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Abstract

Currently, the data mining and machine learning fields are facing new challenges because of
the amount of information that is collected and needs processing. Many sophisticated learning
approaches cannot simply cope with large and complex domains, because of the unmanageable
execution times or the loss of prediction and generality capacities that occurs when the domains
become more complex. Therefore, to cope with the volumes of information of the current real-
world problems there is a need to push forward the boundaries of sophisticated data mining
techniques.

This thesis is focused on improving the efficiency of Evolutionary Learning systems in large
scale domains. Specifically the objective of this thesis is improving the efficiency of the Bioin-
forma tic Hierarchical Evolutionary Learning (BioHEL) system, a system designed with the pur-
pose of handling large domains. This is a classifier system that uses an Iterative Rule Learning
approach to generate a set of rules one by one using consecutive Genetic Algorithms. This
system have shown to be very competitive so far in large and complex domains. In partic-
ular, BioHEL has obtained very important results when solving protein structure prediction
problems and has won related merits, such as being placed among the best algorithms for this
purpose at the Critical Assessment of Techniques for Protein Structure Prediction (CASP) in
2008 and 2010, and winning the bronze medal at the HUMIES Awards for Human-competitive
results in 2007. However, there is still a need to analyse this system in a principled way to
determine how the current mechanisms work together to solve larger domains and determine
the aspects of the system that can be improved towards this aim.

To fulfil the objective of this thesis, the work is divided in two parts. In the first part of the the-
sis exhaustive experimentation was carried out to determine ways in which the system could
be improved. From this exhaustive analysis three main weaknesses are pointed out: a) the
problem-dependancy of parameters in BioHEL's fitness function, which results in having a
system difficult to set up and which requires an extensive preliminary experimentation to de-
termine the adequate values for these parameters; b) the execution time of the learning process,
which at the moment does not use any parallelisation techniques and depends on the size of the
training sets; and c) the lack of global supervision over the generated solutions which comes
from the usage of the Iterative Rule Learning paradigm and produces larger rule sets in which
there is no guarantee of minimality or maximal generality.

The second part of the thesis is focused on tackling each one of the weaknesses abovemen-
tioned to have a system capable of handling larger domains. First a heuristic approach to
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set parameters within BioHEL's fitness function is developed. Second a new parallel evalu-
ation process that runs on General Purpose Graphic Processing Units was developed. Finally,
post-processing operators to tackle the generality and cardinality of the generated solutions are
proposed. By means of these enhancements we managed to improve the BioHEL system to
reduce both the learning and the preliminary experimentation time, increase the generality of
the final solutions and make the system more accessible for end-users. Moreover, as the tech-
niques discussed in this thesis can be easily extended to other Evolutionary Learning systems
we consider them important additions to the research in this field towards tackling large scale
domains.
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CHAPTER 1

Introduction

We are living in the "data deluge" era and the data processing capacity is falling far behind the data collection
rates. Therefore, improving the current data mining techniques to work with larger volumes of data becomes crucial.
This thesis is focused on improving Evolutionary Learning algorithms to perform data mining over large data.
Particularly we focus on improving the efficiency of the BioHEL system by means of setting parameters automatically
to reduce the preliminary experimentation, applying parallelisation techniques and improving the generality of the
final solutions obtained.

This chapter presents in greater detail the motivations for this thesis. Afterwards, we present the aims, scope and
contributions of this work. Finally, we present the roadmap for the rest of the thesis and the list of publications
related to each chapter.

1.1 Background and Motivation

The data mining research field, which is focused on automatically extracting knowledge or
abstractions from a set of raw data [Witten and Frank, 2005], is facing an enormous challenge:
the dizzying speed at which data is generated nowadays. With the decrease of the storage
costs and the developments in technology and communications in the last two decades, data
is now obtained and stored from almost anywhere (internet, medical records, biotechnology,
industrial records, telecommunications, military, etc.) [TheEconomist,2010a]. For instance, a
lot of our activities as a society are being recorded in different databases, from enrolling on
a particular university course, to having a doctor's appointment or simply clicking a search
result over the Internet. According to [TheEconomist, 2010b] humankind created 1200 exabytes
(billion gigabytes) of data in 2010. Important insights are hidden within this vast amount of
data that we are not yet capable of processing.

The main problem is that the data collection rate easily exceeds the data processing rate. This
is because the large scale data is often too big and complex to be mined by the available tech-
niques, and even if sometimes, it is possible to solve these problems, the approaches used either
take an undesirable amount of time or are very simple. Therefore, there is a general need to
develop more powerful data mining mechanisms specially designed to work with larger data
that scale well and also produce accurate and interpretable results.

But what does "large scale data" mean? There are different dimensions in which a problem can
be "large and complex". The first dimension would be the amount of registers or examples to
learn from. According to [Lin, 2011] data used for machine learning at Google in 2011 contained
hundreds of billions of instances. The second dimension would be the number of features
analysed. For instance, some bioinformatics problems contain tens of thousands of variables to
analyse [Bacardit and Llora, 2012), Other dimensions of difficulty would be the class imbalance,
number of classes, noise, among others. For example fraud detection datasets contain a very
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CHAPTER 1: INTRODlJCTION

small fraction of positive examples, and this misrepresented class is actually the important one
to classify. In this thesis we explore the two first dimensions of difficulty presented, which are
the number of instances or registers available and the number of attributes or features in the
problem.

Particularly this thesis is focused on the application of Evolutionary Learning (EL) to large
scale data mining. EL is the application of a Genetic Algorithm (GA)[<,(lldl'ITg, 1""i'I; Holland,
147'1] to extract patterns or rules from data. The GA acts upon a population of individuals
(encoded solutions or parts of the solution), evolving it through time using the Darwinian se-
lection principles. New individuals are generated through crossover and mutation and while
the population grows the individuals with lower fitness are deleted to give room to better ones.
When EL is used on its own to solve ML tasks (rather than in combinations with other methods)
it is possible to distinguish three learning paradigms. The first one is the Michigan approach
[Holland, 147'1] in which the individuals of the population are independent rules which co-
operate to solve the problem and are generated by a combination of reinforcement learning
and genetic operators. The second one is the Pittsburgh approach [Smith, l'i~l, Ilj~n]in which
the individuals represent a complete solution to the problem and new solutions are generated
recombining the existing ones. Finally, the last one is Iterative Rule Learning (lRL) (Venturini,
1441), which consists in learning one rule! at a time by means of consecutive GAs that work on
the subset of instances that have not been classified by the learned rules so far.

These algorithms have proven to be good candidates to solve large scale domains, because
of its intrinsic parallel nature (from the usage of a GA) and the interpretability power of the
generated solutions (which are often represented by sets of rules). But still there are challenges
these algorithms face when trying to handle large scale data [Hacardit and l.lor.), 2(12), such
as the execution time or the difficulty of finding complex inner problem structures. Therefore,
there are two general aspects in which the systems can be improved: efficiency and accuracy.
Tangentially to these two, the interpretability of the solutions is another aspect that can be
improved by trying to generate solutions that are general and easy to understand. To improve
the efficiency of these algorithms different approaches have been followed so far, such as par-
allelisation [Cantu-Paz, 2000; Zaki and Ho, 20(0), pre-processing and data selection techniques
[Derrac et al., 2UIO; Carda et al., 2012), windowing techniques [Bacardit, 2U0-1; lshibuchi ct ,11,
2012; Song et al., 200S), novel representations [Bacard it and Krasnogor, 2()()<.),1;Butz et al., 2(X1K1],
data intensive computing [Llora et al., 2010], among others. Moreover, to improve the accuracy
of the algorithms in more complex domains, other authors have tried to understand the theo-
reticallimitations of the application of the GAs in the learning process [Butz, 2006; Coldbl'rg,
2002; Orriols-Puig, 200R] to improve the algorithms in principled ways.

However, with the increase of the volume of data, there is still a gap between the state-of-the-
art EL algorithms and real-world complex domains. For example, some of the largest datasets
solved by EL systems have hundreds of thousands of registers [Bacard it et a I., 20mb, 2012;
Marfn-Blazquez and Martinez Perez, 200R; Shafi and Abbass, 2004; Song ct ,11, 200'i]. Moreover,
EL systems have also been capable of solving datasets with very large numbers of features
(::::::14000 attributes) [Bacard it and Krasnogor, 200':la; Hassell'! ,11., 2011]. However, as it was
mentioned before, there exist larger real-world problems that still fall out of the domains of
competence of the evolutionary computation approaches.

This thesis is focused on improving the efficiency of a particular EL system called BioHEL
(Bioinformatics-oriented hierarchical evolutionary learning) system [Bacardit et al., 2009a],
which Was specifically designed for mining large datasets. This system is the successor of a
Pittsburgh Learning Classifier System, GAssist [Bacardit, 2004], because it shares many mecha-
nisms with the latter. The main difference between them is the change in the learning paradigm
from Pittsburgh to IRL, which allows the system to tackle problems that require more complex
solutions (larger rule sets), but sacrificing the global perspective of the rule set that the Pitts-
burgh approach provides.

1Each individual of the population corresponds to one rule.
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The BioHEL system has obtained very good results and it has been shown to be competitive
against other machine learning algorithms [Bacardit et al., 2009b, 2012; Bassel et al., 2011;Glaab
et al., 2012; Stout et al., 2008, 2009], but still there are some aspects in which this system could
be further analysed and improved:

• An exhaustive experimentation with the BioHEL system is still lacking to determine its
domains of competence, strengths and weaknesses and how the behaviours of the inher-
ited mechanisms vary with the change of the learning paradigm.

• To apply generality pressure, BioHEL's fitness function depends on a parameter called
coverage breakpoint, which determines how general (or extensive in terms of search space)
the rules should be. This parameter has helped BioHEL to find good solutions in com-
plex domains so far, but an extensive experimentation is still lacking to determine how
this parameter should be correctly set. This parameter is usually determined through a
preliminary experimentation process that may take a large amount of time.

• A formal theory is also missing to explain how the BioHEL system works. This means un-
derstanding theoretically the limitations of the system and the type of datasets over which
this system is expected to work correctly. Moreover, this theory should explain how to
parameterise the system to ensure learning according to the characteristics of the problem.

• Parallelisation techniques have not yet been applied to speed up the main bottleneck of
the algorithm: the evaluation process.

• Since this algorithm applies IRL, the rules are generated independently from each other
and there is no guarantee that the subset of rules generated is minimal or as general as
possible. Mechanisms that address this issue are still needed.

1.2 Aims and Scope

The general aim of this dissertation is to improve the competence of the BioHEL system in
large scale domains. The specific goals are: a) improving the efficiency of the BioHEL system
in terms of execution time (including the time spent in preliminary experiments), b) establish-
ing a methodology to set the coverage breakpoint correctly, c) develop a mechanism to set up
the coverage breakpoint automatically to avoid extensive parameter tuning experimentation,
d) improve the generality of the final rule sets obtained using IRL and e) present method-
ologies that are not only applicable to the BioHEL system but to other EL systems of similar
nature.

To fulfil these goals, an exhaustive analysis is performed over the BioHEL system. First to
understand further how the system works and how it should be parameterised, and then to es-
tablish how it should be improved. This analysis has two facets, an empirical and a theoretical
one. The empirical facet is based on experimenting with both real-world and synthetic datasets.
The theoretical facet is focused on modelling the initialisation stage of BioHEL to determine the
limitations of the system on certain domains. Afterwards, based on the conclusions from the
analysis, we develop an automated parameter setting approach that determines the character-
istics of the problem and sets the coverage breakpoint based on this knowledge. Moreover,
to improve the execution time of the algorithm a parallel evaluation process using GPGPUs is
developed. Finally, we introduce post-processing routines that can help reduce the amount of
rules and number of attributes in the rules, to increase the generality of the solutions generated
using the IRL approach.
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1.3 Structure of the Thesis

This thesis is organised into ten chapters: the introduction, two preliminary chapters that
present the context and background material on which the thesis builds upon, six content
chapters that contains the contributions of this work and one final chapter that underlines the
conclusions and further work.

Chapter 2 presents the general background work of this thesis. This includes the definitions
and taxonomy for machine learning and data mining. This chapter also introduces EL, the
representations commonly used and the state-of-the-art techniques used in this field to handle
large scale domains. Moreover, the two systems analysed extensively in this thesis, GAssist
and BioHEL, are explained in detail.

Chapter 3 presents the common methodological aspects shared among the different chapters.
These are the statistical tests used, the datasets (which can be divided in to real-world and
synthetic ones) and the basic configuration for the BioHEL system, which remains unchanged
unless stated otherwise.

Chapter 4 Pittsburgh vs. IRL: Identifying future challenges presents a thorough comparison
between the GAssist and the BioHEL system, it which the common mechanisms among the
two are analysed to determine if they can be set up in the same way, or they depend on the
learning paradigm used. Moreover, this chapter introduces a standard configuration that can
be used for both algorithms depending on the general characteristics of the problem (whether
the problem can be categorised as big or small). However, in the case of BioHEL it is shown
that better results can be achieved if the coverage breakpoint parameter is set up according to
the specific characteristics of the problem. Moreover, other areas of possible improvement in
BioHEL are the execution time and the length of the rule sets generated using IRL.

Chapter 5 Parameter impact in BioHEL's fitness function presents an exhaustive experimen-
tation over the coverage breakpoint parameter using synthetic boolean problems such as the
k-Disiunctive Normal Form formulas. These formulas are introduced in this chapter as a way
to characterise the structure of boolean problems based on the number of relevant attributes (k)
and the number of terms in the problem (r) (rules the system needs to learn). In this chapter
empirical conclusions are determined about how the coverage breakpoint parameter should be
set up according to the characteristics of the problem. The conclusions state that if the problem
has k relevant attributes in each term, the optimal coverage breakpoint for the system should
be 2-k.

Chapter 6 Modelling the initialisation stage of BioHEL derives theoretical models of the suc-
cess of the initialisation stage to understand better how the system should be configured. In
this chapter the schema bound (probability of obtaining good rules in an initial population)
and covering bound (probability of covering the whole search space) are calculated based on
system parameters and characteristics of the problems such as number of relevant attributes (k)
and number of terms (r).

Chapter 7 Automatic theory-based adjustment of the coverage breakpoint introduces an auto-
mated parameter setting approach that determines the characteristics of the problem based on
the models generated in Chapters 5 and 6 and observable characteristics in sample individuals.
The models are used to determine both the number of relevant attributes in the terms (k) and
the number of terms (r). Afterwards, based on this knowledge and the conclusions of Chapter
5, this method sets up the adequate coverage breakpoint for the problem.

Chapter 8 Fast evaluation process using GPGPUs tackles a different problem than previous
chapters: the efficiency of the evaluation process. This chapter introduces a methodology to
boost the evaluation process of BioHEL using the massively parallel computational capacity
of General Purpose Graphic Processor Units (GPGPUs). Two different strategies with different
degrees of parallelism are proposed and evaluated. The assessments of the efficiency improve-
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ment are done over the evaluation process independently and over the whole learning process.
Additionally, models that explain the results obtained are presented.

Chapter 9 Post-processing the final rule sets presents three post-processing operators that try
to improve the generality of the rules. Since the final solutions generated using IRL might
lack global supervision, it is probable that the solutions have more rules than necessary and
these rules have more attributes expressed than they should. This chapter introduces three
operators: rule cleaning, rule pruning and rule swapping. While the first two act on individual
rules to decrease the number of attributes expressed, the last one swaps the order of the rules
to find a new order in which unnecessary or redundant rules can be erased.

Chapter 10 contains the summary of the thesis, final remarks and further work.

1.4 Published Work

The work presented in this thesis have been published in three journal papers (two still under
review process) and three conference papers. Here we present the list of publications, their
relation with the chapters in this thesis and the associated prizes or awards received.

Journal papers

• Franco, M. A., Krasnogor, N., and Bacardit, J. (2012a). Analysing BioHEL using challeng-
ing boolean functions. Evolutionary Intelligence, 5:87-102. 10.1007/s12065-012-0080-9
Chapter 5: Parameter impact in BioHEL's fitness function

• Franco, M. A., Krasnogor, N., and Bacardit, J. (2013b). GAssist vs. BioHEL: critical assess-
ment of two paradigms of genetics-based machine learning. Soft Computing, pages 1-29.
Available online: http://dx.doi. org/10.1007 /s00500-013-1016-8
Chapter 4: Pittsburgh vs. IRL: Identifying future challenges

Journal papers under review process

• Franco, M. A., Krasnogor, N., and Bacardit, J. (2013a). Auto-tuning a rule-based machine
learning algorithm via problem structure identification. Journal of Machine Learning Re-
search. Submitted for review on January 2013
Chapter 7: Automatic theory-based adjustment of the coverage breakpoint

Conference papers

• Franco, M. A., Krasnogor, N., and Bacardit, J. (2012b). Post-processing operators for deci-
sion lists. InProceedings of the fourteenth international conference on Genetic and evolutionary
computation conference, GECCO '12, pages 847-854, New York, NY, USA. ACM Press
Chapter 9: Post-processing the final rule sets

• Franco, M. A., Krasnogor, N., and Bacardit, J. (2011). Modelling the initialisation stage
of the ALKR representation for discrete domains and GABIL encoding. InProceedings of
the 13th annual conference on Genetic and evolutionary computation, GECCO '11, pages 1291-
1298, New York, NY, USA. ACM Press
Chapter 6: Modelling the initialisation stage of BioHEL
2011 Best paper award for the GBML conference track
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• Franco, M. A., Krasnogor, N., and Bacardit, J. (201Oa). Speeding up the evaluation of
evolutionary learning systems using GPGPUs. In GECCO '10: Proceedings of tile 12t11 annual
conference on Genetic and evolutionary computation, pages 1039-1046, New York, NY, USA.
ACM
Chapter 8: Fast evaluation process using GPGPUs
2010 Best paper award for the GBML conference track
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CHAPTER 2

Background Work

This chapter focuses on describing the state-of-the-art in Machine Learning and Data Mining which is the broad
context of this thesis. Additionally, the concepts of Evolutionary Computation and Genetic Algorithms are intro-
duced. Afterwards, the field of Evolutionary Learning, the specific context of this thesis, is throughly described.
The different problem domains over which Evolutionary Learning algorithms can be applied, rule-based knowledge
representations and the efficiency enhancement techniques proposed within this field in the past years are explained
in detail. Finally, this chapter explains in-depth the systems analysed in this thesis: BioHEL and GAssist.

2.1 Machine Learning and Data Mining

According to Mitchell [1997], Machine Learning (ML) corresponds to the research field that
develops algorithms which improve their performance over a certain task with experience.
However, there are many ways in which the concepts of task, performance and experience can
be interpreted. For example, for a program that plays a particular board game, the task is to
play the game, the performance measure is how good the program is at playing ina particular
moment and the experience corresponds to all the games the program has played so far to reach
its level of abstraction. In general ML algorithms are known from being able to obtain empirical
data as inputs and learn or identify patterns within this data.

So far machines cannot be programed to learn in the same way as humans do. However, there
are many different tasks that machines can learn how to perform nowadays such as playing
checkers, controlling robots, classifying and extracting knowledge from data, among others.
Even though the research in the ML field exists since the 1950's, it was not until the 1980's
considered an independent research field. Michalski et al. [1985] presents a compilation of the
early work on this area.

Data mining consists in the process of automatically extracting knowledge or abstractions from
a set of raw data [Witten and Frank, 2005]. Data mining can be considered as one of the usages
that ML can have. While the terms ML and data mining are strongly related, the difference
between the two is that data mining methods focus on extracting unknown knowledge from
data, while the ML methods are more focused in generating better and more accurate learning
algorithms, that might have a data mining purpose, but not necessarily.

There are many different ML paradigms and many different classification schemes [Langley,
1996]. The most popular classification schemes for ML are based on which information is avail-
able during the learning process and which knowledge representation is used to represent the
final output. Depending on which information is available during the learning process, the
learning can be:
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tear production rata

hard

Figure 2.1: Example of decision tree for the contact let prescription problem taken from n ittm and
Frank,2oo5J

Supervised when the inputs of the sy tem have pecific labels (th c t utput f r ch
case), which is determined previously by a human. In thi type flaming th is direct
feedback on how good is the underlined model 0 far. This type of I arnin i u uaU
used to solve classification problems which consi t in cLa ifying or eparatin th in tan
space, based on a training instance et Labelledwith a finite number f cI . th .
is mainly focused on this type of learning.

Unsupervised when the inputs do not have labels, but instead the y t m n
tions or similarities between the inputs. In this ca th r . n f
mance of the model.

Semi-supervised is a middle point between the two pr viou types, in which f th
inputs are labelled and some of the inputs ar not.

Reinforcement learning when the inputs do not have xplicit lab I , but in t d th
receives an indirect feedback of how good or bad the predicti n w ( ward).

Furthermore, as it was mentioned before, the learning can be cLa ified pen in n th type
of knowledge representation used to express the output [Witt n and rank,2 5). In upervi
learning (which is the focus of this thesis) the differ nt kn wI dge representati

Decision trees. Consist in trees in which each node separate the instanc rding t an
attribute and the leaves correspond to the final cla ification r label. ampl of a
decision tree can be found in Figure 2.1. Also decision trees can be used t p dict nu-
meric values instead of categories, by averaging the outcome of th instanc th t re ch a
particular leaf. This type of trees are called regr sion trees. One of th m t representati
algorithms that use decision trees i C4.5 [QuinJan, 1993).

Classification rules. Consist in ruJes that classify aU the instanc that match a condition C into
a class A from a set of possible cLa ses. The condition C corresponds to a b lean cla
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in a hierarchical or in a non-hierarchical way. When th ruJ ar applied in a hi rarchi al
way the output is also referred a a deci ion list [Riv t,19 7], becau th rd r f th rul
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att1: tear production rate
att2: astigmatism
att3: spectacle prescription

Rule 1: attl = reduced ~ none
Rule 2: attl = normal A att2 = no ~ soft
Rule 3: attl = normal A att2 = yes A att3 = myope ~ hard
Rule 4: attl = normal A att2 = yes A att3 = hypermetrope ~ none

Figure 2.2: Example of rule set for the contact lens prescription problem

determines a precedence in the activation. This means that to classify an instance, the class
will be determined by the first rule in the rule set that matches the instance. An example
of rule set is given in Figure 2.2. Examples of modem systems that use classification rules
are JRip [Cohen, 1995] and PART[Frank and Witten, 1998]. Classification rules, and in
particular decision lists, are the type of knowledge representation used by the systems
analysed in this thesis. Therefore, more examples of systems that use classification rules
from an ELperspective will be provided further in this chapter.

Linear models. Consist in a mathematical model that, based on the input, is capable of sepa-
rating or classifying the solution space. In its simplest form consists of weighted sum of
the attribute values. The simplest method to generate linear models is a linear regression.
An example of a classification using a linear model can be found in Figure 2.3a. Among
the approaches that generate linear models we can find Neural Networks [McCulloch
and Pitts, 1943] and Support Vector Machines (SVM) [Vapnik, 1995]. Neural networks
consist in a series of perceptrons interconnected. A perceptron is the minimal form of
neural network which receives a series of inputs and produces an output that consists of
a weighted sum of the inputs. The perceptrons connected together determine a final out-
put as shown in Figure 2.3b. The weights are adjusted during the training process based
on the prediction error. On the other hand, SVM constructs a hyper-plane (or a series
of hyper-planes) that separates the instances. The hyperplanes are constructed trying to
maximise the distance to all the different points in space. Particularly, SVMcan separate
non-linear spaces by means of using kernel transformations.

Instance-based representations is a type of representation that stores the observed instances
and, when trying to classify a new one, finds the instance(s) with more resemblance to
the observed one. Systems that used instance-based representations do not generalise,
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(a) Linear model

A simple neural network
input
layer

hidden output
layer layer

(b) Neural network

Figure 2.3: Example of a linear model that separates the data in two classes (left) and a neural network
(right). Image taken from [Witten and Frank, 2005J and Wikipedia, respectively.
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but instead predict using previous specific knowledge (instances stored in memory). One
of the most popular algorithms that use this representation is the K-neighbours classifier
(lBk) [Ah.i ct ,11, 19YI).

Bayesian networks is a probabilistic representation in which the system underlines a model
that expresses the probability of a certain instance belonging to a certain class. This type
of representation could also be classified as a linear model. Among the systems that used
this type of representation we can find Naive Bayes (John .md I dngll'\, 1'1'1',] and K2
[Cooper and f kr-..kovits, 19'-12).

Ensembles is the combination of the prediction of several simple models (I':, )"-,hh, ~Ill( 1]. It can
be considered a meta-representation as it works on top of the representations mentioned
above. The combined prediction can be calculated using bagging (consensus prediction)
where each one of the models have a vote (or a weighted vote) which contributes to the
final prediction. At the end the class with more votes is selected as the winner. Other
form of ensemble technique is boosting, in which the models are generated incrementally
based on the instances that were poorly classified by the models already developed. This
technique tries to generate complementary models. An important representative of an
ensemble-based classifier is AdaBoost [Fn-und and c.xh.lpin·, 194h].

2.1.1 Data mining for large scale datasets

When the datasets become very large, there are limitations on the application of ML techniques
because of the memory requirements and the execution time. Particularly if the algorithms do
not scale linearly according to the size of the dataset, trying to solve bigger and bigger datasets
is soon unfeasible. In this section we provide a brief introduction of the techniques available
for general data mining over large scale datasets. Even though this section does not mention
particular details of the techniques, the ones are relevant to the work conducted in this thesis
will be explained better from an EL perspective later in this chapter.

To reduce the complexity of the data sets it is possible to work with a subgroup of attributes or
instances [Witten and Frank, 200::i]. This does not only help decreasing the execution time, but
also for some problems it can improve the quality of the built models. Removing attributes that
are irrelevant and redundant from the data is called feature selection. This is a very important
step when working with problems with large amounts of attributes and very low number of
samples. Feature selection can be separated in two groups: feature ranking and subset selection
[Cuvun and F1isSl'df, 20m). Feature ranking ranks the available variables by a metric and
eliminates or filters all those variables that achieve a score under a certain threshold. Subset
selection techniques use optimisation algorithms to search the set of possible variables and find
the optimal subset.

On the other hand, learning from a smaller sample of the training set is called silbsampling. The
subsampling techniques can be separated in two big groups: the ones applied before the learn-
ing process and the ones applied during the learning process. The subsampling can be done
either in a supervised way, determining which instances are better representatives of the data or
in a random way. The techniques that analyse and select the instances that are more important
or relevant fall into the category of instance selection techniques. Also the subsampling can be
performed during the learning process in a dynamic way. Windowing systems are examples
of these techniques, which either partition or select instances from the training set dynamically.
This means that the subset of the instances used change during the learning process.

Moreover, it is possible to reduce the execution time but adjusting parameters that regulate the
complexity of the solutions obtained. The more complex the solution the more time it takes
to generate it. An example of this is constraining the number of support vectors in SVM to
improve the scalability over large datasets [W,mg l't ,11,2(12). Many other examples of balanc-
ing the tradeoff between complexity and efficiency by means of parameters will be presented
throughout this thesis.
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Furthermore, parallelisation of the ML algorithms is possible. Some algorithms have a more
parallel nature than others so the benefit from the parallelism depends greatly on the type of
algorithm. Parallelism can be achieved via parallel programming tools, which allow distribut-
ing the work in different cores, or via high-level problem abstractions as the ones provided
by the data-intensive computing frameworks. [Zaki and Ho, 2000] presents a compilation of
parallel and distributed techniques to speed up data mining on large scale domains. Also other
examples of data mining of large scale datasets have benefit from the usage of cloud computing
(infrastructures that provide computational capacity services over the internet) [Crossman and
Cu,2008].

If the problem is the memory requirements, streaming can be used to provide the system with
one instance at the time, without storing it in memory. However, this is only possible for al-
gorithms that do not need to memorise the instances seen (e.g. Neural Networks). Also it is
possible to perform data mining over data distributed in different physical places by means of
data-intensive computing.

Examples which handle large scale domains are the application of data mining to web pur-
poses, which usually involves large amounts of data [Liu, 2007]. For example, nowadays
many websites, social-networks and search engines focus on providing information to the users
according to their taste, which is defined by their previous actions [Chang, 2008; Shi et al.,
2011]. Likewise, data mining with medical purposes, such as the determination of relation-
ships among genes [Glaab et aI., 2012; Urbanowicz and Moore, 2010] or the protein structure
prediction [Bacardit et al., 2009b, 2012], involves really large amounts of data. Large scale data
mining has also been applied in astronomy for image processing and object identification (e.g
quasar detection, galaxy classification) [Ball and Brunner, 2010], in healthcare for treatment
effectiveness and healthcare management [Koh et aI., 2011] and in fraud detection [Phua et aI.,
2010]. Weiss and Indurkhya [1998] presents an interesting discussion of the revolution of big
data and the challenges encountered by the data mining and ML fields.

2.2 Evolutionary Computation and Genetic Algorithms

Evolutionary Computation (EC) refers to the artificial intelligence field concerned with the ap-
plication of Evolutionary Algorithms (EAs) to optimisation tasks. EAs are algorithms that ap-
ply metaphors taken from the natural evolution process. These algorithms try to simulate the
natural selection first proposed by Darwin [1909], and the transmission of information from
parents to offsprings according to the Mendel principles. Usually these algorithms develop a
population of individuals (each of them a candidate solution for the problem) according to a
pre-established objective. To do this they apply the Darwinian principles, such as the reproduc-
tion and survival of fittest and transmission of genetic information from parents to offsprings.
According to [Freitas, 2002] the EC field is now divided in four branches: Genetic Algorithms,
Evolutionary Strategies, Evolutionary Programming and Genetic Programming, being the first
one the most relevant in the context of this thesis. The following paragraphs explain briefly
each one of these paradigms.

Genetic Algorithms (GA) [Goldberg, 1989; Holland, 1975] Is the most widespread paradigm
of evolutionary computation. This paradigm applies most of the Darwinian principles
such as selection, crossover, mutation and inheritance. In a basic GA each one of the indi-
viduals in the population corresponds to a random solution for a given problem encoded
as a chromosome. Through crossover and mutation, new solutions are generated based on
good individuals of the population (recombining the information in their chromosomes),
or applying random changes, respectively. According to the selection principles, the
fittest individuals (the best solutions) stay in the population, while the worst ones should
disappear to give room for better offsprings. The selection is based on the fitness of the
individuals. GAs will be explained in greater detail in Section 2.3.1.2.
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Evolutionary Strategies (ES) [I~l'c1ll'nbl'fg. IYi1) Is a paradigm of evolutionary computation
that adopts the principles of mutation and adaptation. This paradigm characterises itself
for the adaptation of the parameters of the system with the encoded solutions by includ-
ing these parameters as features in the chromosome. This is also known as self-adaptatiotl
which will be explained in greater detail in Chapter 7.

Evolutionary Programming (EP) [Fogl'I, 1964) This paradigm of evolutionary computation is
used to evolve finite state machines that act as predictors. It is very similar to Evolution-
ary Strategies, since the parameters of the program are evolved by means of EAs.

Genetic Programming (GP) [Cramer. IYH;; KO/d, IYY2)Is the latest paradigm of evolutionary
computation to appear in time. It consist in the usage of the genetic principles to evolve
programs that solve a particular task. The difference between evolutionary programming
and genetic programming is that the latter evolves the structure of the program itself.

Within the field of EC this thesis is focused in the application of GAs for the discovery of
classification rules. The following sections will explain in greater detail the field of EL, which
is the specific ML field to which this thesis belongs to.

2.3 Evolutionary Learning

The Evolutionary Learning (EL) term refers broadly to the application of GAs [( ,oldbl'rg. IlII'N;
Holland, IlJ7:q to ML tasks. EL has gained the attention of the research community for its
ability to perform well in problem domains like classification tasks, reinforcement learning
and function approximation [Bacardit et al., 2llO7.!; lan z i, 200H; Lrb.mowic> ,1I1d \loon', 2(1Il'-1).
Moreover, there are a lot of successful applications of EL systems in robotics [Butl .md I Ierbort,
200R; Hurst .md Bull, 20()6; Musik-k l't .11, 2()O;; Stalph l'I ,II, 20m) biological data analysis
[Bacard iI et a I, 2()09b, 2012; BaSSI'l d .II, 2() I I; Srni th c-t ,II, 2111(); <';toll t t'I ,II, 21~ IX, 21~)9I,medical
data mining [AI.I!"{'ll1 ct .II, 20()6; (;Iddb d ,II, 2012; Holmes, IlJlJX;l.lora vt ,II, 2007; Lrb.mowu>
and Moore, 20 I0), optimisation [Franco et ,II., 20 lOb; Stone and Bull, 20()x;1 .ib.tcm.m l't ,II.,
200x), among others.

The first method under the EL umbrella was first proposed by [f Io IIan d, IY7,; Holland and
Reitman, IlJ7x) under the name of Classifier System (CS) as a model of an automata that could
react to certain conditions in the environment. The way the automata or agent reacts to the
environment is by means of classification rules which have the structure IF condition THEN
action. All the rules learnt combined together form a behavioural model which is evolved by
means of a GA. However, since then many different types of systems that fall on this category
have been developed. In the following sections the main components of EL are underlined and
the three learning paradigms of EL are explained.

2.3.1 Components of Evolutionary Learning

Although there are many different types of EL systems there are common characteristics among
them that need to be highlighted. First, EL systems can be separated in two big groups: the
ones that apply reinforcement learning and the ones that apply supervised learning. In the
algorithms that apply reinforcement learning there are 4 basic components (I Iolmv-, et al., 2002;
Lanzi,200H):

1. a population of classifiers that concentrates the knowledge of the system

2. a discovery mechanism which finds new solutions based on the previous ones

3. a credit assignment or reinforcement learning component

12
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4. interaction between the classifier system and the environment (performance component)

In the algorithms that apply supervised learning the components 1 and 2 exist in the same way.
However, the credit assignment and the interaction with the environment can be considered
an unique process in which all the classifiers are evaluated against the whole training set and
the system determines how well each one of them classify the set of instances. The following
sections will explain each one of these components.

2.3.1.1 Population

EL systems usually handle a population of individuals which evolve through time following
an optimisation process. The individuals usually consist of a rule or a rule set that can be
encoded using many different knowledge representations as itwill be explained later in Section
2.3.4. The representation consists of the genotype (the genes or encoding) and phenotype (its
interpretation) [Kovacs, 2011]. In some representations these two concepts are the same while
in some others the phenotype needs to be derived through a complex process.

When the individuals are rules, usually the whole population constitutes the solution of the
problem, and the individuals collaborate among themselves to create this solution. In other
systems, the individuals are rule sets. This mean, each individual constitutes an independent
solution of the problem. They do not collaborate directly but the entire solutions are recom-
bined to generate new ones.

2.3.1.2 The discovery component

The discovery component in EL is in general a GA [Goldberg, 1989; Holland, 1975]. As it was
explained before, the individuals, whether they are an individual rule or a rule set, are en-
coded in a chromosome which has a measure of quality associated to it (fitness). In the original
GAs this consists of a formula that evaluates the solutions. In EL the fitness of the individuals
depends on applying the rules to particular examples or inputs. When using reinforcement
learning the fitness tends to be related to the payoff (reward) or the accuracy at receiving a
particular payoff. When following this approach a credit assignment mechanism is necessary
to pass the environment's feedback to the classifiers as it is going to be explained in the next
section. Moreover, in the supervised learning approaches the fitness is often based on the mis-
classifications over the whole training set.

The GA used by EL systems usually consists in the following steps or mechanisms:

Selection is the mechanism that determines which individuals are going to be evolved. This
mechanism gives preference to the fittest individuals to pass their information to the next
generations. This mechanism is stochastic with a probability that depends on the fitness
of the individuals.

Crossover is the random recombination of the chromosome information of two parent individ-
uals (determined by the selection mechanism) to generate two offsprings.

Mutation is the random alteration of the parent chromosomes, which is used to perform local
search around the selected solutions.

Replacement is the deletion of the worst individuals from the population to make room for
emerging offsprings, as the size of the population is finite. This mechanism is also stochas-
tic and occurs on each individual with a probability inversely proportional to their fitness.
The use of this mechanism should result in a global increase of the quality of the popula-
tion.
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These steps are repeated a fixed number of times or until the global quality of the population
has reached a certain threshold. Moreover, since the selection and deletion mechanisms are
stochastic with a probability that depends on the fitness of the individuals, the best individuals
of the population are kept at all times, which is also known as elitism.

2.3.1.3 Credit assignment or reinforcement learning component

The credit assignment or reinforcement learning component allows the systems that inter-
act with an environment to pass the feedback information back to the individuals [Holland,
19Hha,b]. Depending on the input the automata receives from the environment, certain rules
are applied. Based on the outcome of applying these rules, the fitness of the rules changes.
This information feeds the GA to differentiate between "good" and "bad" individuals, while
evolving the model that best fits the observable environment.

The first credit assignment method used in reinforcement learning was the "bucket brigade" al-
gorithm [Holland, 1486.1]. This algorithm distributes the feedback among all the classifiers that
implied the chosen action. Afterwards, this credit assignment mechanism was extended to in-
clude temporal difference [Sutton, IYHH\. Then, a modification of Watkins Q-Learning l\\,1t" ins,
1YHyl was proposed as the credit assignment mechanism of more complex systems.

In the case of supervised learning approaches there is no need for a sophisticated credit as-
signment mechanism. The "good" and "bad" rules or rule sets are determined based on the
accuracy at classifying the available examples.

2.3.1.4 Interaction with environment

The interaction with the environment is the application of the generated rules to the problem
at hand [Kovacs, 20 II] to obtain a feedback on the classification quality from the environment.
However, in some systems that apply supervised learning, the interaction with the environment
does not exist explicitly, but only constitutes the calculation of prediction accuracy based on a
training set. However, for systems that apply reinforcement learning the interaction is explicit,
as the feedback depends on this interaction and the latter might even change the conditions of
the environment.

2.3.2 Paradigms of Rule-based Evolutionary Learning

Depending on the type of learning and representations used different types of EL systems exist
and they can be clustered in three main paradigms. The three different perspectives for learn-
ing rules in EL are: the Michigan approach [Holland, 1<)75), the Pittsburgh approach [Smith,
IY~O,1Y83]and the IRL approach [Venturini, 1441]. The two first approaches were developed
in parallel while the last one appeared later inspired in the previous ones. Moreover, the first
paradigm usually applies reinforcement learning while the other two usually apply a super-
vised learning approach. However, hybrid systems can be also found in the literature. The
following sections will explain the characteristics of these paradigms.

2.3.2.1 The Michigan Approach

The Michigan approach was first described by Holland (1475) under the name of cognitive sys-
tems. Each individual in the population represents one rule which has a condition C, an action
A and an expected payoff. The population, as a whole, corresponds to the solution of the
problem. The main goal is to develop a population that represents a payoff map, by means
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of reinforcement learning. This means a model based on rules which express: if C happens
and A is carried out the expected reward or payoff is P. This approach also has the ability to
adapt itself to new examples that arrive to the training set and it is also referred to as /I online
learning".

The main cycle of Michigan LCS goes as follows. When the system receives a training example,
a match set [MJ is constructed with all the rules in the population that match the incoming
example. If the match set is empty coverage occurs to generate random rules that cover the
example. From all the actions that can be found in [MJ, the payoff prediction is computed.
The prediction is computed as the weighted fitness average of the payoff of the classifiers that
imply this action. This means that the classifiers with higher fitness contribute more to the
payoff prediction than the rest. Then an action is selected and the action set [A 1 is constructed
with all the classifiers in [MJ that implied this action. There are different methods to select the
action: a) exploitation, which is the selection of the action with the higher expected payoff or b)
exploration, in which a random action is selected to explore the solution space. Once the action
is carried out, a reward is obtained from the environment and all the classifiers inside [A 1 are
updated. After this point, a GA is applied and two parents are selected to generate offsprings
through mutation and crossover. Afterwards, the offsprings are introduced in the population
and the cycle starts again. Figure 2.4 shows an example of the functioning of this paradigm
taken from [Bacardit, 2004].

The first implementations of Michigan LCS used the payoff or strength as a measure of good-
ness of the classifier. One of the main representatives of Michigan LCS that used the payoff
is the Zeroth-level Classifier System (ZCS) [Wilson, 1994]. Since these implementations used
the payoff of the rules, they constructed a best action map instead of a complete landscape of
payoff. This means that the rules with the highest payoff take over the system, because they are
preferred without considering how accurate they are and the system does not know actually in
which cases the payoff might be low. As a consequence, if the problems have a deceptive payoff
the system will not be able to learn the most accurate solution to the problem. This changed
with the introduction of the accuracy as a measure of goodness in the XCS system [Wilson, 1995],
which helped the system not only to improve its performance but also its generalisation capa-
bilities. Additionally, XCS applies the GA on the action set only, instead of applying it over
the whole population. This comes from the idea that different niches of the environment can
have different payoffs. If the GA is then applied over the whole population, the niche with the
highest payoff will have more classifier resources explaining its behaviour than the rest of the
nieches.

While most of the systems that follow the Michigan approach use reinforcement learning, there
are hybrid systems that apply supervised leaming such as UCS [Bemad6-Mansilla and Garrell,
2003; Orriols-Puig and Bernado-Mansilla, 2008b]. This system is based in XCS but instead of
generating a complete action map, it generates a best action map, similar to the one generated in
strenght-based learning classifier systems. To do this they used a supervised learning scheme
instead of reinforcement learning. The difference is that the supervised learning scheme pro-
vides the correct class, while the reinforcement learning scheme only provides a reward. The
correct class determines which classifiers managed to classify correctly. Then UCS instead of
generating an action set it generates a correct set and an incorrect set depending on the correct
class. The GA is applied only on the correct set, since this represents the niches in UCS.

2.3.2.2 The Pittsburgh Approach

The Pittsburgh approach follows a more canonical supervised learning approach where a com-
plete training set is available and rule sets are learnt in a batch fashion. This approach was initi-
ated at the University of Pittsburgh by De Jong [1988] and Smith [1980, 1983]. In this approach
each individual is a rule set (usually of variable length) that constitutes a complete solution
of the problem. The performance of the rule sets is generally based on the misclassifications
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and the length, and it is calculated through supervised learning. This means that each one
of the rule sets is tested against the whole training set in each GA iteration, which involves a
higher computational cost than in the Michigan approach. While the latter rewards the rules
that are responsible for the last action, the Pittsburgh approach evaluates how well each one of
the solutions performs as a whole.

Since each individual constitutes a single solution (rule set), the way the Pittsburgh approach
works is very similar to a standard GA, as shown in Algorithm 2.3.1. As other EL systems a
GA is used to generate new solutions based on the existent ones. First, all the solutions all
evaluated. Afterwards, using a selection mechanisms two parent solutions are recombined,
mutated and reinserted in the population with a certain probability, taking the place of the
individuals with lower fitness. This process continues until a stop criteria is met, which is
usually reaching a fixed number of iterations. At the end of the execution, the best individual
in the population is considered the solution for the problem.

Algorithm 2.3.1: PITTSBURGHMAINLoop(k)

pop t- INITIALISEPOPO
EVALVATE(pOp)
stop t- TRUE

pop2 t- SELECT(pOp)
RECOMBINE(pop2)
MUTATE(pop2)
/ / Inserts the new individuals in the populationwhile -etop / / considering the elitism
MERGE(pOp,pop2)
EVALUATE(pOp)
CHECKSTOPCONDITION(stop)

Important representatives of this approach are GABIL [long and Spears, 1991}, GIL [lanikow,
1993], GALE [Llora and Garrell, 2001] and GAssist [Bacardit, 2004].

2.3.2.3 Iterative Rule Learning Approach

The Iterative Rule Learning (IRL) approach, consists in generating iteratively a set of rules that
constitutes a complete solution of the problem. This approach was first used by Venturini [1993]
in the SIA system. Similarly to the Michigan approach, each individual is one rule. But instead
of having rules that cooperate to construct a solution, the solution is learnt incrementally, learn-
ing one rule at the time using consecutive GAs. Similar to the Pittsburgh approach the rules
learnt correspond to the best individual of the population in a particular iteration. Furthermore,
the fitness of the individuals is determined through a supervised learning approach, comparing
the accuracy of the rules against the whole training set.

Algorithm 2.4.2 presents a pseudocode for the main loop of the IRL approach. The theory set
(set of rules) starts empty and the rules are added to this set after being learnt independently
by consecutive GAs. After each rule is learnt the examples covered by the new rule are erased
from the training set and the execution continues until a stop condition is reached. In general
this approach learns each one of the problem niches independently and ensembles the solution
at the end constructing a hierarchical decision list.

