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Abstract

XCS is a learning classifier system that combines a re-
inforcement learning scheme with evolutionary algorithms
to evolve rule sets on-line by means of the interaction with
an environment. Usually, research conducted on XCS has
mainly focused on the analysis and improvement of the rein-
forcement learning component, overlooking the evolution-
ary discovery process to some extent. Recently, the first ef-
forts towards analyzing and designing new operators for the
evolutionary algorithm have been done. The selection pres-
sure produced by different selection schemes has been stud-
ied and the rule representation of XCS has been extended to
adapt evolution strategies as the discovery component of the
system. This paper continues on the analysis of the evolu-
tionary algorithms in the on-line architecture by analyzing
the role of the crossover operator in the original XCS and
XCS based on evolution strategies. A new recombination
operator, inspired by the BLX crossover operator in real-
coded genetic algorithms, is designed for XCS. The new re-
combination operator is experimentally compared with the
traditional crossover operator of XCS on a collection of
real-life classification problems. The results show the com-
petence of the new operator, providing the best results, on
average, on the tested domains.

1. Introduction

Learning Classifier Systems (LCSs) [11] are complex
machine learning methods that combine reinforcement
learning techniques for rule evaluation with genetic algo-
rithms for rule discovery to evolve a distributed set of solu-
tions! on-line. Recently, XCS [19, 20], by far the most in-
fluential LCSs, has received an special amount of attention
since it has been shown to be able to solve a wide variety
of learning problems such as classification problems, rein-

!Usually, solutions are represented as interval-based rules

forcement learning problems, unsupervised learning prob-
lems, and function approximation problems. In the present
work we focus on classification problems, but the conclu-
sions could also be extended to other types of tasks.

Research conducted on XCS during the last few years
has been especially focused on three aspects: (i) design-
ing new reinforcement learning mechanisms to obtain better
rule evaluations [4], (ii) proposing modifications to the ar-
chitecture to deal with new types of problems [22], and (iii)
adapting new representations to deal with real-life problems
[15]. Nonetheless, the study of the evolutionary discovery
process in XCS, and especially, the role of the different ge-
netic operators, has received little attention. Only few anal-
yses of selection operators [6, 16], reproduction based on
linkage extraction [5], and self-adaptive mutation [12], all
of them for problems with binary attributes, can be found
in the literature. Nonetheless, research on designing new
crossover and mutation operators is very scarce. Oppositely,
in the field of continuous optimization, many analysis of the
effect of different operators have been performed, which re-
sulted in the design of new enriched genetic operators [9].

The present work is a follow-up of the work in [14] in
which the authors proposed to analyze the effect of the dif-
ferent genetic operators in XCS. For this purpose, a new
discovery process based on evolution strategies (ESs) [17]
was designed. Then, XCS with both types of evolutionary
schemes were analyzed, especially focusing on the role of
mutation. The analysis was crucial for both incrementing
our understanding of how mutation works and improving
the performance in real-life problems. We now continue this
work by studying the crossover operator in XCS. We pro-
pose a new crossover scheme, addressed as BLX crossover,
which is inspired by the BLX crossover operator of RCGA
[9] but adapted to deal with the interval-based representa-
tion of XCS. The performance obtained when using the new
crossover operator in XCS with both ESs and GAs is tested
on a large collection of real-world problems.

The remainder of this paper is organized as follows. Sec-
tion 2 gives a brief description of XCS and its extension to



evolution strategies. Section 3 describes in detail the new
BLX crossover operator and Sect. 4 provides experimen-
tal methodology used in the experimentation. Section 5
presents and discusses the results. Finally, Section 6 sum-
marizes, concludes, and discusses future work lines.

2. The XCS Classifier System

XCS [19] is a Michigan-style LCS that combines rein-
forcement learning techniques [18] with genetic algorithms
[10] to learn a distributed set of sub solutions online. In
[14], the component discovery of the system, driven by a
genetic algorithm, was replaced with an evolution strategy.
As follows, we provide a brief description of XCS, and then,
we explain the extension to evolution strategies. For sake
of clarity, we refer to XCS driven by genetic algorithms
as XCS-GA and to XCS driven by evolution strategies as
XCS-ES. For an algorithmic description the reader is re-
ferred to [7].

2.1. Knowledge Representation

XCS-GA evolves a population [P] of classifiers that con-
sist of a production rule that takes the following form:
ifzy € [l1,u1] A ... xp € [lg, us] then class. That is, each
variable of the condition x is represented by an interval [¢;,
;1% (0 is the input length). Then, a rule matches an input
instance e = (61, €2, ..., 6@) ifV;l; <e; <uwj.

