our former study [24].

In our fuzzy GBML algorithm, a fuzzy rule-based classifier (i.e., a set of fuzzy
rules) is coded as an integer string. More specifically, antecedent fuzzy sets of fuzzy



rules in a fuzzy rule-based classifier are represented by an integer string. The string
length is not fixed (i.e., variable string length) because the number of fuzzy rules in
fuzzy rule-based classifiers is not pre-specified. The consequent class and the rule
weight of each fuzzy rule are not coded. This is because they can be easily determined
in a heuristic manner from compatible training patterns with each fuzzy rule (e.g., the
consequent class is the majority class among the compatible training patterns [28]).

3  Island Model for Parallel Distributed Implementation

Island models [29]-[34] have been frequently used for the speedup of evolutionary
algorithms through parallel implementation. We also use an island model for parallel
distributed implementation of our fuzzy GBML algorithms. As in other island models,
a population of individuals (i.e., rule sets) is divided into multiple subpopulations.
Each subpopulation is viewed as an island. The number of subpopulations is the same
as the number of processors for parallel computation. A single processor is assigned
to each subpopulation (i.e., each island). We use a simple migration operation to
periodically send a copy of the best rule set in each island to the next one. We assume
a ring structure of islands when the migration operation is executed (i.e., when a copy
of the best rule set is sent to the next island). The worst rule set in each island is
removed just before migration in order to maintain the subpopulation size unchanged.
The number of generations between consecutive executions of migration is referred to
as a “migration interval”. This is an important parameter in our island model.

The main characteristic of our island model is that training patterns are divided into
training data subsets. The number of training data subsets is the same as the number
of subpopulations (i.e., the number of islands). A different training data subset is
assigned to each island. The assigned training data subsets are periodically rotated
over the islands with a ring structure. That is, the training data subset assigned to each
island is periodically moved to the next island. The number of generations between
consecutive executions of rotation is referred to as a “rotation interval”. This is also
an important parameter in our island model. Our island model is illustrated in Fig. 1
where training data and a population of rule sets are divided into seven subsets.

Rule set migration

Training data

Fig. 1. Our island model for parallel distributed implementation [23].



An interesting setting in our island model is that the training data subset rotation is
performed in the opposite direction to the migration (see Fig. 1). That is, the training
data subset at the ith island is moved to the (i+ 1)th island while a copy of the best
rule set in the ith island is sent to the (i— 1)th island. This is because the migration
severely counteracts positive effects of the training data subset rotation when they are
performed in the same direction at the same generation. In this case, a copy of the best
rule set is sent to the next island together with the training data subset. For details of
negative effects of such a synchronized migration and rotation, see [24].

4  Experimental Results

In our computational experiments, we applied our fuzzy GBML algorithm to the
satimage data set in the KEEL project database [35]. The satimage data set has 6,435
patterns from six classes. Each pattern has 36 attributes. Since the satimage data set
has many attributes (i.e., 36 attributes), we applied our fuzzy GBML algorithm to this
data set using a large computation load: 50,000 generations of a population with 210
rule sets. Our computational experiments were performed on a workstation with two
Xeon 2.93 GHz quad processors (i.e., eight CPU cores in total). Among the eight
CPUs of the workstation, seven CPUs were used for parallel computation. This means
that a population of 210 rule sets was divided into seven subpopulations of size 30 in
our island model for parallel distributed implementation.

In our computational experiments, the following three variants of our fuzzy GBML
algorithm were compared:

1. Standard non-parallel non-distributed model for single classifier design [17]
2. Our island model for single classifier design [23]
3. Our island model for ensemble classifier design

The standard non-parallel non-distributed algorithm was executed on a single CPU
of the workstation while seven CPUs were used in the two variants of parallel
distributed implementation. We used the ten-fold cross-validation procedure (i.e.,
10CV) in our computational experiments. The 10CV was iterated three times to
calculate the average test data accuracy as well as the average training data accuracy
of designed classifiers by each of the above-mentioned three variants (i.e., 3 x 10CV
was used for performance evaluation in this paper).

In the first two variants for single classifier design, the best rule set with respect to
the fitness function in (2) for all training patterns was chosen from the final
population. In the last variant for ensemble classifier design, the best rule set with
respect to the fitness function in (2) for the assigned training data subset was chosen
from each subpopulation. The selected seven rule sets were used as seven fuzzy rule-
based classifiers in an ensemble classifier. Pattern classification was performed in the
designed ensemble classifier using a simple majority voting scheme as follows: First a
pattern was classified by each of the seven fuzzy rule-based classifiers. According to
the classification result, each classifier voted for a single class. The final classification
result by the ensemble classifier was the class with the maximum vote. When multiple
classes had the same maximum vote, one of those classes was randomly chosen.



From the non-parallel non-distributed algorithm, we obtained the following results:

Average classification rate on training data: 86.31%,
Average classification rate on test data: 84.46%,
Average computation time: 658.89 minutes (10.98 hours) for a single run.

In Fig. 2, we summarize experimental results by our island model on training data.
The vertical axis of each plot (i.e., the height of each bar) is the average classification
rate on training data. The two axes of the base of each plot show the rotation interval
and the migration interval. As shown in Fig. 2, we examined 8 x 8 combinations of
the following specifications in our computational experiments:

Rotation interval: 10, 20, 50, 100, 200, 500, 1000, None,
Migration interval: 10, 20, 50, 100, 200, 500, 1000, None.

In these specifications, “None” means that we did not use the rotation and/or the
migration. For example, when the rotation interval was 10 and the migration interval
was “None” (i.e., the bottom-right bar in each plot of Fig. 2), only the training data
subset rotation was performed every 10 generations.