Some authors consider this approach a variant of Pittsburgh, while others consider it a middle
point between Michigan and Pittsburgh [Urbanowicz and Moore, 2009]. On one hand each
individual is a rule like in the Michigan approach, but the process of learning rules in each
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iteration correspond to the one in the Pittsburgh approach \{on'over, tnl" approach IS quite
widespread in mainstream ML [I IlrTl10.. r.mv , ILl'''')

Important representatives of this approach art' HIDER [ \.:'I;;,1r f~ i ,. ,'1 , : • ;), '''X [ll,'ra
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do then exit
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return (Theory)

Algorithm 2.3.2: ITERATIYFRL'lFLF.AR:\I'C( Eram T'/f'<;,

2.3.2.4 On the nomenclature of Evolutionary L~.1minK pU.1diKmlt

As we have observed in the previou ... ,*,('tion'i the three main paradigm .. 01 H. have many
characteristics is common, However, the two first paradigms Michigan .1OJ Plthburgh, belong
a subgroup of EL known as Learning Classifier Svstern» (l.l'S) Whllt' IRI. has m.lIl~' similarities
with the Pittsburgh and the Michigan approaches In my perspective It cannot be classified as
LCS, This is because the set of rules that works as a classifier IS gt·nt·ratt<d ,*~Ut·nh.llly while in
the other approaches the classifier exists from the begmning and it I'" improved through time.
At the same time EL systems are also referred to in the literature by many authors dS (~.>netics-
based Machine Learning (GBML) systems [Kov.u«, 2(1111,

As it was explained before, Pittsburgh LCS and IRI. use CA .. tll perform batch learrung using d
supervised learning approach, while Michigan applies incrernental Iearnmg often following a
reinforcement learning approach.' While this thesis is mainly focused on tht' IRI, approach, as
part of the broader context of this thesis there is the Pittsburgh approach. Supervised Learning,
Genetic Algorithms and Evolutionary Learning in general. To facilitate the reading Figun.' 2;
presents a diagram that classifies all the tl'chniqul'S and paradigms pn'Wntl'd so far ,lOd the
relations among them,

Having explain the research fields that are related to this thl'Sis, the n'St of the chapter will
be dedicated to explain the problem domains EI.. systems can tackle and some inten'Sting re-
marks about knowledge representation and enhancement tl'Chnlqul'S, rt'le\'ant to the work in
this doctoral program,

2.3.3 Problem domains

EL systems have been applied widely in plenty of prediction problems Tht'W pn<dlChon prob-
lems can be separated in three big groups: classification problem .., n'infmcem£'fll le.lmmK prob-
lems and function approximation problems [Bull, 2()()7).

1There are some examples In the htl'ratun- In wh"h ~"hljl;an arrh ..... ,,,,,,,"W"I.11 ~up"·rvl .... 1 w;tmlnjl; ;t. {'~J'IaIllt'\J
in Section 2\ 2 I
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Figure 2.5: Diagram of the fields of research presented in this thesis. Dark blue represents the specific
context of this thesis while light blue represents the broader context of the thesis

The classification problem is typically defined as a problem were the system has to identify areas
in the problem space and label them with a certain class. A common example of this type
of problem is to classify handwritten patterns by their meaning (letter or number expressed).
Examples of the application of EL systems in this domain are [Bacardit and Butz, 2007;Bernado-
Mansilla and Garrell, 2003;Bernad6-Mansilla et al., 2006]. Moreover, the two system analysed
in this thesis have been tested before in this particular problem domain against other well-
known ML techniques in [Bacardit, 2004;Bacardit et al., 2009a]. The reinforcement learning prob-
lems is a type of problem where the system is expected to develop a behavioural model based
on rewards obtained from the environment. An example of this type of problem is finding
the shortest path to the food in a maze. Examples of the usage of EL systems in this area are
[Bull,2001;Butz et al., 2005a]. The function approximation problems consist in fitting a continuous
function. EL systems are capable of doing this by evolving a piecewise linear approximation of
the function. The most important representative of EL applied to this type of problems is the
XCSFsystem [Wilson, 2002].An example of the application of XCSFto robotics using function
approximation can be found in [Butz et al., 2009].

2.3.4 Knowledge representation

In the EL field a lot of effort have been focused in developing representations that are, not only
more adequate for the problems we want to solve, but more efficient in terms of generality,
expression power and performance. Even though, EL uses rules of the type condition ---+ action,
both the way of representing the antecedent and the precedent are very flexible.

2.3.4.1 Representations for the condition

The representations for the condition part of the rules mostly depend on the type of problem
at hand. For binary inputs we have the ternary representation {O,l,#j [Holland and Reitman,
1978],which consists of three possible symbols per problem attribute: 1 and 0 which force the
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F1 F2 F
100 01 1101

Each attribute is read as a di junctive clause betw aU th alu that ha th r it r
example, this condition can be interpreted if F1 i A alld F2 . P and F Wor Z r

For real-valued domains several en odin

To use the generalisation capabilities of the systems, some EL implementati ,uch
[Llora et a1., 2009], have a special encoding to rep t th don't car int tv 1. In this
the irrelevant interval is represented by a conditi n wh re the 1 w r bound' lar r than th
upper bound.

More complex representations for real-valued attribut include ellip id [Butz, 2
ellipsoids [Butz et al., 2006a1-convex-hulls [Lanzi and Wi n,2 1and neural n twor [Bull,
2002; Bull and O'Hara, 2002; Howard et al., 2012]. However, our e planati ns re Limit d to th
interval-based representations which are the on used in thi th is,

Moreover, there is work in developing representations that use a seman tical appr
first order logic [Mellor, 2005], messy conditions [Lanzi and Petrucci. 1 a], fuzzy c
[Casillas et al., 2007; OrrioLs-Puig et al., 2009] and 5-exp i [Br wn and I ides, 2 7;
Lanzi and Perrucci, 1999b]. This very particular representati ns are mainly d I L dapt
themselves better to the characteristics of the problem and improve th gen ralisati n p bil-
ities of the systems.
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However, one known drawback of using complex representations is that the size of the rule sets
tends to increase. The way to tackle this problem is by developing post-processing routines that
remove rules that are redundant or have a high overlapping with the rest of the rules [Butz et al.,
2008b; Dixon et al., 2003; Fu and Davis, 2002;Wilson, 2001a]. These algorithms will be explained
in greater detail in Chapter 9 where a new rule set compaction approach is introduced.

2.3.4.2 Representations for the actions

The representations used for the actions in a classifier are not as varied as the ones used for the
condition. Usually the actions are represented by a set of symbols. However, there is recent
work in which the action is replaced by a computed action or a function. For example Tran
et al. [20071,implemented actions which are computed as a linear approximation using weights.
Later Lanzi et al. [2007] implemented a similar idea, but learning the weights using supervised
learning.

Also some approaches designed for function approximation such as XCSF [Wilson, 2002] do
not have an action, but only use a computed prediction calculated using weights that change
using reinforcement learning.

2.3.5 Efficiencyenhancement methods

Given the need to tackle larger datasets each time, many efficiency enhancement techniques
have been proposed in the field of EL [Bacardit and Llora, 2012]. As it was explained be-
fore, running the GAs using training examples instead of a mathematical function to calculate
the fitness of the individuals involves a huge computational cost that needs to be taken care
of to maintain the scalability of the algorithms. These efficiency enhancement methods can
be characterised into four categories: software-based solutions, parallel learning paradigms,
hardware-based solutions, and data-intensive computing.

2.3.5.1 Software-based solutions

Software-based solutions are the ones in which particular algorithms or mechanisms have been
developed to improve the performance of the systems without relying on specific hardware.
Among these type of solutions we can find windowing mechanisms whose goal is to perform the
match process in a more efficient way. These techniques consist in the selection of a represen-
tative subset of the training set to perform the fitness calculations. There are many ways is
which this can be achieved. For example it is possible to select a fixed subset of instances of
the training set and use this subset along the learning process. This is also know as prototype
selection [Derrac et al., 2010; Garcia et al., 2012]' Also the subset of instances can be selected
dynamically by either selecting it randomly or selecting it based on observations over the in-
stances like "misclassification ratio" or "age" (how long it is been since the instance was used
for the last time). Moreover, smart stratification processes can be found in the literature such
as the ILAS windowing scheme [Bacardit et al., 2004], the Random/Dynamic Subset Selection
(RS5-DSS) [Song et al., 2005] and the Training Data Rotation [Ishibuchi et al., 2012]. The ILAS
windowing scheme consists in separating the training set into non-overlapping strata and us-
ing a different strata in each GA iteration following a round robin policy. Since this technique
is used by both systems analysed in this thesis it will be explained in greater detail in Section
2.4.1.3. On the other hand, the RS5-DSS approach performs two sampling process. First a Ran-
dom Subset Selection is performed in a similar way as in the ILAS, creating non-overlapped
blocks. Afterwards a Dynamic Subset Selection is performed within each block generated with
RSS based on the age of the instances and their misclassifications. Finally, the Training Data
Rotation consists of a windowing technique applicable to island model parallel EL algorithms
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(See Section 2.3.5.2), in which the training set is distributed among the different i lands and
then rotated periodically among them.

Other software-based solutions are based on changing the representation of either the d ifiers
or the instances to perform the match process more efficiently. For example in [ irald z tal.,
2005] the instances were reorganised and stored in a tree structure that mak it ry efficient
to determine which instances match a particular cla iller. Regarding the da ifi rs represen-
tation, some approaches [Butz et al., 2 a] reorder the attributes in a rule 0 th m re specific
ones appear first, and hence, decrease the time it takes to determin an e ampl d n t m tch
a rule. Moreover, other representations such as the Attribut List Knowledge R< p ntati n
[Bacardit and Krasnogor, 2009a] express only the relevant attributes in a list, av iding th match
operations of the irrelevant attributes. Since this representation is used in th Y t anal
in this thesis it will be explained in greater detail in Section 2.4.2.l.

Furthermore, there are implementations of EL systems that search mecha
explore the search space more efficiently. This is the ca e of th usag of timati n f . tri-
bution Algorithm (EDA) [Larragana and Lozano, 2002] and Memetic Alg rithms [Kr n r
and Smith, 2005]. EDAs are optimisation methods that build a probabili tic model e p
candidate solutions in an incremental manner. Examples of the application of 0 t
the XCS/ECGA and XCS/BOA [Butz et al.,200Sb, 2006b], which apply th t nd mp t
Genetic Algorithm (ECGA) [Harik, 1999] and the Baye ian Optimisati n Algorithm [P likan
et al., 1999], respectively. On the other hand, Memetic Algorithm are populati n-b al-
gorithms with local refinement mechanisms over the rules that have a particular 1 and do
not act in a stochastic manner. Examples of the application of Memetic Al orithm in L i
the MPLCS system [Bacardit and Krasnogor, 2009b], which is a Pit burgh L with f ur e tra
operators that try to modify the rules or the rule sets in an intelligent manner trying to minimi
the error.

Moreover, another way to speed up the evaluation proces is to ub titute it with a fitn
approximation or fitness surrogates [lin, 2005; Llora tal., 2007; rri I -Pui et al., 2 ). Th
fitness surrogates are usually based on a model of the problem previou Iy d t rrnin using
EDAs.

2.3.5.2 Parallel learning paradigms

Some EL systems have been designed and developed with a parallel nature in order to dis-
tribute the load of the evaluation process in a transparent way. An example of this is the GALE
system [Llora and Garrell, 2000; Llora and Garr 11,2001]which combin th con pts of c Ilu-
lar automata and a supervised learning system. This sy tern consists of a grid, in which each
cell contains either one or zero individuals, and each individual i a compl te lution of th
problem. Each cell performs an evolutionary learning process in parallel over each individual,
and the communication between cells is restricted to the neighbours and it i only perf rrned
during the recombination process.

Moreover, the main paradigms for GA parallelisation can also be applied to EL ystems. Th
different parallelisation paradigms for GAs [Canto-Paz, 199 ] are:

Single population coarse-grained (Master-slave models). In these algorithms th re is a ingl
population and only the fitness function is paralleLised among different proc rs. After
the calculations are performed the information is returned to the mast r node t
with the GA.

Single population fine-grained. In these algorithms there is a ingle population a w U, but
the individuals are organised in a spatial way, 0 the recombination operators are re-
stricted to neighbours, limiting in that way the neces ary communicati
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Multi population coarse-grained Osland models): In these algorithms there are several pop-
ulations which evolve in parallel, and exchange individuals or information occasionally
through a "migration" operator.

Examples of EL systems that use classic parallelisation paradigms and/ or Message Passing In-
terface (MPI; a communications protocol independent from the programming language used to
program parallel computers [Gropp et al., 1996]) are [Bull et al., 2007; Dam et al., 2005b; Galizia
et al., 2010; Llora et al., 2009, 2007]. Probably the most interesting and relevant example to this
thesis is the NAX system [Llora et al., 2009] which applies the master-slave model to IRL and
runs in parallel the same algorithm (using the same seed) over different parts of the population.
Also [Cantu-Paz, 2000] developed a formal theory to set up parameters in parallel GAs, such
as the size and the number of populations (in case of multi population algorithms).

Moreover, ensemble techniques, although they were not created with a parallelisation purpose,
can help handling very large domains by generating independent models over different parts
of the data and then merge them to create a single prediction model [Bauer and Kohavi, 1999;
Breiman, 1999; Bull et al., 2007; Merz, 1999].

2.3.5.3 Hardware-based solutions

Hardware-based solutions correspond to the solutions that depend on a specific hardware to
run. Examples of this are the usage of General Purpose Graphic Processor Units (GPGPUs)
to parallelise the whole or parts of the GA. GPGPUs are graphics hardware initially designed
for image rendering which can perform high performance calculations relying on its massively
parallel architecture. The most widespread frameworks to program GPGPUs are NVIDIA's
Computer Unified Device Architecture (CUDA) [NVIDIA, 2008] and its open source alternative
OpenCL [Scarpino, 2011].

There are many different examples of the implementation of GAs in GPGPUs. For instance,
Maitre et al. [2009] presented an implementation of a GA which performs in parallel (follow-
ing a master-slave model) the evaluation function of all the individuals using GPGPUs. Also,
[Pospichal et al., 2010] presented a GA that runs in GPGPUs following the island parallelisation
model. Moreover, [Li et al., 2007; Yu et al., 2005] present fine-grained parallelisation approaches
implemented in GPGPUs. In these approaches the whole GA is implemented within the device.
Since the communication between the GPGPU nodes are expensive, these approaches restrict
the communications to high speed communications (neighbour nodes). Regarding Michigan
LCS there are two works in the literature in which they parallelise the construction of the pre-
diction array [Lanzi and Loiacono, 2010; Loiacono, 2011]. The usage of GPGPUs in the literature
will be explained more extensively in Chapter 8 in which a novel approach to speed up the
evaluation process for supervised learning is introduced.

Also another example of the application of specialised hardware is the usage of vectorial proces-
sor units. A vector processor is a Central Processing Unit (CPU) which is capable of applying in
parallel a set of instructions to a vector or an array of elements, following the Single Instruction
Multiple Data (SIMD) paradigm. An example of the usage of vector operations is [Llora and
Sastry, 2006]. In this work they speed up the match of binary conditions by using compact
bitwise encodings for the rules and the instances. Afterwards, only bitwise and and equal op-
erations where needed to determine if the condition of the rule matched the instance. This not
only helps to perform the match faster but also reduces the amount of memory necessary to
encode the rules and individuals. This approach was also extended to work with real domains
in [Llora et al., 2009].
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2.3.5.4 Data-intensive computing

Data-intensive computing are paradigms of parallelism which use data parallel techniqu to
process very large amounts of data. These techniques are usually applied to alg rithms that are
data-bounded instead of computationally-bounded. This means that th algorithm i boun ed
by the processing time of the I/O operations and th manipulati n of th data. Th main
characteristics of data-intensive computing frameworks are:

• The abstraction of the operations in a model that is independent t th archit ture u
and it is expressed in high level data-oriented operations.

• The locality of the data. Since these approach usually try to minimi th m m t f
the data, they tend to run where the data is tored.

• They are robust to faults or errors. This is done by having redundant c pi
storing the intermediate results and not only the final n ,and ha in a y
to automatically detect errors or failures.

• They can virtually scale linearly to process any amount of data by addin m r c mput-
ing nodes.

f th data.
m capabl

There are different data-intensive frameworks: MapReduce [0 an an
its open source implementation Hadoop [Lam, 2010], Meandre [ 1 rA t al., 2
programming language for the High Performance Computing Clu t r (HP
plan, 2009].

The MapReduce architecture consists of a problem abstraction to two fun ti nip
primitives that are independent from the architecture used: map and reduce. Both f th
tions are defined by the user. The map function is in charge of converting an input to an in-
termediate key-value pair. The reduce function is in charge of merging the p ible valu of a
particular key into one value. The way this is parallelised is by Iran parent1y di tributin th
computation of both the map and reduce functions. However. the user of thi archit ture d
not need to understand the way the paraUeli ation works becau e the functi 'OS are writt n in
high-level language which is independent from the underneath architecture. An y xampl
of the application of this architecture is counting the number of occurrences of a certain word
w in a text. In this case the map function is in charge of generating the pair (w.l) every time
the word is found and the reduce function is in charge of counting h w many pairs wh re
generated for the word w.

Moreover, Meandre [Llora et aI., 2008] is a semantic enabled web-driven dataflow ution
environment, which provides the tools for assembling and executing data flows. Data fl w are
software focused in processing data (accessing, transforming and analy ing or vi uali ing the
data and/or results). Each flow has a high-level representation a a graph that how executable
components.

Furthermore, the ECL (Enterprise Control Language) [Yoo and Kaplan, 2 ] is a data-centric
programming language in which programs do not exist, but only data and the operations to
perform on that data are declared. This programming language has primitive which have a
direct correlation to the MapReduce ones: project and rollup. Moreover, it was extra primitives
that allow to sort, distribute, parse, normalise the data, among others. Th e primiti run
transparently in parallel in the HPCC (High-Performance Computing Cluster), al 0 known a
DAS (Data Analytics Supercomputer) [Middleton, 2011).

There are several examples of GAs implemented u ing data-in ten ive computing. [¥ rrna tal.,
2009] shows an example of a simple selecto-recombinative GA implemented in Haddop. Later
in time, also the Extended Compact Genetic Algorithm (ECGA) [Hank, 1999] wa implem nted
over Hadoop in [Verma et aI., 2010]. At the same time, implementations of the two pre ~ u
algorithms in Meandre were also proposed [Llora, 2009]. [Llor et al., 2010] p
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extensive survey of the application of data-intensive computing to GAs.

2.4 GAssist and BioHEL

There are two systems which are analysed in this thesis, GAssist and BioHEL. CAssist [Bac-
ardit, 2004] is a Pittsburgh LCS with several characteristics to improve the scalability and the
quality of the learning for real-world data mining problems. Among these characteristics we
have a representation based on the discretisation of the real domain into intervals (using the
ADI representation), and a fitness function that improves the generalisation capabilities of the
system. However, its performance is limited in certain scenarios, such as problems with high
number of classes and large training set sizes [Bacardit and Krasnogor, 2006]. This lead to the
introduction of BioHEL [Bacardit et aI., 2009a], a system that shares several characteristics with
CAssist, but changes the main learning paradigm to IRL in order to cope with these large scale
domains. Also BioHEL discarded the mechanisms which took most of the time in CAssist and
changed its fitness function to introduce the concept of coverage as an extra indicator of the
goodness of a rule. These changes helped the system to scale better in complex bioinformatic
domains. These two systems have been successfully applied to a very broad range of problems
[Bacardit and Butz, 2007; Bacardit and Krasnogor, 2008a, 2009b; Bacardit et al., 2009b; Orriols-
Puig et al., 2008a; Smith et al., 2010; Stout et al., 2008, 2009]. In particular, BioHEL has obtained
very important results when solving protein structure prediction problems and has won related
merits, such as being placed among the best algorithms for this purpose at the Critical Assess-
ment of Techniques for Protein Structure Prediction (CASP) in 2008 and 2010, and winning the
bronze medal at the HUMIES Awards for Human-competitive results in 2007.

While the focus of this thesis is to propose improvements for the BioHEL system, a comparison
between the two systems will be presented in Chapter 4 as the start point to determine possible
areas of improvement in BioHEL. Therefore, the following sections present in greater detail the
characteristics of these two systems in the order in which they were created.

2.4.1 C;}lssist
CAssist [Bacardit, 2004] is a Pittsburgh LCS which started as an implementation of CABIL
Gong and Spears, 1991], hence it still uses the semantics of its representation and crossover
operator. In GAssist, the individuals consist in a set of rules that represent a complete (and
variable-length) problem solution. Solutions evolve using supervised learning and a standard
CA. Finally, at the end of the execution, the best individual in the population in terms of fitness
is considered to be the final solution to the problem.

The following section will explain in greater detail the characteristics of this system including
its representation, fitness function and other efficiency enhancement techniques.

2.4.1.1 Representation

The GAssist system is capable of handling discrete and continuous attributes, by using dif-
ferent representations for each case. To handle discrete attributes the system uses the GABIL
representation Gong and Spears, 1991] as explained in Section 2.3.4.

To initialise GABIL attributes the the system relies on a parameter p which corresponds to the
probability of setting the bits in a GABIL string to 1. This parameter controls the specificity or
coverage of the initial rules. These are two concepts that are linked to the percentage of examples
covered by a rule. However, the relationship between them is inverse: the more specific the rule
is the less coverage it has.
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Moreover, if the covering mechanism is used a rule will be created setting the bits correspond-
ing to the values of a randomly sampled instance to 1. For example if the attribute Fl may
have the values (A,B,C), F2 the values (O,P), and F3 the values (W,Z;X, Y) and the instance
{C, P,W} is sampled, the generated rule through covering would ha e at least the following
bits on:

F1 F2 F3
""1 "1 1......

The rest of the positions marked with .. are set to 1 with probability p, imilarly to when the
system does not use covering. Moreover, the match process of a CABIL condition is perf rmed
as shown in Algorithm 2.4.1.

'Algorithm 2.4.1: CABILMATCH(Instance, Rule)

match f- TRUE

for aft E Instance.atts 1\ match
{match f- match 1\ Rule[att.indexJ!att.valueJ
return (match)

On the other hand, to handle continuous attributes GAs ist use the Adaptive Discretisati n
Intervals (AD!) rule representation [Bacardit and arrell, 2003b]. This knowledg representa-
tion generates intervals based on the output of multiple discreti ation algorithms. Th I am-
ing process chooses the correct discretisation for each problem. Moreover, the final interval
evolved in ADI can be the result of the merge of some of the original intervals produced by
the discretisation algorithms (micro-intervals). Semantically, the evolved intervals follow the
GABIL representation.

Moreover, this system uses a default rule mechanism [Bacardit tal., 2007b], which consists of a
rule that covers all the examples left in the training set. This mechanism wa introduced to gen-
erate more compact rule sets, since the default class is not used in the evolved rul . Therefore,
if the problem has n classes the system will only generate rules for n - 1 classe . The default
class is defined by a user established policy that can have the following behaviours:

Majority: the class which has the largest amount of examples is considered the default cia .

Minority: the class which has the minimum amount of examples is considered the default
class.

Automatic: the system automatically determines the most convenient default cla .

Disabled: no default class is used. The system is able to evolve rules for all the cia
dataset.

in the

2.4.1.2 Fitness function

The rule sets in GAssist, as in most Pittsburgh LeSs, have variable length. One of the problem
of the systems with variable length individuals is that the individuals might start growing
without control. This phenomenon is known as the bloat effect. CAssist uses a fitn func-
tion based on the Minimum Description Length (MDL) principle [Rissan n, 197 ] and a rul
deletion mechanism to cope with this issue [Bacardit and arr 11,2003a]. Thi fitne functi n
considers two important characteristics of the rules: the accuracy and complexity (g nerality).
It has two terms as shown in Equation (2.4.1).
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F(R) = TL(R) X W + EL(R) (2.4.1)

TL(R) (theory length) corresponds to the complexity (or generality) of rule set R, EL(R} (ex-
ceptions length) corresponds to the accuracy of rule set R and W is a weight that adjusts the
relation between the previous terms.

In particular, the term EL(R) corresponds to:

EL(R} = 105 _ correctlyClassiJied(R} ·100
ITI (2.4.2)

where ITI is the number of instances in the training set and correctlyClassi Jied( R) is the number
of instances classified correctly by rule set R.2 The more accurate the rule is the smaller the term
EL(R} would be.

On the other hand, the theory length term TL(R} penalises rule sets that have a complex rep-
resentation, and therefore are less general. Considering that there are NA attributes in the
problem and the rule set is of size IRI, this term can be calculated as shown in Equation (2.4.3)
as the sum of the theory length of each one of the attributes belonging to the classifiers of
the rule set.3 The definition of the theory length of each attribute depends on the employed
knowledge representation.

IRI-1 NA
TL(R) = L: L:ru,

i=1 j=l
(2.4.3)

When an attribute is continuous, GAssist uses the ADI representation. Therefore, it calculates
the term TLij as follows:

(2.4.4)

where Iij is the number of micro-intervals in the attribute j of rule i, N Iij corresponds to the
number of simulated intervalst in the same attribute.

On the other hand, if the attribute in the rule is discrete, the system uses the GABIL represen-
tation and calculates the theory length as follows:

(2.4.5)

where Vij is the number of possible values and nij is the number of negative values in the
attribute j of rule t.

Moreover, as it was explained before the MOL formula depends on a weight W, which is ad-
justed dynamically throughout time using a heuristic defined in [Bacardit and Garrell, 2003a].
This value starts at a constant value equal to:

W = initial Ratio * EL
(1 - initial Ratio) * TL'

(2.4.6)

2This function sums 105 instead of 100 to handle border cases.
3This function only sums the theory length of the first IRI - 1 rules, since the last one corresponds to the default

rule.
4Contiguous bits that have the same value, either true or false in the ADI representation.
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Training Set

Iteration.

o
Figure 2.6: Example of the lLAS unndounn partition atJd t indow

TL' = TL_!_
C

(2 .. 7)

where initial Ratio is a parameter t by the user d th
shown multiplying by the number of active rule N R nd di idin
NC. This is done to penalise rule sets with many dead rule (rul th t don't m tch ny
pIes). Afterwards, whenever the best individual of the populati n tay th m f r rt in
number of iterations the current weight is multipLi d by a r laxati n f t r. Both th number f
iterations and the relaxing factor are parameters set by the u r.

2.4.1.3 ILAS Windowing Scheme

CAssist incorporates an efficiency enhancement mechani m called Incremental Leamin with
Alternative Strata (ILAS) [Bacardit et al., 2 j, which is a wind wing m that redu
the computational costs of handling large scale datasets. Thi techni u sep rat
set into strata, which have the same class distribution a the wh I trainin t. fterwards,
each iteration of the GA uses a different strata f r i fitn omputati ba d on a impl
round-robin policy as shown in Figure 2.6.

It has been shown empirically that this mechanism, not only improve
cution time of the system, but also introduces more generalisation pr
by preventing the over-fitting of the data [Bacardit et al., 2004]. Howe er, th r lirnitati n
on its use since the correct functioning depends on each trat being reli bl repr ntation
of the whole training set. In order to calculate the probability of of thi ppr h it i
necessary to calculate the probability of having an unrepresented ni h foll w :

P(unrepresented nidte)s = (1 - p)'? (2.4.8)

where s is the number of strata, 0 is the size of the training set and p represen the probability
that a random problem instance belongs to one niche. Based on th probability of ha ing and
unrepresented niche the probability of success can be calculated by Equation 2.4.9 wh re r i
the number of niches in the problem.

P(success)s = (1 - Piunrepre ented niche) )' (2.4.9)

2.4.1.4 Robust prediction using ensembles

Also ensemble techniques [Bacardit and Kra nogor,200 ) were incorporated in i t to in-
crease the robustness of the predictions. The ensemble technique used ar ba don c nsensu
prediction. This means that for a given training set several rule ts ar gen r t d u in differ-
ent seeds. Afterwards, the different rule sets vote to classify each example of the ndin

28



2.4. GASSISTAND BIOHEL

test set. For each example the class that was predicted more frequently by the rule sets would be
the final classification. If the generated models are diverse they might complement each other
to improve the prediction. This ensemble scheme has shown to increase GAssist's performance
across a broad range of problems [Bacardit and Krasnogor, 2008a; Stout et al., 2009]

Algorithm 2.4.2: BIOHELlRL(Examples)

Theory +- Q)

noBestFound +- 0
while Examples -:j:. Q)

BestRule +- NULL
for i +- 0 to nuntRepetitions

{

Rule +- BESTRULEGA(Examples)
d if BestRule < Rule
o then {Best Rule +- Rule

noBestFound +- 0
do if COVERINcOK(BestRule)

{
c +- CovER(BestRule, Examples)

then Examples +- Examples - C
Theory +- Theory U BestRule

{

noBestFound +- noBestFound + 1
else if noBestFound = 3

then exit
return (Theory)

2.4.2 BioHEL

The BioHEL (Bioinformatics-oriented Hierarchical Evolutionary Learning) system is an EL sys-
tem proposed by Bacardit et al. [2009aJ to handle large scale bioinformatic datasets [Bacardit
et aI., 2009b; Bassel et al., 2011; Stout et al., 2008, 2009J. As it was previously explained, this sys-
tem inherits some components from GAssist such as the lLAS windowing scheme, the default
rule mechanism and some parts of the fitness function, but instead of following the Pittsburgh
approach to generate rule sets, it uses IRL. As it was explained before, this learning approach
generates hierarchical rule sets with the particularity that rules are learnt sequentially, using a
standard GA to learn each rule. Once a rule is learnt (which corresponds to the best individual
in the GA population), it is added to the final rule set and all the examples covered by this rule
are removed from the training set. This process is repeated iteratively until there are no more
examples in the training set or the generated rules are not good enough. For instance if using
default class, the stop criteria consists in not being able to find a rule better than the default
rule three times in a row. The IRL paradigm used in BioHEL can be exemplified by the code in
Figure 2.4.2. The following sections will explain in greater detail the characteristics of BioHEL
that differ from GAssist.

2.4.2.1 Representation

BioHEL uses the Attribute List Knowledge Representation (ALKR) [Bacardit and Krasnogor,
2009a] to encode the individuals. ALKR is a meta-representation that is able to handle effi-
ciently continuous and discrete attributes at the same time. It reduces the computational cost of
matching the rules by representing in a list only the attributes that are relevant for the problem,
hence avoiding spending extra computer cycles evaluating irrelevant attributes during a match
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process. The relevant attributes may vary between the rules and they are determined inde-
pendently for each rule during the learning process. In order to explore the pace of attribut
to identify the relevant ones, this representation has two extra operators, called eneralise and
specialise. These operators drop or add attributes £rom/into the rule, pecti I. To han-
dle discrete attributes within ALKR, BioHEL use the GABIL repr tati n jjon an
1991] while a hyper-rectangle representation with explicit intervals [Wi n,2 IbJ' u
continuous attributes.

Figure 2.7 shows an example of an individual using this representation.
tion is formed by five structures: a) an integer with the number f attribut rep
of the identifiers of the represented attributes, c) a Listof vatu for th r pr t ttribu
(nominal and continuous), d) a list with the position (or memory off t) wh re each attribute
can be found in the previous structure and e) the cLa of the cla ifier.

ALKR Classifier Example

numAtt

whichAtt

predicates

offsetPred

class

Figure 2.7: Representation of a classifier using ALKR in BioHEL

Since the ALKR list usually does not represent all the attributes, the probability of n attribut t
appear in a randomly generated classifier depends on the parameter £xpAtt . Thi . an u r-
defined parameter that determines the expected value for the number of rei vant attribut in a
rule. Based on this value and the number of attributes d it is po ible to calculat th probability
Id of an attribute to appear in the attribute list as follows:

I _ {I d <= £xpAtt
d - EXPaAtt5 d > ExpAtt (2.4.10)

After determining which attributes are going to appear in the list, the predicate for each at-
tribute is determined depending on its type. For the discrete attributes the initia1isati n f 11w
the same methodology explained in Section 2.4.1.1. In the case of continuous intervals a random
span s between 0.25 and 0.75 is selected. Afterwards, if using covering, th value of the instance
will represent the centre c of the interval and the lower and upper bound would b c - 5/2 and
c + 5/2, respectively. If covering is not used then the centre c is also lected randomly. It i
important to mention that when covering is used all cia have the am pr bability of being
selected for covering despite of the class imbalance which prov d to b b n ficial to increa
the probability of covering the whole search space [Bacardit, 2005].

Inproblems with both discrete and continuous attributes ALKR tor temp rarity th n minal
and continuous attributes of the rules separately in two diff rent vectors durin th aluati n
process. Afterwards, two loops (one for each type of attribute) perform th match in pen-
dently for each type. This technique improved the performance f the match of mix d attribute
as shown in [Bacardit and Krasnogor, 2009a}.
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2.4.2.2 Fitness function

BioHEL also uses a fitness function based of the MOL principle [Rissanen, 1978] inspired in
CAssist's fitness function. This fitness function promotes accurate, general and compact rules
by combining three elements: accuracy, coverage and complexity of the rules [Bacardit et al.,
2009a,b]. This fitness function has two terms, as it was already shown in Equation (2.4.1) but
applied over a rule a instead of a rule set (since in BioHEL each individual is a rule). However,
the definition of the EL(a) term changes to include not only the accuracy, but also the coverage
of the rules. For BioHEL, EL(a) is defined as:

EL(a) = 2 - ACC(a) - COV(a)

ACC(a) = correctlyClassified(a)
matched(a)

{

0 if RC(a) < CB(a.class)/3
COV(a) = PenaltyCov(a) if RC(a) < CB(a.class)

HighCov(a) if RC(a) ~ CB(a.class)

PanaltyCov(a) = CR * CB~C(~) )a.c ass

H· hC () = CR (1 - CR) * (RC(a) - CB(a.class»
19 ova + 1-RC(a)

RC(a) = correctlyClassified(a)
ITa.classI

(2.4.11)

(2.4.12)

} (2.4.13)

(2.4.14)

(2.4.15)

(2.4.16)

CB(c) = CB * II~II (2.4.17)

ACC(a) corresponds to the accuracy of the rule a and COV(a) corresponds to the coverage of
the rule a, which is the key of BioHEL's fitness function. As shown in Equation (2.4.13), the
value of COV(a) depends on RC(a) (recall; the ratio between the number of examples correctly
classified by the rule over the total number of examples in the training set belonging to the same
class as a) and CB(a.class) (the percentage of examples of its class that any rule should cover
to be considered a "good rule"). CB corresponds to the BioHEL parameter known as coverage
breakpoint. The coverage breakpoint parameter is set globally in the system, and afterwards it is
transformed for every class considering the class distribution. This is a very problem dependent
parameter which can affect the performance of the system, and it is difficult to set up. In the
original version of BioHEL, coverage (matched(a) / ITI) was employed instead of recall to define
RC(a). The change was due to recall being more robust in datasets with class imbalance. To
avoid changing the name of the parameters all the original formulations have been maintained
except for RC(a).

Moreover, CR (coverage ratio) corresponds to the percentage of "reward " awarded to a rule
with a coverage higher than the CB threshold. Figure 2.8 shows the value of the coverage
term COV(a), depending on the coverage of the rule. The rules that do not cover this minimal
percentage of examples are penalised.

Moreover, the TL(a) term in the fitness calculation also changes. In the case of BioHEL the
TL(a) term is calculated as follows:

(2.4.18)

where TLj is the theory length of the attribute i and NA is the number of attributes in the
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Minimum
Coverage

Coverage
Breakpoint

1

Figure 2.8: Coverage term COV(a) according to rule coverage. 111£minimum couera e corr
one third of the coverage breakpoint

nds to

problem. At the same time, the definition of TLj changes depending on wheth r th attribute
is continuous or discrete. If the attribute is continuous the theory length i cal ulat f, 1-
lows:

T (
SiZej)L·= 1----

I MaxSizej
(2.4.19)

where Size, is the size of the interval i and MaxSiuj is the size of the corre pending domain.
the other hand, if the attribute is discrete, the theory length is c.alcu\ \1 db nth· num r
oi zeros in the GA.1}IL string as follows:

(2.4.20)

where n, is the number of negative values and Vi is the number of p ible alu of attribute
t.

Regarding the weight W in the MDL fitness function, the heuristic u ed to adjust i exactly the
same as the one used in GAssist. The only difference is that since BioHELhas indi idual that
are rules instead of rule sets there is no need to normalise the theory length t rm.

2.4.2.3 Shared mechanisms with CAssist

The mechanisms BioHEL inherit from GAssist are: a) the ILASwindowing scheme, b) the de-
fault rule mechanism, c) basic fitness function structure and c) the ensemble consens predic-
tion.

Both the ILAS windowing scheme and the consensus prediction using ensembl w rk in th
same way as in GAssist, as explained in Sections 2.4.1.3and 2.4.1.4, respe tively. Howe er, the
strata are recalculated in each iteration of the IRL loop, given that the exampl c er d by
each rule learnt by the system are removed from the training set before the n xt IRL it rati n
starts.
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2.4. GASSISTAND BIOHEL

Moreover, as explained in Section 2.4.2.2, BioHEL's fitness function uses the same principles
as GAssist fitness function, but it introduces the measure of coverage of the rules which helps
promote general rules in the new learning paradigm.

Moreover, the default rule mechanism in BioHEL is a little bit different since it does not accept
the automatic policy. As the rules in BioHEL are generated one at the time, it is not possible for
this system to determine automatically the most favourable default class as before, since there
is a lack of global supervision. Moreover, in the BioHEL system is possible to set a fixed default
class.
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CHAPTER 3

Methodological aspects

This chapter presents the general methodological aspects that are common among the chapters throughout the thesis.
This includes the statistical tests used in our experiments and the background behind the decision of using these
particular tests. Furthermore, this chapter also explains in greater detail the datasets used throughout the thesis to
test the performance of the analysed systems and the default parameter configurations for BioHEL, which remains
fixed unless stated otherwise.

3.1 Statistical tools and performance measures

Statistical analysis is fundamental when trying to compare two or more different classifiers
correctly. In this thesis, a common statistical methodology is followed throughout all chapters.
The adopted methodology is based on previous studies that have aimed to determine which
are the most suitable statistical tests to compare two or more classifier implementations. For
instance, Demsar [2006] compared different parametrical and non-parametrical tests to estab-
lish comparisons and conclusions among two or more classifiers over multiple datasets. He
started from the idea that in many occasions the results in the ML community are presented
without a sound statistical basis, and this is very important when the conclusions state that one
classifier is better than other. In this work, he points out at the fact that the accuracy measures
do not usually comply with the restrictions to use a parametric test (independence, normal
distribution and homogeneity). Therefore, this study recommends non-parametric test which
are safer since they do not assume these characteristics. They recommend the Wilcoxon test
[Wilcoxon, 1945] for the comparison between two classifiers and the Friedman test [Friedman,
1937] for comparisons that involve more than two classifiers. He also warns against t-test which
is usually conceptually inappropriate and unsafe. As post-hoc tests this work presents the Ne-
menyi test [Nemenyi, 1963], the Bonferroni-Dunn test [Dunn, 1961], Holm [Holm, 1979] and
Hochberg [Hochberg, 1988] while the first one can determine significant differences between
each pair of classifiers at the same time, the rest are used to determine significant differences
between a control method and the rest.

Afterwards, Garda and Herrera [2009] extended this study to deal with aspects that where not
fully analysed in Demsar's paper, such as other methods to perform pairwise comparisons and
the adjustment of the p-values by the post-hoc procedures. Moreover, Garcia et al, [2009] also
extended this study by comparing different accuracy measures and interpretability measures
over the classifiers. The two accuracy measures presented is this work are the widely used
classification rate [Witten and Frank, 2005] and the Cohen's kappa [Cohen, 1960). The latter
is very similar to the classification rate but considers the random success. On the other hand,
the interpretability measures analysed are the total number of rules generated and the number
of antecedents of clauses in the condition (which were adopted as the performance measures
in Chapter 9). They analysed the impact of using different measures over the different tests.
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CHAPTER 3: METHODOLOGICAL ASPECTS

First they show that the conditions necessary to apply parametric t are rarel p
matter the performance measure used the normality and hom eneity
satisfied, and they usually depend on the problem at hand. An th (important
non-parametric tests is that when comparing with deterministic approach it'
obtain large amounts of samples. The conclusions are very imilar to th n in ( m r, ].
Moreover, as post-hoc tests for multiple comparisons they rec mmend th f H Lm {H lm,
1979] and Hochberg [Hochberg, 19 ] procedures which were th th f und P I f
distinguish slight differences between the algorithms.

In this thesis we use the Wilcoxon test to compare two different approaches (c ijier versions).
To compare more than two approaches we used the Friedman test if the comparison . nuule tIC

different datasets. As post-hoc tests (when comparing more than two classifiers) Wt use the Ntmmyi
test to determine significant differences without using a control method and the Holm I t when a
control method is ruled out. When the comparison is between more than two approaches but it
is made between observations taken from the same dataset the Friedman test is not appliCllble. In
this case we apply the Kruskal-Wallis lest followed by the Wilcoxon pairunse t f using the Holm
correction. Thefollowing sections explain in greater detail how these statistiall t work.

3.1.1 Wilcoxon signed-ranked test

The Wilcoxon signed-ranked test [Wilcoxon, 1945] is a non-param tric t in this th .
compare two classifiers. It ranks the difference in performance of the cia
separating the positive and negative differences. This t t is the n n-param trie
the commonly used t-test.

For this test the data should be paired, and each pair hould corresp nd t an ind
randomly obtained observation. The null hypothesis of this t t tat that th m
between the two samples is zero. The statistic W is calculated a :

W = L rank(ldd) . sgn(di)
dd-O

d; = xl) - XZj (3.1.2)

where rankO is a function that ranks all the ab olute values of the differenc betw
samples (and if there are ties awards the average ranking to both p iti ) and ; 110' a
function that is equal to 1 if the difference was p itive and equal to -1 if th diff reo w
negative.

( .1.1)

3.1.2 Friedman test

The Friedman test [Friedman, 1937] is the non-parametric alternative to th
normalised data. It is used to compare more than two cia - ifiers at the tim . Ha in number
N of observations over k classifiers, this te t ranks the cla ifi rs per each rvati n bl k,
Then it compares the average ranks of the classifiers which' cakulat d a f U w ;
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3.1. STATISTICAL TOOLS AND PERFORMANCE MEASURES

1
Rj = N Lr;,j

I

(3.1.3)

where r;,j is the rank of the classifier j in the observation i. The null hypothesis of this test states
that the algorithms have equal ranks and the statistic (for N > 10 and k > 5) is calculated as
follows:

2 = 12N (" R2 _ k(k+ 1)2)
XF k(k+1) L.J ] 4

]

(3.1.4)

After the null hypothesis is rejected a post-hoc test can be applied to determine significant
differences among the algorithms. When there is no need of comparing all algorithms against
a control method the Nemenyi test is used in this thesis and on the opposite scenario the Holm
post-hoc procedure is applied.

3.1.2.1 Nemenyi test

The Nemenyi test [Nemenyi, 1963J is a post-hoc test used to determine significant differences
among each pair of algorithms without considering a control method. This test is similar to
the Turkey test for ANOVA. According to this test the performance of two classifiers is signif-
icantly different if their ranks Rj differ at least by the critical distance which is calculated as
follows:

CD= Jk(k+1)
qiX 6N (3.1.5)

where qiX are critical values which depend of the number of classifiers and the significance level
IX and they can be found in [Demsar, 2006J.

3.1.2.2 Holm post-hoc procedure

The Holm post-hoc test [Holm, 1979J it is used in this thesis to determine significant differences
between a control method and the rest of the methods. This test orders the null hypotheses of
the comparisons by their p-value Pi from smallest to largest. Then if Pi < iX/k-i the comparison i
is statistically significant with a level of confidence IX. The moment the inequality does not hold
all the subsequent hypotheses with larger p-values are automatically discarded. The Hochberg
procedure [Hochberg, 1988J is very similar but works in the opposite direction comparing the
hypotheses from largest p-value to lowest.

3.1.3 Kruskal-Wallis test

The Kruskal-Wallis test [Kruskal and Wallis, 1952J is it used in this thesis to perform compar-
isons between different classifiers when the observations come from a single dataset. This a
non-parametric method to test if more than two samples originate from the same distribution.
It can be considered an extension of the Wilcoxon test already explained.

This method ranks all the observations from all classifiers together. Then assigns any tied val-
ues the average of the ranks they would have received had they not been tied. The statistic for
this test is:
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CHAPTER 3: METHODOLOGICAL ASPECTS

"g (- -)2K = (N _ 1) £"';""1"' ',. - ,
"g ,,11, ( -)2
£"',=1 £"'j=1 "j - ,

( .1. )

where g is the number of classifiers or group, is th total number f
the number of observations in group i, 'ij is the rank of th ob rvati n j from
average rank of group i and r is the average of all th ranks, which' equal 1/2(

The null hypothesis of equal population medians would then be rej ed if K ~ ,rag-I.I if
Significant differences are found a Wilcoxon pairwi t with Holm correcti n for multipl
comparisons can be applied to determine these differenc .

3.2 Datasets

Different types of datasets are used throughout the th
poses. The aim of this section is to present the characteristi
cation.

There are two main types of datasets used in tho
datasets. The difference between the two is that the Iatt r were cr ted with
teristics that allows us to gather particular insights of the laming proc
characteristics of the real datasets are very different, we parat th m in two bi
and small datasets) which serve different pmposes. The following ti will
two types of datasets.

3.2.1 Real-world datasets

Table 3.1 presents a list of the characteri tics of the datase u d. Th real datase are only used
in Chapters 4, 7, 8 and 9, since the other two chapters chapt p nt mpirical an Iy
theoretical formulations that required the use of ynthetic benchrnar . inc m en pt rs
only use a subset of them, this table shows a * if the data t was used in that particular ch pt r,
Furthermore, these datasets can be classified in two big groups: mall and larg dat . In tho
thesis we consider small datasets those which have I than 40000 instan . All data are
used to test BioHEL's prediction capacity, but the big ones are also used t t t th lability
capacity of the system. It is worth mentioning that the concept of "lar da It h
evolving really fast in recent years. Even though there exist really big data nowada I th
ML methods commonly used over these problems are very impL . Th rea n for in th
sizes of datasets in this thesis is because the aim is to test the aJability boundari of m re
sophisticated ML approaches. Moreover, ome of these real benchmarks have been already
used in the past to test other characteristics of BioHEL, which makes it ea i r to C mpare with
previous states of the algorithm.