Each classifier has four main parameters: (i) the payoff
prediction p, an estimate of the reward that the system will
receive if the class of the rule is selected as output, (ii) the
prediction error €, which estimates the error of the payoff
prediction, (iii) the fitness F', which is computed as and in-
verse function of the prediction error, and (iv) the action set
size as, an estimate of the average size of the action sets in
which the classifier has participated.

2.2. Learning Interaction

At each learning iteration, XCS-GA receives a new train-
ing example e = (ey,ea,...,er) and the system creates a
match set [M], which consists of all classifiers in [P] whose
condition matches e. The next step depends on whether
the system is in exploration (training) mode or in exploita-
tion (test) mode. In exploration mode, the system randomly
chooses one of the possible classes and builds the action set
[A] with all the classifiers in [M] that advocate the selected
class. The parameters of all the classifiers in [A] are up-
dated according to a generalized version of Q-learning (see
[19]). In exploitation mode, the classifiers in [M] vote, ac-
cording to their fitness, for the class they predict. The most
voted class is selected as output.

2.3. Discovery Component

XCS-GA applies a steady-state niche genetic algorithm
(GA) to discover new promising rules. The GA is triggered
on [A] when the average time since the last application of
the GA to the classifiers in [A] exceeds a certain thresh-
old g 4. Then, the system selects two parents from [A].
So far, two selection schemes have been studied: propor-
tionate selection [19], in which each classifier in [A] has a
probability proportional to its fitness to be chosen; and tour-
nament selection [6], in which tournaments are held among
a set of randomly selected classifiers, and the best classifier
of the tournament is chosen as a parent. Then, the parents
are crossed and mutated with probabilities x and y respec-
tively. Crossover shuffles the condition of the two parents
by cutting the chromosomes by two points. Mutation de-
cides whether each variable has to be changed; in this case,
it adds a random amount to the lower or to the upper bound
of the variable interval. Each offspring is introduced in the
population, removing a low-fit classifier if the population is
full. The deletion probability of a classifier is proportional
to the size of the action sets where the classifier has partici-
pated and inversely proportional to its fitness [13]. This bi-
ases the search toward highly fit classifiers, and at the same
time balances the classifiers’ allocation in the different ac-
tion sets.

2.4. From GA to ES in XCS

In XCS-ES [14], the classifier representation is enriched
with a vector of strategy parameters s = (s1,82,...,5¢),
which are used to adapt the intervals of the variables of the
rule’s condition (the rule’s condition is referred to as object
parameters in ESs terms). The selection, crossover, and
mutation operators are also re-defined according to the new
representation. Three selection schemes are considered by
XCS-ES: proportionate selection [19], tournament selection
[6], and truncation selection [17]. Two kind of crossover op-
erators are considered: (i) discrete/dominant recombination
and (ii) intermediate recombination. Discrete recombina-
tion produces a new rule where each variable and strategy
parameter is selected from one of the parents. Intermediate
recombination calculates the center of mass of the parents.
Finally, mutation is redefined as follows. First, the inter-
vals of each rule variable x; are mutated as x; = z; + 2,
where z = (s1N1(0,1),s2N2(0,1),...,Ng(0,1)) are in-
dependent random samples from Gaussian normal distribu-
tion).

3. New BLX Crossover

In [14], the authors experimentally showed that the ex-
ploratory capabilities of Gaussian mutation enabled XCS-



ES to achieve better accuracy ratios than XCS-GA when
only the mutation operator was considered. This was be-
cause XCS-ES mutation was able to guide the search more
accurately. That is, XCS-ES mutation was able to not only
perform local search but also to innovate, i.e., explore new
regions of the feature space (in GAs, innovation is usually
provided by the crossover operator). Inspired by this later
aspect and based on the BLX-o operator of RCGAs [9],
here we design a new crossover operator for XCS, which
we address as BLX crossover. This new operator is meant
to be more sensitive in combining the information of the
parents, searching a balance between local search and ex-
ploration of new regions of the feature space. The operator
is defined for both XCS-GA and XCS-ES. As follows, the
new operator is described in detail for each case.

