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Abstract - In various application areas of fuzzy rule-based
systems, human users want to know why a particular reasoning
result is obtained. That is, fuzzy rule-based systems are required
to have high explanation ability. In this paper, we propose an
approach to the design of fuzzy rule-based classifiers that can
visually explain their classification results to human users. That
is, our fuzzy rule-based classifiers can explain to human users
why an input pattern is classified as a particular class in an
understandable manner. The proposed approach consists of a
rule selection method and a visualization interface. Our idea is
to design fuzzy rule-based classifiers using fuzzy rules with only
two antecedent conditions. A genetic algorithm is employed to
construct a compact fuzzy rule-based classifier by choosing only
a small number of fuzzy rules. In the classification phase, we use
a single winner rule-based method for classifying an input
pattern. The classification result of the input pattern is visually
explained in a two-dimensional space where the two antecedent
conditions of the winner rule are defined. Qur approach is
compared with feature selection by computational experiments.

I. INTRODUCTION

HE main advantage of fuzzy rule-based systems over

other non-linear systems such as neural networks is their
interpretability. Usually fuzzy rule-based systems are easily
understood through linguistic interpretation of each fuzzy
rule in a human understandable manner. In the design of
fuzzy rule-based systems, emphasis has often been placed on
both their accuracy and interpretability. Thus it is essential to
find a good accuracy-interpretability tradeoff [1], [2].

A number of approaches have been proposed to improve
both the accuracy and the interpretability of fuzzy rule-based
systems [3]-[5]. In those approaches, fuzzy rule-based system
design can be viewed as a single-objective optimization
problem of the following integrated objective function of
these two objectives:

1(S)=f(Accuracy(S), Interpretability(S)), (1

where S is a fuzzy rule-based system to be optimized, f(S) is
an objective function, Accuracy(S) is an accuracy measure,
and Interpretability(S) is an interpretability measure. Various
techniques in genetic fuzzy systems [6]-[8] can be employed
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to optimize the integrated objective function in (1).

Multiobjective approaches have been proposed to search
for non-dominated fuzzy rule-based systems along the
accuracy-complexity tradeoff surface in the literature [9]-[12].
In those studies, a large number of non-dominated fuzzy rule-
based systems are obtained by a single run of multiobjective
optimizers such as multiobjective genetic algorithms.

The definition of the interpretability of fuzzy rule-based
systems is an important research issue. There exist a number
of aspects related to the interpretability of fuzzy rule-based
systems: the type of fuzzy rules, the number of fuzzy rules,
the number of antecedent conditions in each fuzzy rule, the
number of input variables, the granularity of fuzzy partitions
(i.e., the number of fuzzy sets for each input/output variable),
the separability of neighboring fuzzy sets, and the shape of
fuzzy sets [1], [2], [13]-[16].

Whereas the interpretability of fuzzy rule-based systems
has been discussed from various points of view, the ability to
explain their reasoning results has not been taken into account
in many studies. This does not mean that the explanation
ability of fuzzy rule-based systems is unnecessary. In many
application areas involving human decision makers such as
business and healthcare, it is important for fuzzy rule-based
systems to explain their reasoning results to human users in
an understandable manner. For example, human users want to
know why a particular action is suggested for the current
situation by their fuzzy rule-based decision support system.
In classification tasks, human users want to know why an
input pattern is classified as a particular class.

In this paper, we propose an approach to the design of
fuzzy rule-based classifiers with high explanation ability. Our
fuzzy rule-based classifiers can visually explain to human
users why an input pattern is classified as a particular class.
Our approach consists of a rule selection method and a
visualization interface. The point of our approach is to use
fuzzy rules with only two antecedent conditions. A small
number of fuzzy rules are selected from a large number of
candidate rules by a genetic algorithm to design a compact
fuzzy rule-based classifier. In the classification phase of an
input pattern by the designed classifier, a single winner rule is
identified. The classification result, which is the consequent
class of the winner rule, is explained in a two-dimensional
pattern space where the two antecedent conditions of the
winner rule are defined. Our visualization interface shows
some related statistics such as the compatibility grade of the
input pattern with the winner rule, the certainty grade of the
winner rule, and other possible classes of the input pattern.