All the small datasets and the Adult (Adu), connect-4 (c-4) and KDDCup (kdd) pr I ms w re
taken from the UCI repository of ML datasets [BLak tal., 1 ]. Th CN, 0, C -bin,
and SA are Protein Structure Prediction (PSP) datasets compiled by the I grup at th Uni-
versity of Nottingham as part of its research in bioinformatics.I Th data int tin
and challenging because of the Largenumber of instanc and attribut and th hi I ls f
uncertainty they present. These datasets have been u ed alr ady in [Ba ar it tal., 2
Bacardit and Krasnogor, 2oo8b, 2009a; tahl et al., 2010]. The ParMX (par) ata t i

IExact values should be used when there I than 5 rvati per g up
2The complete benchmark suite can be accessed at http://ico •. ca. oott .ac. uk/dat ... t.!psp_b4oc It .htal
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3.2.DATASETS

Table 3.1: Characteristics and classification of the datasets used in this thesis. #Ins :::Training set size,
#Att :::Number of attributes, #Dis :::Number of discrete attributes, #Con :::Number of con-
tinuous attributes, #CI = Number of classes. * means the dataset was used in that particular
chapter

Name #Ins #Att #Dis #Con 4
Chapters
7 8 9

bal 559 4 0 4 3 * *
bpa 311 6 0 6 2 * *bre 257 9 9 0 2 * *erne 1327 9 7 2 3 * *col 332 22 15 7 2 * *er-a 622 15 9 6 2 * *
gls 193 9 0 9 6 * *h-cl 274 13 7 6 2 * *hep 139 19 13 6 2 * *h-h 263 13 7 6 2 * *h-s 243 13 0 l3 2 * *

.l!l ion 316 34 0 34 2 * *~ irs 135 4 0 4 3 * *"'.. lab 52 16 8 8 20 * *= Iym 133 18 15 3 4 * *"' pen 9892 16 0 16 10 * * *S
CJ) pim 691 8 0 8 2 * *prt 300 17 17 0 21 * *sat 5792 36 0 36 6 * * *son 187 60 0 60 2 * *

thy 194 5 0 5 3 * *vot 391 16 16 0 2 * *way 4539 40 0 40 3 * * *wbcd 630 9 0 9 2 * *wdbc 510 30 0 30 2 * *wine 159 13 0 13 3 * *wpbc 176 33 0 33 2 * *zoo 91 16 16 0 7 * *
55 75583 300 0 300 3 * * *Adu 43960 14 8 6 2 * * *c-4 60803 42 42 0 3 * * *far 90868 29 24 5 8 *

~ PMX 235929 18 18 0 2 * * *j kdd 444619 41 15 26 23 * * *5A 493788 270 26 244 2 * *CNO 234638 20 0 20 2 *CN-bin 234638 0 10 10 2 * * *CN 234638 180 0 180 2 * * *
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Inputs s."ct
lin..

So
51
52

Output

Figure 3.1: Multiplexer with 8 inputs ( tril1g bit) and 3 teet lir (add ).

parity-multiplexer dataset already proposed by [Butz, 2 ]. inally, Th F
ysis Reporting System dataset (far) was taken from th U. ati nal Hi
Administration.

3.2.2 Synthetic datasets

In Chapters 5, 6, 7 and 8 synthetic data ets were
system under a controlled environment, under which ith r th
of rules) is known and/or the degree of difficultly may be vari
thetic datasets used are the k-Disjunctive ormal F rm (k-D
multiplexer problem.

The k-DNF problems are boolean formula g n rated rand mly which ha
with k variables expressed each out of the d possible variabl . Som f th ariabL can h e
the -, function applied to them. For example a random k-D F functi n with r=3, k=2 n d-
would be:

The importance of this family of datasets is that it is P ible to gen rat rand m1y different
datasets with the same characteristics (k, r and d), and t t the alability of th t m, n tor
a particular problem, but over a particular set of probl m characteri ti . Als th formula
are very useful to characterise boolean problems as it will be hown latter in thi th is. Th
generation of k-DNF datasets and the theory around them will be explain in great r d tail in
Chapter 5.

In Chapter 6 also multiplexer and ternary multiplexer problems were used. The c
multiplexer is taken from the electronic field and means a devie which h 2" anal
n select lines and 1 output. The select lines determine which of the inpu will be pa
output. The combination of the select lines is usually called the addres whil th r t
are usually called the string. Figure 3.1 shows an example of multipl xer with tring bi
3 address bits.

The ternary multiplexer is a variation of the original multiple er probl m used in this th is t
test the BioHEL system in x-ary domains. The only diff renc . that insb d f ch n f th
input bits in the string and the address bing boolean, this prohl mac p three valu (,1,2).
This means that for each n bits in the addre we will ha e 3" inpu .
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3.3. BASIC PARAMETER CONFIGURATION FOR BIOHEL

Table 3.2: Fixed parameters for the BioHEL system

Parameter Value

Population size
GA Iterations
Repetitions of rule learning (GA repetitions)
Default class
Number of windows in lLAS

500
50
2

majority
2

Operators
Crossover operator
Prob. crossover
Prob. individual mutation
Selection algorithm
Tournament size

1 point
0.6
0.6

tournament
4

MDL Fitness function
Coverage breakpoint C B
Coverage ratio CR
Initial MDL TL ratio
Iterations to change MDL weight
MDL weight relax factor

<problem dependant>
0.90

0.025
10

0.90

ALKR Representation
Prob. one p
Expressed Attributes (ExpAtts)
Prob. generalize the ALKR list
Prob. specialize the ALKR list
Covering
Balanced class distribution

0.75
15

0.10
0.10

activated
activated

3.3 Basic parameter configuration for BioHEL

Along the thesis, tests are ran over BioHEL with different purposes in which several parameters
of the system are modified. However, there is a main configuration of the system that remains
fixed, which is tied to the aspects of the system that are not analysed in this thesis. Table 3.2
shows the configuration of the system for the experiments in this thesis, that remains the same
if not stated otherwise.

For GAssist, the configuration used is presented in Chapter 4 which is the chapter in which this
system is analysed.
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CHAPTER 4

Pittsburgh vs. IRL:Identifying
future challenges

This chapter reports an exhaustive analysis performed over BioHEL and its predecessor CAssist. These two systems
share many mechanisms and operators, but at the same time, they apply two different learning paradigms (the lRL
approach and the Pittsburgh approach, respectively). The aim of this analysis is to: a) propose standard configura-
tions for handling small and large daiasets, b) compare the two systems in terms cf leaming capabilities, complexity
of the obtained solutions and learning time, c) determine the areas of the problem space where each one of these
systems performs better, d) compare them with other well-known ML algorithms, and e) determine limitations and
possible areas of improvement in BioHEL. The results show that it is possible to find standard configurations for both
systems. With these configurations the systems perform up to the standards of other state-of-the-art ML algorithms
such as SVM. However, when the systems are parameterised according to the problem characteristics better results
can be obtained. Moreover, we identify the problem domains where each one of these systems have advantages and
disadvantages and propose ways to improve BioHEL based on this analysis.

4.1 Introduction

Many different types of EL systems exist. Some of these systems, even though they use different
learning paradigms (i.e Michigan, Pittsburgh, IRL), might share some mechanisms such as rep-
resentations, fitness functions, efficiency enhancement techniques, among others. Therefore, it
is important to compare the systems among themselves to determine if the shared mechanisms
can be used in the same way despite the change of paradigm. Moreover, this type of compar-
isons helps us understand the advantages and disadvantages of the systems (as well as their
domains of competence) in order to improve and make better use of them. Finally, this type
of analysis is particularly important in the context of this thesis, because it is the start point to
determine weaknesses of the BioHEL system and the possible areas of improvement.

This chapter presents a thorough comparison between the BioHEL system, which is the focus
of study of the thesis, and its predecessor GAssist (see Sections 2.4.2 and 2.4.1, respectively).
As it was explained previously, these two systems share several mechanisms, such as smart ini-
tialisation operators, knowledge representations and efficiency enhancement approaches. The
main difference is that BioHEL uses IRL while GAssist is a Pittsburgh-style LCS. Therefore,
many questions arise. Can each of the shared components be used in the same way in systems
with different paradigms? Do these components affect each system in a very particular way?
Can these systems be applied to the same type of problems? Do these systems scale in a similar
way? How competitive are these systems compared to other state-of-the-art ML algorithms?
Where are the areas of improvement for BioHEL at this point? The aim of this chapter is to
answer these questions and get more insights into the advantages and disadvantages of the
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use of these two systems in different domains. We focus our effo on d t rminin a parame-
ter configuration for these systems, that works acceptably well nab ad ran f p lem ,
and assessing the gap between these global settings and the pr lern-dependent ptimal t-
tings.

We analyse the impact of the policy selection in the default d mechanism, whi
anism shared among the two, tangentially to the two m t imp rtant param
terns. In the case of BioHEL, this is the coverage breakp int param t ; an
GAssist, the number of GA iterations. Afterwards, we anal in d P th l
scheme (see Section 2.4.1.3), which is the mechanism that allow th t t
fully in problems with large training set izes. Finally, we c mpare th two al
other well-known ML mechanisms.

This chapter is organised as follows. Section 4.2 pr n the e . t nt c mp . n tw n
GBML systems in the literature. Section 4.3 discuss the r a ns why this ch ptJ r perf rm a
parameter sensitivity analysis instead of applying other param ter tting techniqu. ti n
4.4 presents the experimental design for the comparison. Secti n 4.5 p n th ul p-
arated in fOUIstages: a) parameter ensitivity analy is, b) comparis n fBi HEL . t,
c) analysis of the lLAS windowing scheme and d) comparison with oth r techniqu; and
finally, Section 4.6 presents the final remarks and the discussi n ab ut p ibl imp v m n
in the BioHEL system.

4.2 Previous comparisons between GBML systems

Several comparisons have been made in the past between GBML
parisons were made between XCS and two Pittsburgh- tyl L
comparison between GALE and XCS, performed by Bernado-Ma ilia t al. l
around the performance of the algorithms, while the comparis n betw n X and
made by Bacardit and Butz [2007], pointed out the advantages and di d antag
tems when solving particular problems, Particularly, in the latter work, th re ul w re pre-
sented not only in terms of accuracy, but also in terms of numb r of rul g n rat .Th ul
showed that GAssist had some problems handling too many cla while X had probl m
because it tends to overfit the data.

A similar analysis was performed by Orriols-Puig tal. [2008a,b] comparing UC5 and GA ist.
In terms of performance (test accuracy), the UCS system obtained the best r ul ,whit in
terms of interpretability of the solution, GAssist generated the mo t manageabl mod I ,

Comparisons between EL and other ML algorithms have also been carri d ut in [Bernad
Mansilla et al., 2006; Fernandez et al., 2010; Orriols-Puig t al., 2 .b]. In th xperim en ts,
the genetic-based approaches proved to be good candidates to olve d ification problems
when compared with other well-known data mining techniqu , uch a aiv B y - hn
Langley, 1995], C4.S [Quinlan, 19931, PART [Frank and Witten, 1 1, IBk [Aha tal., 1
SMO [Platt, 1999], Fuzzy Ada Boost [Alcala-Fdez t al., 2009) and fuzzy 't8 t [
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4.3. PARAMETER SENSITIVITY ANALYSIS VS. SELF-ADAPTATION

Fdez et al., 2009]. Particularly in [Orriols-Puig et al., 2008a] GAssist is included in the set
of algorithms to compare, but without using ensembles which produced that this algorithm
ranked differently compared to the results in this chapter.

Moreover, comparisons have been performed between EL systems from a statistical point of
view in [Garda et al., 2009]. This work was focused on establishing a statistical methodology for
the comparisons between classifiers. They analyse the performance measures used nowadays
and propose other performance measures for two-class and multi-class problems.

4.3 Parameter sensitivity analysis vs. self-adaptation

An often used approach to determine parameter settings in EL (particularly in Michigan LCS) is
self-adaptation [Bull and Hurst, 2000; Butz et al., 2008c; Hurst and Bull, 2001a, 2002]. However,
in this particular case it is not possible to apply such approach for many reasons. First, it is not
possible to apply self-adaptation over the coverage breakpoint because this parameter affects
the fitness directly and it will converge to a value that maximises the fitness without considering
the characteristics of the problem. The less restrictive the coverage breakpoint is the higher the
chances that an overgeneral rule has a higher fitness than an accurate one. Self-adapting the
coverage breakpoint then will tend to promote extremely general rules which maximise the
fitness, giving little consideration to their actual accuracy.

Moreover, the number of iterations in GAssist is a global parameter of the system instead of a
particular parameter of the classifiers, therefore it cannot be self-adapted. The default class is
also a global parameter of the system, and even though it is indeed adapted in GAssist (using
the automatic policy), in BioHEL this is not possible because this system does not have a global
overview of the generated rule sets. Finally, the number of ILAS windows could be adapted
online during the GA run. However, it is not completely clear if this would be beneficial.
Adapting the number of windows implies regenerating the windows each time, which would
increase greatly the computational cost, and important information, such as the elite individ-
uals of each window, would need to be discarded. This could affect the performance of the
learning process. Considering this, in this thesis we decided to instead perform a thorough
parameter sensitivity analysis above the variables mentioned above.

4.4 Experimental design

The experiments in this chapter are divided in four phases: a) parameter sensitivity analysis,
b) comparison of GAssist with BioHEL, c) analysis of the windowing scheme and d) compar-
ison against other ML techniques. This analysis is made using 35 real world datasets already
presented in Section 3.2, which can be classified in two groups: small datasets, with less than
40000 instances, and large datasets, with up to 500000 instances. This makes it essential to make
a distinction parameter-wise between the two groups.

The parameter sensitivity analysis will be focused on trying to find a standard configuration for
both systems that works well with the majority of the problems, as well as analysing some of
the shared mechanisms. In the case of the BioHEL system, we will analyse the coverage break-
point parameter, and in the case of GAssist, the number of iterations of the GA. In this section
we will also analyse different configurations for the default class mechanism incorporated in
both systems. We analyse this mechanism in this section and not independently because this
parameter can change the characteristics of the problem to solve, thus it is strongly related to
the other configuration parameters. Moreover, we analyse the coverage breakpoint parameter
and the number of GA iterations because these are the most influential parameters for BioHEL
and GAssist, respectively. Afterwards, the standard configurations will be compared with the
best possible configuration found for each problem. This will show how far are the results
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2.1

.12, .. 2

Figure 4.1: Summanj of parameters analy d per tem and II
*These parameters are linked to each otiJer in II
analysis is combined

scalability and complex:ity of the luti ns,
will be performed independ nUy ov r larg
two types of problems are different.

using a standard configuration from th best

Furthermore, in the la t phase, we compare our two

parated in two
parated into tw cat-
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4.4. EXPERIMENTAL DESIGN

Table 4.1: Datasets used to compare GAssist and BioHEL and its classification

Small bal, bpa, bre, cmc , col, er-a, gls, h-c1, hep, h-h, h-s, ion, irs, lab, lym,
pen, pim, prt, sat, son, thy, vot, wav, wbcd, wdbc, wine, wpbc, zoo

Medium Adu, c-4, PMX, kdd

Large SA, eN

with hyper threading and 12GB of RAM.

4.4.1 Evaluated scenarios

Both BioHEL and GAssist depend on parameters set beforehand by the user. In the case of
BioHEL the most influential parameter is the coverage breakpoint. For small problems, we
tested the coverage breakpoints CB = {O.s,0.25,0.1, 0.05,0.01}. On the other hand, for larger
problems the coverage breakpoints tested are smaller CB = {0.1, 0.05, 0.01, 0.OO5,0.OO1}.This
distinction was made due to the fact that in small problems each rule tends to cover a large
percentage of the search space while for large problems the solution tends to be more complex
and fine-grained.

The rule sets generated with GAssist depend on the number of GA iterations the system runs.
The number of iterations should be large enough to converge to a good solution but small
enough to avoid overfitting the data. Small problems converge faster, so for this type of prob-
lems we tested 100,250,500, 1000 and 1500 iterations. For larger problems, we tested slightly
larger numbers than before, such as 1000, 2500, 5000 and 10000 iterations.

Regarding the default class mechanism, for the BioHEL system we tested the majority, minority
and disabled policies. In the GAssist system, we tested the same policies as in BioHEL plus the
automatic policy, which cannot be used in BioHEL as it requires the whole rule set, hence global
supervision. For the big problems, only the majority default class policy was tested to reduce
the global execution time of the experiments. The majority class was chosen for these problems
because, as it was shown in the past [Bacardit, 2004], not allowing to generate rules for the
majority of the examples, reduces the number of examples that need to be fitted by rules which
could translate in a smaller execution times.

For the parameter sensitivity analysis over the coverage breakpoint and the default class mech-
anism, the number of windows remained fixed. For small problems we used only 2 windows
while for large problems we used 10 windows. Afterwards, the impact of the number of win-
dows is analysed using the best configurations found on the first stage. The rest of the param-
eters for BioHEL and GAssist remain fixed to the values shown inTable 4.2.

For the analysis of the ILAS windowing scheme only big datasets were used. We tested scenar-
ios using a number of windows w = {10,20,50, 100,200} and we observed the test accuracy,
number of rules and execution time. During these experiments the rest of the parameters of the
system remained fixed as before. Finally, for the comparison with other ML techniques only
the best standard configuration found for GAssist and BioHEL was used.

4.4.2 Performance metrics and statistical analysis

The results in the parameter sensitivity stage and the lLAS windowing scheme analysis are
presented in terms of ensemble test and training accuracy, execution time and number of rules
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Table 4.2: Parameter configuration for GAssist and BIOHEL

BioHEL GAssist

Population size 50) 500
Crossover 1 point 1 point
Probability of crossover O.h 0.6
Probability of mutation O.h 0.6
Probability of one p 0.75 0.9
Selection algorithm tournament tournament
MOL initial ratio 0.25 0.075
MOL iteration 10 25
MOL weight relax factor 0.90 0.90
Tournament size .. 3
Class wise initialisation Vt'S ves
Smart initialisation Vt'S yes

"_--_._--_-----
GA iterations 50
Repetitions of rule learning 2
Coverage ratio 0.90
Expressed attributes 15
Probability of generalise 0.1
Probability of specialise 0.1

Probability of merge 0.05
Probability of split 0.05
Probability of reinitialise 0.03
Probability of reinitialise at end 0.00
Pruning iteration 5
Pruning minimum classifiers 12
Penalise individuals less than 4 classifiers

generated.' The test and training accuracies provide insights into the learning capabilities or
over-fitting problems of the systems. Moreover, the execution time will provide a comparison
in terms of the scalability of the systems. Finally, the number of rules will compare the systems
in terms of how simple, compact and general were the solutions found. When comparing with
other ML methods only the test accuracy and the execution time will be considered.

For all our experiments we used a ten-fold cross validation. We performed 25 repetitions over
small datasets and 5 over large ones. Moreover, ensemble techniques were used to compute the
final accuracy per fold as explained in Section 2.4.t .4.

For the statistical analysis we follow the methodology described in Section 1.1. To determine
significant differences between more than two scenarios (different configurations) across sev-
eral datasets we used the Friedman test. If there are significant differences, we use the Holm
post-hoc test to find these particular differences between the control method and the rest. For
the analysis of the best problem-dependent configuration the Friedman test cannot be used as
the configurations are compared over non-independent observations over one single problem.
Therefore, in this case the Kruskal-Wallis test was used to determine significant differences
among the configurations and, where significant differences where encountered, the pairwise
Wilcoxon test was used to compared the control against the rest of the configurations. More-
over, to determine differences between the best configuration found per problem and the stan-
dard configuration, we used the one-tailed Wilcoxon signed-rank test. This test was applied
both per problem and over all datasets at the same time. For the comparison between our
algorithms and the WEKA package we used the Friedman test, followed by the analysis of

1Memory requirements are not reported in this chapter since the memory IS mostly domln.lted by the S17(, of the
training sets instead of the solutions generated
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the Nemenyi critical distance to determine significant differences between all the algorithms
among each other.

4.5 Results

In this section we present the results of comparing BioHEL with GAssist. The first two sec-
tions perform a parameter sensitivity analysis over small problems, to determine global and
problem-specific configurations. The next section presents a thorough comparison between
GAssist and BioHEL in terms of performance, scalability and complexity of the solutions. After-
wards, a similar, but less extensive analysis is performed over large scale datasets to determine
a global configuration in these cases. Later on, an analysis over the ILAS windowing scheme
is performed to determine the impact of this shared mechanism on each one of the systems.
Finally, we show how these two systems, using a standard configuration, compare with other
ML algorithms taken from the WEKA package.

4.5.1 Finding a global standard configuration

In this stage we analyse how the coverage breakpoint (for BioHEL) and the number of GA
iterations (for GAssist) affect the accuracy obtained with different default class policies in both
systems. The procedure used in the following sections to analyse the different configurations
in BioHEL and GAssist is the following:

1. The default class and a system dependant parameter (number of GA iterations in the
case of GAssist and coverage breakpoint in the case of BioHEL) was varied to construct
different configuration scenarios.

(a) For each scenario the ensemble test accuracy was computed for each small dataset
on Table 4.1 using 10-fold validation and 25 replications (please see Section 4.4.2)

(b) Using the accuracy as a performance metric, the different runs corresponding to dif-
ferent configuration scenarios are ranked in three different ways (ranking schemes):

i. within a particular default class

ii. within a particular system parameter

iii. overall ranking (comparing all configurations against each other)

(c) The average rank was computed per configuration scenario.

2. The Friedman test was applied to find significant differences between configurations us-
ing the average ran kings for each ranking scheme.

(a) The average rankings per configuration are shown.

(b) Best ranked configuration is shown in bold and used as control.

(c) When Significant differences are found a post-hoc test is applied to compare the con-
trol with the rest of the configurations.

This section is focused on finding relationships between these parameters and determining a
standard configuration for both systems. In this section we will only show the results of the
statistical tests. The complete set of results can be found in Appendix A.
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Table 4.3: Average rankings and p-ualues of the Friedman test to determine the best number of iterations
per default class policy in CAssist

Default Class Number of iterations for GAssist p-value

100 250 500 1000 1500

Majority 3.12 2.87 2.92 3.10 2.96 0.9644
Minority 2.87 3.01 2.82 3.25 3.03 0.8591
Disabled 3.26 3.32 3.05 2.57 2.78 0.2991
Automatic 3.42 3.28 3.08 2.44 2.75 0.1043

Table 4.4: Average rankings and p-oalues of the Friedman test to determine the best default class per
number of iterations in CAssist

Iterations Default class policies for GAssist p-value

Majority Minority Disabled Automatic

100 2.48 2.50 2.57 2.44 0.9851
250 2.66 2.46 2.41 2.46 0.8893
500 2.44 2.35 2.55 2.64 0.8416
1000 2.58 2.67 2.41 2.32 0.7007
1500 2.66 2.44 2.64 2.25 0.5779

4.5.1.1 GAssist

Table 4.3 shows the comparison (average rankings) of the number of iterations using different
default class policies in GAssist. The Friedman test was applied to each one of the default
class policies independently. In the last column of this table (p-value) we can observe that for
GAssist there are no significant differences between using different numbers of GA iterations.
Nevertheless, we can observe that, on average, the disabled and automatic policies need more
iterations to obtain slightly better results, while the majority and minority policies seem to
need less. This is due to the fact that learning without a default class policy or trying to adjust
it during the learning process means exploring a larger search space, and hence the need for
more GA iterations.

Table 4.4 presents the inverse analysis: for each one of the number of GA iterations we apply
the Friedman statistical test, to determine which one is the most convenient default class policy.
This table shows that for GAssist there are not significant differences between using different
default class policies.

To analyse further the dependency between the default class policies and the number of itera-
tions, we performed the Friedman test to compare all the different configurations at the same
time. In the case of GAssist, this consist in comparing 20 different scenarios as shown in Table

Table 4.5: Average rankings of the Friedman test over all the configurations in CAssist tp-ualue 0.5508).

Def. Class Number of iterations

100 250 500 1000 1500

Majority 12.00 11.46 10.44 11.16 10.58
Minority 10.48 10.82 9.44 10.75 9.80
Disabled 11.98 11.53 11.00 9.78 10.12
Automatic 11.30 10.75 10.10 7.87 8.57

50



4.5. RESULTS

Table 4.6: Average rankings and p-oalues of the Friedman test to determine the best coverage break-
point per default class policy in BioHEL. The last column of the table shows the significant
differences determined by the post-hoc test with IX = 0.05

Def. Class Coverage breakpoints p-value Relations

0.5 0.25 0.1 0.05 0.01 (IX = 0.05)

Majority 3.50 3.16 2.58 2.60 3.14 0.1287
Minority 3.75 2.83 2.21 2.66 3.53 0.0009 0.1 > 0.5,0.01
Disabled 3.58 3.05 2.42 2.66 3.26 0.0447 0.1> 0.5

Table 4.7: Average rankings and p-values of the Friedman test to determine the best default classfor each
coverage breakpoint in BioHEL. The last column of the table shows the significant differences
determined by the post-hoc test with IX = 0.05

Cov. break Default class policies (BioHEL) p-value Relations

Majority Minority Disabled (IX = 0.05)

0.5 2.18 1.86 1.96 0.4353
0.25 2.23 2.09 1.68 0.0929
0.1 2.16 1.89 1.95 0.5610
0.05 2.30 2.12 1.57 0.0157 Dis> Major, Minor
0.01 2.21 2.09 1.70 0.1223

4.5. In this case no significant differences were found between the different scenarios (p-value
0.5508). This is consistent with the findings in the previous tables where no configurations
stand out significantly. At this point we could argue that the best parameters in GAssist are
either strongly problem dependent, thus it is more difficult to find a standard configuration
that works well with all the datasets, or there are no significant differences in general between
the presented scenarios. The next sections will be focused on proving or discarding each one of
these hypotheses while analysing the configurations per problem.

Nevertheless, the scenario with the best ranking was the automatic policy with 1000 iterations.
Even though this is not significantly better than the others, it is going to be used for further
analysis in the following sections to quantify the drawbacks of using a static configuration for
all problems.

4.5.1.2 BioHEL

Table 4.6 shows which is the more favourable coverage breakpoint value for each default class
policy. The Friedman test was applied to each one of the default class policies independently.
If there are significant differences, the rightmost column of the table shows the relationships
found by the post-hoc Holm test. We can see in this table that the preferred coverage breakpoint
by all the default class policies is 0.1. On the contrary to the observations over GAssist, BioHEL
does not seem to need different coverage breakpoints for the different default class policies.
Moreover, for the minority and disabled policies we observe that using a coverage breakpoint
of 0.1 is significantly better than using a very general or a very specific parameter value.

Table 4.7 presents the inverse analysis to determine which default class performs better with
each coverage breakpoint. In one case we found that the disabled policy performs significantly
better than the majority and minority policies. Also the disabled class is the one that obtains
the best ranking in 3 of the 5 coverage breakpoints values tested.

To determine if there is a relationship between the coverage breakpoint parameter and the
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Table 4.8: Average rankings of the Friedman test over all the configurations in BioHEL tp-oalue
5.607xl0-s). The bottom part of the table shows the significant difference determined by
the post-hoc test with IX = 0.05

Coverage breakpoints

Default Class 0.5 0.25 0.1 0.05 0.01

Majority 10.05 9.14 7.35 8.07 9.30
Minority 9.96 7.67 5.75 7.30 9.41
Disabled 9.32 7.23 5.53 6.08 7.78

Relations (a = 0.05)
Di5o.1 > Majoro.s, Minoro.s, Di50.5, MinorO.Ol, Majoro.2s, MajorO.Ol

default class in BioHEL, we performed the Friedman test over the 15 possible configurations.
Table 4.8 shows the rankings of each configuration for BioHEL. According to this table, for small
problems the best scenario was the disabled policy with a coverage breakpoint of 0.1. Thi wa
expected for the BioHEL system because, since it uses IRL. Therefore, discarding on cla s in
small problems could force the system to learn a more difficult problem. In tead of learning
the most simple rules, the system is pushed to learn rules from a subset of cla . Moreover,
this is also consistent with Table 4.6, which shows that when using the disabled p Hcy, the
preferred coverage breakpoint was 0.1. This configuration is also statistically b tter than other
configurations like Majoro.51 MinorO.51 Di5051 MinorO.01, Majoro.251 Majoro.01 that use either a
very large or very small coverage breakpoints.

The fact that some configurations performed significantly better than others suggests that the
BioHEL system is more sensitive to the selection of parameters than GAssist. This could be do
to the fact that the coverage breakpoint is a parameter of the system that is clo ely related to a
problem characteristic: the size of the rules.

In this section we have shown that for GAssist there are not Significant differences between the
different configurations. However, the usage of the Automatic and Disabled default class policies
demands larger number of iterations than the rest of the policies. In the case of BioHEL, the usage
of a cooerage breakpoint of 0.1 and the Disabled policy stands out from the rest of the configurations
when handling small problems. The previous analysis suggests that the BioHEL system is more
sensitive to changes in the configuration than GAssist. The best configuration found for CAssist
(even though not significantly different from the rest) is AlltolOOO while for BioHEL is D;50.1.

4.5.2 Comparison with the best parameters per problem

In this section, we determine the best parameter settings per problem independently, and how
how they compare to the fixed configurations obtained above for GAssist and BioHEL. First, we
determine the problem-dependant parameter configurations for each system independently.
Afterwards, we make the comparisons between the standard configurations and the best pa-
rameter settings found.

The procedure to determine the best parameters per problem in SioHEL and GAssist is the
following:

1. Using the ensemble test accuracy recorded per problem for each 10-fold cross validation
using 25 different seeds:

(a) The average accuracy per configuration is calculated as shown inTable A.l and A.4.
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(b) Independently per default class the best system parameter configuration is ruled out
(the one that produced the highest test accuracy) and shown in Tables 4.9 and 4.11.

(c) The best configuration across all the default classes is shown in bold

2. A Kruskal-Wallis test is used to determine significant differences between the configura-
tions within a particular default class.

3. If significant differences are found the Wilcoxon pairwise test is used to compare the con-
trol method with the rest of the configurations.

4. Frequency tables are constructed counting the cases in which particular scenarios pre-
sented significant differences with the rest (Tables 4.10 and 4.12).

In contrast to the previous section, the following analysis tries to find the best configuration per
problem instead of finding the best across problems. This is the reason why the Friedman test
is not suitable for this type of analysis as explain is Section 4.4.2.

4.5.2.1 Problem-dependent parameters for GAssist

In Table 4.9 we present the best results in terms of test accuracy for the 28 small problems for
GAssist. We present the results for each default class policy, specifying the number of itera-
tions that lead to that result. In this table we also emphasise the best results overall. Here we
can observe that the number of iterations that produced the best results vary from problem to
problem. However, in many cases the configuration that produces the best net results is not sig-
nificantly better than the others within the scope of that particular problem. The configurations
marked with a star are the ones that are in fact significantly different than others within the
same default class. Here we can observe that for GAssist only the pen and sat problems present
significant differences between using different configurations, which explains why a standard
configuration could not be found in the previous section.

Moreover, Table 4.10 shows the frequency in which each of the number of iterations produce
significantly results, taking also in account those configurations that where not significantly
better that the control (please see full set of results in Appendix A). In this table we can observe
that when a better configuration is ruled out this configuration corresponds to 1500 iterations.
This could be due to the fact that the pen and sat problems are then larger problems in the
small category. Larger problems require larger number of GA iterations as it will be shown in
the analysis over large-scale datasets.

Even though problem dependent parameters could not be found for most problems in GAssist,
we are going to use the configurations that produces the best results as a reference for later
analysis in this chapter.

4.5.2.2 Problem-dependent parameters for BioHEL

Table 4.11 presents the best configurations found per problem for BioHEL, separated among the
different default classes. In this case only the three default class policies accepted by the system
are presented. Here we can observe that for some problems, the best coverage breakpoint
differs among problems and default class policies. However, only for a subset of the problems
the configuration that obtained the best test accuracy is significantly better than others. This
subset is larger than the one found for GAssist and it also includes the pen and sat problems.
For BioHEL, the policy that produces the best results more frequently is the default class policy,
which is consistent with the results presented in Section 4.5.1.2. However, some problems still
work better with other default class policies.
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Table 4.9: Best test accuracy in CAssist using different default class policies. For each default class
we show the number of iterations that produced the best result 011 ti,e ri~lrt and emphasise
the best result overall default class policies. * appears only next to tire configurations where
thai particular coverage break was significantly better thatl other configurations within that
default class

Problem Default class policy

Major Minor Disabled Auto

Accuracy Best Accuracy Best Accuracy Best Accuracy Best
Case Case Case Case

bal 82.22±4.33 250 85.01±3.13 100 85.171:3.34 100 IB.68 !:276 1500
bpa 65.8I±8.18 500 68.15±7.46 250 68.44 ± 6.90 1000 65.57 ± 10.21 1000
bre 74.19±6.90 250 74.52±8.86 500 74.90±8.10 100 73.4h6.65 100
erne 56.16±4.63 1000 54.66±3.IO 100 55.47±4.23 100 56(Jll t-1.87 1000
col 96.46±3.42 1500 97.01±2.42 500 97.2812.27 500 97001306 2.'iO
CT-a 85.63±3.88 250 86.06±4.17 100 85.62±3.% 500 86.5014.09 1000
gls 72.19±8.51 1500 69.02±9.87 1000 69.07± 12.30 1000 70.SOt 1070 1500
h-cl 81.47±4.10 250 83.16±5.26 100 83.11 f:612 100 1ll.17 t 5.42 100
hep 93.54±7.38 250 92.25±6.59 250 93.54±6.10 1000 92.29.t7.23 HX)
h-h 96.60±3.93 1000 97.61±2.87 100 97.27±:3.59 2.'iO 97.281314 1500
h-s 8O.37±8.56 100 83.33±7.86 100 83.33±6.36 1000 82.%UI04 100
ion 93.16±4.32 100 94.00±4.19 1000 93.69±5.09 500 94.29 t:3.36 250
irs 95.33±5.49 100 96.00±4.66 250 96.0014.66 1500 96.00+5.62 500
lab lOO.OO±O.OO 100 l00.00±O.OO 100 l00.00±O.OO 100 100.00:1:0.00 100
lym 86.79±10.25 500 86.19±10.26 500 86.12±10.51 500 86.79 HO.25 500
pen 89.16±0.98 1500* 89.37±1.53 1500 • 8906+0.94 1500 • 88.86t 1.33 1500 •
pim 75.94±5.21 500 76.47±4.41 1000 75.9514.94 500 75.81±5.00 500
prt 54.38±8.26 1500 53.48±6.91 1500 51.7416.58 1000 51.95 t4.30 500
sat 86.18±1.26 1500 * 84.02±1.22 1500. 83.76± 1. 11 1000 84.37±: 1.25 1500 •
son 86.53±7.13 1000 8O.34±6.00 250 77.95±9.15 1000 82.68±8.66 1000
thy 93.51±3.88 500 93.48±5.85 500 93.51±4.93 1500 93.51! 5.86 L'iO
vot 96.33±3.98 250 97.92±2.30 250 97.2412.13 100 97.4712.03 500
wav 83.06±2.47 1000 83.04±1.74 1500 83.28 ± 2.09 1500 83.2H.Ib4 1500
wbcd 96.42±1.83 250 96.42±2.16 100 96.71±2.14 1000 96.85±2.11 100
wdbe 96.31±2.2S 250 95.63±3.49 500 95.8O±3.31 250 96.IH2.27 500
wine 98.82±2.48 100 97.68±3.00 100 97.16±3.98 1000 98.27t2.79 100
wpbe 82.70±8.68 250 79.64±8.09 1000 8O.23±9.14 100 82.70+8.32 500
zoo 96.35±4.73 100 95.98±5.21 250 95.26±5.02 250 96.98±4.89 1500

Table 4.10: Frequency in wlriclr each one of the number of iterations in CAssist produced the best results
using different default class policies

Default Class Number of iterations for GAssist (frequency)

100 250 500 1000 1500

Majority 0 0 0 0 2
Minority 0 0 1 1 2
Disabled 0 0 0 0 1
Automatic 0 0 1 1 2

Total 0 0 2 2 7
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Table 4.11: Best test accuracy in BioHEL using different default class policies. For each default class we
show the coverage breakpoint that produced the best result on the right and * appears only
next to the configurations where that particular coverage break was significantly better than
other configurations within that default class

Problem Default class policy

Major Minor Disabled

Average Best Case Average Best Case Average Best Case

bal 83.34±3.82 0.05* 87.66±3.3S 0.1 * 87.53±3.77 0.1 *
bpa 66.18±7.56 0.01 71.03±6.47 0.1 69.62±6.85 0.05
bre 70.30±1.23 0.5 74.12±7.88 0.25 70.28±9.59 0.05
erne 53.77±3.66 0.1 * 54.14±4.24 0.05 SS.14±3.28 0.05*
eol 98.36±1.42 0.05 97.58±2.31 0.1 97.57±1.97 0.25
er-a 85.49±4.79 0.1 86.06±3.95 0.1 87.07±5.33 0.1
gls 78.S9±11.91 0.05 76.84± 10.44 0.1 77.10±8.85 0.05
h-c1 82.23±6.26 0.05 80.54±4.95 0.1 80.54±3.49 0.01
hep 88.58±10.09 0.1 89.75±7.44 0.05 91.7S±8.40 0.1
h-h 97.26±3.59 0.5 95.55±2.89 om 97.27±2.69 0.05
h-s 78.89±8.20 0.05 81.48±9.24 0.25 80.37±9.41 0.01
ion 94.35±4.15 0.1 93.44±3.37 0.5 92.60±3.35 0.1
irs 94.67±5.26 0.25 94.67±5.26 0.25 96.00±S.62 0.25
lab 98.S7±4.52 0.5 96.33±7.77 0.05 98.57±4.52 0.5
Iym 85.33± 7.95 0.5 84.28±11.15 0.1 84.27±10.65 0.25
pen 98.93±0.42 0.01 * 98.97±O.26 0.01 * 98.96±0.29 0.01 *
pim 75.52±3.36 0.1 75.16±5.26 0.25 75.27±5.14 0.25
prt 45.79±7.77 0.01 48.91±6.34 0.05 49.83±7.80 0.05
sat 91.24±0.45 0.01 * 91.41±0.69 0.01 * 91.70±O.94 om *
son 83.13±10.79 0.25* 81.74±9.85 0.1 84.65±7.69 0.05
thy 93.98±3.02 0.01 94.85±5.59 0.25 95.41± 6.43 0.05
vot 96.08±3.11 0.25 97.93±2.55 0.05 96.78±3.13 0.25
wav 84.68±1.95 0.05* 85.02±1.95 0.01 * 85.80±1.67 0.05*
wbcd 96.71±2.34 0.01 95.44±2.29 0.1 96.57±2.63 0.01
wdbe 96.66±1.76 0.01 96.35±3.74 0.25 96.51±3.43 0.1
wine 95.42±5.98 0.25 95.98±3.82 0.25 96.S7±3.9S 0.25
wpbc 77.36±12.27 0.1 82.55±8.04 0.05 78.94±7.07 0.05
zoo 92.25±7.34 0.5 94.98±5.31 0.25 94.98±5.31 0.1

Moreover, Table 4.12 shows the frequencies in which each coverage breakpoint produced sig-
nificantly better results, also taking in account those configurations that where not dominated
by the control. Here we can observe that the minority and disabled policy obtain better results
with a coverage breakpoint of 0.01, while the the majority policy favours the coverage break-
point 0.05 in most of the problems where differences where found. According to this table, the
coverage breakpoints that produced the best results more frequently are 0.01 and 0.05, in con-
trast to the results obtained in the previous section. Our hypothesis is that when analysing the
configurations per problem, the problems that require specific configurations are more likely
the ones that need to develop a more complex solution and hence require using a more specific
coverage breakpoint.

If we compare the best results found for BioHEL and GAssist, we can see that the best default
class policies for each problem vary between systems. This is another indicator of the fact that
this mechanism affects the systems in a different way. Moreover, there is no link between the
coverage breakpoint used in BioHEL and the number of iterations used in GAssist for the same
problem. However, it is noticeable that the largest problems favour either the usage of more
specific coverage breakpoints or larger number of iterations.
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Table 4.12: Frequency in which each one of the coverage breakpoints produced the best result in BioHEL
using different default class policies

Def. Class Coverage breakpoint for BioHEL (frequency)

0.5 0.25 0.1 0.05 0.01

Majority 0 2 3 6 4
Minority 0 0 1 2 4
Disabled 0 0 3 3 4

Total 0 2 7 11 12

4.5.2.3 Comparison with the standard configurations

Having analysed the best scenarios found for each problem, we are int re t mparing
them with the standard configurations found in Section 4.5.1. In Tabl 4.13 w pr ent th t t
accuracy of the best configurations found per problem according to Tab! 4.9 and 4.11 and the
results using the global default configuration for BioHEL (Diso.1) and G ist (AutolOOO)' This
table also shows the percentage of accuracy loss considering the best olution and the re ults
of the one-tailed Wucoxon test to determine if there are significant difference b tween both
configurations in each problem.

In this table we can see that the accuracy loss for both sy terns is not high r than 3% in 25 of the
28 problems presented, and not higher than 6% in the re t of the probl ms. More ver, there are
no significant differences between using a standard configuration and th t c nfiguration
in most of the problems. The only two problems that how significant diff rene are pen and
sat, which belong to the largest problems of the small category. This wa expe ted a thi is
consistent with the results shown in the previous section. At the end of th table we al 0 how
the p-values of the one-tailed Wilcoxon test to compare both configuration over the multiple
datasets. For none of the systems there are significant differences, supporting the hypothesis
that in general for small problems it is possible to use a standard configuration without degrad-
ing significantly the accuracy.

It can be argued that this comparison is strongly biased towards finding differences because the
test accuracy of the best configuration per problem is the maximum of N trial ,considering N
the number of configurations tested, while the global configuration is the maximum of 1 trial.
However, the fact that significant differences were not found mak tronger the assumption
that the configurations are not different.

The results presented in this section show that there are no significant differences between the best
configuration found per problem and the standard configuration found in Section 4.5.1. Therefore,
we could state that the standard configurations found for each system con remain fixed when solving
small problems.

4.5.3 GAssist vs. BioHEL

In this section we will compare BioHEL with GAssist over small problems in terms of learning
quality, solution complexity and scalability of both systems.