3.1. BLX Crossover for XCS-GA

Given two parent classifiers py = (a}*,d5',... a}")
and py = (a!®,ab?,...,a}*), where each variable is rep-
resented by the interval of feasible values a}’ = [(%¢, ub:]
the BLX crossover operator generates the interval for each
variable ¢ the two offspring classifiers o, and o, as fol-
lows. First, a random value « ranging in [0, 0.5] is gen-
erated. Then, the minimum lower bound ¢,,,;,, and the max-
imum upper bound ¢4, Of the two parents is computed,
ie., c;, = min(¢F! (P2) and ¢! = max(ul, ub?).

min . maz
The distance between c},,,.. and c.,,. is calculated: [ =

C aw — Coin- Finally, I is used to generate the lower bound
and the upper bound of the variable ¢ of offspring 0; and oo,

that is,

{91 = e+ - T rand({—1,1) 0
égf = Cmin+(1—a) - I- rand({_l’ 1}) 2
ugf = Cmaz + - 1~ rand({—l, 1}) 3)

Ugf = Cmaz T (]- - Ot) - rand({—l, 1}) 4)

where rand({—1, 1}) returns either -1 or 1 with the same
probability. Note that a low value of o means that each off-
spring will be very similar to one of the parents, performing
a type of local search; oppositely, a large value of a will re-
sult in different offspring, probably exploring new regions
of the feature space. For this reason, we consider that this
type of mutation balances local search and innovation.

3.2. BLX Crossover for XCS-ES

In XCS-ES, a vector of strategy parameters is added to
the original classifier representation of XCS-GA. Therefore,
BLX crossover takes two parents represented by the pair

condition r; and strategy parameters s;, i.e., p1 = (r1, 1)
and po = (r2,s2), where r; = (al’,ab’,...,a}’) and

s; = (o7, 05", ...,00"), and generates two children by

crossing both the information contained in the condition and
the information of the strategy parameters. The conditions
r; are crossed according to the scheme proposed in the pre-
vious section. Then, for each child o;, a new vector of strat-
egy parameters s; = (07%, 05", .. . oy') is generated. o7’
is a random number ranging in [c},,;,
where ci,,, = min(o?,0??), chy,,
Cl

JREN )
and Il = Cmin> Cmax:

0
- Iia7 Crmaz =+ Iq;Oé],

= maa(?,o7),

4. Experimental Methodology

For the study we used a collection of 12 real-life data
sets: balance-scale (bal), bupa (bpa), glass (gls), heart-s
(h-s), iris (irs), pima (pim), tao (tao), thyroid (thy), vehicle
(veh), Wisconsin breast-cancer data base (wbcd), Wiscon-
sin diagnose breast-cancer (wdbc), and wine (wne). All the
data sets where extracted from the UCI repository [1], ex-
cept for tao, which was extracted from a local repository
[2]. The different configurations of XCS-GA and XCS-ES
were ran on these data sets and the quality of the results was
compared in terms of the performance (test accuracy). To
obtain reliable estimates of this metric we used a ten-fold
cross-validation procedure. XCS was configured as follows
(see [7] for notation details): iter. = 100,000, N = 6400,
0ca=50,x=0.8, 1=0.04,70 =0.6, m0=0.1.

We statistically analyzed the performance of each learner
following the procedure pointed out in [8]. We first applied
the multi-comparison Friedman test to contrast the null hy-
pothesis that all the learning algorithms performed the same
on average. If the null hypothesis was rejected, the post-
hoc Bonferroni-Dunn test was used. Furthermore, we com-
plemented the statistical analysis performing pairwise com-
parisons by means of the non-parametric Wilcoxon signed-
ranks test.

5. Experimental Results

Our first concern was to compare the performance of
XCS-GA and XCS-ES with the BLX crossover operator and
the different selection schemes defined for XCS; besides,
we aimed at analyzing whether the new crossover operator
permitted to improve the performance obtained with origi-
nal XCS as defined in [19]. For this purpose, Table 1 pro-
vides the test performance of XCS-GA and XCS-ES with
the new BLX crossover operator (see from the 2nd to the
5th column of the table). As we are interested in analyz-
ing the interaction of the different genetic operators, we ran
the experiments with the two most used selection schemes
in XCS: proportionate selection (ps) [19] and tournament
selection (ts) [6]. Moreover, we also used truncation selec-
tion for XCS-ES, since it is a selection operator widely used
in the ESs realm. Lastly, we add the results obtained with



the original definition of XCS-GA [19, 21], that is, XCS-
GA with proportionate selection and two-point crossover,
with the aim of comparing the improvements provided by
the new crossover operator with respect to the original XCS
(6th column of the table). The last two rows of the table
supply the average rank of each learning technique and its
position in the ranking.