In this paper, we first explain fuzzy rule-based classifiers
in Section II. Next we explain our approach to the design of
fuzzy rule-based classifiers with high explanation ability in
Section I1I. Then we discuss the visualization of classification
results in Section IV. We also examine the performance of
our fuzzy rule-based classifiers in comparison with a feature
selection-based approach in Section V. Finally we conclude
this paper in Section VI.

II. Fuzzy RULE-BASED CLASSIFIERS

A. Fuzzy Rules for Classification Problems

Let us assume that we have m training (i.e., labeled)
patterns X, = (xp1, .-, Xpp), p=1,2,...,m from M classes in the
n-dimensional continuous pattern space where x,; is the
attribute value of the p-th training pattern for the i-th attribute
(i=1,2,...,n). For the simplicity of explanation, we assume
that all the attribute values have already been normalized into
real numbers in the unit interval [0, 1]. Thus the pattern space
of our pattern classification problem is an n-dimensional unit-
hypercube [0, 1]".

For our n-dimensional pattern classification problem, we
use fuzzy rules of the following type [17]:

Rule R, :If x; is 4, and ... and x, is 4,

then Class C, with CF, 2)

where R, is the label of the g-th fuzzy rule, x=(x, ..., x,,) is an
n-dimensional pattern vector, 4y, is an antecedent fuzzy set
(i=1,2,...,n), Cyis aclass label, and CF, is a rule weight (i.e.,
certainty factor). For other types of fuzzy rules for pattern
classification problems, see [18]-[21].

Since we usually have no a priori information about an
appropriate granularity of the fuzzy discretization for each
attribute, we simultaneously use multiple fuzzy partitions
with different granularities for fuzzy rule generation. In our
computational experiments, we use four homogeneous fuzzy
partitions with triangular fuzzy sets in Fig. 1. In addition to
the 14 fuzzy sets in Fig. 1, we also use the domain interval [0,
1] as an antecedent fuzzy set in order to represent a don 't care
condition [22]. That is, we use the 15 antecedent fuzzy sets
for each attribute in our computational experiments.
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Fig. 1. Fuzzy partitions in our computational experiments.

B. Single Winner Rule-Based Fuzzy Reasoning Method

Let S be a set of fuzzy rules of the form in (2). That is, §
is a fuzzy rule-based classifier. When an input pattern x,, is to
be classified by S, first we calculate the compatibility grade of
X, with the antecedent part A, of each fuzzy rule R, in S
using the product operation as

,qu(Xp):tqul(xpl)' et tqun (xpn)n (3)

where g14,,(-) is the membership function of the antecedent
fuzzy set A,;. Then a single winner rule R,, is identified from
S as follows:

#a, (x,)-CF, =max{uy (x,)-CF, |RyeS}. (&)

The input pattern x,, is classified as the consequent class C,,
of the winner rule R,,, When multiple rules with different
consequent classes have the same maximum value in (4), the
classification of x,, is rejected. If there is no compatible fuzzy
rule with x,,, its classification is also rejected.

As shown in (4), the winner rule R,, has the maximum
product of the compatibility grade and the rule weight. See
[18]-[21] for other fuzzy reasoning methods for pattern
classification problems. We use the single winner rule-based
method since human users easily know which fuzzy rule is
responsible for the classification of each input pattern.

C. Heuristic Rule Generation Method

Since we use the 14 antecedent fuzzy sets in Fig. 1 and an
additional don 't care fuzzy set [0, 1] for each attribute of our
n-dimensional problem, the total number of possible fuzzy
rules (i.e., the total number of combinations of antecedent
fuzzy sets) is 15”. Among these combinations, we use fuzzy
rules with only two antecedent conditions as candidate rules.
Thus the number of candidate fuzzy rules is ,C, -14% where
#Cy is the total number of combinations of two attributes out
of the n attributes. We generate all of these candidate rules. It
should be noted that the number of candidate fuzzy rules with
two antecedent conditions increases with the order of n2.