To analyse the quality of the learning, the relationship between the training and te t accuracies
is shown in Table 4.14. The training and test accuracies help us determine whether on sy tern
learned better than the other (the test and training accuracies are both high r) r wh ther one
system obtains worst results because it overfitted the data (the training a CUTay i high r than
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Table 4.13: Comparison of the best test accuracy found per problem (Best prob) with the test accuracy
using the default configuration (Glob) for both systems. The W column shows a star if the
Wilcoxon test determined significant differences between configurations (« = 0.05) and the
Acc % column show the % of accuracy loss with respect to the best solution found

Prob. GAssist BioHEL

Best Prob Glob W Acc% Best Prob Glob W Ace %

bal 85.17±3.34 82.43±2.98 3.21 87.66±3.35 87.53±3.77 0.15
bpa 68.44±6.90 65.57±10.21 4.19 71.03±6.47 69.32±6.53 2.40
bre 74.90±8.10 72.78±5.36 2.84 74.12±7.88 69.57±8.31 6.13
erne 56.16±4.63 56.09±3.87 0.12 55.14±3.28 53.50±4.21 2.96
col 97.28±2.27 96.46±3.21 0.84 98.36±1.42 97.57±1.51 0.80
a-a 86.50±4.09 86.50±4.09 0.00 87.07±5.33 87.07±5.33 0.00
gls 72.19±8.51 68.46±11.89 5.17 78.59±11.91 76.45±10.07 2.73
h-c1 83.17±5.42 82.81±4.97 0.44 82.23±6.26 79.83±5.27 2.92
hep 93.54±7.38 92.25±6.59 1.38 91.75±8.40 91.75±8.40 0.00
h-h 97.61±2.87 96.59±3.93 1.04 97.27±2.69 95.26±3.67 2.07
h-s 83.33±7.86 81.85±7.08 1.78 81.48±9.24 79.26±7.03 2.73
ion 94.29±3.36 93.15±3.91 1.20 94.35±4.15 92.60±3.35 1.85
irs 96.00±4.66 96.00±5.62 0.00 96.00±5.62 94.00±4.92 2.08
lab 100.00±0.OO 100.00±0.OO 0.00 98.57±4.52 98.57±4.S2 0.00
Iym 86.79± 10.25 86.79± 10.25 0.00 85.33±7.95 8O.76±12.52 5.35
pen 89.37±1.53 87.27±1.51 * 2.35 98.97±0.26 94.94±0.58 * 4.07
pim 76.47±4.41 75.81±5.00 0.86 75.S2±3.36 74.74±2.77 1.02
prt 54.38±8.26 51.71±6.68 4.91 49.83±7.80 49.00±8.03 1.67
sat 86.18±1.26 83.74±0.94 * 2.83 91.70±0.94 88.14±1.50 * 3.88
son 86.S3±7.13 82.68±8.66 4.46 84.65±7.69 84.56±8.85 0.11
thy 93.S1±3.88 93.Sl±S.02 0.00 9S.41±6.43 94.42±4.31 1.04
vot 97.92±2.30 97.46±2.30 0.47 97.93±2.5S 96.08±4.11 1.89
wav 83.28±2.09 83.14±1.49 0.17 85.80±1.67 84.98±1.59 0.96
wbcd 96.85±2.11 95.71±2.03 1.19 96.71±2.34 95.43±1.75 1.32
wdbc 96.31±2.25 96.14±2.69 0.18 96.66±1.76 96.51±3.43 0.15
wine 98.82±2.48 96.10±3.76 2.75 96.57±3.95 94.80±5.77 1.83
wpbc 82.70±8.68 81.72±8.31 1.19 82.55±8.04 78.03±6.18 5.48
zoo 96.98±4.89 95.1S±S.16 1.89 94.98±5.31 94.98±S.31 0.00

Global comparison p-oalue
0.2206 0.1948

the other system, and the test accuracy is lower}. In this table the first three rows correspond to
the comparison among the standard parameter configurations using the different default class
policies. This corresponds to 1000 iterations in case of GAssist and 0.1 coverage breakpoint in
the case of BioHEL. The three following rows show the comparison of the best configurations
per problem using the three different default class policies (as shown in Tables 4.9 and 4.11).
The last two rows compare the overall standard and best configurations of the two systems.
The symbols in table are the following: • BioHEL has better training and test accuracies, -
BioHEL overfits the data, GAssist has better test accuracy, 0 CAssist overfits the data, BioHEL
has better test accuracy and * CAssist has better training and test accuracies.f

In this table we can see that, in most cases, BioHEL obtains a better training accuracy than
CAssist. However, in half of these cases BioHEL overfits the data, and thus CAssist, overall,
obtains better results. We can see that this happens less often when BioHEL uses the best
coverage breakpoint found per problem. However, in general it seems that there are similar
patterns for both the global and the best configurations in most problems. Also the dominance

2The analysis shown is these tables is purely qualitative and with the aim to support the results of the previous
section. Hence it does not involve statistical tests.
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Table 4.14: Comparison of the test accllracy and training aCCllracyof both ~ystem<;.Global corresponds
to the comparison of the standard configurations and Best corresponds to tile nmll'ariso"
of the best configuration for each particular problem .• : BioHEl. has better training and
test accuracies, -: BioHEI. overfits the data, CAssist has better tes! accuracy. z : CAssist
overfits the data, BioHEL has better test accuracy and *: CAsslst lias better training and
test accuracies

Conf. Problems Summarv
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of one system above the other seems to depend on the characteristics of the system, rather than
the usage of specific parameters.

To continue with this line of analysis, Table -l.1" shows a similar comparison, but between the
test accuracy and the number of rules. The goal is to obtain solutions that arc accurate, but
also as general and compact as possible. Therefore, if the solution has less rules and higher test
accuracy then it is better than the other. The symbology to read the table is the following: •
means BioHEL has better test accuracy and less number of rules, G means BioHEL has better
test accuracy but higher number of rules, means CAssist has better test accuracy but higher
number of rules, and * means GAssist has better test accuracy and less number of rules. In
this table it is noticeable that BioHEL usually has larger number of rules than GAssist, but in
many cases GAssist also has better test accuracy. Considering these two aspects there seems to
be a dominance of the GAssist system over BioHEL Also this table seems to be the inverse of
Table -l.I-l in most cases. This was expected because when the training accuracy is higher, it is
usually because the system generated a more complex set of rules. Also, CAssist is a Pittsburgh
LCS, hence it has an overview of the rule set generation and penalises large rule sets. On the
other hand, BioHEL generates each rule independently, without a global supervision of the
constructed solution.

As it was already mentioned, the previous tables suggest that there is a connection between
the characteristics of the problems and the obtained results. In Figure -l.2 all the problems are
ordered by the number of classes in a radial graph (starting anticlockwise from the numbered
axis) and plotted the relative test accuracy of BioHEL with respect to GAssist. This means
that when the value in the figure is below 1, GAssist performed better, and when the value is
higher than 1, BioHEL performed better. In this figure we can observe that GAssist behaves
better when the system has less classes, while BioHEL behaves better when the system has
more classes, with the exception of some problems. It is also interesting to notice that in the
problem with 21 classes none of the systems presented good results. In BioHEL this problem is
particularly difficult, because when the system tries to adjust the coverage breakpoint according
to the class distribution the system loses specificity pressure. On the other hand, it was expected
that this problem was very difficult for GAssist. This particular weakness of CAssist when
handling a large number of classes was already reported in (B,Kanlit and Hutv , 211(7).

Furthermore, we also ordered the problems according to the percentage of continuous at-
tributes as shown in Figure -l1. We can see here that GAssist works better with problems
that have discrete attributes and BioHEL works better in problems that have more continuous
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Table 4.15: Comparison of the test accuracy and number of rules of both systems. Clobal corresponds to
the comparison of the standard configurations and Best corresponds to the comparison of the
best configuration for each particular problem .• ; BioHEL has better test accuracy and less
number of rules, 0; BioHEL has better test accuracy but higher number of rules, -; CAssist
has better test accuracy but higher number of rules, and *; CAssist has better test accuracy
and less number of rules

Conf. Problems

Ma
Mi
Di

0 0 - • 0 0 * - * * 0 * - * 0 • * 0 * * * 0 * 0 * -
0 0 * - 0 0 0 * * - * * * - 0 0 * * 0 0 0 0 0 * 0 - 0 •
0 0 * * 0 0 0 * * * * * * - * 0 * * 0 0 0 * 0 * 0 - * •
0 0 • * 0 0 * • * 0 0 - * 0 * 0 * 0 0 0 - *
0 0 * * • 0 0 * * * 0 • - - * 0 * * 0 * • 0 0 * 0 0 -

0 0 * * 0 0 0 * * 0 * * * * 0 * * 0 0 0 0 0 0 0 - * -

0 0 * - 0 0 0 * * * * * * - * 0 * * 0 0 0 * 0 * 0 - * -

0 0 * * 0 0 0 * * * * 0 * - 0 - * 0 * 0 0 0 * 0 - * -

Summary

• 0 - *
2 9 6 11
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1 11 2 14
2 11 8 7
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Figure 4.2: Relative test accuracy of BioHEL according to CAssist in the small problems ordered by the
number of classes, starting anticlockwise from the numbered axis. Data points below one
represent that CAssist performs better and data points over one represent the opposite.
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4.5. RESULTS

attributes (with the exception of some problems). This difference is due to the different repre-
sentations used by the two systems, in the case of BioHEL hyper-rectangles and in the case of
GAssist the ADI representation. Moreover, if we order the problems by the number of instances
(Figure 4.4) we can see that GAssist performs better in the small problems (with the exception
of gls and thy, which have large number of classes). On the other hand, BioHEL seems to
dominate in the large ones. This was expected since BioHEL was developed to handle larger
domains than GAssist.

As it was explained before, BioHEL is based on GAssist. However, this system changed few
mechanisms along with the learning paradigm in order to cope with larger domains. In this
sense, BioHEL is known to be faster than GAssist. In Table 4.16 we present the speedup of
BioHEL over GAssist in all the cases analysed before. This table shows that, in very few cases,
GAssist performs faster than BioHEL. On the other hand, BioHEL achieves speedups up to
243X. This is because when the system needs to generate a small number of rules the learning
iterations are less in BioHEL than in GAssist. It is also worth noticing that the speedups change
drastically among configurations. The majority and the disabled policies tend to help BioHEL
achieve larger speedups. This could be because the majority policy reduces the amount of
rules the system needs to generate. Also, even though the disabled policy does not reduce the
amount of rules, the problem the system learns is easier.

Table 4.16: Speedup of the BioHEL system over GAssist for the different configurations. The configura-
tions where GAssist is faster are emphasised

Problem Global Conf. BestConf.

Major Minor Dis Major Minor Dis Global Best

bal 5.89 3.34 3.77 0.87 0.31 1.31 4.45 3.42
bpa 7.59 5.00 4.32 1.97 1.13 1.01 7.29 6.96
bre 4.20 1.11 0.95 2.55 0.92 0.36 1.65 0.40
cmc 8.08 5.65 5.23 8.08 2.34 0.17 7.13 3.56
col 14.72 13.25 15.56 22.65 25.80 9.64 19.04 6.93
er-a 3.41 4.18 3.74 0.78 0.39 1.31 5.67 1.51
gls 6.83 5.11 5.73 9.72 10.23 4.84 5.85 10.63
h-c1 5.97 5.13 5.04 1.33 0.47 0.85 6.82 0.79
hep 10.83 7.32 9.71 2.76 1.70 3.41 11.78 15.99
h-h 11.16 9.51 10.01 20.06 9.99 2.18 14.14 5.53
h-s 14.02 12.74 11.91 1.27 1.93 5.73 16.96 2.41
ion 39.30 67.28 65.49 4.27 11.19 35.41 88.33 243.62
irs 7.43 7.43 8.24 1.18 1.17 4.21 10.36 17.69
lab 14.52 10.69 22.85 1.66 1.46 2.78 24.81 22.96
lym 5.45 4.57 5.23 3.18 2.44 2.90 5.30 1.58
pen 25.86 26.05 27.76 16.18 16.20 17.47 26.65 26.37
pim 13.49 5.55 4.80 6.34 14.14 6.89 8.51 72.00
prt 1.32 0.94 0.90 0.74 1.34 0.60 0.79 1.60
sat 39.48 40.33 49.91 13.25 17.46 9.45 57.59 54.01
son 81.60 83.54 114.88 91.12 85.79 21.95 104.38 162.61
thy 11.46 9.22 9.03 4.38 6.10 10.64 12.21 26.45
vot 1.60 1.28 1.12 0.49 0.33 0.72 1.48 1.97
wav 24.09 23.08 29.28 12.19 6.10 22.41 34.18 52.42
wbcd 13.20 15.61 16.75 2.00 1.41 2.13 23.65 0.67
wdbc 46.09 50.75 51.94 7.03 29.86 18.36 72.16 23.50
wine 29.20 25.56 32.48 3.53 3.13 33.44 38.11 46.57
wpbc 35.13 30.14 37.51 9.25 26.69 9.75 39.68 8.63
zoo 2.01 1.71 2.08 0.20 0.21 0.52 2.22 3.29
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Table 4.17: Test accuracy in BioHEL using different coverage breakpoints over large problems

Problem Coverage breakpoint (% Test accuracy)

0.001 0.005 0.01 0.05 0.1

Adu 86.09±0.39 86.33±O.46 86.14±0.41 83.9S±0.83 83.0 ±O.59
c-4 80.94±O.46 78.02±O.33 76.33±O.31 69.56±0.40 65.83±0.O2
55 71.19±1.13 70.33±1.01 68.65±1.34 61.26±1.20 47.70±1.22
PMX lOO.OO±O.OO 92.58±1.22 85.92±1.94 5O.00±0.00 50.00±0.OO
kdd 99.95±O.01 99.91±O.01 99.92±0.02 99.87±0.01 99.76±O.03
SA 79.30±O.33 78.79±O.34 78.44±0.33 76.96±0.34 75.84±0.51
CN 80.59±O.46 79.78±O.39 79.22±0.37 77.21±0.52 7S.83±O.57

Table 4.18: Test accuracy in GAssist using different number of iterations over large problems

Problem Number of Iterations (% Test accuracy)

1000 2500 5000 10000

Adu
c-4
SS
PMX
kdd
SA
CN

85.87±0.46
76.17±O.59
59.82±1.88
67.36±1.58
99.05±0.11
76.16±O.45
77.89±O.41

85.94±O.43
77.95±0.44
61.75±1.38
74.69±1.88
99.17±0.09
76.51±O.27
78.05±O.45

86.07±0.36
78.98±0.24
62.58±1.38
82.68±1.98
99.21±0.14

86.08±O.49
79.77±0.37
62.98±1.53
87.50±2.17
99.25±O.12

When comparing the systems to each other, GAssist shows superiority over BioHEL in small prob-
lems, since it generates more compact rule sets and obtains a higher accuracy. On the other hand,
BioHEL generates larger rule sets and overfits the data. Regarding the domains of competence
of each system, GAssist seems to behave better in problems with either less classes and/or less
instances, while BioHEL obtains good results in problems with opposite characteristics. Also Bio-
HEL seems to perform better in problems with continuous attributes, while GAssist presents better
results with discrete problems.

4.5.4 Parameter-sensitivity analysis over large scale datasets

In this section we perform a similar but less extensive analysis of parameter sensitivity over
large problems. For these problems we did not perform the analysis over all the default class
policies, but over the majority policy only. The usage of this policy reduces the search space
(by reducing the amount of instances that should be classified by the generated rules), which
is more convenient for big problems. Even though in some cases, especially in small problems,
this might make the problem more difficult, in large domains it is beneficial to pick a default
class [Bacardit, 2004].

Tables 4.17 and 4.18 show the test accuracy over the big problems in BioHEL and GAssist,3
respectively. InBioHEL (Table 4.17) we can see that the best configuration is 0.001 for all prob-
lems with the exception of Adu, where the best coverage breakpoint is 0.005. Similar results
were found in GAssist, where the usage of 10000 iterations produces the highest test accuracy.
We can observe that these configurations are the ones that produce the more p ific olution .
This in general can cause data overfitting. However, BioHEL u en mbl t perf rm th

3ln the case of CAssist the results with some configurations are missing, since the runs for these configurations took
more than 10 days each, which is one of the constraints of our computational fram work.
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Figure 4.5: Relative test accuracy (considering best value observed) and number of rules obtained with
different parameter configurations in large datasets

final classification, which benefit from having diverse specific models that together produce a
more robust prediction.

Figure 4.5 shows how the relative accuracy+ and number of rules vary according to the cov-
erage breakpoint and the number of iterations. Figures 4.5a and 4.5b show how the BioHEL
system is more sensitive to changes in the parameters than the GAssist system. We can see
in these figures that even when BioHEL obtains better results than GAssist for all problems,
when using a non-adequate coverage breakpoint, the accuracy drops drastically. Moreover, in
Figures 4.5c and 4.5d it is noticeable that while the coverage breakpoint decreases (BioHEL) or
the number of iterations increase (GAssist), the number of rules also increase. This is because
these parameters increase the specificity pressure of the system, forcing the system to develop
more fine-grained solutions. This is even more noticeable in BioHEL, where the number of rules
generated increases in an exponential manner. Moreover, the number of rules in BioHEL is very
large compared to the number of rules generated by GAssist. This is because the learning of
each rule in BioHEL is independent from each other, while in GAssist it is a parallel process, in
which the size of the rule set is constraint by the algorithm via fitness penalties.

Moreover, in Figures 4.5a and 4.5b a horizontal line indicates when the relative accuracy drops
below 0.95. In real life problems sometimes the best solution is not the one that has the highest
accuracy, but the one that is close enough to the best one, but at the same time is compact and
simple. In these figures we can see that it is possible to apply more pressure over the systems
by increasing the coverage breakpoint or decreasing the number of iterations. The increase in

4The accuracy of the scenario divided by the largest accuracy obtained.
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Table 4.19: Test accuracy in BioHEL using different number of unndoun

Problem Number of Wmdows ('Yo Test accuracy)

10 20 50 100 200

Adu 86.09±O.39 86.41±0.35 86.34±O.38 86.16±O.37 85.83±O.32
c-4 80.94 ± 0.46 8O.77±O.41 79.44±0.35 78.46±O.38 77.71±O.49
SS 71.19±1.13 70.83±1.00 69.78±1.14 68.86±O.94 68.04± 1.19
PMX lOO.OO±O.OO lOO.OO±O.OO lOO.OO±O.OO 92.93±1.54 86.67±O.48
kdd 99.95±O.Ol 99.94±O.OI 99.94±O.Ol 99.93±O.02 99.91±O.02
SA 79.30±O.33 79.17±0.31 79.00±0.34 78.79±O.31 78.62±O.36
eN 80.59±O.46 8O.49±O.36 8O.26±0.41 79.96±0.41 79.64±O.44

Table 4.20: Test accuracy in CAssist using different number of windows

Problem Number of Wmdows ('Yo Test accuracy)

10 20 50 100 200

10000 Adu 86.08±O.49 85.95±0.39 85.83±0.48 85.66±0.59 85.63±0.49
iterations c-4 79.77±O.37 78.96±O.46 77.47±O.40 76.29±O.42 74.96±0.53

SS 62.98±1.53 62.50±O.98 61.6S±0.92 6O.66±1.23 59.00±1.41
PMX 87.50±2.17 83.54±3.39 79.43±3.72 76.0S±2.01 73.1S±2.69
kdd 99.25±O.12 99.22±O.O2 99.21±O.OI 99.20±O.O2 99.18±0.O2
SA 76.76±O.26 76.52±O.34 76.49±O.32
eN 77.70±O.40 77.50±O.58 77.44±O.54

2500 SA 76.51±O.27 76.47±O.34 76.30±0.33 76.31±O.27 76.13±O.28
iterations eN 78.05±O.45 77.n±O.55 77.67±O.26 77.38±O.56 77.25±O.55

the pressure helps obtain a solution that is also good but is much more compact. However, thi
is not applicable to all problems. As we can see, in synthetic problems, such a PMX (parity
multiplexer problem), the accuracy drops much more drastically from one configuration to the
other.

In this section a comparison between the best configuration found and the standard config-
uration is not performed, since in all of the problems with the exception of one, both values
are the same. In the following sections we are going to present the analysis of another shared
mechanism between the systems: the £LASwindowing scheme.

For BioHEL, the coverage breakpoint that produces the best results for large problems is 0.001, while
for CAssist the number of iterations that produced the best results was 10000 iterations. Moreover,
in the large problems BioHEL obtains better results than GAssist in terms of test accuracy, but also
it is much more sensitive to changes in the configuration. It generates larger rule sets that grow ex-
ponentially when the coverage breakpoint deceases. Also it was shown that the coverage breakpoint
as well as the number of iterations are parameters that can be used to regulate the generalisation
pressure of the system. This is useful tofind more compact rule sets without severely degrading the
accuracy.
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Figure 4.6: Relative test accuracy (considering best value obseroed), number of rules and execution time
obtained with different window sizes in large datasets
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4.5.5 Analysis of the ILASwindowing scheme

Tables 4.19 and 4.20 show the results of varying the number of !LAS window in BioHEL and
GAssist, respectively. For the analysis of the ILAS windowing scheme we considered only a
coverage breakpoint value of 0.001 for BioHEL and 10000 GA iterations for GAssist, which
were the configurations that produced the best results in previous section. Also for the SA
and eN problems in GAssist, we show the behaviour using 2SOOiteration, ince we do not
have data for 10000 iterations. In these tables we can see that, while the number of window
increases, the accuracy decreases. Nevertheless, the usage of a higher number of windows in
BioHEL is beneficial in the Adu problem, since it helps the system to generalise. In the case
of BioHEL, we can observe that more generalisation pressure can be achieved by either using
a more strict coverage breakpoint or using a larger number of windows, as it was hown for
the Adu problem. The same behaviour is not observed in GAssist, were all the problems lose
accuracy with the increase of the number of window .

In Figure 4.6 we show the changes in the relative accuracy, the number of rul and the total
execution time when using different number of windows. In Figures 4.6a and 4. b we can
observe that the relative accuracy decreases with the number of window in both y tern in
a similar manner. Moreover, the accuracy decreases drastically in synthetic problems uch as
PMX, behaviour that can be explained by ILAS's theoretical models (see Section 2.4.1.3). This
figure also shows a Linewhere the relative accuracy drops below 0.95. It i noticeable that
for all the problems except PMX it is possible to use a higher number of window , without
compromising the accuracy of the system severely. Figures 4.6c and 4.6d how the effect of the
number of windows over the number of rules. The changes are more dramatic in G i t than
in BioHEL, where the number of rules decrease exponentially with the number of window .
This could be due to the fact that from the start GAssist generates much smaller rule sets than
BioHEL. Also, BioHEL does not reduce the rule set size drastically. On the contrary, for the
synthetic problem PMX, a high number of windows produces larger rule sets. It might happen
that some of the strata are not good representations of the whole training set and this prevents
the system from learning, either a correct rule (with 100% accuracy) or a general enough rule.
The latter case is the main reason for the generation of large rule sets.

Moreover, Figures 4.6e and 4.6f shows the decrease of the execution time with respect to the
number of windows. This was expected since the main goal of this technique is to decrease
the computational time during the match process. However, we can see in these figure that
the execution times for BioHEL are considerably smaller than the execution time for GA ist,
although the latter generates smaller rule sets.

In this section we showed how the windowing mechanism can help reduce the execution time of both
systems without degrading the accuracy severely. Moreouer, the windowing can be used as a tool to
introduce generalisation pressure, in order to obtain solutions that are good enough, but are more
compact in terms oj rules. Nevertheless, the impact of this mechanism in terms the compactness
of the rule sets differ from CAssist and BioHEL. While in CAssist the number of rules decrease
drastically with the number of windows in BioHEL the changes are not so noticeable. On the other
hand, BioHEL generates larger rule sets, but the execution times coer large problems art much
smaller than CAssist. This fundaments the hypothesis that the BioHEL system is more suitable for
larger domains.

4.5.6 Comparison against other ML techniques

In this section we compare the performance of GAssist and BioHEL with other ML algorithm
such as: C4.5, PAIT, ffik, Naive Bayes and the SMO implementation of SVM with both polyno-
mial and gaussian kernels.
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Figure 4.7: Clustering of the different ML algorithms using Nemenyi critical distance

Table 4.21 shows the results of the comparison of GAssist and BioHEL with the mentioned algo-
rithms. This table only shows the results using the standard configurations found for BioHEL
and GAssist in Section 4.5.1, in order to provide a fair comparison with the other methods.f In
this table we can see that GAssist and BioHEL are among the best algorithms. Only SVM with
gaussian kernels (SVNr) seems to achieve good solutions as frequently as our algorithms. It is
worth noticing that for the SA problem some of the ML algorithms did not manage to learn the
problem due to the lack of memory and impractical execution times. Moreover, since we do not
have results for the SA and CN problems using the standard configuration of GAssist (10000
iterations and 10 windows), we included the results using 50 windows instead.

When performing the Friedman test to determine if there were significant differences we ob-
tained a p-value of 9.1e-7. In Figure 4.7 we can visualise graphically the results of the post-hoc
test to compare all algorithms using the Nemenyi critical distance. In this case the critical
distance is equal to 1.827. It is worth noticing that for this statistical test the SA problem was
not considered since we did not have results for all the algorithms. In this test we can observe
that GAssist and BioHEL place first and second, respectively. Being in the cluster of the best
algorithms, along with SVM (with both polynomial and gaussian kernels) and IDS, there are
only significant differences between them and Na"iveBayes, C4.5 and PART.

Moreover, when comparing the tested ML methods in terms of execution time, we can obtain
interesting insights. Table 4.22 shows the execution times over the large problems and the re-
spective rankings. Moreover, Figure 4.8 shows the information from the previous table plotted
independently per problem. In general, we can observe that the algorithms present consistent
rankings among each other and that SVMr and GAssist have the highest execution times. On
the other hand BioHEL, SVM and IBShave similar execution times, except in the two largest
problems, where the polynomial kernels (SVM) scale much worse.f Only in the kddcup prob-
lem SVMr takes half the time than BioHEL and SVM takes only 2% of the time. For the rest
of the problems BioHEL seems to be faster. Moreover, C4.5, NalveBayes and PART have very
small execution times compared to the other algorithms, but these algorithms do not give good
results in terms of accuracy, as it was shown before. Also, PART scales badly in problems with
large amount of attributes such as SS, SA and CN.

It can be arguable that no stratification techniques are applied to SVM and this is the reason
why these algorithms are not performing faster. However, the ILAS Windowing technique
is a built-in technique within BioHEL and GAssist, and the original implementation of SVM

SFor these algorithms an analysis to the determine the best standard configuration for all problem was performed
in a similar fashion as in Sections 4.5.1.1 and 4.5.1.2.

6For the SA problem the execution time for SVM took more time than the allowed time of our computational frame-
work
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Table 4.22: Comparison of CAssist and BioHEL with other ML algorithms in terms of execution time
(s). The configurations that obtained the best test accuracy in Table 4.21 are emphasised and
the rankings within a particular problem are shown on the right

Problem BioHEL SVM SVM, 185

Adu 1998.31±227.34 5 2987.77±536.19 6 20144.3l±4244.21 8 4SO.20±156.87 4
c-4 7197.09±549.15 5 18218.58±3085.65 6 39210.92±2947.20 7 1096.81±180.30 4
Par 39422.64±9210.71 6 32354.57±5692.19 5 383081.72±58842.01 8 5562.40±6S.SO 4
S5 33430.59± 14520.92 4 57132.69±12670.91 5 134243.30± 17331.00 7 26407.76±3243.02 3
kdd 65806.99±15761.75 6 1346.72±299.21 4 32161.43±3106.12 5 96825.96±174BS.70 7

SA 468821.16±64054.87 4 146577.52± 13366.74 3
Win 88696.09±19758.60 3 207982.69±37931.41 6 324807.90±34278.76 7 123638.76± 17691.04 4

Problem GAssist C4.5 NB PART

Adu 7875.33±1361.80 7 13_79±0.96 2 1.88±0.10 1 248.18±14.03 3
c-4 44531.39±3286.93 8 9.32±0.52 2 2.29±0.14 1 962.33±110.26 3
Par 52775.03± 10888.52 7 21.23± 11.29 2 3.40±O.90 1 174.23±290.39 3
SS 289782.58±21004.80 8 714.73±152.75 2 167.61±167.05 1 99650.5l±19064.10 6
kdd 168481.84±20360.71 8 262.3l±14.50 2 167.92±5.51 1 294.78±16.76 3

SA 271639.70±24879.49 5 6073.2l±776.81 2 437.39±57.56 1
Win 164214.74±121oo.49 5 2873.90±214_96 2 156_85±18.96 1 562819.03±46249.84 3

does not support these kind of efficiency enhancement techniques. Even though is it possible
to apply stratification (for example by learning different models using different subsets of the
data and then applying ensemble techniques to merge these models), a quantification of the
accuracy loss of applying this type of windowing would be necessary, which is a much more
extensive study out of the scope of this work.

From this analysis we can conclude that the BioHEL system obtains results similar in accuracy
to SVM and CAssist, but at a smaller computational cost. Moreover, the solutions provided by
GAssist and BioHEL, being rule sets, are easily interpretable by human beings, in contrast with the
models generated by SVM. Even though BioHEL generates larger rule sets, clustering techniques
can be applied to obtain additional insights as shown in Bassel et al. [2011J. Considering the
execution time and the accuracy, the BioHEL system seems to be the best candidate to solve large
problems.

4.6 Conclusions and Further Work

In this chapter a systematic and exhaustive analysis over BioHEL and its predecessor GAssist
was performed, in order to study the behaviour of the shared mechanisms applied to different
paradigms. A standard configuration was determined for both systems. In the case of BioHEL,
the best coverage breakpoint was 0.1 for small problems and 0.001 for big problems. In the
case of GAssist, the optimal number of iterations was 1000 for small problems and 10000 for
large problems. However, in the GAssist system no significant differences were found among
configurations. Regarding the usage of the default class, the results differ between the two
systems. While for the GAssist system the best results are obtained with the automatic policy,
BioHEL obtains the best results with the disabled policy. Considering that this analysis was
done over the small problems only, it was expected that the majority and minority policies did
not stand out. When the problems are small, BioHEL finds it easier to learn rules from any class
rather than limiting the possible classifier classes. However, the usage of the majority class is
beneficial when solving large problems since this decreases the amount of examples the system
needs to generate rules for.
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After determining standard configurations for both systems, we compared them with the best
configurations found per problem. We obtained significant differences in only two of the 28
small problems. Moreover, the percentage of accuracy loss in both systems was less than 3%
in 25 of the 28 problems, and less than 6% in the rest of the problems. This indicates that
the standard configuration found produce results similar to those obtained hand tuning the
system. Moreover, when considering all the problems at the same time, there are no significant
differences among the configurations, validating the previous hypothesis. However, for some
problems, slightly better results can be achieved when the coverage breakpoint is set according
to the problem.

When analysing the test accuracy against the training accuracy and number of rules in both
systems, BioHEL showed higher training accuracies and bigger rule sets than GAssist. The
cases where GAssist performed better where usually the cases where BioHEL overfitted the
data.

Furthermore, when considering the characteristics of the problem, BioHEL performs better in
problems with larger amount of classes and instances, while GAssist performs better with prob-
lems with fewer classes and less instances. Moreover, it was shown that GAssist performs better
over discrete problems and BioHEL performs better over continuous problems. This is due to
the differences in the representation used. Considering the execution times of both systems,
BioHEL is superior than GAssist obtaining speedups up to 243X over this system. Neverthe-
less, the execution times vary drastically depending on the parameters used.

When analysing the results over the large problems, we showed again that BioHEL generates
much more rules than GAssist. Moreover, the results show that the test accuracy and the num-
ber of rules are intimately related to the coverage breakpoint parameter in BioHEL, while in
GAssist changing the number of GA iterations only produced major changes in two problems.
This showed that the BioHEL system is slightly more sensitive to changes in the configuration
than GAssist. Also, it is worth noticing that in the largest problems the most exhaustive exper-
iments with GAssist (which are using 10 and 20 windows and 5000 and 10000 iterations) were
not completed since they took an unpractical amount of time? On the other hand, BioHEL
stands out in these scenarios, as it was designed for this purpose.

Increasing the number of windows in large problems produced a significant reduction in the
execution time. Also the systems show a reduction in the test accuracy and the number of rules
generated, especially in synthetic problems such as PMX. In GAssist, increasing the number of
windows seems to have a bigger effect on the number of rules rather than in the accuracy, while
in BioHEL the opposite happens.

Nevertheless, the number of iterations in GAssist, the coverage breakpoint in BioHEL and the
number of windows can be used to apply generalisation pressure to the systems. Using more
restrictive parameters it is possible to obtain solutions that are close to the best solution found,
but consist of more compact rule sets evolved in considerably less time.

When comparing BioHEL and GAssist with other state-of-the-art ML algorithms taken from the
WEKA package, our algorithms are ranked first and second, followed by SVM using gaussian
(SVNr) and polynomial kernels (SVM). Significant differences were found between our systems
and NalveBayes, C4.S and PART.Even though there are no differences in terms of accuracy be-
tween SVM, SVMr, GAssist and BioHEL, the latter provides the best accuracy/speed tradeoff,
which suggest this system could be more adequate for this domain.

In summary, the tested EL systems are competent against other ML methods and, between
them, GAssist is more suitable for small datasets, while BioHEL is more suitable for larger ones.
Moreover, this chapter was not aimed only at identifying the best setting for each system, but
also to study the behaviour of the shared components between the two methods. In this sense,
we have shown that each system requires different policies for the usage of these components.

7These experiments were constraint by the limitations of our computational framework.
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Algorithm selection

HioHEL Configuration

GAssist Configuration
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Few classes =} GAssist
Many classes => HioHEL

Small datasets

{

Discrete attributes
Mixed attributes
Continuous attributes => HioHEL

o>{

=> GAssist
=> HioHEL

Small datasets
Coverage breakpoint 0.1
Default class disabled
ILAS windows 2

{

Coverage breakpoint 0.001
Large datasets ==> Default class majority

!LAS windows between 10 - 50

(Hint: A larger coverage breakpoint and/ or a
larger number of windows increase the
generalisation pressure of the system)

o>{
1000 GA iterations
Default class automatic
ILAS windows 2

Small datasets

Large datasets 0> {

10000GA iterations
Default class majority
lLAS windows 50

(Hint: A smaller number of GA iterations and/ or a
larger number of windows increase the
generalisation pressure of the system)

Figure 4.9: Algorithm selection scheme and recommended configurations for CAssist and BioHEL de-
pending on the characteristics of the problem instances

InFigure 4.9 we present a decision tree for selecting the appropriate algorithm and the further
system configuration depending on the characteristics of the problem.

Regarding the limitations of BioHEL encountered in this chapter we have the length of thefinal rule
sets, which is considerably high compared to CAssist. In this sense we determined that it could be
advantageous to apply techniques to reduce the cardinality of the rule sets. Moreover, the BioHEL
system is very sensitive to the choice of parameters, and especially to the selection of coverage
breakpoint, so it would be idea; to determine this parameter automatically. Finally, even though
the BioHEL system is fast compared with other algorithms that obtain similar results, it could
benefit from parallelisation techniques that have not been applied so far to speed up its learning
process. These limitations are the motivation for thefurther improvements over the BioHEL system
presented along this thesis.

Finally, based on the results obtained in this chapter, it would be interesting to analyse the
ILASWmdowing mechanism thoroughly to determine when the usage of windowing becomes
not beneficial in terms of accuracy. There are some models already for the GAssist system
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that explain the behaviour of the windowing (See Section 2.4.1.3). These models assume the
problems have rules that cover uniformly the whole search space. In the future, we would
like to adapt these models to BioHEL, and cover problems where the rules are not uniformly
distributed, do not have the same amount of expressed attributes and involve noise.
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CHAPTERS

Parameter impact in BioHEL's
fitness function

As shown in Chapter 4, BioHEL is highly parametrisable and better results can be achieved if the parameters are
adjusted according to the problem at hand. However, it is still not clear how the adequate parameter setting is depen-
dant on the characteristics of the problem. Therefore, this chapter presents an extensive parameter sensitivity analysis
of BioHEL's fitness function. Specifically, we study two aspects of BioHEL's fitness function: its sensitivity to the
coverage breakpoint parameter (that determines the degree of generality pressure applied by thefitness function) and
the impact of the default rule policy (which changes the characteristics of the problem to learn). The results show
that BioHEL is highly sensitive to the choice of coverage breakpoint and default class. While the right setting can
facilitate the learning process, an incorrect setting can also push the system towards overgeneralisation. Moreover,
it is shown how the coverage breakpoint parameter is closely related to characteristics of the problem itself such as
the number of relevant attributes in the terms of the optimal solution. The conclusions of this chapter will lead to the
proposal of a mechanism to adjust automatically the coverage breakpoint parameter later in the thesis.

5.1 Introduction

As it was explained in Chapter 2, BioHEL's fitness function is designed to generate accurate,
general and simple rules (in terms of the compactness of the predicate). To this aim, this fit-
ness function rewards the rules that cover (at least) a certain percentage of examples from the
training set, by means of the user-defined parameter coverage breakpoint. However, this param-
eter is very problem-dependant and it requires an extensive preliminary experimentation to
determine its adequate value, as it was shown in Chapter 4.

In this chapter we exhaustively analyse the impact of the coverage breakpoint parameter (with
respect to the default class') in BioHEL's fitness function when learning challenging boolean
synthetic problems, such as k-Disjunctive Normal Form problems. Since we can generate these
problems with different number of relevant attributes (k) and different number of terms (r), it is
possible to vary their difficulty on a regular step and determine how the optimal settings change
with these small variations. The difficulty of these problems is based on the class imbalance and
rule overlapping. If the k of the problem is small, the terms will cover a large percentage of the
instance space and will tend to overlap. If k is large there is no overlapping but the positive
examples would be very scarce, which also makes the problem difficult. Considering that the
structure of the problem is known beforehand, we intend to asses the quality of the learning in
terms of discovering this structure.

The analysis is this chapter is separated in two stages. First we test the performance and scala-

IThe usage of the default class can change completely the characteristics of the problem we are trying to solve as
different sets of rules can be generated depending on the policy chosen.
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bility of the system using different coverage breakpoints and default class policies. The aim is
to identify the areas of the problem space that are more difficult to solve for BioHEL (in terms of
number of relevant attributes k and number of problem terms r) for each coverage breakpoint
value and default class policy. We present the results in terms of the iterations necessary to
learn one of the k-DNF terms and the execution time. We also analyse the areas of the problem
space where the system overgeneralises or it is not able to learn at all. The results also show the
differences between using different default class policies. Even though the fixed class policy
performs slightly better than \he majority class policy, the latter shows how the learning would
behave in situations where there is lack of crucial domain knowledge.

Moreover, these results show that depending on the characteristics of the problem the ade-
quate coverage breakpoint value changes. Considering this, in the second part of the chapter
an exhaustive experimentation is performed to determine the appropriate coverage breakpoint
for each scenario, aligning the parameter values to the used representation. In this section we
show a link between the characteristics of the problem (depending on the knowledge repre en-
tation) and the adequate parameter value. This conclusion suggests the need to automatically
determine these problem characteristics in order to set the parameters correctly.

The rest of the chapter is organised as follows. Section 5.2 presents the k-DNF boolean func-
tions used in this study and the related work regarding the usage of the e functions in the
analysis of EL systems. Section 5.3 presents the experimental design and re ults of the pre-
liminary parameter sensitivity analysis. Section 5.4 presents the second stage of experiments
to determine the appropriate coverage breakpoint aligning the parameter values to the used
representation. Finally, Sections 55 and 5.6presents the conclusions and further work of this
chapter, respectively.

5.2 k-DNF boolean functions

k-ONF (k-Disjunctive Normal Form) functions [Kearns, 1990) are a broad family of boolean
functions which so far are a well known test suite in ML [Butz and Pelikan, 2006; H rnandez-
Aguirre et al., 2001] and in this thesis are used as a tool to characterise the tructure of binary
problems. Given a space of d attributes or variables the k-DNF functions are a boolean formula
that presents the following form:

(5.2.1)

where r is the number of disjunctive terms and each term Tx represents the conjunction of k
boolean variables out of the d possible options (Xl, X2, .•. , Xd), where some of the variables
might have the not function (--,) applied to them. Equation (5.2.2) represents an example of
k-ONF function for a space of 10 representable attributes (d), 2 terms (r) and 4 represented
attributes (k).

(5.2,2)

Since EL systems learn a set of rules as the solution of a problem, this generalisation of binary
problems into k-ONF formulas is really useful, as the systems are expected to learn one rule
per term in the problem and the rules should represent at least all the relevant attributes in
these terms. From this point onwards, every time we talk about "rules" we are referring to the
solution of the problem and when we talk about "terms" we refer to the problem itself.

5.2.1 Dimensions of difficulty

The difficulty of a k-ONF problem can be estimated by calculating the clas imbalance, which
corresponds to the probability of finding a negative example in the datas t giv n its k and r
values, as represented in Equation (5.2.3). This formula holds under the a umption that the
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k attributes are randomly picked and hence there is no big overlap between any two terms.
Figure 5.1 shows the corresponding probability distribution.
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Figure 5.1: Probability of having a negative example in a k-DNF function according to the number of
attributes k and the number of terms r

Since the class imbalance makes the problem more difficult, the red area in Figure 5.1 represents
the problems that are easier to solve. Moreover, the class imbalance is not related to the size
of the problem d. However, the size of the problem can increase the number of examples in
the training set (as there are 2d possible strings), and this variable can make the problem more
difficult in terms of data volume.

As we can see from the previous formula the difficulty of the k-ONF problems depends on
the number of relevant attributes k and the number of terms r. These two parameters can
increase or decrease the number of positive examples in the training set and can potentially
create scenarios with very high class imbalance. For example, when k is low each term covers a
large proportion of the training set, and hence, just with a few terms (r), most of the examples
will be positive. With moderate k values but high r the same occurs. In both situations we
encounter a known source of difficulty in LCS:term overlap [Butz and Pelikan, 2006;Ioannides
et aI., 2011]. On the other hand, a high k and low r creates problems with very few positive
examples, as each term is very specific and overlap is unlikely. These cases, also not balanced,
essentially become scenarios of trying to find the needle in the haystack, because each term will
cover very few examples.

Wewant to remark that this is an estimation of difficulty and represents the average case for
randomly generated k-ONF problems. It can happen that for some problems depending on the
configuration, there might be more or less overlapping which will produce slightly more or less
negative examples. This is often the case in k-ONF problems with small d and a small k. The
terms in these data sets cover a very large percentage of examples and hence it is not possible
to generate smooth transitions of class balance.
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5.2.2 k-DNF as a Machine Learning benchmark

The k-DNF problems used in this thesis were created using the generator at http: / ficos. cs.
nott. ac. uk/datasets/kdnf .html. This generator works as follows. First, the user specifies
the values d, k and r. Given this information r terms are generated, by randomly electing k
of the possible d attributes and checking that this combination has not been repeated already.
Then, the not function is applied to each one of the k represented attributes in the term with
50% probability. Afterwards, all the possible 2d binary strings (the instances of the dataset) are
generated. They are assigned to class 1 if the string makes the formula true. Otherwi e, they
are assigned to class O. The examples with class 1 are what we call "positive e ample" and
the rest are "negative examples". Figure 5.2 shows an example of a generated k-DNF dataset
in WEKA format. An example of a correct and an overgeneralized set of rules for this problem
written in the ternary alphabet (1,0,#) is shown in Figure 5.3.

Given that we know the optimal solution for a specific k-DNF problem, in the e periments
reported in this thesis the whole dataset has been used (rather than partitioning it into train-
ing and test sets) and the learning is assessed by checking that the correct k-ONF terms have
actually been learnt.

5.2.3 Previous Machine Learning studies using k-DNF functions

The k-DNF functions have already been used in the ML context to determine the learning com-
plexity [Keams, 1990] and to derive lower an upper bounds for the sample complexity [Ehren-
feucht et al., 1988].2 Moreover, they have also been used to derive learning models [Hir chberg
et al., 1994] that predict the mean classification error of a given a distribution of the instance
space.

Regarding GAs, [Hernandez-Aguirre et al., 2001] used the Probably Approximately Correct
(PAC) learning to estimate the initial population of the GA necessary to learn a k-ONF func-
tion with a given error. They show how the system evolves the solutions using the ham-
ming distance of the individuals from the optimum. The results show that the population
size needed to assure the existence of an individual close (similar) to the target chromosome is
rather small.

Furthermore, this family of problems has already been used in the LCS context by Butz and
Pelikan [2006]. In this work these functions were used to investigate the influence of replacing
the crossover with other recombination algorithms based on EDAs. The goal is that the algo-
rithm learns the intrinsic structure of the problem, in order to tackle more difficult problems
like hierarchical ones. This research points out that one of the difficulties that LCSencounters
when handling this type of problems is the term overlapping. This factor leads to the gener-
ation of rules that are partially but not maximally accurate, which makes the problem more
difficult.

5.3 Parameter sensitivity analysis

This section is focused on performing an exhaustive experimentation using different values for
the coverage breakpoint parameter and the default class policy. The experiments presented on
this section are focused on the following two goals which correspond to independent result
sections.

1. Determining the impact of the coverage breakpoint and default class policies in the learn-
ing process.

2The number of examples needed to learn a classification problem
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Yo Rule ° xO=l tt x3=0
Yo Rule 1 xl=l tt x4=0
Yo Rule 2 xl=O tt x2=0
Grelation kDNF problem

Gattribute xO {O,l}
Gattribute xl {O,l}
Gattribute x2 {O,l}
Gattribute x3 {O,l}
Gattribute x4 {O,l}
Gattribute class {O,l}

Gdata
0,0,0,0,0,1
1,0,0,0,0,1
0,1,0,0,0,1
1,1,0,0,0,1
0,0,1,0,0,0
1,0,1,0,0,1
0,1,1,0,0,1
1,1,1,0,0,1
0,0,0,1,0,1
1,0,0,1,0,1
0,1,0,1,0,1
1,1,0,1,0,1
0,0,1,1,0,0
1,0,1,1,0,0
0,1,1,1,0,1
1,1,1,1,0,1
0,0,0,0,1,1
1,0,0,0,1,1
0,1,0,0,1,0
1,1,0,0,1,1
0,0,1,0,1,0
1,0,1,0,1,1
0,1,1,0,1,0
1,1,1,0,1,1
0,0,0,1,1,1
1,0,0,1,1,1
0,1,0,1,1,0
1,1,0,1,1,0
0,0,1,1,1,0
1,0,1,1,1,0
0,1,1,1,1,0
1,1,1,1,1,0

Figure 5.2: Example of a randomly generated k-DNF dataset with d = 5, k = 2 and r = 3.

79



CHAPTER5: PARAMETERIMPACTIN BloHEL's RTNESSFUNCTION

Correct Rule Set Overgeneralised Rule Set
1 # # 0#1 1 -> 100;' 1 # # 0 # I 1 -> 100;'
# 1 # # o I 1 -> 100% # # # # o I 1 -> 81;'
# o 0 # # I 1 -> 100;' # o 0 # # I 1 -> 100;'

Default Rule Default Rule
# # # # # I 0 -> 100;' # # # # # I 0 - > 100;'

Figure 5.3: Example of a correct and an ooergeneralized rule set which solve problem in figure 5.2. The
number on the right represents the accuracy of each rule. 1 or () indicates that the attribute
should have that specific value. # corresponds to an irrelevant attribute ill the predicate (don't
care).

2. Determining the areas of the problem space that are more difficult for BioHEL.

5.3.1 Experimental design

For these experiments we tested four different values for the coverage breakpoint parameter
(0.1; 0.01; 0.001; 0.00(1). We also performed two sets of experiments with different default class
policies: a fixed class and the majority class. The first set of experiments used a fixed default
class equal to 0 which corresponds to the negative examples of the problem. Since in the used
k-DNF data sets all the terms map to class 1, this setting forces the system to learn exactly the
terms of the function. For the second set of experiments we used the majority class as the
default class. In this case the system might not learn the terms of the k-DNF function when
the default class is 1 but instead it will learn the inverse problem, whose structure is unknown.
These sets of experiments were designed to highlight the main differences in rule fitting when
the default class policy changes. These experiments are also interesting because they will reflect
how BioHEL will behave when handling a real problem, where we actually do not know which
one is the most suitable default class.