The empirical results show that the three best ranked
methods in the comparison correspond to configurations
that use BLX crossover. More specifically, XCS-GA with
the both types of selection and XCS-ES with tournament
selection outperformed the original XCS scheme.This high-
lights the suitability of the new crossover operator. Note,
moreover, that all the schemes of XCS-GA with BLX
crossover have a better average rank than the schemes of
XCS-ES with BLX crossover. This indicates that the GA
schemes benefited more than the ES schemes from the new
BLX crossover operator.

We statistically compared the test performance of the six
learning methods. The multi-comparison Friedman’s test
permitted to reject the null hypothesis that all the learners
were statistically equivalent at alpha = 0.10. Nonetheless,
the post-hoc Bonferroni test could not detect any significant
difference between the best ranked learner, i.e., XCS-GA
with tournament selection and any other learning technique.
Therefore, we applied a pairwise analysis by means of the
Wilcoxon signed-ranks test at & = 0.10 to detect further
differences. It is well known that pairwise comparisons in-
crease the risk of rejecting null hypotheses that are actually
true. Herein, we assume this risk with the aim of provid-
ing more information about the excellence of the different
methods. The pairwise analysis detected that (i) XCS-GA
with tournament selection generated models that were sig-
nificantly more accurate than those created by XCS-ES with
proportionate and truncation selection and (ii) XCS-ES with
tournament selection outperformed XCS-ES with propor-
tionate selection. No further significant differences were
identified by the statistical analysis.

We further studied the behavior of the new crossover op-
erator by analyzing the differences in each particular train-
ing data set with the aim of providing a glimpse of under
which problem characteristics BLX crossover performed
the best. We identified that the new operator yielded ex-
cellent results in dense problems, i.e., problems with a large
number of instances with respect to the number of variables.
Notice, for example, the excellent results obtained by all
the configurations using BLX in the bal and the tao prob-
lems with respect to XCS-GA with two point crossover. To
our knowledge, these are, by far, the best results obtained
by XCS with these two problems [2, 3]. We hypothesized
that this was because the new operator was able to fit com-
plex decision boundaries more accurately since it has a less
disruptive behavior than the two point crossover operator.

To confirm this hypothesis, we did the following experi-
ment. We ran different configurations of XCS-ES on the
tao problem (see the domain in figure 1(a)) and plotted the
decision boundaries of the evolved rules sets. The decision
boundaries where plotted by testing the resulting rule set
with a dense test set that contained instances equally dis-
tributed around the feature space and depicting with differ-
ent colors these instances depending on the class predicted
by the system. We selected the tao problem for this anal-
ysis since it consists of two variables, and so, the decision
boundaries can be easily illustrated. Besides, tao has curved
decision boundaries that pose a big challenge for interval-
based LCSs [2]. Figure 1(b) shows the decision boundaries
obtained with XCS-GA with two point crossover. Figures
1(c) and 1(d) show the same information but for XCS-GA
and XCS-ES with BLX crossover. Note that XCS-GA with
two point crossover evolved models that obviated the two
inner concepts of the tao problem; moreover, the decision
boundary defined by the system presented an abrupt shape,
concentring a big amount of the test error. Oppositely, when
BLX crossover was used, XCS-GA and XCS-ES were able
to define very accurate class boundaries and discover the
two inner concepts of the problem. It is worth noting that,
this specificity-driven pressure that seems to be present in
the BLX crossover operator does not go in detriment of the
test accuracy in problems where the training instances are
more sparse, as shown in the general results presented in
Table 1.

Finally, we also detected that the BLX crossover opera-
tor prevented the system from over-fitting in complex prob-
lems. That is, we identified that XCS-GA with two-point
crossover tended to over-fit the training instances, i.e., cre-
ate rules that cover few instances, with the aim of max-
imizing the training accuracy in complex problems. To
show this, Figure 2 shows the evolution of the training and
the test performance achieved by XCS-GA with two-point
crossover and the new BLX crossover in the bal problem.
Note that, with two-point crossover, the training accuracy
increased during the 100,000 learning iterations, but the
test accuracy started to decrease at about 10,000 iterations.
This indicates that XCS-GA with two-point crossover was
over-fitting the training instances in this particular problem.
On the other hand, the results denote that the new BLX
crossover operator prevented XCS from over-fitting. No-
tice that the test accuracy remained oscillating around 86%.
This behavior was observed in other domains such as the
tao problem (the figures are not shown due to space limita-
tions).