The consequent class C, and the rule weight CF,, of each
fuzzy rule R, are specified from compatible training patterns
in the following heuristic manner [23]. First we calculate the
confidence of each class for the antecedent part A, of R, :

Z tqu(Xp)
xpeCIass h

c(A, = Class h) = (5)

S i (X))
p=t

Then the consequent class C, is specified by identifying the
class with the maximum confidence:
(A, =>Class Cy) = max {c(A,=Class h)}. (6)
h=12,...m
The consequent class C, can be viewed as the dominant class
in the fuzzy subspace defined by the antecedent part A,. If

there is no training pattern in A,, we do not generate any
fuzzy rule with the antecedent part A.



The rule weight CF, of each fuzzy rule R, has a large
effect on the performance of fuzzy rule-based classifiers [24].
Its different specifications have been proposed and examined
in the literature. We use the following specification because
good results were reported in the literature [21], [23]:

M
CF,=c(A;,=Class Cy))— % c(A,=Classh). (7)

h=1
h;th

III. DESIGN OF FuzZY RULE-BASED CLASSIFIERS

A. Outline of Our Approach

Using the heuristic rule generation method in the previous
section, we can generate a number of candidate rules with two
antecedent conditions. We use genetic algorithms to choose
only a small number of candidate rules to construct a compact
fuzzy rule-based classifier. When the number of candidate
rules is large (e.g., tens of thousands), it is not easy for genetic
algorithms to efficiently perform rule selection. Thus we use
a prescreening procedure [11] to decrease the number of
candidate rules using a heuristic rule evaluation measure [25].
Thus the outline of our rule selection-based approach to the
design of fuzzy rule-based classifiers with high explanation
ability can be written as follows:

[Outline of Our Approach to Classifier Design]

1. Candidate Rule Generation: Generate a large number of
fuzzy rules with only two antecedent conditions using the
heuristic rule generation method in Section II.

2. Candidate Rule Prescreening: Choose a tractable number
of candidate rules from the generated fuzzy rules using
heuristic rule evaluation criteria.

3. Genetic Rule Selection: Select a small number of candidate
rules to construct a compact fuzzy rule-based classifier.

We explain candidate rule prescreening and genetic rule
selection method in this section.

B. Candidate Rule Prescreening

In the field of data mining, two measures called support
and confidence have been often used to evaluate association
rules in the literature [26]. The confidence evaluates the
accuracy of the association from the antecedent part to the
consequent part. In Section I, we have already shown a fuzzy
version of the confidence in (5). On the other hand, the
support indicates the percentage of covered patterns by each
rule. Its fuzzy version can be written as follows [21]:

2 Ha, (xp)
g P
xpeCIasqu

s(Ry)=s(A, = ClassC,) = (8)

m

Roughly speaking, large support values mean general
rules that cover many training patterns. On the other hand,
small support values mean specific rules that cover only a few
training patterns. As candidate rules, we use fuzzy rules that
have larger support values than a pre-specified minimum

support level (0.01 in our computational experiments). This
means that we exclude too specific fuzzy rules even when
they have high confidence values. We also use a minimum
confidence level (0.6 in our computational experiments). This
means that we exclude too general rules with low accuracy.

Among candidate fuzzy rules satisfying the minimum
support and confidence levels, we choose a prespecified
number of good rules for each class. As a rule evaluation
measure, we use the product of support and confidence. That
is, we choose a prespecified number of the best candidate
rules for each class in terms of the product s(Ry)-c(R,).
Various rule evaluation measures including the product of
support and confidence have been examined in [25].