The results in the first section will be presented in terms of how many iterations of the GA
does it take to learn one of the terms of the k-DNF function. This will show if it gets harder
for BioHEL to find good rules when the problem gets harder and if the coverage breakpoint
can speed up or delay the learning process. This metric is only shown for the experiments
with default class 0, as it cannot be computed in a straight forward manner when using the
majority default class policy. When using the majority default class BioHEL is forced to learn
the inverse problem when the amount of positive examples is higher than the negative ones.
Even though the inverse problem can be calculated the characteristics of this problem in terms
of k and r differ from the original problem, which is the particular difficulty over which we
want to quantify BioHEL's effort. We also report the run-time of the overall learning process
for both policies.

The second section is focused on determining the areas of the problem space that are more
difficult for our system. For this purpose we generated learning maps. To determine the success
of the system on each particular scenario we counted the number of final rule sets that fell in
each one of the following categories:

Learning: the system learned the correct set of rules, in other words learned r rules which
correspond to the r terms in the k-DNF problem and therefore, they have 100"10accuracy.

Overgeneralisation: the system learned some of the k-DNF terms and generalised others.
Even though, the system learned some good rules, the rule set as a whole does not have
100"10accuracy.

No Learning: the system was not able to generate any rules besides the default rule.
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Table 5.1: List of BioHEL's parameters different from the default configuration for the parameter sensi-
tivity analysis. For a complete list of parameters refer to Section 3.3

Parameter Value

GA Iterations
Initial MDL TL ratio
Number of strata in the ILAS windowing scheme

20
0.25
50

It is worth mentioning that the rule sets that present more rules but contain the correct ones,
plus some additional terms also fall into the learning category. These are over specific rules
which appear when the generalisation pressure is not high enough and they can be amended
by making small local searches as it will be shown in Chapter 9. This classification of the
rule sets can be considered a population-state metric (a metric that analyses the structure of
the generated solutions [Kovacs, 2004J instead of the accuracy). However, the accuracy is still
considered in this case to distinguish between overgeneral and correct rules.

The k-DNFproblems used in this workhaved = 20, k = {2oo1O}and r = {5, 10, 15, 20, 25, 30,35,40, 45, 50}.
This translates in 90 different scenarios of problem difficulty. For each one of these scenarios
we generated 10 random problems and each one of them was run using 25 different seeds, so
the results are the average of 250 runs.

Since the system has a stochastic behaviour some of the runs for the same problem scenario
might have generated different rule sets and these rule sets might have fallen into different
categories. For a specific scenario we considered that the system learns the problem when 90%
of the 250 runs learned the correct set of rules. Moreover, we consider that the system does not
learn if more than 5% of the runs were not able to generate any rules. The rest of the cases are
considered overgeneralisation cases. In our experiments we have not observed any case where
the conditions of learning and no learning were true at the same time.

In this chapter we used BioHEL with the base parameters presented in Chapter 3, with the
exception of the parameters shown in Table 5.1. For a detailed explanation of these parameters
please see Section 2.4.2. Moreover, the experiments were run in the High Performance Com-
puting facility at the University of Nottingham each node with 2 AMD Opteron 2.2 GHz with
1GB per core.

5.3.2 GA iterations and execution time

In this section we measure how many GA iterations are required on average for BioHEL to
learn each of the optimal rules of a k-DNF problem. We would like to remind the reader that
BioHEL has two levels of iterations one embedded within the other. Rule learning iterations
(as it learns rules sequentially) and GA iterations (as it uses a GA to learn each rule). For
brevity, in this section whenever we use the word iterations we are always referring to GA
iterations.

Figure 5.4 shows how many iterations BioHEL needs to learn each tenn of the k-DNF problem
using default class 0 and different coverage breakpoints. For each one of the scenarios we only
considered the runs where the system learned the optimal solution to the k-DNF problem. In
this figure, the iterations needed to learn a term are proportional to k, the number of attributes
expressed in each tenn, and are also proportional to r, the total number of terms to learn. Table
5.2 shows the best model that fits these points. A relationship between the number of iterations
and the number of relevant attributes was expected since more specialised rules are more diffi-
cult to learn. However, this model also shows a relationship between the number of iterations
and the number of terms. A possible explanation for this relationship is the overlapping be-
tween the terms. When the number of terms increases, the likelihood of overlapping increases
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Number of iterations to find a good rule
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Figure 5.4: Number of iterations necessary to learn a good rule according to the number of attributes k
and the number of terms r

as well and it takes more time to distinguish between the optimal and quasi-optimal (overgen-
eral) rules. Furthermore, when k is small it is possible that rules close to the optimal app ar in
the initial population from the start. This is the reason why for smaller values of k and r the
number of iterations required to obtain a good rule with the required number of attributes is
close to O.

Table 5.2: Model of the number of iterations necessary to learn a good rule. Pnmlue shows if the fitting
of that particular variable is significant with respect to the data

Var Value Asymptotic Standard Error % Error p, alue

c

1.39458
0.980511
-4.59467

± 0.01586
± 0.04387
± 0.1461

(1.137%)
(4.475%)
(3.181%)

< 2.10-16
< 2.10-16
< 2.10-16

a
b

Model: iter = a- k + b ·log(r} + c

Table 5.3 shows with greater detail the information presented in the previous graph. In this
table it is noticeable that while the coverage breakpoint increases the algorithm is able to solve
less problems. Also, the upper right comer is never solved because most of the instances in the
training set are positive.f In this area the system learns overgeneralised rules that cover bigger
areas of the search space. Particularly, in the configurations with r E {4O,45,50} and k = 2 all
the examples are positive so the system learns only one rule that covers all the examples with
100% accuracy. Even though the accuracy is perfect, these cases were not considered when
reporting the number of iterations, because the system was not learning the exact terms of the
function. However, what the system is doing is not completely wrong as it is trying to olve the
problem with a less complex rule sets.

Furthermore, there are small changes in the number of iterations using different coverage
breakpoints. By highlighting the best configuration (in terms of iterations) for each scenario
in Table 5.3, we can see that the adequate coverage breakpoint varies among configuration.
Moreover, there is a relationship between the shape of the empha ised areas and the proba-

3See class imbalance model for k-DNF problems in Section 5.2.
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bility of having negative examples shown in Figure 5.1. Furthermore, for each of the tested
coverage breakpoint values, the region where a specific parameter value is the be t is close
to the areas were the system cannot learn the correct rules. This indicates that the co erage
breakpoint value should be high enough to learn the problem quickly but low enough to avoid
overgeneral rules.

Average execution time to learn the problem

Execution time (5)
0.0001
0.001 "+ 0.01 "0.1 0

'" +.. Of'14000 '" .. :It +

I "12000 Of' .. *
,. ":It
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(a) Default class 0

Average execution time to learn the problem
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(b) Default class majority

Figure 5.5: Average execution time to learn a k-DNF function with different coverage breakpoints. Hor-
izontally we present the coverage breakpoints tested and vertically the two default class poli-
cies.

!he execution time of the learning process with both policies is shown in Figure 5.5. A signif-
icanj model for the execution time could not be found but interesting patterns are pre nt. As
expected, using default class 0 the time increases with the number of terms the y tern needs
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to learn but also increases with the number of attributes expressed in each rule. Considering
that the number of iterations per GA run is fixed and remains the same for all the runs, we
could attribute this behaviour to an increase in the execution time during the match process.
Since BioHEL uses a representation where only the relevant attributes are represented in a list,
when k increases, the match process becomes slower. What is more interesting is that there
seems to be a relationship also between the time and the amount of negative examples in the
problem. We can observe in Figure 5.5 a similar shape as the one obtained in Figure 5.1 around
k E {2,3,4,5}. With the increase of negative examples the execution time increases, and partic-
ularly when using default class majority, there is a spiking behaviour on the area where there
are more positive examples than negative ones. This is because, since the default class changes,
the system is trying to learn a more difficult problem.

In general, the execution time does not seem to depend on the coverage breakpoint applied.
However, the are some cases with k = 10 where there is a considerable difference in the run-
time when using different coverage breakpoint values. These cases are very difficult to learn
because, each time a rule is learned, very few examples are deleted from the training set. Us-
ing an inadequate (too low) coverage breakpoint might delay the process even more. Using
default class majority we can see the execution time for some configurations (coverage break-
point 0.0001 and low values of k) is higher than using a fixed default class. However, for the
rest of the configurations the execution time is similar to using the default class O.The reason is
that for low values of k the system is learning the inverse problem which is more difficult than
learning the exact k-DNF function.

5.3.3 Leaming and overgeneralisation

Considering the number of cases where the system learned the complete set of rules, overgen-
eralised or did not learn anything at all, we generated learning maps as shown in Figure 5.6.
The left part of the figure corresponds to the experiments with default class 0 while the right
part corresponds to using the majority class as the default class. The figure shows 4 different
states: Blue 0: good learning (the system learned the k-DNF terms in more than 90% of the
runs), Red 0: no learning (the system failed to generate rules in more than 5% of the runs),
Green 6: overgeneralisation and (blank) incomplete scenarios (because the execution of each
run took more than 10 hours). In the latter cases the runs were cancelled as the learning process
was simply too slow and they are only present when using default class majority.

This figure shows that, for default class 0, the system tends to overgeneralise or simply not
learn at all when using large coverage breakpoints over problems with large k. Additionally, it
is noticeable that the two areas where the learning is more difficult are: a) the upper left corner
(low values of k and high number of terms r) and b) the right side (larger values of k). The first
region is very difficult because the number of positive examples is really high (see Figure 5.1).
In this case the system tends to generate one or few rules that cover all the examples, degrading
the accuracy slightly. The second region is difficult because there are few positive examples. In
these cases, unless the appropriate coverage breakpoint is set up correctly (low enough), the
system will generalise or not learn at all.

Regarding the usage of the majority class, using very small coverage breakpoint values pro-
duces difficulties in the area where the system is learning the inverse problem (low values of k).
We can notice a large number of incomplete experiments. This occurs in the zone where the k-
DNF problems are more balanced in terms of positive and negative examples but still the wrong
default class is chosen. This is because the system is learning very specific rules that delete few
examples from the population, but the actual amount of examples to learn is high. The area
of incomplete experiments shrinks with the usage of larger coverage breakpoints. However, in
these cases the system solves the problem overgeneralising.

The behaviour observed across increasing values of the coverage breakpoint parameter is sim-
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Figure 5.6: Learning and overgeneralisation maps using various k-DNF problems and ccroerage break-
points (0.1, 0.01, 0.001 and 0.0001). Blue 0: good learning, Green 6: ouergeneralisation,
Red 0: no learning, blank: incomplete runs (runs that took more than 10 hour ).
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Type of Leeming

No Learning
• Overgeneralisalion

learning

,,'
"

<s>'
"Coverage breakpoints

Figure 5.7: Learning and ouergeneralisation maps aligned by coverage breakpoint values using various
k-ONF problems, default class 0 and coverage breakpoints (0.1, 0.01, 0.001 and 0.0001). The
groups represent different values of k (number of attributes). Blue 0: good learning, Green
6: ouergeneralisation, Red 0: no learning

ilar. The areas of good learning shrink with the usage of larger coverage breakpoints. This
indicates that a specific coverage breakpoint is necessary to solve certain scenarios.

Figure 5.7 shows the same results presented in the previous figure for default class 0, but tab-
ulated per coverage breakpoint. In this figure it is clear that the right coverage breakpoint to
solve the problem depends directly on k the number of attributes expressed. While k increases
the minimum coverage breakpoint necessary to solve the problem decreases.
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5.4 Towards a rationalisation of the coverage breakpoint set-
tings

The previous section has shown, across a broad set of k-ONF variants, that each problem sce-
nario requires a specific coverage breakpoint value. Moreover, something else was noticeable:
this value is not easy to identify. As it is shown in Figure 5.6, the 0.01 configuration was able
to solve just a fraction of the problems solved by the 0.001 configuration, and the 0.1 configu-
ration only solved a very small fraction of the scenarios solved by the 0.01 configuration. This
indicates that exploring the coverage breakpoint space using fractions of the training set size
(10%, 1%,0.1% of 0.01%) is not good enough to identify the optimal settings for every single
k-ONF variant, as a single step change in the parameter can render the system unable to solve
a large group of datasets.

Considering this, a better parameter exploration policy that avoids an exhaustive search is to
align the explored coverage breakpoint values to the employed knowledge representation. For
a binary representation, this means using coverage breakpoint values equivalent to the different
number of expressed attributes the terms can have. If a term contains a single attribute (e.g. If
aii, is 1 -+ class = 1) it will cover half of the search space, that is, a coverage of 0.5. If a term
contains the conjunction of two attributes it will cover a quarter of the search space (a coverage
of 0.25). Therefore, it would be much more efficient, for this representation, to explore coverage
breakpoint values in the form of 2-x being x the different numbers of attributes possible in the
binary domain.

To this aim, the experiments were repeated on all the k-ONF datasets but in this case explor-
ing coverage breakpoint values 2-x where x = {2,3,4,5,6, 7,8, 9, 10}. The learning status is
reported in the same manner as in Section 5.3.3, since we are only interested in checking if
BioHEl, using each of these coverage breakpoint values, can learn the evaluated datasets. As
in the learning maps from the previous section, Blue 0 represents the cases where more than
90% of the rules generated the correct set of rules. The Green [:.,represents the cases where the
system overgeneralised the problem but learned some rules, and the rest of the grid (Red 0)
represents the cases where the system was unable to generate any rules in more than 5% of the
runs.

Figure 5.8 shows the learning maps using aligned coverage breakpoints, As expected, using
this parameter sweep policy it is possible to create much richer and incremental learning maps,
as one step change in the explored coverage breakpoint values only changes a few cells in the
learning map. Moreover, it is noticeable that, besides few exceptions, to solve a certain k-ONF
problem the optimal coverage breakpoint setting is equal to 2-x where x is equal or larger than
the k of the dataset. The only drawback of using a coverage breakpoint smaller than needed is
that more GA iterations are required to learn the optimal rule (as it was shown in the previous
section).

There are few exceptions where this does not hold. These exceptions are the problems with high
overlapping. In this situation, even when using the appropriate coverage breakpoint, BioHEl
creates a single rule or a very small number of overgeneral rules, as these rules will still have
very high accuracy. We can observe that for small values of k there is a limit in the number
of terms the problem can have to be solved by BioHEl due to the high class imbalance. Table
5..t shows the number of positive examples existing on average in the training set for the last
solved scenario and the first unsolved scenario for k=12,3,41.In this table we can observe that if
the number of positive examples is over 80% percent the system cannot solve the problem, but
instead overgeneralises it.

We can also observe that in problems with k > 7 the overgeneral zone becomes smaller or none-
existing. The learning map jumps almost directly from total learning to not learning. These
problems are almost as finding the needle in the haystack. The wrong coverage breakpoint
(larger than the size of the needle) renders the system unable to learn at all. An extreme case of
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Figure 5.8: Learning and overgeneralisation map using various k-DNF problems and coverage break-
points, where the coverage breakpoint is 1/2k and the default class is O. The groups represent
different values of k (number of attributes). Blue 0: good learning, Green 6: overgenerali-
sation, Red 0: no learning

Table 5.4: Percentage of positive examples for the last scenario solved and the first scenario not solved in
BioHEL according to Figure 5.B.

Last Solved Positive examples I First Unsolved Positive examples
Scenario Scenario

k=2 r=S 76% k=2 r=10 94%
k=3 r=10 73% k=3 r=15 86%
k=4 r=25 80% k=4 r=30 85%

this phenomenon are the datasets with k=10, where not even the appropriate coverage break-
point (2-1°) can solve the problem. In this case the ILAS windowing scheme is influencing the
performance of the system. We know from our ILAS theoretical models (See Section 2.4.1.3) that
in order for this mechanism to work well, each stratum should have representatives (instances)
of all niches in the problem. That is, instances associated to all the terms in the problem's
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Figure 5.9: Learning and overgeneralisation map using various k-DNF problems and coverage break-
points, where the coverage breakpoint is 1/2k and the default class is the majority class. The
groups represent different values of k (number of attributes). Blue 0: good learning, Green
~: overgeneralisation, Red 0: no learning

solution. When each term is so specific (as in the k = 10 case where each term is matching very
few instances in the training set) it is very difficult that, during the ILAS strata generation, the
random sampling process guarantees that each strata has enough representatives of all terms.
To fix this situation the number of strata employed by ILAS should be reduced.

Also the same experiments with default class majority instead of only fixing it to class 0 were
run and the results are shown in Figure 5.9. Similarly to the experiments in the previous section,
the learning maps using a majority default class are slightly worse than the ones fixing the
default class to O. For larger values of k the results are similar to the ones using default class
0, since in these cases both versions are solving the exact k-ONF problem. For smaller values
of k, the system tries to learn the inverse problem and much smaller coverage breakpoints are
needed to at least learn an overgeneralised set of rules. The coverage breakpoint needed in
these cases seems to be inversely proportional to the number of terms the problem has.

Figure 5.10 shows the execution time of the whole learning process using different coverage
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Figure 5.10: Average execution time to learn a k-DNF function with different coverage breakpoints of
the type 2-k. Horizontally we present the coverage breakpoints tested and vertically the
two default class policies.

breakpoint values and default class policies. Here we can observe that the execution time is not
linked to the coverage breakpoint used and the spiking behaviour corresponds to using and
incorrect parameter value in some cases which can make the learning slower. The same patterns
observed in Figure 5.5 are presented in this figure for both default class policies. Considering
that the adequate coverage breakpoint value for a k-ONF problem in 2-k where k is the number
of attributes expressed in the k-ONF terms, Figure 5.11 shows the average execution times for
the optimal configuration in each scenario. In this figure it is clear that the execution time
increases depending on k and r.
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Figure 5.11: Average execution time to learn a k-DNF function using the optimal coverage breakpoint
for each scenario

5.4.1 A general coverage breakpoint setting for binary domains

In this section we have observed that to solve a certain k-DNF problem we have to set up the
coverage breakpoint to be equivalent to 2-k where k corresponds to the number of relevant
attributes in the problem. At this point it would be natural to think that what we have done
is just to align the parameter specifically to the k-DNF problem at hand. This is not the case
because our goal is to feed the system with structural information about the optimal solutions.
For instance, the terms in the 6-bit multiplexer have a k of 3 (two address bits and one data bit),
the terms in the 20-bit multiplexer have a k of 4, a k of 5 is present in the 37-bit multiplexer and
so on. The 18-bit hybrid Parity-Multiplexer problem [Butz, 2006] has a k of 9, as this problem
is composed by a 6-bit multiplexer where each of these ''bits'' is the result of a 3-bit parity
problem.

Therefore, to solve problems with binary attributes it always makes sense to explore values of the
coverage breakpoint parameter of the type 2-k• Moreover, this does not only apply to synthetic
problems but also to real-world ones. For instance, the rules generated for binary protein structure
prediction datasets present consistent and very similar number of attributes {Bacardit et al., 2009b].

5.4.2 Coverage breakpoint setting policies formore complex domains

For data sets that use more complex representations like X-ary discrete or continuous attributes
it Would not be enough to estimate the number of attributes represented in a term. For example,
in a X-ary discrete representation (more than two nominal values per attribute) and under the
assumption that each term would only activate a single value per attribute, the coverage break-
points to explore would have a shape of X-x, where X is the cardinality of the attributes and x is
the nUmber of relevant attributes in the optimal solution. On the other hand, if a term activates
all but one of the attribute values per attribute, we would need coverage breakpoint values of
the shape (K2)X. In general, if the average number of values appearing per attribute in a term. x
IS e, the explored coverage breakpoint values would be (e/xy. This value may not be that easy
to estimate in a global way. For instance, in some x-ary protein structure prediction datasets
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with a cardinality of 20 values per attribute [Bacardit et al., 2006], some of the attributes would
have an e value close to 20 while other attributes would require an e value around 7.

In the case of a hyper-rectangle-based continuous representation, if each (specified) side of
the hyper-rectangle occupies a fraction r of the attribute's domain, the coverage breakpoint
values to explore would be in the form of rX where x is the number of relevant attributes per
term.

Overall, the problem of setting up the coverage breakpoint parameter is not solved, but it is trans-
lated to determining the structural characteristics of the problem based on the representation used.
Therefore, a parameter sweep process that considers these structural characteristics would be much
more effective.

5.5 Conclusions

In this chapter we have studied more in-depth the behaviour of the BioHEL evolutionary learn-
ing system using very diverse k-DNF boolean functions, which present different challenges to
the BioHEL system, such as high class imbalance and term overlapping.

The experiments showed that the execution time and the number of GA iterations necessary to
learn one of the k-DNF terms depend on the number of attributes expressed k and the number
of terms r. The execution time of the algorithm does not depend on the coverage breakpoint
used. However, the usage of the majority class can increase the execution times when the wrong
default class is selected. Itwas shown that the default class policies are very helpful when the
problem that we want to solve is unknown. Nevertheless, using the majority or minority class
might not always be the best policy. When the problem is balanced using the majority or the
minority class only discards half of the examples, which means that, if we are using a small
coverage breakpoint, the learning will be very slow. The system starts generating plenty of
rules that cover few examples, instead of generating a maximally accurate and general solution
to the problem.

In this chapter we have gained some insights about the parametrisation of BioHEL's fitness function:
a) each problem configuration needs a particular coverage breakpoint in order to solve the problem
and b) the performance of the algorithm depends on the adequate selection of the coverage breakpoint.
These problems get aggravated when trying to solve a real problem, since it could be very difficult
to determine which is the adequate value for this parameter. The coverage breakpoint should apply
enough pressure to learn rules that cover a considerable amount of examples but without forcing
the system to overgeneralise. According to our experiments the adequate coverage breakpoint for
boolean problems with k attributes expressed is 2-k• For problems with few positive examples
even smaller coverage breakpoints are required to force the system to learn the correct set of rules.
Moreover, when there is high overlapping (more than 80% of positive examples), even having the
right coverage breakpoint is not enough to solve the problem. At this point the generalisation
pressure is too strong and the system tends to overgeneralise.

To avoid an exhaustive exploration of the coverage breakpoint space it is necessary to align the
explored values to the characteristics of the knowledge representation and, if this knowledge
is available, to the characteristics of the problem itself (number of relevant attributes, the sizes
of the intervals for continuous attributes or the number of values per attribute on the x-ary
discrete representations). Still, in many cases this information is not available and a parameter
sweep process would be required.
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5.6 Future research directions

Towards the aim of determining the characteristics of the problem, Chapter 6 will describe
theoretical models that estimate the probability of generating a good initial population of our
ALKR+GABIL knowledge representation based on the problem characteristics (k and r). After-
wards, using this model and the negative instances model presented in this chapter it is possible
to estimate the problem's k and r, and hence derive the appropriate coverage breakpoint value,
as it will be described in Chapter 7.

Regarding the extreme cases, where the class imbalance is too high it would be interesting to
revisit the work of Orriols et al. [Orriols-Puig and Bernado-Mansilla, 2008a; Orriols-Puig et al.,
2009]. This work develops class imbalance models for XCS which perhaps could be helpful
to improve the BioHEL system. Moreover, it would be interesting to determine the impact of
the ILAS windowing scheme sampling over the problems that have very few positive examples.
Perhaps it could be possible to generate models that indicate the maximum number of windows
that ensures the learning, considering the class imbalance.

In general other techniques such as granular clustering [Pedrycz and Bargiela, 2002, 2012],min-
max clustering [Bargiela and Pedrycz, 2013; Simpson, 1993], and inclusion/exclusion clustering
[Bargiela et al., 2004] seem to hold the key to handle imbalanced data. In these techniques the
data is iteratively clustered together in hyperboxes (which are very similar to the hyperplane
representation of BioHEL). Depending on the technique used, the hyperboxes are generated in
different ways, but some concepts remain present: a) the membership or compatibility notion
that allows the hyperboxes to merge and expand while still trying to be as compact as possible,
and b) the concept of overlapping between classes. This allows to generate a representation
that simply adapts itself to the underlined model of the data (with hyperboxes that can vary
their size in different parts of the search space). Since these approaches are also supervised
learning approaches and they use a representation somehow similar to BioHEL's hyperplanes,
it would be very interesting to analyse these techniques in greater depth and try to apply these
concepts to BioHEL to improve its performance on imbalanced data. For example our current
rules can simulate hyperboxes and this hyperboxes can undergo a reorganisation phase (they
can be merge or split if they are too big, according to the previously mentioned clustering
concepts).

It would also be interesting to compare the k-DNF results obtained with BioHEL with other
ML systems, although the choice of a common performance metric across multiple learning
systems (e.g. xes [Wilson, 1995], C4.5 [Witten and Frank, 2005], etc.) is far from simple. As
part of these experiments, we would like to compare the learning map of other systems to see
if they show the same patterns as BioHEL. Moreover, as we have shown that these datasets
present several interesting challenges, we believe that it would be interesting to use them as
standard benchmarks for EL.
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CHAPTER 6

Modelling the Initialisation Stage of
BioHEL

Models are commonly used to gain understanding of how EL systems work. To understand better how the structure
of the problem influences the behaviour of BioHEL, in this chapter we propose models for the probability of having
a good initial population in BioHEL Jor problems with discrete attributes; this means using the Attribute List
Knowledge Representation (ALKR) and the GABIL encoding. We base our work in the schema and covering bound
models previously proposed for xes. These models are extended to: (a) deal with the combination of ALKR+GABIL
representation, (b) explicitly handle datasets with niche overlap and (c) model the impact of using the covering and
default rule mechanisms in the representation. The models in this chapter are based on the problem characteristics
and allow us to evaluate the challenges presented by problems with high cardinality (in terms of number of attributes
and values of the attributes) as well as the benefits contributed by each of the components oj BioHEL's representation
and initialisation operators. Finally, since the models are based in structural characteristics oj the problems, they
constitute the basis to determine this structure and adapt the coverage breakpoint automatically.

6.1 Introduction

As it was shown in Chapter 5, BioHEL is highly parametrisable and the adequate parameter
values depend on the structure of the problem at hand. However, it is still not clear how exactly
this inner structure of the problem makes the learning more difficult for BioHEL. Moreover, the
structure of the problem is unknown in real situations and we need to guess this structure to
be able to parameterise the algorithm correctly. In order to gain precise knowledge about how
the structure of the problem affects the learning process in BioHEL we performed an analysis
of the initialisation stage.

Facetwise analyses (which include analysis of the initialisation stage) have been performed
in the past over EL systems [Butz et a1., 2004; Butz, 2006; Goldberg, 2002; Orriols-Puig, 2008;
Orriols-Puig et al., 2010; Stalph et al., 2012] to understand their domains of competence and the
requirements that should be fulfilled for their correct functioning. Using this methodology we
aim to determine the structure of the problem by observing the system's behaviour during the
initialisation.

In this chapter we develop models that extend the covering and schema bounds proposed for
the xes system [Butz et al., 2004; Butz, 2006], that is, the probabilities that an initial population
covers the whole search space and that it contains representatives from all niches in a problem,
respectively. These models were originally created for the ternary representation {O,l,#}, thus
we extended them to work with BioHEL's binary representation: ALKR which, for discrete
variables, uses the GABIL encoding (See Section 2.4.2.1). Moreover, the models explicitly take
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into account other characteristics of BioHEL such as its covering operator and the use of an
explicit default rule. Afterwards, specific models are developed for problems where there is
overlap between some of its niches (problem terms). Finally, these models are generalised to
deal with X-ary attributes, where the cardinality of each attribute is greater than two.

These models are empirically evaluated, in a first stage, using binary problems with and with-
out niche overlap. The experiments show the models are accurate in these two different scenar-
ios. Moreover, the models also show how the covering and default rule mechanisms of BioHEL
increase the probability of having a good initial population. In a second stage we validate those
models for X-ary attributes. The models show how the problem gets harder with the increase
of the cardinality of the problem attributes and the number of classes. Nevertheless, they also
show how the GABIL encoding can be more robust when the number of values per attribute in-
crease, since this decreases the probability of generating unmatchable rules, a known weakness
of this representation [Llora et al., 2007].

Finally, using the probabilistic models derived we calculate the corresponding schema and
covering bounds and show how the minimal theoretical population size for BioHEL changes
depending on the characteristics of the problem.

These models are useful, not only because they show insights about the strengths and weak-
nesses of BioHEL, but also because they are the start point to design principled methodologies
to automatically adjust some of the parameters of the system. This adjustment is particularly
desirable when handling large scale datasets, since it helps avoiding the high computational
costs involved in preliminary experimentation. A final discussion presents briefly how this
models can help discover the structure of the problem if the behaviour of the system on its
early stage is analysed. These models lead to the implementation of a heuristic to set the cov-
erage breakpoint parameter automatically which is one of the main contributions of this thesis,
shown in Chapter 7.

This chapter is structured as follows. Section 6.2 presents the previous work around modelling
GAs and EL systems, with special emphasis in the schema a covering bound models already
derived for XCS. Section 6.3 presents the derivation and validation of the probabilistic models
for the binary domain in which the schema and covering bounds are based. Section 6.4 presents
the extension of the models for the X-ary representation. Section 6.5 presents the derivation of
the schema and covering bounds from the probabilistic models derived. Section 6.6 presents
a brief discussion about how to use the models to derive the problem structure. Section 6.7
presents the final remarks and Section 6.8 presents the further research directions of this chap-
ter.

6.2 Evolutionary Learning modelling methodologies

Since GAs [Holland, 1975] were introduced by Holland in the 60's theory was developed to
explain why and how GAs work. Holland first presented the definition of a schema which is a
subset of strings with similarities over a number of inputs or positions. In a binary domain, a
schema can be written as a sequence of ternary symbols that specifies some of the bits in a string
of size d (i.e 1*0*11)[Holland, 1975],1 where d corresponds to the total number of attributes
or inputs of the problem, each bit corresponds to an attribute and the """ corresponds to the
attributes that are not relevant or can take any value. For example the schemata 1"0"11 groups
the following four strings {100011,110011, 100111, 11011l}. Moreover, the schemata can be use
to represent partial solutions to the problem and the subset of schemata that correspond to the
inner structure or terms of the problem are known as the building blocks.

Based on this theory Goldberg [2002] proposed an approach to formalise the design and ap-

1We use the ternary representation to explain the concept of schema as it is more compa t. However, th represen-
tation used in BioHEL for nominal attributes is the GABIL representation.
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plication of GAs by employing a facetwise methodology in which the different aspects of the
system are analysed individually, assuming that the rest of the components are working cor-
rectly. According to Goldberg the problem of designing a competent GA can be decomposed
into the following seven subproblems:

1. Know what GA process (building blocks)

2. Know thy building block challengers (building-block-wise difficult problems)

3. Ensure an adequate supply of raw building blocks

4. Ensure increased market share for superior building blocks

5. Know building block takeover and convergence times

6. Make decisions well among competing building blocks

7. Mix building blocks well

This methodology was adapted by Butz et a1. [2004]; Butz [2006] to the specific context of Michi-
gan LCS. In recent years, this methodology has been applied to specific, challenging, learning
scenarios such as problems with class imbalance [Orriols-Puig, 2008] or continuous domains
[Orriols-Puig et al., 2010; Stalph et al., 2012]. The work developed in this chapter is based on
the principles found in [Butz, 2006; Goldberg, 2002].

Furthermore, other formal analyses of LCS have been proposed from a more probabilistically
model-based perspective [Drugowitsch, 2008; Edakunni et al., 2009]. In this work the authors
model LCS as a Mixture of Experts (MoE), showing how this metaphor can generate a very
similar prediction models and explain how LCS works from a ML point of view.

Also, other analysis over the initialisation stage of the GABIL representation have been per-
formed in the past [Bacardit, 2005] in the context of the GAssist. In this work the probability
of covering the search space with the GABIL representation was modelled in order to propose
smart initialisation strategies for GAssist. Moreover, the GABIL representation has also been
analysed in terms of scalability in [Llora et al., 2007]. In this work the authors point out weak-
nesses of the GABIL representation, such as generating rules that are incapable of matching
any example. Here the authors show how the number of unmatchable rules increase expo-
nentially with the problem size, presenting scalability problems for the systems that use this
representation.

6.2.1 Facetwise analysis of the initialisation stage

To solve the third problem presented by Goldberg (ensure an adequate supply of raw building
blocks), there are two characteristics a good initial population needs to comply with, according
to Butz et a1. [2004]; Butz [2006]. First, the building blocks of the problem should be present
in the initial population, meaning that there should be representatives of each niche (terms of
the problem). That is rules that belong to a niche and do not misclassify. Moreover, the whole
search space should be covered. These two requirements are referred as the schema and cover-
ing bounds respectively. In the following sections we present the corresponding probabilistic
models for the XCS classifier system using ternary representation.

6.2.1.1 SchemaBound

A representative is a classifier that specifies at least all the relevant attributes in a problem
schema. The representative, however, may be more specific than the schema, as some of the
irrelevant attributes can be specified as well. For example if a problem schema is 1..0....possible
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representatives would be 1#0## or 110#1. If we consider the schemata as the niches or terms
of the problem, the representatives are the rules that do not make mistakes and therefore, have
information about the building blocks of the problem.

The schema bound constraints the parameters of the system so the probability of having rep-
resentatives of each schema in the initial population is high enough [Butz et al., 2004; Butz,
2006]. This is important since having good building blocks in the initial GA population is
essential for the learning process [Goldberg, 2002], as it avoids falling into local optima. It is
worth mentioning that it is also possible to generate representatives along the learning process,
through crossover and mutation. However, the probabilities of this happening are enclosed
in the reproductive opportunity (probability of generating representatives along the learning
process) and sustenance (probability of survival of the good individuals) bound, which are
not related with the initialisation stage.

The schema bound is based on modelling the probability of generating a rule that is a represen-
tative of a schema. For the ternary representation this is:

P(Tep) = ~ err} r (6.2.1)

where k is the number of relevant attributes or bits represented in the schemas, n is the number
of classes and o-[P} is the specificity probability of the population. In initial populations this
value is equal to 1 - P#, the probability of specifying a value in a randomly generated rule,
while later in the run in converges to 211, where 11 is the mutation probability. In [Butz, 2006]
the k is also regarded as the minimal order of difficulty of the problem.

Morever, the probability that a certain niche is represented is equal to Equation (6.2.2) where N
is the population size.

(6.2.2)

From this formula its is possible to derive lower bounds for the population size N, and the
specificity of the population er[P} that ensure that the probability of having the representative
in the population is high enough. After deriving the schema bound for the population size it
was shown that the smaller the value of er[P} the smaller the population size needed. Moreover,
the population size grows exponentially according to k.

6.2.1.2 Covering bound

The covering bound assures that every possible instance of the problem is covered at least by
One classifier in the population. In this way, we will map the whole problem domain into an
initial population. The probability of this happening depends on how large and how general is
the initial population.

To calculate the covering bound we need to calculate the probability of matching an instance
with a randomly generated classifier. According to Butz [2006], in a uniformly sampled prob-
lem space with d representable attributes, the probability of matching an instance with a ran-
domly generated classifier is:

P(match) = (2 - err] r (6.2.3)
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Moreover, the probability that an instance is matched by a randomly initialised population of
size N is:

( (
IT[P] )d) NP(cover) = 1 - 1 - 2 - 2 (6.2.4)

Since the covering is only applied when the rules are initialised, the specificity of the popula-
tion IT[P] can be consider equal to 1 - P#. Based on the previous formula, and using the same
methodologies as with the schema bound, it is possible to derive boundaries for IT[P]. In Butz
[2006] it was shown that the population size increases linearly with the average specificity IT[P]
and the size of the problem d.

6.3 Probabilistic models for ALKR+GABIL

In this section we will focus on calculating the probabilities on which the schema and covering
bounds are based for the binary case using the ALKR+GABIL representation. We will also
derive formulas for cases with overlapping for the schema bound. Afterwards, in Section 6.4we
generalise the models for x-ary attributes. These probabilities can be used to specify restrictions
or bounds over system parameters, as it will be shown explicitly in Section 6.5.

6.3.1 Schema Bound: Probability of generating a representative

The schema bound is based on modelling the probability of generating a rule that is a rep-
resentative of a schema. The probability of a representative was already calculated for the
ternary alphabet as shown in Section 6.2.1 based on the global specificity of the population
and without considering overlapping. However, the probability for BioHEL is different since
this system uses the ALKR+GABILencoding. The probability for BioHEL depends also on the
methodologies this system uses to create new classifiers (covering and default class) and two
user-defined parameters p and ExpAtts (SeeSection 2.4.2).

Considering the covering and the default rule mechanisms in BioHEL, there are four ways in
which a rule can be created:

(a) not using covering or default rule (base case)

(b) using default rule only

(c) using coverage only

(d) using coverage and default rule

For each one of these cases we derived the probability of having a representative in problems
that do not have overlapping. Afterwards, based on this probability we handle the niche over-
lapping case.

To calculate the probability of the representative we need to consider two types of at-
tributes:
Fully mapped attributes. Attributes for which all its possible values are specified within the

schemata.
Partially mapped attributes. Attributes for which only one of its possible values is specified in

the schemata, either lor O.
We will refer to the number of fully mapped attributes as kf and the number of partially
mapped attributes as kp• If the schemata have k attributes, then kf + kp = k.
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Considering that BioHEL uses the GABIL representation embedded within the ALKR, an at-
tribute is relevant if it was selected to be in the attribute list. This occurs with probability Id
as shown in Equation 7.3.3. Moreover, an attribute can also be relevant if the attribute is fully
mapped and the strings generated are 01 or 10 (equivalent to 1 and 0 in ternary encoding), or if
the attribute is partially mapped and the "right" string is generated.

{
I d <= ExpAtts

/-
d - Expttts d > ExpAtts (6.3.1)

In the following sections we will show the final probability formulas for each one the the cases
mentioned before.

6.3.1.1 Base case (No covering and no default rule)

Considering that a representative should have at least the number of bits in the schema repre-
sented k, the size of the problem d, and the number of possible actions n, the probability of a
rule becoming a representative is:

P(rep) =
(rn kp (t{) k

j (1 _ ldP(OO) )d-k

n (6.3.2)

where r~ is the probability of relevance of a partially mapped attribute and t{ is the probability
of relevance for a fully mapped attribute. Considering that the probability of setting a GABIL
value to 1 is p and the probability of setting it to 0 is 1 - p, then the probability of generating
all possible strings for the binary representation are:

P(Ol) = P(10) = p(l- p)
P(ll) = p2
P(OO) = (1- p)2

-1 String 1 or 0
-+ Don't care string
-+ Unmatchable string

(6.3.3)

Considering this, the probability of relevance of fully and partially mapped attributes would
be:

t{ = ldP(OI V 10) = 21dP(1- p)

r~ = IdP(Ol) = Idp(l - p)

(6.3.4)

(6.3.5)

Moreover, the last term in Equation (6.3.2) avoids the string 00 in the d - k attributes that are
not relevant. If one of the attributes has this string the classifier would not match any instance,
and consequently a representative would not be formed. Considering this we can derive the
probability of having a representative without using covering or default rule mechanism as
shown in Equation (6.3.6).

P(rep) =
2kj (ldP(I- p))k (1 -ld(l- p)2)d-k

n (6.3.6)
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6.3.1.2 Default class case (no covering)

When there is a default class, there are only n - 1 possible actions for a new classifier. Including
this assumption, the probability of a representative in this case would be:

2kf (ldP(1- p)/ (1 -ld(l- p)2)d-k
P(rep) n-1 (6.3.7)

6.3.1.3 Covering case (no default rule)

To model the usage of covering we need to consider four new aspects over Equation (6.3.2):

1. The number of possible actions will be equal to 1. Since the action will be copied from the
example there is no choice besides using that action.

2. The probability of having a string 01 or 10 will depend on the probability of the attribute
in the instance being 0 or 1.

3. Using covering having an attribute 00 is not possible anymore.

4. Despite the fact that the classes might be imbalanced the covering opportunities for all
the classes are the same.

Considering that we are copying one value from a randomly sampled instance the values forr: and ,.; will be the same as shown in (6.3.8).

r: = ,.;= ld(l - p) (6.3.8)

The probability for fully mapped attributes being relevant in this case is reduced by half. This is
because since we are copying an instance we could only either generate the string correspond-
ing to the instance value with probability 1 - P or the string 11 with probability p.

However, the whole probability of generating a representative in this case depends on the re-
lation of classes mapped by the problem terms m over the total number of classes n. This is
because all the classes have the same probability of being selected for covering, but only the
classes represented in the schemata will produce representatives. Substituting this assump-
tions we obtain the probability of having a representative using covering as shown in Equation
(6.3.10).

P(rep) (6.3.9)

m k- (ld (1 - p))n
(6.3.10)

6.3.1.4 Covering and default class case

The usage of a default rule mechanisms limits the number of classes that can be used for cover-
ing to n - 1.Also the number of mapped classes m would not include the default class. Includ-
ing these changes in Equation (6.3.10) we obtain the probability of generating a representative
using covering and default class:

P(rep) m k-(ld(l-p))n-1
(6.3.11)
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Figure 6.1: Percentage of examples covered by a rule in relation with the total percenta e of examples
covered

6.3.1.5 Modelling the impact of rule overlap

A randomly generated k-ONF problem (as those used in Chapter 5 to evaluate BioHEL's perfor-
mance) has a very high probability that some of its terms overlap among themselves, specially
if the number of terms r is very high and the number of specified attributes k is small. In
this sense, the multiplexer problem is an extremely rare case of k-DNF since none of the terms
overlap with each other. In this section, we will extend our models to consider the overlapping
between rules.

To calculate this probability we first have to calculate the probability that a rule belongs to a
specific niche P(niche). For a problem with no overlapping this probability consists in dividing
the probability of a representative by the number of niches or terms.

. P(rep)
P(nlche)no = --

r
(6.3.12)

When there is overlapping each term covers the same amount of example as before. However,
the covered space shrinks because there are instances covered by more than one term. This
relation is exemplified in Figure 6.1. Considering this, the percentage of space covered by one
niche can be generalised by dividing the amount of examples covered by a niche EN among
the total number of examples covered EC.

For a randomly generated k-DNF problem with d representable attributes and 2d instances
we know the probabilistic estimation of the amount of positive examples (examples covered)
would correspond to:

EC = 2d (1 - P(neg)) (6.3.13)

where P(neg) is the probability of generating a negative example. Using the derivation of
P( neg) shown in Chapter 5 we obtain:

(6.3.14)

Moreover, we know the amount of examples covered by each rule is:

(6.3.15)

Substituting the value l/r with EN/EC we obtain that the probability of having a representative
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of certain niche when there is overlapping is:

P(niche) = P(rep)
2k (1 - (1- 2-kr) (6.3.16)

Moreover, we can calculate the probability of having any representative under overlapping
conditions P' (rep) by forcing that at least one of the niches has a representative.

P'(rep) = (1 - (1 - P(niche)),) (6.3.17)

Particularly in the IRL approach, there is no need that all the niches are represented, as we
are interested in learning one rule at the time. Moreover, the previous model is based on the
assumption that the rules of a problem cover random subsets of the problem attributes. If the
distribution of niches is not uniform, the model does not fully hold.

6.3.2 Covering bound: Probability of matching an instance

To calculate the covering bound we need to calculate the probability of matching an instance
with a randomly generated classifier. Although, this was already calculated for the ternary al-
phabet as shown in Section 6.2.1, in this section we adapt it to the ALKR+GABILrepresentation.
In the following sections we will calculate this probability using and not using the covering
mechanism. The default class mechanism in this case does not affect the results obtained in
terms of matching. Therefore, no specific formulas are presented for these cases.

6.3.2.1 Base case (No covering)

There are three ways in which a randomly generated attribute can match an example:

(a) the attribute does not appear in the list with probability 1 - ld

(b) the attribute does appear in the list and the bit corresponding to the instance value is on.

Case (b) occurs with probability p of setting the right bit on. Therefore, the probability of match-
ing is:

(6.3.18)

6.3.2.2 Covering Case

The usage of covering affects the probabilities of setting the right bit on. Therefore, we need to
consider two cases:

(a) the instance used for covering is similar to the one we want to match or

(b) the instance used for covering is different.

If the instance is similar the probability of matching is 1 and if the instance is different the
probability is p, because we need to activate the bit that was not copied through covering. Then
the probability of setting the right bit on considering these twO cases is (1+ plj2. Substituting p
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Figure 6.2: Validation of the probability of a representative using the multiplexer problem.

with (1+p)/2 on Equation (6.3.18) we obtain:

P(match)= (1-1d+ldC~P))d (6.3.19)

For the worst case, matching an instance attribute when the example used for covering is dif-
ferent happens with probability 1/2. If the number of instances is smaller than the number of
classifiers this factor might grow up to I, because it is more probable that instances will be
repeated during the covering process.