The overall results presented in the section showed the
suitability of the new crossover operator with respect to two
point crossover, the original recombination operator used
in XCS with interval-based representation. We showed the
BLX crossover provided the best average behavior in com-



Table 1. Comparison of test accuracy achieved by XCS-GA and XCS-ES with BLX crossover and
proportionate selection (ps), tournament selection (ts), and truncation selection (tr). The last column
provides the results of the original definition of XCS, i.e., XCS-GA with two point crossover (tp) and
proportionate selection. The last two rows supply the average rank of each learner and its position

in the ranking.

Dataset | XCS-GAps XCS-ESps XCS-GAts XCS-ESts XCS-EStr | XCS-GA tp
bal 86.29 (1) 85.39 (5) 85.44 (4) 85.55(2.5) 85.55(2.5) | 83.20(6)
bpa 69.18 (1) 65.89 (6) 68.11 (3.5) 68.11(3.5) 66.76 (5) 68.21 (2)
gls 69.94 (5) 70.25 (4) 71.65 (2) 71.49 (3) 69.16 (6) 72.12 (1)
h-s 39.51 (4) 38.64 (6) 38.76 (5) 39.88 (3) 43.21(2) 46.91 (1)
irs 95.11 (4) 95.11 (4) 95.33(1.5) 95.11 (4) 94.89 (6) 95.33 (1.5)
pim 75.22 (1) 74.43 (4) 74.65 (2.5)  73.83(5) 74.65 (2.5) | 72.53(6)
tao 96.80 (1) 96.77 (2) 96.68 (3) 96.61 (4) 96.57 (5) 91.22 (6)
thy 97.36 (1) 96.90 (3) 97.05 (2) 96.43 (5) 96.74 (4) 95.81 (6)
veh 69.34 (4) 69.23 (6) 69.74 (3) 70.21 (2) 69.31 (5) 71.79 (1)
wbcd 95.66 (5) 96.28 (3) 96.33 (1.5)  95.99 (4) 96.33 (1.5) | 94.85(6)
wdbc 91.04 (5) 91.33 (3) 91.62 (2) 91.97 (1) 90.63 (6) 91.09 (4)
wne 95.88 (4) 96.07 (3) 96.25 (2) 96.82 (1) 95.13 (6) 95.50 (5)
Rank 3.00 4.08 2.67 3.17 4.29 3.79
Pos 2 5 3 6 4

(b) XCS-GA 2pt

(a) Domain

Q

(c) XCS-GA BLX

Figure 1. Decision boundaries obtained with original scheme of XCS-GA with (b) two point crossover,
(c) XCS-GA with BLX crossover, and (d) XCS-ES with BLX crossover in the (a) tao problem.

bination with XCS-GA and XCS-ES; moreover, we also il-
lustrated the advantages provided by this scheme in prob-
lems with a large number of instances per dimension and
complex boundaries.

6. Summary, Conclusions, and Further Work

In this paper, we analyzed the genetic discovery in the
XCS classifier system. The present work is a follow-up of
the work presented in [14], in which a new genetic proce-
dure based on evolution strategies was introduced into XCS,
analyzing in detail the effect of different types of mutation.
We now considered the last genetic operator: crossover. We
designed a new crossover operator inspired by one of the
most competitive crossover schemes in RCGA: the BLX
crossover operator. We experimentally showed the advan-
tages of the new operator and compared it with two-point

CroSsSOVer.

The observations provided in this work suppose the first
steps toward a better understanding of how the genetic op-
erators influence the search in XCS, an aspect that has been
overlooked for a long period. The results clearly showed
that XCS could benefit from new recombination schemes
that exploit the characteristics of each particular problem.
For example, we noticed the improvement that the new op-
erator provided in the bal and fao problems; on the other
hand, this improvement was not present in other problems
such as h-s, in which the original XCS scheme provided
the best results. This supports the idea that more research
needs to be conducted on designing new operators that are
more efficient for a set of problem characteristics. More-
over, it also makes evident that it is crucial to character-
ize the learning problems and to decide which set of opera-
tors should be used depending on each particular problem.
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Figure 2. Evolution of the training and test ac-
curacy of XCS-GA with two-point crossover
and BLX crossover in the bal problem.

Therefore, as further work, we will study different strate-
gies to extract characteristics from the training data sets and
link these characteristics to the type of operators used dur-
ing search with the aim of designing hyper-heuristics that
enable the system to self-tune its operators depending on
the apparent complexity of each particular problem.
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