C. Genetic Rule Selection

Let us assume that we have N candidate fuzzy rules after
the prescreening phase. Now our problem is to construct a
fuzzy rule-based classifier S by choosing only a small number
of fuzzy rules from the N candidate fuzzy rules. Since S is a
subset of the N candidate fuzzy rules, S is represented by a
binary string of length N as § = s;5,--sy. In this binary
string, 5;= 1 and 5; =0 mean that the j-th rule is included in §
and excluded from S, respectively. Such a binary string is
handled as an individual in genetic fuzzy rule selection.

Whereas we can perform multiobjective genetic rule
selection [9]-[11], we use a single-objective formulation [3]
in this paper for simplicity. That is, we use the following
weighted sum fitness function in genetic fuzzy rule selection:

fitness(S) = wy-Accuracy(S) — wy - Complexity(S), (9)

where wy and w, are non-negative weights, Accuracy(S) is
an accuracy measure, and Complexity(S) is a complexity
measure. As in [3], we use the number of correctly classified
patterns and the number of fuzzy rules as Accuracy(S) and
Complexity(S), respectively. The weights in (9) are specified
as w; =5 and wy = 1 in our computational experiments.

Since genetic rule selection in this paper is formulated as
a single-objective problem with binary strings in (9), we can
directly use standard genetic algorithms with no modification.
In our computational experiments, we use a standard genetic
algorithm with the (x+A4)-ES generation update scheme
where #=A. We do not use any heuristic tricks (e.g., biased
mutation to decrease the number of fuzzy rules, and the
deletion of unnecessary rules [3], [9]-[11]).

IV. EXPLANATION OF CLASSIFICATION RESULTS

As we have already explained, an input pattern x,, is
classified by a single winner rule R,,. Since we use fuzzy
rules with two antecedent conditions, each fuzzy rule
(including the winner rule R,,) can be always depicted in a
two-dimensional pattern space where its antecedent
conditions are defined. We can also show the input pattern x,,
together with the training patterns used for the design of our
fuzzy rule-based classifier S. That is, we can visually show
not only the winner rule responsible for the classification of



X,, but also the relation between x,, and the training patterns.
In order to illustrate the above-mentioned visualization
method, we performed computational experiments on five
data sets in Table 1 from the UCI Machine Learning
Repository. Each data set was divided into 90% training
patterns and 10% test patterns. First, a large number of fuzzy
rules were generated from the training patterns by the
heuristic rule generation method. Next, 100 candidate rules
were selected from the generated fuzzy rules for each class by
the heuristic rule prescreening method. Then, we applied our
genetic algorithm to the candidate fuzzy rules for genetic rule
selection using the following parameter specifications:

Population size: 200 (¢ =4=200),

Crossover probability: 0.9 (uniform crossover),

Mutation probability: 1/N (N: Number of candidate rules),
Termination condition: 1000 generations.

Table 1. Data sets in our computational experiments.

Data set Attributes Patterns Classes
Breast W 9 683 2
Glass 9 214 6
Heart C 13 297 5
Iris 4 150 3
Wine 13 178 3

As an example, we show a winner rule for a test pattern
from Iris data set in Fig. 2 where the 0.5-level set of its
antecedent part is depicted together with training patterns.
The test pattern is classified as Class 2 using the consequent
class of the winner rule. We can see from Fig. 2 that the test
pattern is located close to many Class 2 training patterns. We
can also see that there are only a few training patterns from
Class 3 close to the test pattern. From these observations, one
may think that the classification of the test pattern as Class 2
has somewhat high reliability. Actually the winner rule has a
large rule weight (i.e., certainty factor: 0.566) and a large
compatibility grade with the test pattern (i.e., 0.678).
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Fig. 2. A test pattern and its winner rule (Iris).
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Fig. 3. Training patterns classified by the winner rule (Iris).

In Fig. 3, training patterns classified by the same winner
rule are highlighted by larger closed circles. From this figure,
we can see that all training patterns from Class 2 are classified
by the same winner rule as the test pattern.