6.3.3 Model validation

To validate the previous models k-ONF and multiplexer problems are used. The k-ONF prob-
lems used are of size d = 10, with k = {2 - 1O}and r = {I, 5,10,20,4O}. On the other hand,
the multiplexer problems used were of size 3,6, 11 and 20. Is is worth mentioning that there
is a direct relationship in the multiplexer problem between the size of the problem d and the
number of relevant attributes k as follows: d = k - 1+ 2k-l. For the k-ONF problems we gen-
erated 5 different instances of each configuration and run each one of them with 25 different
seeds. In the case of the multiplexer problems we run each one of them with 125 seeds.i For
each run we generated a random population of 500 individuals and calculated different metrics.
To validate the probability of a representative we calculated the average number of classifiers
that had the bits in the schema represented. On the other hand, to validate the probability of
match we calculated the average number of classifiers that match each one of the instances in
the problem.

We tested the system under the 4 different combinations of covering and default class men-
tioned before. For all experiments the value for the ExpAtts parameter was 15. Moreover, for
the probability p we experimented with three values p = {O.25, 0.5, 0.75}.

In the following sections we will first validate the probability of finding a representative with-
out overlapping. Afterwards, we will validate the overlapping case and the probability of
matching a randomly selected instance.

2We used 125 seeds to obtain the same number of samples as with the k-DNF problems.
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Figure 6.3: Validation of the probability of a representative using the k-DNF problem with one rule

(b) Covering

6.3.3.1 Probability of generating a representative

Figures 6.2 and 6.3 show the validation of the probability of finding a representative for non-
overlapping problems using the multiplexer and the k-DNF problems, respectively. For the
k-DNF models we only used problems with one rule to guarantee that there is no term overlap.
In these figures we can see that the models adjust to the empirical data. Moreover, while the
number of relevant attributes k increases the probability of having a representative decreases.
In particular for the multiplexer problem (Figure 6.2) the probabilities using and not using the
default rule mechanism are the same since these problems have schemata that map to all the
classes. Therefore, only the results for the covering and not covering cases are shown.

Also it is noticeable in these figures that the mechanisms of default rule and covering increase
the chances of creating representatives, which demonstrates the benefits of these techniques.
However, the best value of p changes depending on whether the system is using covering
or not. When the system does not use covering larger or medium values of p are beneficial.
However, when using covering a large p decreases the probability of having a representative,
as it raises the chances that a rule misclassifies because it is too general.

6.3.3.2 Probability of generating a representative with niche overlap

To validate the models for problems with niche overlap the k-DNF problems with more than
one term are used. Figures 6.4 and 6.5 show the validation of the models considering niche
overlap for p=O.75 and p=O.25, respectively. In these figures we can observe that the models fit
the empirical data. Moreover, the probability of generating a representative increases with the
number of terms, as there is a higher chance that one of the terms is represented. Also we can
observe the benefits of the usage of covering and default rule mechanisms, both of which help
increase the probability of obtaining good rules in an initial population. This is particularly no-
ticeable in Figure 6.5where the usage of covering greatly increases the probability of obtaining
individuals that do not make mistakes.

6.3.3.3 Probability of matching a random instance

Figure 6.6 shows the validation for the probability of match using the multiplexer problem.
In this case the k-DNF problems were not used because all of them had the same number
of attributes d=lO. We can see here that while the problem size increases the probability of
match decreases. Moreover, the higher the value of p the higher the probability of matching an
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Figure 6.4: Validation of the probability of a representative for k-ONF problem with rule overlap and
p = 0.75. The graphics show the probability of having a representative considering all the
niches

instance since the rules will be more general. The adequate value of p is the largest possible no
matter if the system is using covering or not.

Moreover, we can see that when the problem is very small the empirical probability is higher,
this is because the problem has less instances than classifiers in the population, so the proba-
bility of generating classifiers with the same instance increases. We can also observe a plateau
in the models when the number of dimensions in the problem is larger than ExpAtts, as at-
tributes that do not appear in the ALKR's list are considered as irrelevant, hence matching any
value.

6.4 Towards generalised models for X-ary attributes

Having derived suitable models for the binary representation in BioHEL we now focus on
generalising these formulas to work with nominal attributes with more than two values. This
generalisation will show how the problem becomes more difficult when the cardinality of each
attribute increases. Also it will show how the GABIL representation gets more robust as the
number of values per attribute increase, since this decreases the probability of generating un-
matchable rules (rules where an attribute has all the bits set to 0). This is a particular issue that
has been identified in the literature as a weakness of this representation [Llora et al., 2007]. In
the following sections, we present the generalised formulas for the schema and covering bound
for X-ary attributes.
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6.4.1 Schema bound

Let's call the number of possible values of an attribute t and the number of values that need to
be set to 1 in an attribute e. For example, for the binary representation considered previously
the corresponding values would be t = 2 and e = 1. In the x-ary representation with t = 4 and
e = 2 a possible GABIL string would look like:

F1 I F2 I F3 I F40101 1100 0011 1001
A representative will be created then if we set to 1 e bits with probability pe and to 0 the rest
of t - e bits with probability (1 - p)t-e. Considering this, the formula for the base case can be
generalised as follows:

P(rep)
tkf (ldpe(l - p)l-el (1 -ld(l- p)l)d-k

n (6.4.1)

where tkf correspond to the number of possible strings that can be generated for fully map
attributes.

In this formula, we can see that the probability of creating unmatchable rules decreases
while t increases, because the probability of having 0 in all the positions of a GABIL at-
tribute is very small. Figure 6.7 shows how the probability of generating a matchable rule
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Figure 6.5: Validation of the probability of a representative for k-DNF problem with rule overlap and
p = 0.25. The graphics show the probability of having a representative considering all the
niches
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Figure 6.7: Probability of generating the schema attributes against the probability of generating a match-
able rule with e = 1 and d = 10

(ld(l- (1- p)t))d-k compares to the probability of generating the right string (ldpe(l- p)t-e)k
with e=l. We can see that while t and k increase it is less likely that we generate rules that do not
match. However, the probability of generating the right string decreases when t and k increase.
Moreover, as expected the usage of a small p without using covering lowers the probability of
generating a matchable rule.

Furthermore, the probability for the default class case is similar to Equation (6.4.1) but subtract-
ing 1 to the number of classes as shown in Equation (6.4.2).

P(rep)
tkf (idpe(1- p)t-e)k (1 -ld(l - pnd-k

n-1
(6.4.2)

On the other hand, the usage of covering can be generalised from Equation (6.3.10) by assuming
that we copied one bit per attribute from a random instance but there are still e - 1 bits to set
to 1. The right string will be created then if we put t - e bits in 0 and the other e - 1 bits in
1.
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P(rep) (6.4.3)

Similar as the case with no covering, the introduction of the default class only restricts the
classifiers considered for covering. Therefore, to calculate the probability for this case we only
need to substitute m/n for m/n-l in (6.4.4).

P(rep) (6.4.4)

Moreover, to handle the overlapping case we need to consider that the probability of generating
a negative example in the X-ary representation is:

(
e k) r

P(neg)= 1-(t) (6.4.5)

where (e/t)k is the percentage of examples covered by one term of the problem. To summarise,
for the overlapping case P(niche) will be equal to:

P(niche) = ek P(rep) r
tk (1- (%)k)

(6.4.6)

6.4.2 Covering bound

When no covering is used the probability of matching an instance is the same as Equation
6.3.18, as it does not depend on the number of values an attribute can accept. Simply with
probability p the right bit (the bit corresponding to the instance) will be set to 1. However,
when the covering mechanism is activated the probability of generating a matching individual
varies because one bit was already set according to a randomly sampled instance. Therefore,
this probability will be:

(6.4.7)

This means that if the attribute is selected to be in the list we face t possible cases. In one of
the t cases the instance used for covering is similar to the one that we want to match. Then the
probability of matching is 1. The following t - 1 cases refers to the cases where both instances
(the instance used for covering and the instance we want to match) are different and the rule
will match with probability p.

6.4.3 Model validation

To validate these extended models we generated ternary multiplexer problems, which instead
of only accepting values 0 and 1 in the attributes they accept an extra value. In this case the size
of the problem string would be d = k - 1+ 3k-1, where k is the number of relevant attributes in
the schemata. We generated ternary multiplexer problems of size 4 and 11. We generated initial
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Figure 6.8: Validation of the probability of a representative using the ternary multiplexer problem.

0.8

\
\

····4. . _= _
10 12 "k . Number of Attributes

0.8 \

f" ••
,.'.'.

"""--~-------,----
6 8 10

k· ~ 01 AlII'bnn " "
(a) No covering (b) Covering

Figure 6.9: Validation of the probability of match using the ternary multiplexer problems

populations with 25 different seeds for each one of these problems and calculated the average
percentage of representatives and the average percentage of rules that cover an instance of the
training set. Again, the population size was 500 and ExpAtts was 15.

Figure 6.8 shows the validation for the generalised models for the probability of a representa-
tive. Since the multiplexer does not show any differences on the probabilities using the default
rule, these cases are not shown. Inthese figures we can see that the models fit the empirical data.
However, there is a subestimation in the models because the empirical measures do not filter
the cases where the attributes corresponding to the multiplexer address map to two values and
the model does. We can notice also that while the domains of the attributes expand the prob-
abilities of generating a representative are lower. Moreover, while a smaller p is better when
using covering, p = 0.50 gives the best results in the non-covering case, as expected.

Figure 6.9 shows the validation of the generalised models for the probability of match. We can
see that in this case the models also fit the empirical data. Moreover, we can notice that the
increase of t, the attribute domain, reduces the probabilities of matching compared to Figure
6.6. However, the covering mechanism, as it was shown before, slightly increases the chances
of covering the whole search space.
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6.5 Ensuring a good initial population in BioHEL

Once derived the probabilities of obtaining a representative and matching a random instance, it
is possible to calculate the probabilities of ensuring the existence of a representative and match-
ing the whole search space, which will actually determine the schema and covering bounds for
BioHEL.

As shown in Section 6.2.1 the probability of ensuring the existence of a representative or schema
supply P(rep exists) is equal to the complement of not finding any representatives in a popula-
tion of size N as follows:

P(rep exists) = 1- (1- P(rep))N (6.5.1)

For this formula we can derive the population size bound to ensure the existence of representa-
tives or schema supply with a particular probability P(rep exists) = 1 - a: (where a: represents
the confidence interval) as follows:

N > log(l - P(rep exists))
log(l - P(rep)) (6.5.2)

In Figure 6.10 we show the population size boundary with P(rep exists) = 0.95 and the whole
landscape for the schema supply (P(rep exists)) according to Nand p, for binary problems
with k = {1,3,5, 7}, r = 10 and d = 10. In this figure we can observe that for the cases without
covering the probability of obtaining representatives grows proportionally to N and p, until
p = 0.6 where the probability starts dropping again. Moreover, this probability can be very
small for large values of k and therefore, the necessary population size to ensure schema supply
is really large. In the cases that use covering the situation is different, while the probability of
the schema supply still grows proportionally to the population size N, it decreases with p.
The larger the problem k the decrease is more steep since the system is interested in generated
specific rules and not general ones. The consequence of this is that the necessary population to
ensure good individuals increases exponentially while the p increases.

Moreover, the probability that a randomly initialised population of size N covers a particular
instance in the training set is equal to the complement of no rule in the population covering
that example, as follows:

P(cover) = 1- (1- P(match))N (6.5.3)

Similar to Equation (6.5.2) we can derive the covering bound for the population size as fol-
lows:

N > log(l - P(cover))
log(l- P(match)) (6.5.4)

In Figure 6.11 the population size bound is shown assuming P(cover) = 0.95 and the whole
landscape of the probability of covering P(cover) for problems with d = {10, 20,40} according
to N and p. In this figure we can observe that the probability of covering increases when p and
N increase. However, as expected, when the system is using covering the probability of cover-
ing the search space is higher, and even using lower values of p covering can be ensured if the
population is high enough. In this figure we can observe that the necessary population size to
ensure covering follows a totally different pattern that the one observed for the schema bound.
In this case the population size increases exponentially while p decreases. Other interesting
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Figure 6.10: Population size necessary to ensure P(rep exists) > 0.95 (left> and schema bound prob-
abilities (right) for the different BioHEL configurations in a binary domain t = 2 e = 1,
d = 10 and r = 10. While p increases the population size needed to obtain representatives
increases.
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Figure 6.11: Population size necessary to ensure P(cover) > 0.95 (left) and covering probabilities
(right) for the different BioHEL configurations in a binary domain t = 2 e = 1. While
p increases the population size needed to obtain representatives decreases.

thing to notice is that when the problem has 40 attributes the necessary populations are smaller
than when the problem has 20 attributes. This is because in ALKR the rules represent on aver-
age only 15 attributes and while the problem gets larger, there is a higher probability that the
attributes are not selected to be on the list and therefore, they will match any instance.

Considering both bounds it could be possible to determine the minimum population size and
the adequate value of p that ensures theoretically the existence of a good initial population in
BioHEL, equivalent to the work done for XCS [Butz, 2006]. Figure 6.12 shows the minimum
population size needed for problems with k = {3, 5}, r = 10 and d = {10, 20}. In this figure the
point where the two lines intersect can be considered the minimum population size that can be
used and the optimal value of p. In this figure we can observe that theoretically as k increases
the minimum population size increases and, as expected, the optimal value of p decreases.
Moreover, it is worth mentioning that theoretically the population sizes used in BioHEL are
really small compared to the ones needed for XCS in [Butz, 2006]. In this figure we can observe
that for a problem with 210 examples populations of less than 100 classifiers are enough while
for a problem with 220 examples, less than 300 classifiers are enough. On the other hand for
XCS the minimum populations necessary are of 3 or 4 orders of magnitude larger. This is due
to the fact that IRL learns the problem by learning each niche independently. Therefore, it
is not necessary to have all niches represented in the population at the same time, reducing
considerably the population resources needed to solve a problem.

Regarding the impact of t and e over the models in the x-ary representation Figure 6.13 shows
the schema supply probability and the covering probability when using covering and default
rule, N = 500 and p = 0.5. Regarding the schema supply we can see that while k increases the
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values of t and e that allow a high probability of supply are very restricted and around the lower
values. Moreover, it is noticeable that while e tends to t the probability of having representatives
increase. Regarding the covering probability, while t increases covering the whole search space
becomes more difficult. Moreover, the covering probability does not depend on e.

6.6 Using the models to determine the problem structure

In the conclusions of Chapter 5 we established that in order to set the coverage breakpoint
accordingly for binary problems it is necessary to determine the structure of the problem, which
is defined with the number of attributes k and the number of terms r. It is noticeable that the
models of the probability of obtaining representatives presented in this chapter are dependant
on these two values. Therefore, they could be used to derive the structure of the problem if the
probabilities of generating a good rule are known beforehand.

However, two problems arise at this point. First, the probability of generating a represen-
tative for a problem for which we do not know it characteristics is unknown and we could
only estimate this value based on empirical observations. Second, even if we have an estimate
for the probability P(rep) these models will only provide a relationship between the k and r
values.

The next chapter is focused on overcoming these problems and combine the estimates given
by this probabilistic models and the probability of negative examples shown in Chapter 5 to
determine the structure of the problem and set the coverage breakpoint accordingly.

6.7 Conclusions and further work

The models presented in this chapter predict satisfactorily the probabilities of generating a
good initial population in terms of: (a) covering the search space and (b) generating accurate
representatives for each niche in a problem. The models were generated considering the ALKR
representation with GABIL encoding. The models show how the problem becomes more diffi-
cult depending on the problem characteristics k and r. Moreover, the right selection of the value
of p, the probability of setting bits to 1 in the GABIL representation, depends on the initialisa-
tion mechanisms uses. While a larger p is beneficial when covering is not used, a smaller p is
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Figure 6.12: Minimum population size to ensure a good initial population according to p with problems
with k = {3,5}, d = {10,20} and r = 10.
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Figure 6.13: Impact of t and e in the schema supply probability for d = 10 and r = 10for BioHEL when
using covering and default rule.

more adequate when using covering to avoid having a population that is too general.

Moreover, we presented a generalisation of the models for x-ary attributes. This generalisation
showed how the GABIL representation becomes more robust with the increase of the cardinal-
ity of the attributes, in terms of generating matchable rules. However, the overall probability of
having a good initial population decreases when the number of values per attribute increases,
since it is more difficult to generate the right string.

The models overall also show how the covering and default mechanisms introduced in BioHEL im-
prove the chances of generating a better and more useful initial population for the system. Moreover,
we show theoretically the minimum population sizes necessary to ensure a good initial population
and the optimal values of p depending on the characteristics of the problem. Finally, since the
models depend on the problem structure they can possibly be used to determine this structure.

6.8 Further work

Based on these models we proposed a method to automatically determine the structure of the
problem and determine the coverage breakpoint accordingly, which will be explained inChap-
ter 7.

Since we presented models which are based on the assumption that we could estimate several
characteristics of the problems. In a further work, we would like to study how can we simplify
these models so some of their parameters can be removed without producing a large impact
in the accuracy. Moreover, models for the reproductive opportunity, sustenance and learning
time should be developed in order to have an unified theory for the correct functioning of Bio-
HEL and, for instance, derive other boundaries for the population size and other user-defined
parameters. Furthermore, specific challenges for IRL should be identified in order to model
unique aspects of BioHEL's paradigm.
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CHAPTER 7

Automatic theory-based adjustment
of the coverage breakpoint

Previous chapters have shown that BioH£L has parameters that control its generalisation capacity and setting them
right is crucial to achieve a good prediction accuracy. Moreover, it was shown that the adequate parametrisation
of the system is strongly related to the characteristics of the problem at hand. As an improvement to the BioH£L
system, this chapter presents an automatic parameter setting mechanism that finds the adequate coverage breakpoint
value by automatically discovering the structure of the problem. This is done using the theoretical models derived
on Chapters 5 and 6. By using these models it is possible to characterise the behaviour of the system when solving
a particular problem and therefore determine the problem structure. This method is capable of finding the adequate
coverage breakpoint in a wide variety of synthetic and real-world binary problems, improving the system's usability
for end-users. Moreover, in the final validation stage our heuristic is able to reduce the computational time of
preliminary experiments in up to 71% for a challenging real-world bioinformatics dataset.

7.1 Introduction

EL methods, are well-known for their ability to find solutions to very complex optimisation
and classification problems. Their performance, as happens with most methods (both within
the context of ML and EAs) is tied to a series of parameters in the system that need to be tuned,
and finding the adequate set of parameters can become a very expensive experimental process.
Therefore, automatic parameter setting approaches are necessary to avoid a time-consuming
preliminary experimentation stage and reduce the number of parameters that need to be set
up, making these techniques more accessible for end-users.

Parameter setting is common problem in the field of EL, since these systems use a genetics al-
gorithm and fitness functions that often involve many parameters. Many studies have focused
their efforts in finding automatic ways to adapt the parameters in EAs [Eiben et al., 2007b].
Several techniques have been used such as reinforcement learning [Eiben et al., 2007a; Pettinger
and Everson, 2002; Sakurai et al., 2010], meta-GAs [Clune et al., 2005; Grefenstette, 1986], self-
adaptive approaches [Back, 1992; Huy et al., 2009; Krasnogor, 2004; Krasnogor and Gustafson,
2004; Krasnogor and Smith, 2000, 2001; Smith and Fogarty, 1996a,b], among others. In the LCS
context most parameter control studies use self-adaptation strategies [Bull and Hurst, 2000;
Butz et al., 2008c; Hurst and Bull, 2001a, 2002].

The difficulty mentioned above is also present in BioHEL as it was shown on Chapters 4 and
5, where extensive parameter sensitivity analyses were performed. One of the main charac-
teristics of BioHEL is its fitness function, which tries to balance the accuracy, complexity and
coverage of the rules in the solution. The key element of this fitness function is the coverage
breakpoint parameter, which determines how many examples a rule should cover to be consid-

117



CHAPTER 7: AUTOMATIC ADJUSTMENT OF THE COVERAGE BREAKPOINT

ered good and general enough. Chapter 5 has shown that the learning can be facilitated when it
is correctly set up, but also an incorrect setting can push the system towards overgeneralisation.
Moreover, this parameter is very problem dependant and requires an extensive preliminary
experimentation to determine its adequate value.

Moreover, as it was shown in previous chapters, it is possible to set the adequate coverage
breakpoint for binary functions if the structure of the problem is known. In the case of binary
problems, their structure can be characterised using k-DNF boolean formulas, which main char-
acteristics are the number of relevant attributes (k) in each conjunctive term and the number of
conjunctive terms (r) in the k-DNF formula. Considering this, the problem of determining the
coverage breakpoint can be translated to determining the k and r. However, determining these
values is not straightforward and calculating their exact value would involve applying data
mining over the problem which is an extra computational cost that we wish to avoid.

This chapter introduces an automated heuristic approach to determine the structure of the prob-
lem (k and r) and set the coverage breakpoint parameter accordingly. This heuristic combines
observations over the actual data and over a sample of randomly initialised rules evaluated
against this data, to retro-feed the theoretical models of the behaviour of the system derived in
Chapters 5 and 6, and classify the problems into groups called kr-groups with a particular k and
r associated.

The results show that the proposed method is capable of characterising challenging binary
problems with and without noise. The additional effort incurred by the heuristic, in terms of
number of additional evaluation operations, is also analysed and techniques to regulate this
effort are discussed.

Moreover, the final test on a real-world protein structure prediction problem showed that the
system managed to adapt the coverage breakpoint parameter to the best value found through
exhaustive experimentation. Our approach not only reduced the execution time of the whole
experiment (including the parameter adjustment phase) in 71%, but also intrinsically adapts
other parameters of the system, such as the specificity used to initialise the rules.

The rest of the chapter is organised as follows. Section 7.2 introduces the previous studies
around automatic parameter adjustment in EAs and LCS.Section 7.3 describes our approach to
determine the problem structure and its corresponding coverage breakpoint value. Section 7.4
introduces the experimental design and results, and finally Section 7.5 summarises the conclu-
sions and further work.

7.2 Parameter setting and parameter control methodologies

Automatic parameter adjustment is a very challenging process in EL and, in general, in EAs,
where it has been studied in great length. In this section we first describe, from a general
EA perspective, the different approaches to parameter control (an some examples of each).
Afterwards, we focus on specific examples of parameter control inEL.

There are different types of parameter control algorithms. Eiben et a1.[2007b]presented a clas-
sification for parameter control where the different techniques can be classified depending on
what is changing (representation, mutation of crossover rates, selection mechanisms, etc.), or
depending on how the change is made (deterministic, adaptive and self-adaptive). The deter-
ministic techniques are the ones where the parameter changes without having any feedback
from the search. The adaptive techniques are the ones that use some sort of feedback from the
search. The self-adaptive techniques are the ones which evolve the parameters along with the
rest of features of the problem. Using this classification our approach can be classified as a
deterministic one.
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Moreover, the parameter control can also be characterised by the evidence used to produce the
change: absolute evidence or relative evidence [Eiben et al., 2007b]. While the first one changes
a parameter based on a certain event, the latter compares information of the current state with
the information from other chromosomes.

In the area of EAs, the first approaches were presented by Rechenberg [1973] and Schwefel
[1975] were the mutation rate was adapted according to the 115th rule. If the rate of successful
mutation was over lis the mutation rate was increased and if it was below this value it was
decreased. Other early approaches involve the adaptation of crossover rate depending on how
good were the resulting offsprings [Davis, 1989; Davis and Mitchell, 1991].

Regarding operator selection within EAs, Spears [1995] presented a very simple self-adaptive
crossover selection method. One extra bit in the classifier encoding represented the crossover
that should be applied. Other approaches [Carvalho and Araujo, 2009; DaCosta et aI., 2008] use
rules to modify the parameters of local search operators (crossover and mutation). DaCosta
et al. [2008] presented a new adaptation rule that modifies the selection of both crossover and
mutation based on how well these operators have performed in terms of improving the fitness.
Their implementation is based on Multi-Armed Bandit [Auer et aI., 2002], where they added
a Page-Hinkley statistical test to detect changes along with time. Afterwards, this study was
extended by Fialho et al. [2009] where he compared the four operator selection mechanisms of
the previous study with four different credit assignment mechanisms for the operators. More-
over, Carvalho and Araujo [2009] used rules based on the diversity of the population to adapt
the mutation rate for the NSGA-I1 system [Deb et aI., 2000], a Multi-Objective Evolutionary Al-
gorithm (MOEA). Using the crowding distance! they calculate the diversity in the population
.and then generate a probability distribution for mutating a value. This probability distribution
is dependant on the diversity in a way in which the mutation is strong when the solution are
disperse and far form the Pareto optimal front, but soft when the solutions are closer to the
Pareto optimal front.

Reinforcement Learning (RL) has also been used widely to adapt parameters in EAs. This
means the implementation of an agent that adjust the parameters of the system based on the re-
sults obtained. For instance, Muller et al. [2002] applied RL to identify the appropriate step size
for the 1/5th rule when adapting the mutation rate. The results in this case showed that the suc-
cess of this approach depends greatly on the reward function used for the RLmechanism. Eiben
et al. [2007a] also applied a RL approach, but to adapt all the parameters instead of the mutation
rate only. In this study the usage the new approach outperforms a benchmark GA, however
the number of evaluations needed is larger when using RL. Furthermore, other more complex
approaches [Sakurai et aI., 2010] use RL to adapt the parameters of the GA considering not only
the quality of the solutions, but also the cost incurred by the selected search operators.

Other examples of parameter control involve de usage of meta-GAs to tune parameters within
a GA [Clune et al., 2005; Grefenstette, 1986]. In these studies a first GA was used to search
within the search space of parameters of a second GA, to determine the parameter combination
that works better for a certain problem while solving it.

Specifically in LCS, there are plenty of examples of self-adaptiveness. Bull and Hurst [2000]
implemented a self-adaptive mutation in ZCS. The self-adaptive mechanism consisted in giv-
ing an independent mutation rate to each classifier, which is stored and evolved within the
classifier. These experiments showed that the self-adaptive mutation performs as well as using
the optimal parameters. However, this was a prove of concept that it was possible to implement
self-adaptive mutation in ZCS and reduce the cost of finding the optimal parameters by trial
and error. Afterwards, this work was extended by self-adapting all the parameters in ZCS
(mutation, learning rate, tax rate and discount factor) at the same time [Hurst and Bull, 2001b].
While in stationary environments the results were as good as the ones obtained with fixed
parameters, in the more dynamical ones the self-adaptation improves the performance of the

1The crowding distance of a solution is an estimate of the density of solutions surrounding that solution [Deb et al.,
2000]
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system. They also showed that it was more beneficial to adapt all the parameters at the same
time, than just the mutation rate. Afterwards, Hurst and Bull [2l- i~J tried to self-adapt both the
mutation and the learning rate in XCS.The adaptive mutation rate solved some generalisation
problems on XCS. Nevertheless, the performance was still sub-optimal in this case. Also the
system showed worst performance when trying to adapt the learning rate.

Finally, Butz et al. [200&) also implemented the previous principles of self-adaptive mutation
to XCSF using hyper-ellipsoidal condition structures. In the first stage of experiments they
adapted only one value which was used to perform mutation uniformly over the different parts
of the hyper-ellipsoid (centre, stretch and rotation). Using this first approach there was no
improvement in the performance of the algorithm and the only benefit was that the system
was capable to learn the problem even with wrong initial mutation settings. Afterwards, they
also tested self-adapting individually the mutation rate for the different parts of the hyper-
ellipsoids and the results showed an improvement in the accuracy compared to XCSF using
fixed parameters.

Other novel and completely different approaches promote coding on top of an abstract frame-
work in which the programer focuses in developing the algorithms to SO!\'l' a particular task (i.e
data mining tasks) and the framework performs the algorithmic optimisations and detennines
the adequate parameter settings (HIlOo." 2(112). In this approach the parameter setting is just a
small part of the whole meta-algorithmic optimisation performed on top of an abstract coded.
task. This approach so far has only been tested for solving integer programming, planning and
satisfiability problems, obtaining speedups up to 525X in the whole algorithm including the
parameter setting stage.

7.3 Automatic parameter setting of the coverage breakpoint

Considering the importance of the coverage breakpoint parameter in the performance of the
BioHEl system, it seems necessary to adjust it automatically for several reasons:

Run-time. Since BioHEl is a system mainly oriented to solve large scale datasets, finding the
correct setting for problem dependant parameters such a!'>the coverage breakpoint in-
volves a time-consuming preliminary experimentation stage The automatic setup of this
parameter can avoid preliminary experimentation and reduce the total experimental time.

Usability. In many cases end-users avoid exhaustive experimentation and settle for naive c0n-

figurations that do not produce the best results. This improvement could make the system
easier to use by an end-user and could also find better solutions for problems where the
adequate coverage breakpoint has not been determined yet

According to Chapter 5 it is possible to determine the cOVl'ragt.'breakpoint if the characteristics
of the problem (k-DNF formula) are known. These characteristic" .1ft' tht' number of attributes
expressed in the terms (k) and the total number of terms in the formula (r) According to this
chapter if the number of attributes in the terms is k the adequate coverage breakpoint to solve
the problem is z:", To ensure learning the coverage breakpoint should be equal or smaller than
this value. This translates the problem of finding the adequate coverage breakpoint to finding
the k value of the problem.

But how it is possible to determine the structure of the problem by only observing the data?
To do this it is necessary to have models based on k and r that explain a) the charectenstics of
the data and b) the behaviour of the system when working this data For example, the model
for the number of negative examples shown in Chapter S finds .1 correlation between k and r
and the proportion of negative examples in the problem Moreover, thl' probability of 0btain-
ing good individuals in BioHEL shown in Chapter h.•11.-.0 provide ....a relationship between a
characteristic of the initial population and the variable....k and r ThIS means that by observing
these characteristics we can have estimates of tht' k and r of tht· probl •-rn

120



7.3. AUTOMATIC PARAMETER SETTING OF THE COVERAGE BREAKPOINT

KR·groups score

k2 k3 k4 k5klSeparate the kr-space
into kr-groups

r30

Quantify the corresponding r25
charaderistics over the
data and the system r20

behaviour

rI5
Award points to the kr-groups
that can have the observed rIO

charaderistics

r5
Select the kr-group with

more points n

A+B C

"y
A+B c

, ~,
, , A+B c, ,

,~
A+B+(

, ,,
, , B A+C, ,

B A+C

B C A

Figure 7.1: General diagram of the usage of the heuristic to determine the structure of the problem.

Since we need to retro-feed the models, each model independently will only indicate a relation-
ship between k and r. Therefore, many different values for k and r can satisfy the equation and
individually each model does not give too much information. Nevertheless, by combining the
results of different models together it is possible to determine the values for k and r that are
more likely to match the characteristics of the problem.

In this chapter we present a heuristic approach to determine the k and r of a given boolean
problem at run-time. This approach works by classifying the problems based on observations
made over the data and randomly sampled individuals. Using this information the problems
are classified into groups with a particular k and r associated, which we will call kr-groups. The
classification is done using a voting system. The space of k and r is divided uniformly in kr-
groups which have an associated expected value and standard deviation boundaries for each
one of the characteristics we intend to measure. When a problem presents a characteristic that
falls into the standard deviation boundaries of a particular kr-group the group gets awarded
points. At the end the kr-group that obtained more votes is considered the winner. Figure 7.1
illustrates how the heuristic works.

Particularly for BioHEL, three characteristics were considered to classify the problems:

• The number of negative examples in the problem.

• The number of good individuals in a random sample after evaluating them against the
given problem. These are individuals that do not make classification mistakes or have an
accuracy higher than a threshold.

• The number of attributes expressed in the good individuals.

The first two characteristics used are completely theory-driven. The last characteristic, even
though it does not come from a model, reinforces the two previous criteria in finding the correct
kr-group, Since the good individuals are already calculated for the second criteria, using the
number of attributes expressed in these individuals does not involve an extra computational
cost.

7.3.1 Classification criteria

The following sections will explain in greater detail each one of the criteria used to classify
the problems. Afterwards, we will show in more detail how the kr-space is partitioned in kr-
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groups and what makes a problem belong to a specific group. Finally, we explain the algorithm
step-by-step.

7.3.1.1 Number of negative examples in the problem

The negative examples are defined as the examples covered by the default class (examples that
are not going to be classified by the generated rules). Depending on the number of terms r
and number of attributes expressed in each term k, the k-DNF problem will present a different
percentage of negative examples.

For a randomly generated binary problem defined as the disjunction of r terms, where each
term is the conjunction of k randomly picked attributes, the probability of having a negative
example in the training set P(neg)~ is equal to:

P(neg) = (1- ;kr (7.3.1)

By counting the number of negative examples in the training set, it is possible to use this for-
mula inversely to determine possible combinations of k and r that are feasible for the given
problem. For example a problem with k = 2 and r = 1 has 75% of negative examples. But also
a problem with k = 6 and r = 18 has on average the same percentage of negative examples. If
we observe a particular problem with 75% of negative examples both of these kr-groups would
receive scores according to this criterion.

7.3.1.2 Number of good individuals in a randomly initialised sample

A good individual or a representative, as explained in Chapter 6, is a classifier that specifies
correctly all least all the attributes in one of the terms of the optimal solution to the problem.
Therefore, this rule does not make mistakes, but it can be more specific than the optimal rule
where only k attributes are specified. The probabilities of finding a representative were first
proposed by Butz [2(06) for the ternary representation {O,I,#} and extended in this thesis for
the binary domain using the ALKR+GABIL representation in Chapter 6.

Assuming the usage of the default rule and covering mechanisms, the probability of finding a
representative in BioHEL for a randomly generated binary problem depends on k and r, and it
is equal to Equation (7.3.2). This function states that the probability of having a good classifier
P(rep) is equal to the probability of having at least one of the terms in the k-DNF problem
represented, and to have a term represented the rule should expressed the k relevant attributes.
For more details about this model please see Section 6.3.1.

P(rep) = 1- (1- (2-k (ld(l- p))k))r
1- (1-2-k),

(7.3.2)

In this formula p corresponds the probability of setting to 1 the values in a GABIL attribute,
and Id is the probability that an attribute appears in the ALKR attribute list (see Section 2.4.2).
This last value depends on the user-defined parameter ExpAtts as follows:

I _ {I d <= ExpAtts
d - EXPltlS d > ExpAtts (7.3.3)
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Figure 7.2: Probability of generating a representative with different values of p in a problem with d = 10
and ExpAtts = 15.

Figure 7.2 shows an example of the landscape of this model using different values of p. By
counting how many representatives are found in a randomly initialised sample of individuals
it is possible to use the formula inversely to determine feasible pairs of k and r for the given
problem.

The individuals for the sample are not generated one by one, but by chunks of N individuals
(for all experiments in this chapter N=500). After evaluating N rules, it might be possible that
we do not find any representatives. This could happen due to several reasons. Either the sample
is too small and/ or the probability of a representative for a particular point is too small as well.
To solve these problems the system increases iteratively the total sample size (generate more
additional samples of size N) until a number of representatives R (parameter set by the user)
are found. This guarantees that the number of representatives found is not zero while checking
as few individuals as possible. A high value of R will involve checking a bigger sample size,
while a small value would have the opposite effect.

P f- pmax
while p ~ pmin

rep f- (1)
while i < 6 V rep f= (1)

sample +- GENSAMPLE(N, p)
for C E sample

{

if GETACCURACY(C) ~ minAcc
do do do then {c +- PRUNING(C)

rep f- repUc
if Irepi ~ R
then rep +- ERASEOUTLIERs(rep)

i=i+l
p = P - pstep

return (nUll)

Algorithm 7.3.1: SEARCHREPS(N)

Moreover, we try to generate R representatives using the largest value of p (probability of set-
ting to 1 the bits in a GABIL string) possible, because that would create more general rules as
shown in Figure 7.2. However, more general rules are more likely to make mistakes. Therefore,
when the problem has a larger k, smaller values of p are needed to generate rules that do not
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make mistakes. The algorithm the system follows to adjust p, while finding the representa-
tives, is shown in Algorithm 7.3.1. The system first tries to obtain representatives generating
populations of size N created using the largest value of p: pmax. Then all these individuals are
evaluated against the training set. Afterwards, all the rules with accuracy higher or equal than
minAcc are considered representatives. When R or more representatives are found the system
returns the representatives found. If the system has already checked 6 samples and has not
found any representatives, the value of p is lowered globally across the system and the search
continues. If the value of p has reached its minimum value and and the system has not found
representatives yet, the search aborts.

The calculation of representatives from a given sample is interesting because it gives room for
our third criterion, which is the number of attributes observed in them. However, the calcula-
tion of the genuine representatives is not straight forward and some post-processing is needed
as it will be explained in the next section.

7.3.1.3 Number of attributes in the good individuals

According to the definition of a representative the number of relevant attributes in a candidate
representative cannot be less than k, because otherwise this rule will make mistakes. This gives
us at least an upper bound of the k of the problem. However, in order to use the characteris-
tics of the representatives we need to make sure that these "good rules" are actually genuine
representatives.

Two problems might arise with the good rules. First, it can happen that the good rules have
more attributes specified in the actual terms of the problem, which is misleading. Second, when
the problem consists of more than one rule, the system might find classifiers that do not make
any mistakes but they do not represent the terms of the problem. These classifiers instead
represent the union or intersection between two or more terms. They might have more or less
attributes expressed than k, and they are not really representatives of the problem. Therefore,
in order to find genuine representatives it is necessary to preprocess them.

To tackle the first problem we need to eliminate the attributes that do not affect the accuracy.
This process is called pruning and it tries to generalise the rules as much as possible. To prune
unnecessary attributes we perform an iterative search process as shown in Algorithm 7.3.2.
Each one of the attributes in the rule is eliminated, one by one. If the accuracy decreases, the
classifier is restored, if not the search continues over the resulting classifier. This local search
operator can also be used as a post-processing operator to refine the generality of the rules. This
will be studied in-depth in Chapter 9.

Algorithm 7.3.2: PRUNING(Classijier c1)

prevacc +- GETACCURACY(c1)
for each att E GETATTRIBUTES(c1)

{

REMOVEATTRIBUTE(att,c1)
d if GETACCURACY(c1)>= prevacc
o then prevacc +- GETACCURACY(c1)

else REsToRE(att,c1)

return (c1)

To tackle the second problem we need to eliminate the deceptive representatives. That is, the
classifiers that do not make mistakes but do not really correspond to the terms of the problem
we want to learn. Since these rules usually have a number of attributes either larger or smaller
than k (but not exactly k), we keep only the ones that correspond to the most frequent number
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of attributes observed k", This routine is exemplified in Algorithm 7.3.3. After erasing the
outliers, the rules left in the set are considered genuine representatives and they are the input
for the second criterion (as shown in Algorithm 7.3.1). Moreover, as we have already calculated
the most frequent number of attributes observed among the representatives, we can also use
this information k* as a third metric to award points to the kr-groups with k = k",

Algorithm 7.3.3: ERASEOUTLIERs(rep)

h = GETFREQK(rep)

fore E rep
do {if Ic.attsl :f:. r

then rep = rep - c
return (rep)

7.3.2 How to classify the problems?

As we explained before, to use the model it is necessary to calculate the standard deviation
boundaries for each one of the possible combinations of k and r. Towards this aim, we sample
uniformly the kr - space and calculate the expected value, the lower bound and upper bound
for each point. To sample the space we calculate these values for k = {1..d} and r = {l..rmax}
using a step size for the rules rstep. According to our preliminary experimentation rmax should
be at least equal to the number of rules we expect to find in the problem.

Moreover, to calculate the lower and upper bounds for each point the probabilistic models
presented need to be analysed further. For the probability of a representative we can consider
that the probability of having a specific number of representatives in a sample of N classifiers
follows a binomial distribution with probability P(rep). This assumption comes from the fact
that the generated rules have the same probability of becoming representatives and they are
independent from each other. Therefore, the probability of having exactly x representatives in
a sample of size N can be written as follows:

P(#rep = x) = (~) (1 - P(rep))N-x(P(rep))X (7.3.4)

In this case we know that for each point the mean percentage of representatives is P(rep) and
the variance is var = P(rep) . (1 - P(rep)). So for a problem to belong to a specific kr-group, the
system has to check if the empirical percentage of representatives observed P' (rep) is between
the boundaries as follows:

P(rep)~ - var ~ P'(rep) ~ P(rep)~ + var (7.3.5)

In the case of the probability of having a negative example we do not know the probability
distribution, but we know the mean value given k and r. We cannot assume that it is a binomial
distribution because the examples in a training set are not independent observations (usually
they are not repeated). In this case fixed intervals are used to determine if a problem belongs
to a certain group. To do this we calculate the empirical value P'(neg) and use a constant It to
classify the problems as follows:

P(neg)~ - It ~ P'(neg) ~ P(neg)~ + It (7.3.6)
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7.3.3 Parameter setting procedure step-by-step

To recapitulate and explain better how the concepts and methods presented are merged to-
gether to produce our approach, in this section we will explain step-by-step the algorithm used
within BioHEL to determine the k and r of a problem and its corresponding coverage break-
point. The algorithm consists of the following steps also shown graphically in Figure 7.3.

1. Determining the number of attributes in the problem d and the value [d.

2. Searching R representatives in randomly initialised populations. Finding representatives
involves the following sub-steps:

(a) Exhaustive search. Searching iteratively in populations of N classifiers until a total
of R representatives is found.

(b) Representative pruning. When a good rule is found, the system removes all the
attributes that can be eliminated without degrading the accuracy.

(c) Adjustment of initialisation parameters. If the system have checked already 6 pop-
ulations and have not yet found any representatives, the system re-adjusts the value
p (See Section 7.3.1.2).

3. Calculating the most frequent number of attributes activated in the candidate representa-
tives, erasing the misleading ones. This means keeping only the ones that have a k equal
to the most frequent value observed k* .

4. Determining the number of examples in the training set belonging to the default class
(P'(neg).

5. Calculating the observed value P'(rep) as the number of representatives observed divided
by the total number of rules observed (total sample size).

6. Calculating the score of a kr-group (Score:) with Equation (7.3.7) where k = k«, Net, and
Rep~ are boolean variables that take the value of 1 if the empirical observation matches
the criteria of the kr-group.

Scorl, = A· (k == k*) + B· Neg'; + C· Rep~ (7.3.7)

Neg'; -= P(neg)~ - it'S P'(neg) 'S P(neg)~ + It (7.3.8)

Rep~ = P(rep)~ - var :s P'(rep) :s P(rep)~ + var (7.3.9)

7. To finalise we calculate which is the smallest group (smallest k and r) that obtained the
highest coincidences between the 3 metrics (highest score). This k is transformed in the
coverage breakpoint as CB = rk.

7.4 Experimental design and results

This section presents the experimental framework used to test our approach and the corre-
sponding results. First, the parameter setting approach is analysed over a wide variety of
synthetic k-DNF problems, with and without noise, created as explained in Section 5.2. After-
wards, an extra test of our approach over a binary protein structure prediction problem CN-bin
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Figure 7.3: Steps to find the adequate coverage breakpoint with and example of the final score grid.
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Table 7.1: Parameters for the heuristic used to characterise and find the coverage breakpoint for k-DNF
problems.

Parameter Value

Number of representatives needed - R
Evaluated pops to change p
Prob p initial value - pmax
Prob p minimum value - pmin
Prob p decreasing step - pstep
Most frequent k in representatives - Score A
Imbalance function - Score B
Prep function - Score C
Imbalance function tolerance - It:

Maximum number of rules considered - rmax
Rule step size - rstep
Sample size - N

10
6

0.75
0.25
0.25

2
2
1

0.1
100
5

500

is presented, which constitutes an interesting challenge for our approach due to the high levels
of noise found in the problem.

7.4.1 Analysis of the parameter setting approach over binary problems

In this section we analyse the performance of our approach over a wide variety of k-DNF prob-
lems in terms of probability of success (finding the adequate parameter value). At the end, we
also comment on the additional effort incurred by the heuristic in terms of additional evaluation
operations, and how the effort can be regulated by some parameters.

The k-DNF problems used in this section have the following characteristics: d=20, k={2 - 9},
and r={S, 10,20, 40}. Moreover, output noise of 0%, 1%,5% and 10% was introduced over the
problems to determine how robust was the classification process towards noise. 5 different
problems of each k-DNF configuration were generated, and each problem was run with 5 dif-
ferent seeds. Also, all these runs were performed using fixed default class 0, to prevent the
system form learning the inverse problem, over which calculating the success of the heuristic
would not be straightforward.

The learning process was not performed during this stage of experiments, but only the param-
eter setting stage. In these experiments we want to quantify how many times the heuristic
finds the k of the problem (or at least a larger one) which ensures that the system will learn the
problem.

We also experiment changing the parameter minAcc (the minimum accuracy demanded in a
rule to become a representative) to determine how this parameter affects the search, and show
how it can help tackling problems with noise more efficiently. In these experiments we tested
parameter values minAcc = {l.0,0.9S,0.9}. To determine significant differences among these
three variants we used a Friedman test with its post-hoc Holm test.

The rest of the parameters in our approach are shown in Table 7.1 for clarity and replication
purposes. However, according to our preliminary experiments, the parameters shown in this
table can be considered constants and they can remain fixed. Only the minimum accuracy
minAcc and the number of representatives R have an important impact on the results, because
they are directly related to the problem noise and the additional search effort, respectively. For
simplicity in the first experiments we have set the R parameter to a value (10) that in prelim-
inary work showed to be suitable for all tested scenarios. Afterwards, we experiment with
different values of R to determine how this parameter affects the success rate and the effort of

128



7.4. EXPERIMENTAL DESIGN AND RESULTS

t<-o

~
II

i -0
.0 ...

0 e
0 P-.......