From the comparison between the two plots in Fig. 2, we can see that better results
with higher training data accuracy were obtained by ensemble classifiers in a wide
range of parameter specifications in Fig. 2 (b). For example, average classification
rates higher than 88% were always obtained in Fig. 2 (b) from the five specifications
of the rotation interval: 50, 100, 200, 500 and 1000 (i.e., 5x 8 combinations).
However, such a good result was not obtained in Fig. 2 (a) when the rotation interval
was specified as 500 or 1000. When the rotation interval was 1000, the fuzzy GBML
algorithm was executed in each island for 1000 generations using the assigned
training data subset. In this case, it is likely that each subpopulation was over-fitted to
the assigned training data subset during 1000 generations. As a result, any classifiers
are not likely to have high accuracy for the entire training data as shown in Fig. 2 (a).

&o&'&
(a) Accuracy of single best classifiers. (b) Accuracy of ensemble classifiers.

Fig. 2. Experimental results of our island model on training data.



Whereas good results were not obtained from over-fitted classifiers in the case of
the rotation interval of 1000 in Fig. 2 (a), they can be good components (i.e., good
base classifiers) of an ensemble classifier. This is because classifiers in different
islands are likely to be over-fitted to different training data subsets. That is, a set of
classifiers from different islands is likely to have high diversity. High diversity of
base classifiers is essential in the design of high-performance ensemble classifiers.
Actually, ensemble classifiers with high accuracy were obtained in Fig. 2 (b) by
choosing the locally best classifier with respect to the assigned training data subset
from each island when the rotation interval was large (e.g., 500 and 1000).

It should be noted that almost all average classification rates in Fig. 2 (a) are higher
than the result 86.31% by the non-parallel non-distributed algorithm (except for the
eight combinations with no rotation in Fig. 2 (a)). This observation suggests that the
rotation of training data subsets has a positive effect on the search ability of the fuzzy
GBML algorithm to find good classifiers. At each island, the training data subset
rotation can be viewed as a periodical change of the environment. Such a periodical
change seems to help the fuzzy GBML algorithm to escape from local optima. When
we did not use the rotation, good results were not obtained in Fig. 2 (a).

In Fig. 2, good results were not obtained from the rotation interval of 10, either. It
seems that too frequent changes of the environment had a negative effect on the
search ability of the fuzzy GBML algorithm. In this case, the use of ensemble
classifiers did not work well. This may be because similar classifiers were obtained
from different islands due to the frequent rotation of the assigned training data subsets.

In Fig. 3, we summarize experimental results by our island model on test data. We
can obtain almost the same observations from Fig. 3 as those from Fig. 2. That is,
better results were obtained from ensemble classifiers in Fig. 3 (b) in a wide range of
parameter specifications than single best classifiers in Fig. 3 (a). Especially when the
rotation interval was large (e.g., 500 or 1000), good results were obtained from
ensemble classifiers whereas the test data accuracy of single classifiers was not high.

Accuracy (%)
oo
5338 @

W
\;0\3"2')% ’
S o6 R
[\) o ©w s

\‘Z

(a) Accuracy of single best classifiers. (b) Accuracy of ensemble classifiers.

Fig. 3. Experimental results of our island model on test data.



Except for the case with no rotation, almost all classification rates in Fig. 3 are
higher than 84.46% by the non-parallel non-distributed algorithm. This observation
supports a positive effect of the training data subset rotation on the test data accuracy
of obtained fuzzy rule-based classifiers and their ensemble classifiers.

When we used the non-parallel non-distributed algorithm, the average computation
time for a single run of our fuzzy GBML algorithm was 658.89 minutes (10.98 hours).
The average computation time was drastically decreased by the use of our island
model with seven CPUs for parallel computation. We summarize the average
computation time of our island model in Fig. 4 where the height of each bar shows the
average computation time. The average computation time was decreased from about
11 hours of the non-parallel non-distributed algorithm to about 20 minutes (about
1/33 of 11 hours) by the use of our island model. In our island model, the size of the
assigned subpopulation to each CPU is 1/7 of the population size. Moreover, the size
of the assigned training data subset to each CPU is 1/7 of the training data size. As a
result, the computation time of our island model can be potentially decreased up to the
order of 1/49 from the case of the non-parallel non-distributed algorithm.

It should be noted that there is no difference in the computation time of our island
model between single best classifier design and ensemble classifier design. Both a
single best classifier and an ensemble classifier are obtained from a single run of our
island model. The difference between these two approaches is only the selection of
classifiers from the final population after the execution of our island model.
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Fig. 4. Average computation time of our island model.

5 Conclusions

In this paper, we proposed an idea of using an island model for ensemble classifier
design. In our island model, a population of classifiers was divided into multiple
subpopulations as in other island models. Training patterns were also divided into
multiple training data subsets. A different training data subset was assigned to each



island (i.e., each subpopulation). The assigned training data subsets were periodically
rotated over the islands. After the execution of our island model, the locally best
classifier was selected from each island. Through computational experiments, we
demonstrated that good ensemble classifiers with high accuracy were obtained from a
wide range of parameter specifications of migration and rotation intervals.

If the generalization ability maximization is the main goal in classifier design, the
use of our island model for ensemble classifier design seems to be a good choice.
However, if the interpretability of classifiers is also important, ensemble approaches
are not recommended. This is because a set of classifiers is usually less interpretable
than a single classifier. In this case, we may need a multi-objective approach to find a
good accuracy-interpretability tradeoff. Parallel distributed implementation of multi-
objective fuzzy GBML algorithms is an interesting future research issue.

Our island model is a general framework for parallel distributed implementation of
Pittsburgh-style GBML algorithms. Implementation and performance evaluation of
our island model on other GBML algorithms is an interesting future research issue.
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