We can also examine the possibility of classifying the test
pattern as another class (i.e., Class 1 or Class 3). This is easily
performed by searching for a class-specific winner rule from
fuzzy rules with each consequent class. For the test pattern in
Fig. 2, a Class 3 winner rule was found. On the other hand, no
fuzzy rules with Class 1 consequent were compatible with the
test pattern. In Fig. 4, we show the Class 3 winner rule. It
should be noted that the test pattern is not actually classified
by the fuzzy rule in Fig. 4 (it is classified by the winner rule in
Fig. 3). In Fig. 4, training patterns actually classified by the
depicted fuzzy rule are shown by larger squares. We can see
that many training patterns from Class 3 are classified by the
same winner rule in Fig. 4. We can also see that the
compatibility grade of the fuzzy rule with the test pattern is
very small in Fig. 4 (i.e., 0.099). From such a small
compatibility grade and the location of the test pattern in the
two-dimensional pattern space in Fig. 4, we intuitively feel
that the test pattern is not likely to be classified as Class 3.
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Fig. 4. The winner rule among Class 3 fuzzy rules.



It is well-known that x3 and x4 have dominant effects on
the classification of Iris data set. These two attributes are also
used in Figs. 2-4. Whereas this observation empirically
supports the validity of our approach, our experimental
results in Figs. 2-4 are not so interesting because we expected
these two attributes to be used in fuzzy rule-based classifiers
for Iris data set. So we show a different example for a data set
with more attributes.

In Fig. 5, we show a winner rule for a test pattern from
Wine data set with 13 attributes. This test pattern is classified
as Class 2 by the winner rule. As in Fig. 3, training patterns
classified by the same winner rule are highlighted by large
closed circles in Fig. 5. The test pattern in Fig. 5 is surrounded
by a number of Class 2 training patterns classified by the
same winner rule. Thus we feel that the classification of the
test pattern as Class 2 is reliable whereas some Class 1
training patterns are located close to the test pattern. It should
be noted that those Class 1 training patterns are not classified
by the winner rule in Fig. 5. We also examined the possibility
of classifying the test pattern as another class (i.e., Class 1 or
Class 3). We found that the test pattern was not covered by
any fuzzy rules with Class 1 or Class 3 consequent. Thus
there is no possibility that the test pattern is classified as
another class by our fuzzy rule-based classifier.
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Fig. 5. A test pattern and its winner rule (Wine).

V. PERFORMANCE EVALUATION

The point of our rule selection-based approach is the use
of fuzzy rules with only two antecedent conditions. Since
each fuzzy rule can use an arbitrary pair of attributes, our
fuzzy rule-based classifier may have more than two attributes.
Thus our approach is different from feature selection where
the same attributes are used in all fuzzy rules.

In this section, we examine how this difference between
rule selection and feature selection affects the performance of
fuzzy rule-based classifiers designed by each approach
through computational experiments on the five UCI data sets
in Table 1. In our computational experiments, we examined
all combinations of two attributes out of the given  attributes

(i.e., ,C, combinations for an n-dimensional problem). That
is, we used an explicit enumeration method for selecting the
best two features. For each combination of two attributes, we
examined 16 fuzzy partitions of the two-dimensional pattern
space. More specifically, we generated 4? fuzzy rule-based
classifiers by assigning one of the four fuzzy partitions in Fig.
1 to each of the two attributes. Each of the generated fuzzy
rule-based classifiers was evaluated by the classification rate
on training patterns. As a result, we examined ,C, - 4% fuzzy
rule-based classifiers in total for each data set in a single run
of our computational experiment. The best fuzzy rule-based
classifier in terms of the classification rate on training
patterns was chosen as the final result of feature selection.