"";3

~
..c

o-~• 11> If)

Ii >~j

111>.~o
Zt<-....

~~~8 8888 8000 0000 0000 0000 0000 0000000 0000 ~~~o ~~oo o~oo 0000
888-.6gggg gggg 0000 888;i 00 .. ·8 .. ~;i~:t0000 ooN\o ~ .... ~~
~'I""""41""""40\ ~'1""""4 '1""""4 '1""""4 ~ '1""""4 ~ '1""""4 '1""""4""'" '1""""4""'" ............ ,......,......0"It--.

~888 0800 000 0000 0000 0000 0000 8~~80000 0000 0000 0000 0000o .00 ooo~ 0000 0000 0000 0000o 0 ~ . <Xi0 I'i . <Xi88 I'iSNNO r.o~~o 000"" 0000 0000 0000 0000............ ,......,...... 1""""1 ""'"' ,......,......,...... ,...... ,......,...... '1""""4""'" -' ,...... ,...... ,...... oo,......,......t--.

~888 ~~88 000 ~~~8 8888 8000 8880 8888~~~8 000gggg gggg ... 0 gggg8~0~ 8800 8880 8880 888 .
..... .... - ............... ,......,.............!Xl ,......,......,...... ,...... ,......,......r-I r-i ............. ~ ,......,......,...... ,......

~8~8 8~88 8800 ~~~8 8888 8888 8888 8888..00
~c:i~d ~8c:::ic:::i88l'ic:::i8881'igggg gggg gggg gggg- ........ '" ,......,......,......0"1 ,......,...-1""'" ,...... ,......,......,...... ,...... ,......,......,...... ,...... ,......,......,...... ,......

8800 0800 0080 0000 0000 00°0 00°0 8880. ·00 o ·00 ~ 0 .0 ~ooo ~ooo ~C!C!o C!~~o8800 ~800 ~ ·0 . ~<Xioo~<XiooN CX) 1..0 • ~f:!~o~NN~
........ - NO~O O'I'd'I~O Nt--."'~

0000 0000 0000 0000 0000 0000 0000 0000~~~o 0000 0000 0000 qqqo ~~~o 0000 o~~o
000 . 0000 0000 0000 000 . 000 . 0000 ·00 .0000 0000 0000 0000 0000 OOON 0000 ~;3~CiJ,......,......,......00 ,......,......,...... ,...... ....... ,......,...... ,...... ,......,......,...... ,...... ,......,......,......00 .....-IHrlQ'\ ,......,......,...... ,......

8800 8800 00°0 0000 0000 0000 ~~~8 0000
~~~o 0000 0000 0000 0000o .00 ..00 0000 0000 0000 000088go 000 . §§§;i~:$oc:::i 000"" 0000 0000 0000 0000........ ,......,......t"""I('\I ,....t ,...... _. ,...... ,...... ,...... ,...... _. ,......,......,...... ,...... ,......,......,...... ,......

~88 8800 8880 8888 8888 8888 8888 8888.. 00 ggg;l gggg gggg gggg gggg gggg81'i1'i88~0
..... "'''' .......... ............... ,......,......,...... ,...... ,......,......,...... ,...... rl ,......,......,...... ,......,......rl ,...... ,......,.............rl

8800 8~88 88~8 ~888 8800 ~~88 ~~88 ~~~8gg~~ 0800 ~o~o ~ooo ~~~~ QQ 00 • • ~~~o ~ ~ ~ .
..... ..... ..... ~N""O ""~,,,""

8000 8800 8800 8800 8880 ~~~8 ~~~8 88~8.000 ~:t~~ <Xi-.6~~gl~~ s s .~8000 888~ 8881'i . ·8 .
..... N 00 "'....00 - .......... ~ - .... - ,......,......,......0"1 ~~-~
~888 8008 ~~88 ~~88 0000 ~~88 0000 8888.00 ~~~o ~~~o
80~0 8;ioo o~ .. 000 . 000 . 80 .. 000 . gggg0000 ,......~~~ s:l~~~..... ..... ~",,,,,o S~\,O'd4 ,......,......rl~ ,..-I,......,...... ,......

~~8 8888 8888 8888 8888 8888 8888 ~~~~88 . gggg gggg gggg gggg gggg gggg 8888......... ~ ,......,......,...... ,...... ,......,...... '1"""4""'" ,......,......,...... ,...... ,......,......,...... ,......
'1""""4"""'''''''' '1""""4

'1""""4 ,...... rl ,...... ,......,......,...... ,......

000 000 000 000 000 Lr)~~~ 000 000
Lr) ....N"" If) .... N'''' tf) ..... N<:I' Lr) .....N<:I' Lr) .....N<:I' Lr) .....N<:I' If),......N~

NNNN "'''''''''' <:1'<:1'<:1'<:1' Lr)Lr)Lr)Lr) \Q\Q\Q\Q t--.t--.t-..t-.. 00000000 0\0\0\0\

129



CHAPTER 7: AUTOMATIC ADJUSTMENT OF THE COVERAGE BREAKPOINT

Noise_OO Noise_Ol Noise_OS NoM_1o
100- •• •• •~ 90- I I Score

I 80-
E 70- 0

iii 60-
::: SO- II I 2
~ 40- .3.2l 30-
E 20- ..i •.1 .4
" .5Z 10- • • • •0- • • • • • •

I I I I I I I I I I I I I I I

5 10 15 20 5 10 15 20 10 15 20 0 10 15 20
Number of Attributes - k

Figure 7.4: Final score grids in a problem with d = 20, k = 5 and r = 20 for the 4 levels of noise

the heuristic. Moreover, it is worth noticing that the reason why the P(rep) function has a score
lower than the two other metrics is because, in preliminary experimentation, this metric was
not as reliable as the other two metrics,

7.4.1.1 Results

Table 7.2 presents the results for the different k-DNF configurations and different values of
minAcc in terms of percentage of success (finding the k of the problem or at least a larger one).
The cells emphasised represent the configurations where the success rate is less than 100%. For
minAcc < 1, the cells marked with red show the cases where the success rate is lower than the
base case (minAcc = 1.0), and the cells marked with green show the cases where the success
rate increased. In this table we can observe that using minAcc = 1 the heuristic is able to find
the appropriate coverage breakpoint for most of the configurations with no noise. Moreover, it
is noticeable that the output noise affects the performance of the heuristic.

On the other hand, we can observe that the heuristic fails in the cases where there is very high
overlapping. These problems are very difficult to solve (as shown in Chapter 5) by the system
because of the class imbalance, so it is not surprising that they are difficult for the heuristic
as well. Such large overlapping makes the heuristic think that the k is smaller than the real
one. In the case of a synthetic problem like the k-ONF where we know the correct answer, this
is incorrect. However, what the system is trying to do is not completely wrong, because it is
trying to solve the problem with less complex rules compromising the accuracy slightly, which
in real-life domains can be advantageous. To understand better these domains further research
focused specifically on rule overlapping is needed.

Figure 7.4 shows an example of the score grid for a problem with k = 5 and r = 20 with the 4
levels of noise and using minAcc = 1. The vertical stripe corresponds to the 2 points that are
awarded to the most frequent number of attributes observed in the representatives. The other
two other areas correspond to the scores awarded by the other two criteria. In this figure we can
see that while the problem increases the representatives present a higher number of attributes.
When this happens the area corresponding to the vertical stripe does not intersect the two other
areas, thus the heuristic fails to find the appropriate k value. This is because the constraint of
minAcc = 1.0 is too strict in these cases where the problem has noise. In the cases with noise
we should take in consideration that good rules will have a good accuracy, but not equal to 1.
Relaxing this parameter, as we can see in Table 7.2, helps finding adequate representatives for
problems with noise. We can observe here that the success rate increases in most cases, except
when the problem has no noise. As expected, when the problem has 5% noise, the best results
are obtained using minAcc = 0.95, and the same occurs when the problem has 10% noise and
we use minAcc = 0.9.

Moreover, Table 7.3 contains the statistical analysis to determine which value of minAcc pro-
duces better results depending on the amounts of noise. In this table we can observe that the
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general while the k increases it becomes more expensive to run the parameter setting approach,
as more iterations are needed to find representatives. We can also observe that for high levels
of noise and when using the wrong minAcc the number of iterations to find representatives
also increase. Also we can observe that in most cases while the r of the problem increases less
iterations are necessary since it is easier to find representatives.

Moreover, it is also noticeable a spiking behaviour in the additional effort. This behaviour is
clarified by Figure 7.6, which shows the frequency in which each value of p is selected. As
it was explained before, our approach also adapts the p value to increase the probability of
finding representatives when this task becomes very difficult. As we can see, the different
stages in the behaviour of the effort observed in Figure 7.5 correspond to the transition stages
between different values of p. When the system uses a smaller p the additional effort to find
representatives becomes smaller. This is because, as shown in Chapter 6, as k increases the
adequate p to solve the problem decreases. Wecan also observe that in the most difficult cases
which are Noise> 1 - minAcc the system tends to reduce the value of p more than in the cases
where the parameter minAcc is setup correctly.

Furthermore, the effort incurred by our approach can in theory be reduced or increased by
changing R, the number of representatives needed to stop the search. To understand bet-
ter the effect of this parameter we performed additional experiments with a subset of the k-
DNF problems analysed before (k=5, r=20). We tested different numbers of representatives
R={1,3,7,10,15,20}and minAcc={1.0,0.9} (to show the impact over problems with noise). Our
results are shown in terms of success ratio and additional number of evaluations performed.
Moreover, we show the Pareto frontier between the effort and the success rate, to determine the
trade off between the extra evaluations and quality of the solution.

Figure 7.7a shows the success rate with respect to the number of representatives. It is worth
mentioning that in the previous experiments, the configurations where Noise> 1 - minAcc
were not solved. It is noticeable in this figure that when the min Ace parameter is configured
correctly according to the noise the number of representatives needed to find the right coverage
breakpoint value is very small. On the other hand, Figure 7.7b presents the number of extra
evaluations performed when using different number of representatives. Here it is possible to
observe that the number of evaluations increase linearly with the number of representatives,
except for the case with n=lO% and minAcc=l. Also the evaluations increase depending on the
amount of noise, since this makes the problem more difficult. More interestingly, looking at
the Pareto frontier in Figure 7.7c, it is noticeable that ~lOOOOadditional evaluations are needed
to ensure success for this problem. Considering the number of evaluations reported in the
previous section, we can observe that by reducing the amount of representatives needed it is
possible to reduce the additional effort by more than half in the worst case.

7.4.2 Analysis over a real-world PSP problems

In order to test the performance of this method over real-world domains, we selected a binary
protein structure prediction problem Cbl-bin. It is worth mentioning that this problem has a
very high noise ratio, and there are no possible rules that have 100%accuracy. Therefore, in or-
der to test the heuristic, the minimum accuracy required for the classifiers to be representatives
was relaxed.

In this section we are going to analyse the results obtained with our approach by compar-
ing them with an exhaustive experimentation to determine the adequate coverage breakpoint
value. In the exhaustive experimentation to hand-tune the coverage breakpoint, we used values
ranging from 1/22 to 1/29 (as this is the maximum possible since the problem has 9 attributes),
and different values of p (0.75, 0.5 and 0.25). Since we are dealing with a real problem in this
section, the system is going to perform the whole learning process using the coverage break-
point selected and the success will be determined based on the final accuracy. The parameters
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Figure 7.7: Probability of success and number of additional evaluations using different number of repre-
sentatives Rover k-DNF problems with d=20, k=5, r=20 and minAcc=1.0.

BioHEL Parameters

Table 7.4: Parameters for the BioREL system different than its fixed configuration.

ValueValue I Heuristic Parameters

Default class
Number of windows in ILAS

fixed 0 I
20

Maximum number of rules considered
Rule step size

1000
20

for the BioHEL system are the ones presented in Section 3.3, except only for three parameters
shown in Table 7.4. Moreover, this table also shows the parameters of the heuristic that vary
from the ones presented in the previous section.

For the analysis of the results, we will first apply a Wilcoxon pairwise test to determine if there
are significant differences between using different coverage breakpoints in this problem and
which is the most adequate parameter value to solve it. Having found the adequate coverage
breakpoint value, we will then compare it with the results found by our approach. The results
are going to be analysed in terms of accuracy, execution time and convergence time of both
methodologies.

Regarding the dataset, this problem was separated in 10 training and test sets for ten-fold cross-
validation and each one of the training sets contains approximately 233812 instances. Moreover,
each one of these problem instances was run with 5 different seeds, so the results are the average
of 50 runs.

Table 7.5 shows the results in terms of accuracy, average time per run and total time of the exper-
iments when applying different coverage breakpoints of the type cov = 1/2k where k = {2..9}.
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Figure 7.8: Average accuracy of the best classifier during the 50 iterations of the GA using different
values of p.

In this table, we can see that the coverage breakpoint that obtains the best results in terms of
accuracy is 1/29. Also, for this problem there are no differences between using different values
of p in terms of accuracy or execution time. Moreover, in Table 7.6 we can see that the coverage
breakpoint 2-9 does not produce results significantly different than the results applying other
values such as 2-7 or 2-8• However, the maximum average accuracy is obtained with the
smaller coverage breakpoint.

In Table 7.7we can observe the results obtained with our approach. Using a minimum accuracy
of 0.7 the system determined that the k of the problem is equal 9 in the majority of the cases
and applying the corresponding coverage breakpoint we obtain an accuracy equal to our best
results in preliminary experimentation. We also tested a more relaxed minAcc value without
obtaining good results.

Based on these results we can conclude that the heuristic, when using the appropriate noise ratio,
is able to categorise this real problem correctly and determine the appropriate coverage breakpoint
automatically. Regarding the computational time, the total amount of CPU time invested in per-
forming the preliminary experiments with the different coverage breakpoints and different values
of p is equal to ~285 hours. On the other hand, the amount of time invested in running the
experiments setting the coverage breakpoint automatically, with different minAcc values and in-
cluding the whole learning process was ~81 hours. This constitutes 28% of the time invested in
the preliminary experiments, which means a reduction of 71% in the total experimental time.

Moreover, our method also adapts the value p, the probability of setting the bits in the GABIL
representation to 1. Figure 7.8 reports the average accuracy of the best rule along the 50 itera-
tions of the GA with different p values. So far the use of adapting this parameter was just to
find representatives during the parameter control stage, but the adaptation can also help find-
ing good rules faster within the GA. As Figure 7.8 shows, using P = 0.25 makes the system find
good classifiers quicker (although all three values of p eventually manage to learn the correct
rules). This is because in this particular problem using a small value of p increases the odds
of finding representatives. The spiking behaviour in the figure is a normal phenomena due
to the usage of ILAS windowing scheme [Bacardit, 2004], and it is not related to the approach
presented in this chapter.
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Table 7.5: Results coer the binary Cbl-bin problem usingfixed caoerage breakpoints and different values
of p. The table shows for each p and cooerage breakpoint value the average accuracy obtained,
the average experimental time of each run and the total experimental time.

Cov (k) Accuracy (%) Average time (s) Total time (s)
2 70.15±0.96 244.67± 120.89 12233.71
3 70.27±0.84 427.00±207.95 21350.19

to 4 71.46±0.56 378.64±207.36 18932.08r-,
ci 5 71.79±0.47 386.40±147.9O 19319.86
II 6 72.12±0.45 640.26±238.88 32013.22
~ 7 72.32±0.52 874.15±322.80 43707.67

8 72.40±0.47 1469.14±496.96 73457.19
9 72.45±0.47 2526.63±723.67 126331.39

Total time (~96.48 h) 347345.31

2 70.15±0.96 247.72± 101.81 12385.91
3 70.27±0.84 342.26± 180.62 17112.77

to 4 71.47±0.56 39O.89±208.98 19544.62
ci 5 71.79±0.47 398.20± 180.34 19909.83
II 6 72.12±0.45 639.17±240.29 31958.73~

72.31±0.53 896.59±287.78 44829.297
8 72.40±0.48 1601.17±445.91 80058.71
9 72.45±0.47 2244.94±650.95 112246.99

Total time (~93.9O h) 338046.85

2 70.46±0.84 239.53±91.12 11976.29
3 70.27±0.84 362.16±191.81 18107.84

~ 4 71.46±0.56 332.23± 183.90 16611.51
ci 5 71.80±0.48 409.98±167.93 20498.96
II 6 72.12±0.45 622.01±230.56 31100.48
~ 7 72.31±0.53 846.66±272.08 42333.25

8 72.40±0.48 1636.27±482.24 81813.37
9 72.45±0.47 2338.56±586.86 116927.77

Total time (~94.26 h) 339369.47
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Table 7.6: P-values of the Wilcoxon pairwise test to determine significant differences between the usage
of different coverage breakpoints of the type 2-k in the binary CN-bin problem. The cells in
bold indicate the cases where significant differences were found.

P-values of the wilcoxonpairwise test
k 2 3 4 5 6 7 8
3 0.52092
4 2.ge-07 1.2e-08
5 1.5e-ll z.se-n 0.01510
6 4.ge-15 4.ge-15 2.5e-06 0.00265
7 < 2e-16 < 2e-16 1.0e-08 0.00016 0.21071
8 < 2e-16 < 2e-16 6.1e-10 6.1e-06 0.05857 0.57281
9 < 2e-16 < 2e-16 7.5e-ll 2.8e-06 0.01079 0.21071 0.57281

Table 7.7: Performance of the heuristic over the binary CN-bin problem. The columns show the min-
imum accuracy used, the average k and p obtained by the heuristic, the test aCCllracy after
learning with the corresponding coverage breakpoint value and the total experimental time.

Min k P Test ace Ave. Exec Time Total time
Ace

0.7 8.98±0.14 0.28±0.08 72.45±0.47 2913.93± 1356.41 145696.66
0.6 5.62±l.12 O.73±0.()6 71.94±0.74 902.29±382.38 45114.63

Total time (::::::80.94h) 291393.32

In this sense, we can say that the heuristic reduces the computational time needed to set up
the algorithm properly, which for large problems can constitute a considerable amount of CPU
time. Moreover, it adapts other parameters of the system, such as the p value, which helps
finding good rules quicker within the GA.

7.5 Conclusions and FurtherWork

In this chapter we have presented an automatic procedure to learn the structure of the problem
and set the coverage breakpoint parameter in the BioHEL learning system for (a broad range
of) binary classification domains. Our procedure is able to estimate the problem's structure (k
and r) in binary problems with and without noise and in real-world problems such as protein
structure prediction problems. Our approach exploits the theory developed in Chapters 5 and
6 over the BioHEL system within the binary domain to classify problems according to their
the class imbalance, probability of generating representatives in randomly initialised sample of
individuals and other characteristics observed in the sampled individuals along the search pro-
cess. Using this method we were able to set up the coverage breakpoint parameter in BioHEL,
facilitating in this way the learning process, reducing the computational time of preliminary
experiments and making the system easier to use for an end-user. The final validation stage
using a challenging protein structure prediction problem showed that the heuristics works for
real world problems as well, and that it is possible to reduce the total experimental time by 71%.
Moreover, our approach also adapts other parameters like p, the probability of settings bits to
1 in the GABIL representation, which can help finding good rules faster within the GA.

Even though the model for the probability of obtaining representatives used is only applicable
to the GABIL representation within ALKR, we think that the methodologies presented in this
chapter can be extended to other systems by using the models suitable for their knowledge
representations. Also, this methodology is not only useful to determine parameters within
BioHEL's fitness function, but also knowing in advance the characteristic of the problem at
the beginning of the learning process can be advantageous to guide the search and also set
parameters within the system.
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7.5. CONCLUSIONS AND FURTHER WORK

As a further work we would like to extend this work to X-ary discrete and continuous do-
mains. However, in these cases further post-processing mechanisms might be necessary to
refine the good rules since the relationship between coverage and number of attributes is not
strictly linear. In the case of the X-ary domain, the coverage would not only depend on k but
would also depend on e the number of values activated in an attribute (number of Is in the
GABIL representation), while in the real domain the coverage will depend on the size of the
intervals.

Moreover, further research will be focused in develop different policies for selecting the k when
there is not a single cell where the three metrics have intersected. In these cases probably it is
better to select a k based on the average of the cells that obtained the highest score.

Finally, it would be interesting to recycle the representatives found within the learning pro-
cess by forcing these classifiers to appear in the initial populations of the subsequent GAs.
Including these good rules in the following initial populations can improve the convergence
time of the GA, by assuring a percentage of good individuals to work with during the search
process.
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CHAPTER 8

Fast evaluation process using
GPGPUs

This chapter is focused on reducing the execution time of BioHEL, which tends to be high (as in most supervised
learning approaches) when handling large scale datasets. In order to do this a method for computing the fitness in
BioHEL using NVIDIA CUDA is introduced. Both the match process of a population of classifiers against a training
set and the computation of the fitness of each classifier from its matches have been parallelised. This chapter discusses
the results obtained using two different parallelisation paradigms: a coarse-grained parallelism (which parallels the
evaluation of each classifier independently) and afine-grained one (which performs the match of each attribute in the
classifier in parallel). Moreover, this chapter discusses how the speedup increases when this approach is combined
with other efficiency enhancement mechanisms, how the execution times obtained can be explained by simple models
and how this approach can be easily extended to other EL systems.

8.1 Introduction

As we observed in Chapter 4 one of the weaknesses of the BioHEL system is its execution time.
This is due to the fact that, as in most EL systems, the match process of the whole population
in BioHEL is computationally very expensive, specially when handling large scale datasets.
Moreover, as the problems become more complex the execution time increases since the system
needs to learn more rules. The objective of this chapter is to speed up the evaluation process 1

in BioHEL to overcome these problems.

There is extensive efficiency enhancement work in the evolutionary computation context as it
was already mentioned in the background material of this thesis. Moreover, in the last years,
the usage of General-purpose Graphics Processing Units (GPGPUs) has become a popular prac-
tice in high performance computing. By exploiting hardware originally designed to render 3D
graphics at high speed it is possible to perform highly parallel general purpose computations.
GPGPUs have been used already to speed up the evaluation process in GAs [Maitre et al.,
2009; Pospichal et al., 2010], genetic programming [Chitty, 2007; Harding and Banzhaf, 2007;
Langdon and Harrison, 2008] and LCS [Lanzi and Loiacono, 2010; Loiacono, 2011], as it was
mentioned in Section 2.3.5.3.

In this chapter an efficient GPGPU-based parallel fitness computation process for the BioHEL
system is presented. Specifically, for its implementation NVIDIA CUDA [NVTDIA, 2008] is
used. The goal of this approach is to calculate the accuracy and coverage metrics (which are
the base of BioHEL's fitness function) as fast as possible. Two different implementations are
analysed. The first one, which will be referred as coarse-grained parallelisation, calculates the

1Since BioHEL uses a supervised learning approach, we will refer to the match process as the evaluation process for
the rest of the chapter.
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match between all the rules in the population and all the examples in the training set in paral-
lel. The second one, which will be called fine-grained parallelisation, expands the parallelism of
the previous one to a third dimension by performing the match of each attribute in the rules
in parallel as well. After the match is computed, both implementations compute in parallel
the accuracy and coverage metrics of the whole population by means of a parallel reduction
algorithm.

We test our parallel implementations against BioHEL's serial version using thirteen different
problems with a broad set of different characteristics. First we analyse the speedup of the
evaluation process independently and then we analyse the integration of the parallel fitness
function within the whole learning algorithm.

We also evaluated the combination between our CUDA implementations and the ILAS win-
dowing scheme, since it is one of the main techniques used to achieve speedups in BioHEL
(See Section 2.4.1.3). This comparison is aimed to determine whether the speedup obtained by
both methods is complementary and thus can be successfully combined, or whether there is
a trade off that might constraint their integration. Moreover, we generated empirical models
that explain the execution times obtained with our CUDA-based approach depending on the
training set size and the number of attributes of the problem.

This chapter is organised as follows. Section 8.2 describes the CUDA architecture and refer-
ences previous works that use GPGPUs in ML. Section 8.3 describes the implementation of
the CUDA-based evaluation process. Section 8.4 explains the experimental design followed.
Section 8.5 shows the results of the evaluation process independently and Section 8.6 shows
the results of the evaluation process integrated with BioHEL.Moreover, Section 8.7 shows the
execution time models for our CUDA approach. Finally, Section 8.8 presents the final remarks
and further work.

8.2 GPGPUs and CUDA

The programming tool used to parallelise the evaluation process in SioHEL is the Computer
Unified Device Architecture (CUDA) [NVlDIA, 2008],a parallel computing architecture devel-
oped by NVIDIA. CUDA allows the user to exploit in a general purpose manner the computing
capacity inside the NVIDIA GPGPUs. In this chapter we will refer the GPGPU as device and the
computer in which it is installed as host.

CUDA follows the Single Instruction Multiple Data (SIMD) paradigm which consists in run-
ning the same operations in each one of threads over different data. The thread is the most
granular processing unit inside a GPGPu. Each one of the threads run within a block, which is
the minimum unit processed by a single multiprocessor inside the GPGPU. All the threads in-
side the same block are able to share information through the shared memory. On the other hand
sharing memory among blocks is only possible through global synchronisation. Moreover, the
number of blocks that run in parallel in the GPGPU depends on the specifications of the card
and the amount of shared memory the blocks need to run.

CUDA provides an extension of the C language to implement the kernel junctions, which is
the code that will run inside the threads. The kernel functions work in the device memory,
reason why it is necessary to copy the data we need to process hom host to device and then
copy the results from device to host. Allocating memory in the device and copying in and
out of it can be computationally very expensive and it is necessary to take this limitation in
considera tion.

Moreover, the wise usage of the memory in CUDA is crucial for the performance of the algo-
rithms. There are five types of memory in CUDA, each of them with a different aim. If any of
these types is not properly used, the performance drops dramatically. Furthermore, coalescence
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Non-coalesced access 13read operations
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Figure 8.1: Example of coalesced and non-coalesced memory access.

is also important when accessing the memory in CUDA. Coalescence is achieved when the con-
secutive threads in a block are accessing consecutive positions in memory. Since CUDA reads
memory in chunks having a not coalesced memory access makes the system read unnecessary
parts of the memory as shown in Figure 8.1. This increases the execution time of the kernels,
since more read operations will be needed to read the same amount of data [NVrDIA, 2008;
Sanders and Kandrot, 2010].

The different types of memory in CUDA, ordered by access speed from slowest to fastest,
are:

• Device memory: is the part of the memory where all the data structures manipulated by
the kernels are stored. It is not cached, so this memory is readable and writable from the
device and from the host, and it depends on the total amount of memory the video card
has. From the point of view of the threads this memory is also known as global memory,
because it is readable from threads in different blocks. However, it cannot be used to send
information between threads in different blocks since there is no guarantee that one block
will be executed before another.

• Texture memory: is not a different part of the memory, but a different way of accessing
the global memory. Memory that is declared as textures is accessed through a read-only
cache which is optimised for spatial locality instead of memory locality. This part of the
memory is usually used to render textures and surfaces within graphic cards, and it is not
used within our evaluation approach.

• Shared memory: is the memory shared by all threads in one block. This memory is faster
than the previous one and it is commonly used to share information between threads of
the same block and perform preliminary computations at this level. If the access to this
memory is coalesced then the access speed will be as fast as accessing registers.

• Constant memory: is a part of the device memory visible by all the blocks but not writable
by the threads. This part of the memory can only be written by the host. This type of
memory should only be used to store information that is accessed constantly and does
not change during the execution of the program. Its usage is very limited due to the small
amount of constant memory in the GPGPUs.

• Local thread memory: is the part of the memory only visible by the thread itself, also
known as registers. The variables created inside the kernel code are stored in this mem-
ory. There is limit in the number of registers a thread can use without degrading the
performance. If the kernel uses a large number of registers then the data is stored in
global memory, which is slower to access.
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8.2.1 GPGPUs in Machine Learning

GPGPUs have been widely used in the last few years for high performance computations in ML.
For instance, they have been already used to speedup self-organising maps for pattern classifi-
cation [Prabhu, 2008], decision trees [Sharp, 2008], neural networks [Steinkraus et al., 2005], and
support vector classification [Catanzaro et al., 2008]. GP and GAs have also benefited from the
availability of GPGPU hardware. Chitty [2007] and Harding and Banzhaf [2007] independently
presented the first applications of GPGPUs to GP,which were developed contemporarily. These
works were a proof of concept and they highlight how the parallelisation should be done. How-
ever, they do not use large datasets for testing purposes. Afterwards, Langdon and Harrison
[2008] implemented the evaluation process of GP trees for bioinformatic purposes achieving an
speedup of approximately 8X. Moreover, Maitre et al. [2009] presented an implementation of
a GA which performs in parallel the evaluation function of all the individuals using CUDA.
The major difference between this work and our approach is that they do not have a training
set but a function instead, which they run in parallel over the different individuals. Our fitness
computation is based on managing a training set within the device (which implies a higher
memory occupancy) while they use a compact mathematical (algorithmic) representation as
the fitness function.

Also, [Pospichal et al., 2010] presented a GA that runs in CUDA following the island paralleli-
sation model (See Section 2.3.5.2). To implement this paradigm in CUDA each one of the blocks
correspond to an island and each one of the threads correspond to an individual. Moreover,
to apply global operators it is necessary to perform a global synchronisation. Also the same as
[Maitre et al., 2009], this approach does not use a training set but a mathematical function to
evaluate the individuals.

Moreover, [Li et al., 2007; Yu et al., 2005] present fine-grained parallelisation approaches imple-
mented in GPGPUs. In these approaches the whole GA is implemented within the device. This
means that each thread holds the information of a single individual and the communications
are restricted to high speed communications (neighbour threads).

Regarding speeding up LCS, Lanzi and Loiacono [2010] presented a work which parallelises
the creation of the prediction array in XCS. This work was mainly focus on improving the
match of interval attributes by means of bitwise operators following the methodologies in [Butz
et al., 2008a; Dorigo and Colombetti, 1997]. This work produced from 3 to 12X speedup in the
interval-based representations and between 20 and SOXspeedup in the ternary representation.
Later, this work was extended to apply the concepts presented in this chapter [Loiacono, 2011],
which is to apply a reduction step to reduce the amount of the output structures and perform
more calculations inside the GPGPU. In this study the speedup of interval-based representa-
tions was higher than before and it ranged between 2X and 32X.

8.3 CUD A-based efficient fitness computation process

As it was mentioned in the introduction, the fitness calculation is one of the major bottlenecks
in terms of execution time for BioHEL, as well as for most EL systems. Computing the accuracy
and recall of each rule is the most computationally demanding part of BioHEL's fitness function.
To calculate these two values we need to compute three metrics per classifier:

1. The number of instances in the training set that match the condition of the rule.

2. The number of instances in the training set that match the class of the rule.

3. The number of instances in the training set that match the class and the condition at the
same time.
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The evaluation process of this system has a huge computational cost, because it involves com-
paring all the rules in the population with all the examples in the training set or strata (if using
the ILASwindowing scheme). Our goal is to parallelise the match of all the rules in the pop-
ulation with each one of the examples and to calculate the results for each rule in parallel.
Implementing this parallelism involves a greater challenge than the one presented by Maitre
et a1. [2009],because it involves not only individuals (rules in this case) but a training set as
well. However, our learning paradigm has potentially a higher degree of parallelism, because
we can perform the match with each instance of the training set in parallel.

Considering that the population size is n and the training set size is m, we intend to make
n x m operations in parallel. The most naive way to do this is to perform the match operations
in the GPGPU, copy back the results of each match to the host and then count the matches and
mismatches there. However, this approach would be very slow because every time we calculate
the fitness it will be necessary to copy a structure of size O(n x m) from device memory to host
memory. This is very undesirable because the execution time of the memory copy operations is
proportional to the structure size. Therefore, the most feasible way to avoid this computational
cost is to calculate the final result for each classifier inside the GPGPU (and in parallel). By
doing this, we will only need to copy a structure of size O( n) containing the final results.

At this point our calculation involves two steps, which correspond to the main tasks of each
kernel:

1. Calculating the match between all the classifiers and all the instances

2. Calculate the final results per classifier by means of a parallel reduction (adding all the
elements within an array in parallel)

But as we explained previously the kernels work only on data stored in the device memory, so
it is necessary to flatten the data, copy the data into the device and get the results back to host
as well. Moreover, it is necessary to calculate if all the data is going to fit in the device memory.
Considering this, our fitness calculation involves five stages as shown in Figure 8.2. However,
the evaluation process step changes depending on the parallelisation paradigm used, since two
different paradigms were implemented. The first one, coarse-grained parallelisation compares all
the rules and the instances in the training set in parallel. The second one, fine-grained parallelisa-
tion, adds another dimension of parallelism to the previous approach by parallelism the match
of the rules by its attributes.

Furthermore, the data in the training set and in the population does not stay constant during
the execution of the algorithm. This is because every time we learn a rule some examples
are deleted from the training set and also, during the learning process the population changes
through crossover and mutation. This makes the implementation even more complex because
data will need to be copied multiple times into device memory and these operations are very
slow. The implementations presented in this chapter address this problem by attempting to
minimise the copies into device memory. Considering that in each GA run (learning a single
rule) the instances remain constant, and the algorithm will only use a subset of the instances
in each iteration, our implementation tries to store in device memory all the instances at the
beginning of each GA run. Then the windowing is handled inside the device passing the win-
dow offset as a parameter of the fitness function. The window offset is the pointer on device
memory in which the instances of that particular window are stored. If the global memory
is not big enough to store all the instances then further memory calculations are performed
as it will be shown later in this section. On the other hand, the classifiers need to be copied
into device memory in each iteration. However, this does not involve a considerable computa-
tional cost because in most cases the populations occupy relatively small amounts of memory
in comparison with the instances.

The following subsections explain first the evaluation process, in which we explain the two
parallel approaches and the implementation details particular to each approach. Wewill start
explaining the coarse-grained parallelisation and then we will explain the second approach
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Figure 8.2: Stages of the CUOA evaluation in each iteration of the GA

focusing on the differences with the first one. Afterwards, we mention common strategies
followed in the other stages.

8.3.1 Coarse-grained parallel approach

To perform the evaluation process in this approach we implemented two kernel functions. The
first kernel is in charge of performing the match operations between the rules and the examples.
Each thread carries out a single match operation and computes three boolean values per rule-
example pair: a) condition match, b) class match and c) both condition and class match. The
second kernel is in charge of counting the number of matches and mismatches of a classifier.
That is, counting (in a general sense, reducing) the results calculated in the previous kernel. To
do this we need to apply a reduction algorithm as it will be explained in Section 8.3.1.2.

However, since the threads in different blocks do not share memory the reduction is limited to
the number of elements accessible in a block. If the problem is big it will take more than one
step of reduction and global synchronisation to reduce the match information of a particular
classifier with all the instances. So at the most if we reduce M items per block, the smallest
number of items left to reduce would be y/M.

It would be intuitive to perform all the necessary reductions iteratively in the second kernel.
However, this means writing to global memory a large amount of data (all the matches and
mismatches per classifier) at the end of the first kernel, which has a large impact in the run-
time. To minimise the volume of the output data the first stage of the reduction is already
done in the first kernel in shared memory, before writing the values to the output memory.
This means that if we reduce the results of 512 instances in each block the maximum output
structure size that we need on the first kernel is:

(8.3.1)

where x is the number of classifiers, y is the number of instances and A corresponds to the
output structure (12 bytes since we are storing 3 ints per pair). For this kernel the grid structure
has 512 threads, which are used to check 1 classifier against 512 instances. This guarantees the
minimum output structure possible at the end of this kernel.

This reduction performed in the first kernel is slower because it reduces three values at the same
time (the condition match, the action match and the and between the previous two). Afterwards,
the subsequent reductions (for each of the three metrics) are performed independently in the
second kernel in a more efficient way. At the end of the execution of the second kernel we
will have three values per classifier to copy back to host memory. Also, at the end of each
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kernel the information is reorganised in order to minimise the run-time of subsequent kernels
and the memory copy operations from device to host. The following subsections will explain
more deeply the kernel functions of this approach and other implementations details, such as
handling different types of attributes at the same time.

Algorithm 8.3.1: COMPUTEMATCH(classifiers,instances, numIns,
numClass, output, offset)

Determine the thread index Tij' the instance index Ij and the classifier index
C, to acces the global memory
Declare cond, action and match arrays in shared memory
if Ii < numlns /\ c, < numClass

l
cond[TiJ f- 1

for att E class[CiJ.atts /\ cond[Tij]
then do cond[Tij] f- match(ins[Ij].atts[att],class[CiJ.atts[att])

action[Tij] f- ins[Ij].action = class[Ci].action ? 1: 0
match[Tij] f- action[Tij]/\ cond[Tij]

else if match [Tij] f- action [Tij] f- cond[Tij] f- 0
Perform reduction over match[Tij], action [Tij], cond[Tij]
comment: The first thread of a block copies the final value in global memory

ifj = 0

{

Write match [Tij], action [Tij] and cond [Tij] into global memory
th output[C;][Ij] = match[Tij]
en (output + offset) [Ci][Ij] = action[Tij]

(output+2*offset)[Ci][Ij] = cond[Tij]

8.3.1.1 Kernel 1: Computing the matches

The first kernel is in charge of performing, in parallel, the match operations between all the
rules and all the examples. Algorithm 8.3.1 shows the pseudo-code for this function. After
calculating the three match values in each thread they are stored in a shared memory structure
over which a one-level parallel reduction will be performed. This reduction algorithm is based
on the parallel reduction algorithm proposed by Harris [2007] (which will be explained in the
next section) but, instead of reducing only one value, it reduces three values at the same time.
Now instead of having an output structure of size O(n x m) we have one of size O(b x n)
where b is the number of blocks used in this first kernel. This reduces the amount of time spent
in writing in global memory as well as the amount of global memory needed.

B1 B2 B3 B1 B2 B3 B1 B2 B3
C1 A A A

C2 A A A

C3 A A A

C4 A A A

C5 A A A

Figure 8.3: Distribution of the global memory by the end of the first kernel function. C = condition
counter, A = class counter, M = total match counter. Ci corresponds to the classifier index
and Bj corresponds to the block index.
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Figure 8.4: CUDA parallel reduction algorithm.

At the end of the execution of this kernel, the result values are copied back into three separate
blocks as shown in Figure 8.3. This allows having three separate areas over which we can
perform a more efficient reduction with the second kernel.

8.3.1.2 Kernel 2: Adding up the results in parallel

The second kernel is in charge of reducing iteratively the information that was previously cal-
culated in the first kernel. This kernel will perform the CUDA parallel reduction algorithm
[Harris, 2007] without any major modification. Figure 8.4 shows an example of the reduction
process for the match information of one classifier. In this type of reduction each thread is in
charge of adding up two values. To guarantee coalesced access when summing 2k values the
first 2k-1 threads with index t will add up their value with the corresponding thread t + 2k-l.

Then the second half of the threads become inactive and the first half of threads add their value
with the corresponding thread index t + 2k-2. This is done iteratively until only one value is
left. When the number of elements that we need to reduce is not a power of 2, we simply fill the
memory with data that will not affect the calculations. This kernel always launches 512 threads,
1 in the axis of the classifiers and 512 in the axis of the integers to reduce.

This reduction is applied independently over each one of the three memory areas created by
the previous kernel. Preliminary experimentation showed that performing reduction of only
one value is faster than performing reduction over three values at the same time.

This kernel is called iteratively until the number of blocks used is equal to one. In the last
iteration the kernel will reorder again the data in memory copying all the information of each
classifier next to each other. After that, the information of the classifiers will be pack together
to make possible copying it back to host memory using a single memory copy operation. Al-
gorithm 8.3.2 shows the pseudocode for this kernel and Figure 8.5 shows the complete flow of
data in this approach.

8.3.1.3 Working with mixed attribute types

In the ALKR representation discrete and continuous attributes may coexist together. Since the
coarse-grained approach iterates over the attributes in a rule to match them with an example,
we implemented a slightly different match functions for problems with different types of at-
tributes. This helps keeping the code of the kernels as simple as possible in each case. If the
problem has only continuous attributes a kernel for continuous attributes is used. If not, a
kernel for mixed attributes is used. The latter includes an extra condition that checks if the
attribute is nominal 0 real to perform the match calculations accordingly, which can potentially
make the kernel slower. Moreover, the code used to match each attribute is exactly the same as
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the code of the serial version.

Algorithm 8.3.2: REDUCE(data, totalObjects)

Determine the thread index tid and the global index gid
Declare input array in shared memory
input[tid] f- 0
while gid < total Objects

{

if gid + blocksize < totalObjects
d then input[tid]+ = data[gid] + data [gid + blockSize]
o else input[tid]+ = data[gid];

gid+ = grid Size;
SYNCO
if (tid < 256)
then input[tid]+ = input[tid + 256]

SYNC()
if (tid < 128)
then input[tid]+ = input[tid + 128]

SYNCO
if (tid < 64)
then input[tid]+ = input[tid + 64]

SYNCO
if (tid < 32)

input[tid]+ = input[tid + 32]
input[tid]+ = input[tid + 16]

then input[tid]+ = input[tid + 8]
input[tid]+ = input[tid + 4]
input[tid]+ = input[tid + 2]
input[tid]+ = input[tid + 1]

if (tid == 0)

{

if (gridDim.x == 1)
then then Compact memory per classifier in global memory

else Store data in global memory

In [Bacardit and Krasnogor, 2009a] an efficient CPU-based match process for mixed attributes
was proposed, which worked by separating the match of both types of attributes in two sep-
arate loops. This approach was also evaluated in our CUDA coarse-grained implementation.
Our preliminary experiments showed that in CUDA it is possible to achieve more speedup by
using only one loop that checks the attributes sequentially with an extra condition that checks
the type of attribute instead of using two loops. This is because the divergent code of the if
structure (which can slow the kernel by half) performs better than the non-coalesced memory
access produced by the two loops. If two loops are used the memory access is not coalesced
since the discrete attributes and the continuous attributes are interspersed in memory. The
approach of reordering the memory of the classifier and instances to put together attributes of
the same type is analysed in our fine-grained parallel approach, which will be explained in the
next section.

8.3.2 Fine-grained parallel approach

In this approach we extended the parallelism of the previous approach to an extra dimension by
parallelising the match of each one of the attributes in the rules. Since the ALKR representation
allows to have discrete and continuous attributes at the same time, to parallelise the match
of the attributes it is necessary to reorder them in memory by their type. This means to put
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together discrete and continuous attributes during the structure flattening process. This is done
over the instances and the classifiers. Moreover, the ALKR representation of the classifiers
is expanded to create a classifier's structure of regular size. This means that in the CUDA
structure all the attributes in the rule will be represented.

Since the attributes are separated by its type, the match is done independently for discrete and
continuous attributes. Moreover, the class of the classifier is matched with the instance class in
a third kernel. This means that instead of using only one kernel as in the previous approach,
we are now performing the calculations with three simpler kernels.

Considering this, the fitness calculation using the fine-grained approach consists of four
steps:

1. Compute the condition match for discrete attributes

2. Compute the condition match for continuous attributes

3. Compute the class match

4. Calculate the and between the condition match and the class match to determine the third
variable and reduce the results per classifier iteratively.

Working with simpler kernels can potentially reduce the execution time by avoiding condi-
tionals or non-coalesced memory accesses. However, expanding the original structures can
also increase the execution time of the kernels since more memory will have to be read and
processed. Since the computations are being performed independently in different kernels it
is not possible to make a preliminary reduction to reduce the size of the output data as in the
previous approach. In this approach the output data will be of size x . Y . A where A is 8 bytes
as we need to store one 1 integer for the condition match and 1 integer for the class match per
classifier-instance pair. Moreover, it is not necessary to have separate output structures for the
discrete and continuous match kernels as these kernels are performed sequentially one after the
other, and therefore, they can work over the same memory areas.

The following sections will explain how the ALKR representation is expanded to represent all
the attributes in a rule. Afterwards, each one of the kernels of this approach will be explained
further.

8.3.2.1 Expanding and reorganising the ALKR representation

To check discrete and continuous attributes independently and ensure coalesced memory ac-
cess it is necessary to reorganise the memory structures where the classifiers and the instances
are stored. Moreover, it is necessary to expand the representation of the rules so all the attributes
are expressed. To do this we first determine which are the continuous and discrete attributes in
the problem. In the case of the instances, no expansion is needed, so when creating the CUDA
structures we first copy the values for all the discrete attributes, and then we copy the values of
all the continuous attributes as shown in Figure 8.6.

In the case of the classifiers we also copy the discrete predicates first and then we copy the
continuous predicates, copying first all the lower boundaries of the predicates and afterwards
all the upper boundaries. In this new structure all the attributes will be represented, so for a
discrete attribute that was not on the list before we include a don't care predicate (a predicate
of all Is), to ensure that this attribute will match any example. In the case of a continuous
attribute that was not on the list before we copy the lower and upper bounds for the domain
of that attribute. Moreover, after expanding the classifiers we still keep track of which were
the attributes that were represented in the original lists using an extra structure of size equal
to. the number of at~ibutes. If this structure expresses 1 in the byte corresponding to the at-
tribute then the attnbute was expressed in the original list. Otherwise, the attribute was not
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11 12 13 14 15 16 17 18

C1

B4

B1 B2

C2 B3

Figure 8.5: Complete flow of data for the coarse-grained parallel approach.