The performance of such an exhaustive feature selection
method was evaluated through five iterations of the ten-fold
cross-validation procedure (i.e., 5X 10CV). The performance
of our rule selection-based approach was examined in the
same manner. We examined two settings of the prespecified
number of candidate rules for each class: 100 and 1000. The
performance of fuzzy rule-based classifiers was examined
before and after genetic fuzzy rule selection. Genetic fuzzy
rule selection was performed using the same parameter values
as the previous section. Experimental results are summarized
in Tables 2-4 where H and G mean heuristic selection (i.e.,
before genetic selection) and genetic selection (i.c., after
genetic selection), respectively. The subscripts 100 and 1000
denote the upper bound on the number of extracted candidate
rules for each class by heuristic rule selection. On the other
hand, FS,, denotes feature selection of two attributes. In
Table 2 and Table 3, the best average result for each data set
is highlighted by bold face with underlines.

Table 2. Average classification rates on training patterns.

Dataset  Hipo Higoo  GAigo  GAjge  FSoa
Breast W 95.31 95.83 97.54  98.45 96.35
Glass 64.73 64.86 74.19 75.49 64.69
HeartC 5524 5410 5770 57181 57.71
Iris 96.44 96.44 99.19 98.92 97.36
Wine 97.30 96.39 99.78 99.93 94 81

Table 3. Average classification rates on test patterns.

Dataset  Hig Hiooo  GAigo  GAjge  FSoa
Breast W_95.11 _ 95.55 9549 9529 9508
Glass 59.21 59.10 62.40 62.04 58.48
HeartC 5413 5379 53.12 5290 53.52
Iis 9613 96.13 9427 9413 9573
Wine 9529 93.12 95.64 94.63 90.01

Table 4. Average number of fuzzy rules in each classifier.

Dataset  Higo Higoo  GAio  GAjgeo  FSoa
Breast W 200.0 2000.0 8.3 17.5 16.9
Glass 286.5 795.5 134 15.8 13.2
Heart C  125.0 1025.0 5.7 6.1 10.4
Iris 300.0 7424 59 6.1 9.5
Wine 300.0 3000.0 6.6 10.8 15.9




In Table 2, higher classification rates on training patterns
were obtained for all the five data sets by genetic rule
selection (Gygg and Gjggo) than feature selection of two
attributes (FS,a). Better results on test patterns were also
obtained for three data sets by rule selection than feature
selection in Table 3 on test patterns. The difference in test
data accuracy between these two approaches is large for
Glass and Wine. On the other hand, slightly better results on
test patterns were obtained by feature selection for Heart C
and Iris than genetic rule selection.

A small number of fuzzy rules were selected by our
genetic algorithm from a large number of candidate rules in
Table 4. We can see from Table 4 that the number of fuzzy
rules obtained by feature selection was also small. This is
because only two attributes were selected by feature selection
for generating fuzzy rules.

In our computational experiments, we used a simple
genetic algorithm with no heuristic tricks for genetic rule
selection. Our experimental results by genetic rule selection
in Tables 2-4 (especially Table 2 and Table 4) may be
improved by using a more sophisticated genetic algorithm
and/or some problem specific heuristic tricks [3], [9]-[11].

VI. CONCLUSION

In this paper, we proposed an approach to the design of
fuzzy rule-based classifiers that can visually explain their
classification results to human users in an understandable
manner. That is, our fuzzy rule-based classifiers can explain
to human users why each input pattern is classified as a
particular class. The point of our approach is to design fuzzy
rule-based classifiers using fuzzy rules with only two
antecedent conditions. A small number of fuzzy rules are
selected by a genetic algorithm to design a compact fuzzy
rule-based classifier. Our approach is similar to but different
from feature selection of two attributes. In our approach,
fuzzy rule-based classifiers may have more than two
attributes while each fuzzy rule has only two antecedent
conditions. This is because each fuzzy rule can use an
arbitrary pair of attributes. On the other hand, the same
attributes are used by all fuzzy rules in feature selection. Rule
selection and feature selection were compared with each
other through computational experiments. Experimental
results showed that more accurate fuzzy rule-based classifiers
with less fuzzy rules were obtained by rule selection than
feature selection for some data sets.
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