Instance in host memory

Instance in device memory

Continuous attribute Discrete attribute

Figure 8.6: Example of reorganisation of an instance in device memory
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Attributes in list

Total number of attributes 6

Classifier in host memory

11 11 I 0 I 0.71 0.91 0
Classifier in device memory

I 1 I 1 I 0 I 1 I 1 I 1
GABIL predicates Lower bounds Upper bounds

Attributes in list (device)

1 101 1 I 1 I 1 I 0
Continuous attribute Discrete attribute 0 Attribute not on the original list

Figure 8.7: Example of reorganisation of a classifier in device memory

expressed. Figure 8.7 shows an example of how a rule would be expanded and reorganised in
this approach.

8.3.2.2 Kernels 1 and 2: Discrete and continuous match

Tomatch the attributes in this approach we launch one thread per classifier, attribute and in-
stance. The configuration of both of the kernels is the same and it is the one that maximises the
occupancy on the card. Each block will have 512 threads (8 threads for the attributes, 4 threads
for the classifiers and 16 threads for the instances). In total the continuous kernel will execute
x . y . numCon threads while the discrete kernel will execute x . y . numDis, where numCon
and numDis are the number of continuous and discrete attributes, respectively. In case the
number of instances is very big and the system needs more blocks in the instance axis than the
maximum allowed by the card,2 the instances in this case are partitioned in groups which are
checked sequentially.

First a matrix of size x . y is initialised with ones (assuming that all the classifiers match all
the instances). Afterwards each kernel checks if a particular attribute in a classifier matches
a particular instance. If not this thread changes the position corresponding to that classifier-
instance pair to zero. If that particular position already had a zero the thread does not rewrite
the memory. This allows both kernels to work with the same output structure sequentially,
reducing the amount of memory that we need.

If the ALKR lists are expanded the amount of memory these kernels would need to read is
much larger than the kernels in the coarse-grained approach. To stop the kernels for accessing
memory corresponding to the attributes that were not expressed in the initial lists, these kernels
only activate the threads corresponding to the relevant attributes in the original lists. Todo this
the threads access the additional structure created that shows if the attribute was relevant or
not, and only activate the corresponding threads. The pseudocode for these kernels is shown
in Algorithm 8.3.3.

2The maximum number of blocks allowed in one axis is 65535.
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Determine the thread index Tijk' the instance index Ij, the classifier index
Cj and the attribute index Ak to access the global memory
Declare output array in shared memory
if Ij < numlns A Ci < numClass A Ak < numAtts
th {if classActivation[Cj][Akl
en then output[Tijkl +- match(ins[Ijl.atts[Akl,class[C;].atts[AkD

else if output[Tijkl +- 0
Storing the final result in global memory
if match [Ij][Cd t- 0
then match [Ijl [Cd = output[Tjjkl

Algorithm 8.3.3: COMPUTEMATCH(classi fiers, instances, class Activation,
numlns, numClass, numAtts, match)

8.3.2.3 Kernel 3: Class match

The code for this kernel is very simple as each thread is in charge to compare the class of a
particular classifier with the class of a particular instance. The resulting information at the end
is stored in a matrix of size x . y which is independent from the output matrix of the previous
kernel. The class match kernel launches 512 threads per block as well, 32 in the x-axis cor-
responding to the number of instances and 16 in the y-axis corresponding to the number of
classifiers. In total this kernel launches x . y threads.

8.3.2.4 Kernel 4: Reduction

Since we have the results of the condition match and the class match in separate structures, the
last kernel is in charge of performing the and operation to determine if a classifier matches both
the condition and the class of a particular instance. After this value is calculated the reduction
is performed in the same way as in the coarse-grained approach (see Section 8.3.1.2). In this
particular reduction kernel we use a 1024 threads per block (256 threads on the x-axis for the
instances and 4 threads in the y-axis for the classifiers). In this reduction we make the most
out of the functionalities of the newest CUDA cards of 2.0 capability, which allow up to 1024
threads per block. This allows us to reduce the values of more instances at the same time, but
also allow us the balance better the parallelism of the instances and the classifiers.

8.3.3 Handling the ILASwindowing scheme

In this chapter we also study the integration of our CUDA-based fitness computation and the
ILAS windowing scheme, to verify if both efficiency-enhancement techniques can be combined
efficiently. As we explained before, if all the instances left in the training set fit in global memory
we copy them into global memory at the beginning of each GA run. In case the window system
is activated, the CUDA fitness computation is called passing the offset of the window as an
extra parameter. This is possible because the windows are created at the beginning of the GA
run and all the windows are stored continuously in memory, hence it is just necessary to specify
the offset to know which window the system is using.

Since the instances tend to occupy more memory than the classifiers, we save a lot of compu-
tational effort by copying them into global memory once per GA run and handling the win-
dowing. However, when the GA finishes the instances that are covered by the new rule are
removed from the training set and the windows are created again. At this point it is necessary
to copy the instances again into global memory.
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Also, better results were obtained when the large memory structures used (necessary to store
instances and classifiers) were allocated only once at the beginning of the algorithm and were
used over and over again rewriting the memory.

8.3.4 Integration with the learning algorithm

The CUDA evaluation is integrated inside BioHEL in two different stages: during the normal
evaluation process of the whole population and during the elitism (where the best individuals
of each window are kept in the population and reevaluated with the current window). Even
though the latter only involves evaluating a few classifiers, preliminary experiments showed
improvements in the performance when this part of the code was parallelised.

8.3.5 Handling GPGPUs with small global memory

Some GPGPUs might not have enough memory to store the whole problem at once in memory.
Therefore, to consider this scenario at the beginning of the GA, it is necessary to calculate how
many classifiers and instances fit in memory. If all the instances do not fit in memory, we calcu-
late if it is possible to fit all the classifiers at once and revisit the instances in several iterations.
If none of this is possible, the number of classifiers and instances that minimise the memory
copy operations is calculated.

The heuristic we use to handle the worst case consists in assigning half of the memory for
storing classifier information and the other half for storing instance information, To calculate
this we solve a simple quadratic formula. So considering M I the memory occupied by each
instance, MC the memory occupied by each classifier, A the size of the output structure used
and MD the global device memory available, we try to calculate x the number of classifiers and
y the number of instances to fit inmemory.

For example in the coarse-grained approach the occupancy formula would look like:

MD = xMC + yMI + x 15;2 1A (8.3.2)

Moreover, we can assume xMC = yMI and eliminate the ceiling by assuming the worst case
as follows:

(8.3.3)

Substituting both equations in the Equation (8.3.2) we find out the we need to solve the follow-
ing quadratic equation.

MD = x(2MC A) x
2
AMC+ + 512MI (8.3.4)

In the case of the fine-grained approach we can follow the same procedure, but considering that
there is no preliminary reduction on the first kernel. Therefore, the maximum output structure
used is x . Y . A and the memory occupancy formula would look like:

MD = xMC +yMI +xyA (8.3.5)

This produces and even simpler equation to solve, which is the following:

MD = 2. MC x
2
AMCx + MI (8.3.6)
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Table 8.1: Datasets used for testing GPGPU-based fitness computation. I T I = Training set size,
#Att = Number of attributes., Cov = Coverage breakpoint

Continuos Mixed Discrete
Name ITI #Att Cov Name ITI #Att Cov Name ITI #Att Cov
sat 5790 36 0.1 adu 43960 14 0.01 CNbin 234638 10 0.001
wav 4539 40 0.1 far 90868 29 0.1 Par 235929 18 0.001
pen 9892 16 0.1 kdd 444619 41 0.1 c-4 60803 42 0.0025
55 75583 300 0.0025 SA 493788 270 0.0025
CNO 234638 20 0.001
CN 234638 180 0.001

8.4 Experimental design

To test the performance of our implementation we decided to perform two stages of experi-
ments. First we evaluate the speedup of the evaluation process independently using the two
approaches explained. Afterwards, we evaluate the speedup of the overall system after incor-
porating the CUDA evaluation process (using the best approach in the previous section) inside
BioHEL.

For the first stage, we ran the evaluation process independently (both using the serial version
and our two parallel approaches) by evaluating a random population 50 consecutive times
(Simulating a GA run but without selection nor exploration). We ran a complete GA per execu-
tion to test the advantage of copying the instances once at the beginning of each GA.

The speedup is compared over thirteen different problems explained in greater detail in Section
3.2. Table 8.1 contain a summarised list of the relevant characteristics of the datasets regarding
our analysis, along with the coverage breakpoint used (necessary for replication purposes). For
each problem, the original datasets were partitioned for ten-fold cross validation. The training
set size shown in Table 8.1 is the size of each one of the folds. Over each fold we ran the
evaluation process with 25 different seeds. To determine the impact of combining the ILAS
windowing scheme with the proposed evaluation process we did experiments with different
number of windows w = {1,2,4,6,8, 10, 15,20, 25,30, 35, 40,45, 50}. The rest of BioHEL's pa-
rameters remain the same as the base configuration shown in Section 3.3, except for the Initial
MOL Theory Length ratio which was set to 0.25.

For the second stage of experiments we compare the whole learning process of BioHEL using
the CUDA evaluation process integrated with the serial version of BioHEL used throughout
this thesis. In this stage we only use the parallel approach that obtained the best results in
the previous stage. We used the same problems as in the previous stage, with the addition of
CNbin and CNO, and we performed experiments with w = {1,5, 10,25, 20,25,30,35,40,45, 50}.
Because of the computational cost of each experiment, we ran each one of the folds only once
in this stage.

In the last section we present empirical models that explain the execution times obtained with
the approach that obtains the best results. These model are based on the training set size,
number of attributes in the problem and the number of windows used.

For the CUDA experiments we used two different architectures, which we intend to com-
pare. First, we used a Pentium 4 of 3.6GHz with hyper-threading, 2GB of RAM and a Tesla
C1060 with 4GB of global memory and 30 multiprocessors. Over this architecture only the
coarse-grained approach was tested which was the one implemented earlier in time [Franco
et aI., 201Oa]. For our most recent experiments which include the fined-grained and the coarse-
grained parallel approaches we used a newer hardware which consist of an Intel(R) Core(TM)
i7CPU of 8 cores at 3.07GHz and 12GBof RAM with a Tesla C2070 with 6GB of internal memory
and 448 CUDA cores (14 multiprocessors x 32 CUDA Cores/MP). Moreover, for the serial ex-
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periments we used the High Performance Computing facility of the University of Nottingham
each node with 2 quad-core processors (Intel Xeon E5472 3.OGHz). For this experiments we
wanted to compare our implementation against the most likely architecture a user would use
if they do not have access to the GPGPU technology. .

Along the analysis the speedup of the CUDA evaluation process over the serial algorithm is
reported in order to determine the advantage of using the parallel architecture. For interpre-
tation and replication purposes we also report the execution time of the baseline cases (using
1 window). The accuracy of the system is not reported since both implementations behave
identical and obtain the same accuracy when run with the same random seed.

Table 8.2: Execution time in seconds of the evaluation process of the serial version and both CUDA
fitness functions using 1window

Serial Coarse-grained Fine-grained

GPUModel C1060 C2070 C2070

sat 3.6± 0.2 1.9±0.0 0.6±0.0 0.84±0.01
..... wav 2.6± 0.1 1.6±0.0 0.4±0.0 0.70±0.01
~ pen 4.9± 0.2 2.2±0.O O.5±O.O O.70±O.Ol0
U CNO 449.2± 49.1 11.7±0.2 17.18±O.08

CN 1555.9± 452.8 42.4±0.6 24.1±0.4 59.93±0.53
55 770.6± 119.5 14.7±0.2 9.0±O.2 22.89±O.30

adu 147.9± 30.9 10.4±O.1 2.6±O.O 2.59±0.01
"0 kdd 1715.7± 632.4 95.9±1.4 102.4±1.7 51.66±0.20Q)
x
:E far 420.8± 90.6 23.1±l.O 8.7±0.2 8.69±0.02

5A 3776.4± 1212.8 9O.5±1.2 55.0±1.0 144.81±1.30

c-4 343.8± 71.9 17.9±0.2 12.8±0.2 7.07±0.O3
ui Par 863.7± 163.1 6O.0±0.6 18.0±0.2 15.74±O.040

CNbin 544.5± 150.9 8.6±0.1 11.16±0.05

8.5 Performance of the evaluation process

In Table R.2 we present the execution times for the evaluation process using one window of the
serial version and CUDA versions (the coarse-grained and fine-grained approach). This table
shows that the variance in the execution time of the CUDA algorithm is always smaller than
the serial one, which indicates that the average speedup reported later is statistically significant.
Moreover, for the coarse-grained approach we show the execution times for the former architec-
ture used in Franco et al. [2010a], the Tesla C1060, and the newest architecture, the Tesla C2070.
It is worth mentioning that the problems CND and CNbin were added to the dataset pool later
in time, when the former architecture was not available anymore. This is the reason why results
using the C1060 over these problems are not reported. However, it was interesting to add these
datasets since they represent problems characteristics that we had not explore before.

Moreover, Figure 8.8 shows the speedups corresponding to the information in Table 8.2. In
this figure is it noticeable that even when both parallelisation approaches produce speedups
with respect to the serial approach, the coarse-grained approach produces more speedup than
the fine-grained approach in 5 problems (CNO, CN, 55, SA, CNbin), equal execution times in 5
problems (sat, pen, wav, Adu, far), and lower speedup in only 3 problems (c-4, kdd, Par). Partic-
ularly in the kdd problem the fine-grained approach doubles the speedup of the coarse-grained
approach. This could be do to the fact that the kdd problem has a balanced number of continu-
ous and discrete attributes which will distribute the computation of both match kernels evenly.
However, in general when the problem is big, the coarse-grained approach seems to perform
better.
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Table 8.3: Speedup of the CUDA evaluation using the coarse-grained approach (on the C1060 and
C207D)compared to the serial version using the same window (first row) and the serial version
without using windowing (second row)

2 4 6 8
Number of Wmdows

10 15 20 25 30 35 40 45 50

Coarse-grained TestaC1060

] way

~c..
~(3 CN

sat

pen

55

1.9
1.9
1.6
1.6
2.2
2.2
36.7
36.7
52.4
52.4

1.3
2.5
1.1
1.9
1.7
3.1

0.8
2.8
0.6
2.1
1.1
3.7

0.6
2.9
0.4
2.1
0.7
3.6

0.5
2.9
0.3
2.1
0.6
3.5

0.4 0.3 0.2 0.2
3.0 3.1 3.1 3.1
0.3 0.2
2.2 2.2
0.5 0.4
3.6 4.1

0.2
2.2
0.3
4.2

0.1
2.2
0.3
4.2

0.2
3.1
0.1
2.2
0.2
4.2

0.2
3.1
0.1
2.2
0.2
4.2
16.7

488.7
8.2

416.8

0.1
3.1
0.1
2.2
0.2
4.2
14.7

506.8

8.3
424.4

0.1
3.1
0.1
2.2
0.2
4.2
13.4

522.3
8.5

430.0

0.1
3.1
0.1
2.2
0.2
4.2
12.8

536.7
8.6

435.2

43.1 40.3 39.8 37.3 36.1 31.6 27.3 22.7 18.7
69.9 128.4 178.3 220.7 258.4 327.8 389.3 432.9 463.3
52.5 50.0 46.1 38.6 30.3 15.2 12.1 10.2 8.4
96.9 168.0 222.7 264.1 293.7 344.7 374.8 394.3 406.9

j
~e,
13 far

~
c-4

adu

Par

kdd

SA

14.2
14.2
14.4
14.4
17.9
17.9
18.2
18.2
19.2
19.2
41.8
41.8

15.8 7.7 3.5 3.0 2.9 2.6 2.4 2.4 2.3
25.3 41.6 52.9 61.5 68.0 78.4 84.3 88.0 90.8
18.3 22.5 23.1 22.9 21.8 16.6 10.2 7.6 6.9
27.8 51.7 72.7 91.0 107.2 141.1 168.4 189.5 208.3
23.1 26.3 27.6 27.9 28.2 27.0 26.4 24.6 22.4
34.9 65.3 91.9 115.1 138.3 182.5 218.9 248.1 272.7
23.4 24.0 18.9 12.8 8.6 5.2 4.8 4.7 4.9
33.7 60.4 81.3 99.6 115.8 144.6 164.5 176.0 186.4
24.1 24.8 18.1 9.7 6.6 5.0 4.5 4.4 4.3
35.6 63.3 86.4 104.5 120.0 146.5 162.7 173.1 180.6
35.9 37.0 35.8 35.5 34.7 33.3 32.1 31.0 29.6
79.5 146.2 203.7 252.8 296.3 383.7 449.0 502.3 542.7

2.2
92.2
6.5

222.9
19.7

291.7
5.0

191.2
4.5

184.9
28.6
578.0

2.1
93.2
6.4

235.1
16.7

311.4
5.0

197.0
4.7

189.4
27.5
605.8

2.1
94.5
6.2

245.1
14.8

324.8
4.9

200.9
4.7

192.1
26.0
630.4

2.0
95.1
6.0

255.6
13.1

339.7
4.9

203.5
4.4

194.1
24.5

649.9

Coarse-grained TeslaC2070

way{...
. CNO
3

sat

CN

55

6.3
6.3
5.8
5.8
10.1
10.1
38.5
38.5
64.6
64.6
85.7
85.7

5.2 3.9 3.1 2.7
9.7 13.8 15.7 17.1
4.7 3.3 2.5 2.0
8.6 11.2 12.2 12.8

2.3 1.9 1.6 1.4 1.2
18.0 20.0 21.2 21.2 21.2
1.9 1.5 1.1 0.9 0.8
14.3 15.1 15.1 15.1 15.1
3.5 2.7 2.4 2.1 1.8
26.0 27.4 30.9 30.9 30.9
55.6 35.1 21.8 18.7 18.7
286.1 380.7 453.8 510.5 561.5
71.8 67.0 58.6 50.9 43.7
513.5 694.6 836.5 972.4 1080.5
67.3 38.1 33.5 30.6 27.1
653.1 865.9 1041.4 1185.5 1306.1

1.1
21.2
0.8
16.1
1.6

30.9
18.8

599.0
39.6

1161.1
27.5

1401.1

0.9
21.2
0.8
16.1
1.5

30.9
19.0

632.7
36.2

1244.7
28.4

1454.0

0.9
21.2
0.7
16.1
1.4

30.9
19.2

660.6

33.4
1307.5
29.3

1481.9

0.9
22.5
0.6
16.1
1.3

32.9
19.5

691.1
32.8

1376.9
30.5

1541.2

57.5 65.0 32.8 15.1 13.1 12.8 12.0 10.9
57.5 104.1 176.0 227.5 268.8 301.8 360.6 389.1
48.1 61.0 75.5 78.3 78.1 74.7 57.8 35.5
48.1 92.7 173.8 246.1 310.7 367.5 490.8 587.6
16.8 21.8 25.8 28.0 29.3 29.9 30.8 31.4
16.8 32.9 63.9 93.3 120.7 147.0 207.7 260.7

48.1 63.8 67.5 54.7 37.5 25.4 15.6 14.7
48.1 92.1 169.7 235.1 292.2 342.1 433.8 500.9
26.8 36.3 42.3 34.9 20.2 14.1 11.4 10.6
26.8 53.7 107.8 166.9 217.6 258.5 330.5 381.9
68.7 60.1 63.8 62.9 63.7 63.4 62.8 62.6
68.7 133.3 252.1 357.6 453.9 540.3 724.8 874.2
63.3 98.8 119.5 120.0 116.4 108.8 71.2 40.0
63.3 119.9 221.3 307.6 383.5 450.0 585.5 680.6

adu

Par

SA

CNbin

8.6 6.1 4.9 4.0
15.4 20.6 23.5 24.7
57.8 66.8 65.6 61.5
73.9 137.8 193.6 242.8
77.3 74.5 75.6 72.9
125.3 237.2 339.0 431.0
89.6 92.2 90.1 80.4
165.4 309.5 435.4 550.4

11.4 10.8 10.8 10.4 10.5 10.1
422.5 434.9 448.1 462.1 477.0 477.0
27.0
669.6
30.6

308.6

24.4
732.0
28.8

350.9

23.1
792.4
26.3

389.0

22.7
838.6

23.0
427.8

22.3
881.4
21.0

461.2

21.6
918.9
18.9

490.2
14.9 15.7 16.4 16.8 16.6 16.9

553.7 592.6 628.0 657.5 678.7 701.3
10.7 10.9 11.7 12.6 12.8 12.2

424.4 458.3 484.2 505.5 520.8 537.1
61.6
999.0
30.4
766.9

60.3
1104.2
27.2
825.0

58.7 57.2 54.7 52.2
1187.5 1258.8 1325.0 1388.4
27.1 27.0 27.9 27.0
878.3 922.9 972.4 1008.4
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Figure 8.8: Speedup against the serial algorithm without using windowing of the different parallelisation
approaches ran on different architectures

Regarding the usage of windows, in Table 8.3 we present the net speedup (speedup of the
CUDA evaluation against the serial version using the same window size) and the total speedup
(speedup of the CUDA evaluation against the serial version without using windowing) for the
coarse-grained approach using different GPGPU architectures. In this table we can notice that
the coarse-grained parallel evaluation process achieves speedups for all the problems when
not using windowing (using one window). Moreover, the speedup gets considerably higher
in the problems with more than 40000 instances. Also we can observe that the speedups vary
depending on the GPGPU used. The highest net speedup is achieved in the SS problem, where
with the Tesla CI060 we achieved 52.4X and with the Tesla C2070 we achieved 85.7X.Combined
with the ILAS windowing scheme the highest total speedup observed using the CI060 is 649.9X
in the SA problem. On the other hand, using the C2070 the highest total speedup is 1541.2X in
the SS problem. In general, the speedups using the C2070 are larger than the ones using the
CI060, which is expected since this GPGPU posses more cores. For small problems, it seems
like the speedup increases between 4 or 5 times with the use of a newer architecture, while for
larger problems the increase in the speedup seems to be problem dependant.

Table 8.4 shows the corresponding speedup results of the evaluation process using the fine-
grained approach on the Tesla C2070. The same as in the previous table, we can see that this
approach also obtains speedups for all problems, but the speedups follow a different pattern
that the one observed in the previous table. The largest net speedup is found in the Adu prob-
lem, which obtains 57.1X speedup. Moreover, the highest total speedup found combining the
ILAS windowing and the CUDA fitness function is of 949.2X in the Par problem.

In general in the two previous tables, we can also observe that the speedup varies with the
number of windows and for a higher number of windows the net speedup tend to decrease.
This is because the CUDA evaluation gets advantage of using large or medium size training
sets, since all the example comparisons are done in parallel. The same happens with the prob-
lems that are very small from the start (pen, sat and wav). In these datasets, the overhead of
parallelising the fitness function is sometimes greater that the advantage obtained when using
large windows. However, for small problems large windows should not be used (and neither
they are necessary) because, as discussed in Chapters 2 and 4, this produces a higher chance of
problem disruption.'

3Each window used is not a reliable partition of the problem to solve
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Table 8.4: Speedup of the CUDA evaluation using the fine-grained approach (on the C2070) compared
to the serial version using the same window (first row) and the serial version without using
windowing (second row)

Number of Windows
1 2 4 6 8 10 15 20 25 30 35 40 45 50

Fine-grained Tesla C2070

sat 4.3 3.7 2.8 2.3 2.0 1.7 1.4 1.1 1.0 0.9 0.8 0.7 0.7 0.6
4.3 6.9 10.0 11.6 12.9 13.3 14.4 15.0 15.7 15.7 16.4 16.4 16.4 16.4

j 3.7 3.2 2.3 1.9 1.5 1.4 1.0 0.8 0.7 0.6 0.6 0.5 0.5 0.5wav 3.7 5.7 7.8 9.2 9.5 10.3 10.7 11.2 11.2 11.7 11.7 11.7 11.7 11.7
~
0.. 7.1 6.3 4.6 3.6 3.1 2.8 2.2 1.9 1.6 1.4 1.3 1.2 1.1 1.0
~ pen 7.1 11.2 15.4 17.6 19.0 20.6 22.5 23.5 23.5 23.5 24.7 24.7 24.7 24.70
U

CNO 26.1 39.5 46.0 45.3 42.6 38.8 24.4 15.1 13.1 13.0 13.1 13.4 13.6 13.8
26.1 50.5 94.8 133.7 168.3 199.7 264.3 314.1 356.5 390.6 419.8 444.8 467.9 488.3

CN 26.0 31.2 30.1 30.5 29.4 29.1 27.1 23.8 20.4 17.5 15.9 14.5 13.4 13.1
26.0 50.5 95.9 136.8 174.0 208.3 280.3 340.5 389.9 432.2 467.2 498.7 525.6 549.8

55 33.7 35.2 36.2 35.3 31.4 26.2 14.8 12.8 11.6 10.3 10.4 10.9 11.5 12.1
33.7 65.0 121.4 170.9 215.3 254.3 335.0 399.3 450.6 494.0 527.8 558.4 583.8 611.6

Adu 57.1 63.3 30.9 14.2 12.3 11.8 10.7 9.7 10.0 9.4 9.4 9.0 9.0 8.7
57.1 101.3 166.1 214.3 250.6 279.0 321.4 343.9 369.6 379.1 389.1 399.6 410.7 410.7

Par 54.9 69.4 85.5 87.8 86.8 82.4 62.7 38.1 28.5 25.7 23.9 23.6 23.0 22.3
j 54.9 105.3 196.7 276.0 345.5 405.5 533.2 630.5 708.0 771.2 822.6 872.5 909.2 949.2

~ kdd 33.2 42.8 49.4 52.4 53.7 53.7 52.4 51.3 48.3 44.2 39.2 33.2 29.5 26.10.. 33.2 64.7 122.5 174.5 221.1 263.5 353.7 425.7 487.4 537.8 579.6 617.1 649.9 678.1"i
~ far 48.4 63.3 64.9 51.8 34.6 23.1 14.1 13.1 13.2 13.9 14.2 14.5 14.3 14.5

48.4 91.5 163.1 222.6 269.7 311.7 393.3 447.6 489.3 526.0 546.5 568.6 584.4 601.1

c-4 48.6 61.8 64.8 47.3 25.5 17.2 13.7 12.7 12.7 12.8 13.7 14.8 14.8 14.2
48.6 91.4 165.3 226.2 275.0 315.4 399.7 458.3 505.5 537.1 563.5 592.7 603.1 625.0

SA 26.1 22.9 24.4 24.2 24.5 24.5 24.4 24.5 24.2 23.7 23.3 22.8 21.8 20.8
26.1 50.8 96.3 137.4 174.7 208.8 282.0 342.1 391.7 434.6 470.9 501.5 528.9 553.7

CNbin 48.8 77.2 93.3 94.0 90.8 85.0 55.2 31.0 23.4 21.1 21.0 21.0 21.4 20.8
48.8 93.7 172.9 240.9 299.2 351.3 453.8 528.7 591.9 640.6 680.6 716.5 745.9 m.9

To analyse better the relation between the speedup obtained with different windows and the
characteristics of the problems (i.e. number of attributes, type of problem, training set size),
Figure 8.9 shows the relation between training set size and net speedup (on the left), and the
relation between the number of windows and the total speedup (on the right) for each one
of the problems and implementations analysed. For the different number of windows w we
consider the training set size Tw to be equal to the size of the strata (Tw = ITI/w). We observe
that the relationship between the speedup and the training set is not linear and the behaviour of
the speedup changes depending on the type of problem and architecture used. Between 25000
and 50000 instances the speedup curves get their maximum value in most of the problems and
afterwards they get steady or decrease. A possible explanation for the decrease in the speedup
when the training set gets bigger is that the number of blocks needed to launch the match
kernel depends on the size of the problem. This produces an increase of the size of the output
structure copied into global memory at the end of this kernel. Moreover, there is a limit in
the number of blocks that can be processed in parallel. From a certain value, the blocks are
served sequentially. Iterative strategies to process more than one instance in a thread could be
analysed to avoid launching a large number of blocks.
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Figure 8.9: Net speedup against the training set size (left) and total speedup according to the number
of windows (right) of the independent evaluation process using different approaches and
architectures. Problems: Black = Continuous, Red = Mixed, Blue = Discrete.

Moreover, the steep decrease in the speedup when the training set gets very small is because
up to this point the serial algorithm can fit the examples in cache memory. Also the usage of
CUDA when the training set is small is less beneficial, because the constant overhead produced
by the memory copy operations cannot be hidden by the speedup gained.

The patterns of the coarse-grained approach in Figure 8.9 seem to be similar for both archi-
tectures tested, except for the Par problem which seems to gain considerably more speedup in
the C2070. However, the patterns of the fine-grained approach are considerably different than
the patterns of the coarse-grained approach. While for the coarse-grained approach using the
C2070, the continuos and the discrete problems seem to get the largest speedups, for the fine-
grained approach only the discrete problems seem to get the largest speedups, followed by the
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Figure 8.10: Largest speedup found for each one of the implementations and different architectures tested
depending on the number of attributes and training set size. The size of the circle represents
the speedup and the number besides it represents the window used to get that particular
speedup.

mixed ones. Moreover, the fine-grained approach seems to obtain higher speedups in problems
with less attributes.

Regarding the total speedup we can see it increases logarithmically with the number of win-
dows. Moreover, the patterns observed among the coarse-grained approach with both ar-
chitectures and the fine-grained approach are completely different. While in the coarse-
grained approach the problem with more continuous attributes obtain the largest speedups,
in the fine-grained approach the largest speedups are found in discrete problems with few
attributes.

Figure 8.10 shows the maximum speedup obtained according to the number of attributes and
training set size. In this figure we can see that the coarse-grained implementation seems to
benefit problems with large number of attributes, while the fine-grained approach seems to
obtain better results in problems with less attributes. Moreover, in both implementations we
can observe that the problems with medium training set sizes obtain the best results, and these
results are usually obtained when using a couple of windows. In particular the coarse-grained
approach obtains better results than the fined-grained approach in large problems. This is due
to the fact that the number of cores in a GPGPU is also limited and the best results are found
when we can find the right balance between parallelism and thread workload.

Moreover, the difference in the speedup patterns among problems is given also due to the fact
that the number of blocks that we launch is dependant on the characteristics of the problem. In
the case of the coarse-grained approach it is dependant only on the training set size, but in the
case of the fine-grained approach it is also dependant on the number of attributes. Some block
configurations depending on the architecture used might be more beneficial than others, which
explains the differences in the speedup among problems.
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Table B.6: Speedup of the BioHEL system using the CUDA evaluation over the serial version

Number of Windows
1 5 10 15 20 25 30 35 40 45 50

sat 3.7 1.6 1.2 1.0 0.8 0.8 0.7 0.7 0.7 0.6 0.8
3.7 5.6 6.3 8.4 8.3 9.5 8.2 9.4 9.7 8.8 10.6

'"a 3.1 1.2 0.8 0.7 0.7 0.6 0.6 0.5 0.6 0.5 0.5Qi

:E way
3.1 4.7 6.2 8.6 8.9 9.3 9.3 9.2 9.9 9.48 9.3

P... 3.7 1.7 1.0 1.0 0.7 0.7 0.6 0.6 0.5 0.6 0.5E pen
3.7 8.1 8.6 11.1 9.8 11.3 11.3 10.6 10.8 11.3 11.50

U
44.1 52.4 40.0 25.3 13.8 11.9 10.4eN 9.0 6.7 7.0 7.6
44.1 188.9 298.8 394.1 437.0 466.4 504.2 552.5 565.8 588.0 615.5

55 58.1 40.9 9.9 6.0 6.6 7.0 6.0 6.1 6.8 6.1 6.6
58.1 256.0 390.9 498.7 546.1 620.1 635.3 671.9 708.5 714.0 765.3

adu 20.0 7.9 6.9 6.4 7.1 6.3 6.5 6.4 6.8 6.7 5.4
20.0 83.8 132.0 165.2 176.3 201.1 198.1 204.9 211.2 218.1 224.3

Par 26.8 25.3 13.4 7.4 5.6 4.7 3.2 2.9 2.9 3.0 3.6
'" 26.8 77.6 99.8 118.6 130.7 133.0 133.8e 140.3 141.7 138.2 139.9
.Sl

'2 kdd 36.4 59.7 56.3 43.2 30.7 21.7 20.3 18.1 15.6 11.4 9.4
P... 36.4 161.7 292.7 376.7 457.7 480.8 528.9 571.4 578.6 608.6 642.3
1l 26.0 13.7 5.2 4.7 4.9 4.6 5.7 5.2 4.9 4.6 5.1.~ far
::E 26.0 89.1 123.4 159.2 166.3 178.7 181.9 194.7 180.1 192.0 182.0

c-4 21.9 8.9 6.1 5.3 6.4 5.9 6.4 5.5 6.0 6.0 5.9
21.9 92.9 157.1 188.8 220.9 238.7 257.4 259.9 271.0 265.3 277.5

SA 43.6 47.3 37.9 18.8 15.0 12.6 12.4 14.7 18.1 16.0 14.7
43.6 148.9 214.2 259.6 285.3 309.1 322.8 338.1 347.6 350.2 359.3
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Figure B.l1: Net speedup against the training set size (left) and total speedup according to the number
of windows (right) of the integrated learning process. Black = Continuous, Red = Mixed,
Blue = Discrete.

dataset obtained the best results, both without combining it with the ILAS windowing scheme
(with a maximum speedup of 58.IX) and in combination with it (with a maximum speedup
of 765.3X). Figure 8.11 shows the relation between the training set size and speedup of the
integrated system (on the left) and the total speedup of the learning process according to the
number of windows (on the right). We can observe similar behaviours in the speedup as the
ones explained in the previous section. In the case of the integration the maximum speedup for
most of the problems can be found around 50000 and 100000 examples. This shift is expected
because as some examples are deleted and the training set becomes smaller, its size gets closer
to the evaluation "sweetspot" that increases the speedup. Inmost datasets, specially the large
ones, we can observe that as the number of windows increases, the total speedup (compared
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Figure 8.13: Execution time model of the instance copy operations

Regarding the execution time of the instances' copy operations (Figure 8.13) the models are very
similar even when changing the GPGPu. Particularly in this case the model grows linearly with
the number of attributes and the number of instances. However, it seems like the C1060 card
has slightly better memory bandwidth than the C2070.

Having an approximation of how much the match and the copy operation process take in the
device we can try to approximate how much will it take a simple GA evaluation with i itera-
tions. Assuming the simplest case, in which all iterations handle exactly the same number of
windows w the time taken by the evaluation process is:

eval (att, ins, i, w) = copyins(att, ins) + i.match (att, i:S) (8.7.1)

Figures 8.14 and 8.15 show the validation of the previous model against the data shown in
Section 8.5 for the continuous and discrete problems. Small problems are not shown as both
models underestimate these cases. In these figures we can observe that the model behaves as a
lower bound in most cases, which is expected since we only considered the operations that took
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Figure 8.14: Model validation over the data obtained in the previous sections for the coarse-grained ap-
proach over the Tesla C2070
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Figure 8.15: Model validation over the data obtained in the previous sections for the coarse-grained ap-
proach over the TeslaC1060

most of the time. For the model on the C2070 there are only two problems for which the model
does not fit the data accordingly: c-4 and CNbin. In the case of CNbin the problem with the
fitting might be because this problem has very little attributes and it is right at the border of the
sample space used to create the models. In the case of the model for the C1060 (Figure 8.15) we
can observe that since this model does not have an independent term there is a subestimation
when the training set gets very small.

Regarding the mixed attributes the most intuitive way to generate a model is assuming that if
the problem has n discrete attributes and m continuous attributes the evaluation time will be
equal to:

eval(n, m, ins, i, w) = copyins (n +m, i:S) + i . (dismatch(n, ins) + cmatch ( m, i:S) )
(8.7.2)

Figures 8.16 and 8.17 show the validation of this model over mixed problem on the C2070 and
the C1060, respectively. In these figures we can observe that generating a model for discrete
and continuous attributes independently is not sufficient to model the behaviour of the system
on mixed domains. In these domains the way the different types of attributes are interleaved
might affect the execution times. Moreover, the fact that a change in the GPGPU changes the
model introduces the idea of generating a model (if possible) that takes in consideration intrin-
sic characteristics of the device, in order to understand better these behavioural changes.
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Figure 8.16: Model validation over the mixed problems for the coarse-grained approach over the Tesla
C2070

8.8 Conclusions

We have successfully implemented a GPGPU-based evaluation process for the BioHEL system.
Two different parallelisation paradigms where analysed: the coarse-grained paradigm which is
more conservative and only parallelises the evaluation of instances and classifiers, and the fine-
grained paradigm which expands the parallelism of the previous one to the attribute dimension.
Even though it seems logical that the larger the parallelism the larger the speedup, this is not
entirely true, since the number of multiprocessors in the GPGPU is finite, and if we assign a
number of tasks way above its capacity they are going to be serialised.

In this work we have determined that the right balance between parallelism and thread workload
produces the best results. In this sense the coarse-grained approach is the one that gives the best
results. This paradigm (when run on a Tesla C1060) achieves a maximum speedup of 52.4X (when
evaluated on its own) and up to 58.1X when integrated within BioHEL. Even though these values
are dependant on the characteristics of the dataset and the architecture used, we have shown that
in general the CUDA architecture can be used to successfully speed up the evaluation process of
BioHEL when handling large problems. Moreover, the combination of the CUDA-based evaluation
and the ILAS windowing scheme also showed to be beneficial, obtaining a maximum combined
speedup of 765.3X on a TeslaCI060.

This implementation exploits the intrinsic parallelism in the evaluation process and can be
easily extended to other EL paradigms. The speedup obtained with CUDA in the evaluation
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Figure 8.17:Model validation over the mixed problems for the coarse-grained approach over the Tesla
C1060

process helps the system to handle larger problems faster, one of the limitations of the system
found on Chapter 4.

Also models were generated to explain the behaviour of the execution time according to the
type of problem, number of attributes and training set size. In this sense the models manage
to explain the behaviour for most problems. However, when the GPGPU changes the model
structure changes entirely which questions the benefits of having these types of models. Tnthis
sense we conclude it is best to generate more complex models that include intrinsic character-
istics of the GPGPU to explain the algorithm's behaviour.

8.9 Further work

As further work we would like to extend this implementation so it can use more than one
GPGPU at the time. By doing this, the system could schedule the matching of different groups
of classifiers and instances in different GPGPUs, if more than one device is available.

It could be also interesting to develop an implementation that copies the information only once
into device memory and synchronises the population and the instances when there are changes.
This way, the system would only perform small memory copy operations which would be
interesting to compare with the current system.

Finally, the use of GPGPUs opens the door to perform much extensive experiments that we
could not afford to perform before. For instance, it is known that increasing the number of strata
of the ILAS windowing scheme makes the problem more difficult to learn [Bacardit et al., 2004].
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Nevertheless, it was not possibly to exhaustively determine when this was producing a signif-
icant impact in the system's performance in large scale domains because the experiments were
too computationally demanding. GPGPUs allow us to perform much larger experiments than
before, thus we are able to push forward the boundaries of evolutionary data mining.

In general, the parallelisation methodologies presented in this chapter can be easily extended
to speed up the match or the evaluation process in other EL systems. For systems which use
a supervised learning approach (Pittsburgh-like LCS, (RL, etc) the evaluation process involves
the match process and the fitness calculation of the classifiers while for Michigan LCS it only in-
volves the creation of the match set. While the first ones could potentially have more advantage
of this parallelisation techniques, the later could apply the techniques explained in this thesis
to match the examples that arrive through online learning.

170



CHAPTER 9

Post-processing the final rule sets

One last weakness to tackle in BioHEL is the length and generality of the solutions generated by means of the IRL
paradigm. Towards this aim this chapter introduces three post-processing operators (rule cleaning, rule pruning and
rule swapping) which combined together in different ways can help reduce the complexity of the rule sets generated
with BioHEL. Thefirst two operators edit individual rules to reduce their number of expressed attributes and hence
make them more general. The latter operator changes the order of the rules within the decision list (based on the
similarities between them) to identify and delete the unnecessary ones. The results show that it is possible to both
reduce the number of specified attributes per rule and the number rules by up to 30% in some problems without
producing significant accuracy changes.

9.1 Introduction

A frequent theme throughout the years in EL research is the proposal of methods to reduce
the complexity and/ or improve the generality of the generated solutions (mostly rule sets) to
provide a more understandable solution for the user. After the learning process of all kinds of
EL systems, the generated rule sets may not be optimal. There are many reasons for this: a) In
IRL the greedy nature of the learning process makes it easy to generate suboptimal rule sets, b)
the Michigan approach usually generates very large rule sets of fixed size where some of the
rules are duplicated or irrelevant, and c) in all paradigms there is no guarantee that the solu-
tions are as optimal as possible (minimal rule sets). These problems get aggravated while the
problems become larger and complex, as the final solutions increase their complexity as well.
Therefore, it is important to edit the rules and rule sets to make them more general, without
compromising their prediction capacity. Towards this aim, some studies in the literature focus
their efforts in reducing the cardinality of the final rule sets [Dixon et aI., 2003; Wilson, 2001a].
Other studies present intelligent operators to combine the rules in order to obtain less complex
solutions [Bacardit and Krasnogor, 2009b; Butz, 2006].

Throughout Chapter 4 we noticed that the rule sets generated with BioHEL present two prob-
lems. First, the rule sets generated by BioHEL, even though they are small compared to the ones
obtained with Michigan LCS, they might not be maximally general since they are generated in a
greedy fashion (without global supervision) and they are considerably larger than the ones ob-
tained with GAssist. By doing this the rules might be learned in the wrong order, which causes
the solution to be larger than the optimal solution. The second problem is that the individuals
in the initial populations in BioHEL are generated randomly with a user-defined specificity
(number of relevant attributes and instance space covered by these attributes, which in binary
domains are defined by the parameters ExpAtts and p, respectively) and the learning process
is in charge of evolving these rules and adapt them to the correct specificity of the problem
(which for binary domains is equal to the k of the problem). Even though this is accomplished
in most cases by means of the coverage breakpoint, it can happen that the good rules are more
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specific than what they should be and they need to be simplified, as shown in Chapter 7.

To overcome these two problems, this chapter proposes three local search operators (rule clean-
ing, rule pruning and rule swapping) which combined together in different ways can help reduce
the cardinality of the generated solutions as well as the number of attributes expressed in each
rule. While the first two act on individual rules to reduce the number of attributes expressed
without degrading the accuracy, the last one is a simple heuristic that changes the order of the
rules considering similarities (or overlapping) between them.

These rule editing operators are designed for the GABIL and hyper-rectangle knowledge repre-
sentations, which encode discrete and continuous attributes, respectively (See Section 2.4.2.1).
Even though these operators are evaluated in this chapter over rule sets obtained with BioHEL,
they can be applied directly to other systems employing decision lists and the GABIL or hyper-
rectangle representations (e.g. GAssist, GALE, NAX) and can easily be adapted to many other
rule representations.

In the first stage of experiments each operator is evaluated independently. Afterwards, combi-
nations between the operators were tested to determine if applying them together in a particu-
lar order improves the results. The improvements were measured based on the number of at-
tributes, number of rules and accuracy observed before and after applying the operators.

The results show that these operators can improve the final rule sets significantly without de-
grading the test accuracy. It is shown that when combining the operators in particular ways
it is possible to reduce both the number of attributes and rules in the initial solution by up to
30%. However, the reduction percentage varies among problems.

This chapter is organised as follows. Section 9.2 describes previous works that apply operators
or mechanisms to improve either individual rules or complete rule sets. Section 9.3 explains in
detail the proposed post-processing operators. Section 9.4 presents the experimental design to
evaluate these operators. Section 9.5 presents the results obtained after evaluating the operators
and Section 9.6 presents the conclusions and future research directions.

9.2 Related work: Rule optimisation algorithms

The operators presented in this chapter are local search operators that fall into the category of
Memetic Algorithms (MA) [Krasnogor and Smith, 2005]. However, instead of being applied
during the learning process, these operators are used to post-processes and compact the final
solution. The Memetic Pittsburgh LCS (MPLCS) [Bacardit and Krasnogor, 2oo9b] proposed
several operators with some similarities to the operators presented in this thesis. This work
presents four operators, three rule-wise operators and one rule-set-wise operator. Similarly to
the the operators presented in this chapter, they work with the GABIL representation. The first
rule-wise operator Rule Cleaning disables the literal in the GABIL string that makes the rule
cover the most misclassified examples and does not help to classify correctly any example at
all. The Rule Generalizing operator has the opposite effect, it activates the literal that correctly
classifies more examples and does not increase the rnisclassifications. The Rule Splitting oper-
ator separates the rule into two rules, over which the cleaning operator can be applied more
effectively. Moreover, this work also presents a rule-set-wise operator in which a new rule set
is generated by inserting the rules of parent rule sets in the order that increases the most the
accuracy of the offspring rule set.

The similarity between the rule cleaning mechanism presented in [Bacardit and Krasnogor,
2009b] and our work is given by the fact that both operators disable literals in the rule that con-
tribute to misclassify examples. The difference is that our cleaning operator does not attempt
to make one change in the rule, but to make all the necessary changes needed (according to
a predefined policy) in each one of the attributes. There is a similarity as well, between the
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rule generalising and the rule pruning mechanism presented in this chapter. While the rule
generalising operator tries to activate the bit that makes the classifier cover more examples
without compromising the accuracy, our pruning mechanism eliminates all the attributes from
the rule that can be deleted without compromising accuracy or covering negative examples.
In this sense we could say that our operators are more aggressive than the previous ones, but
this is needed since we are acting over final rule sets and we need to make all the necessary
changes in a single application of the operator. Moreover, we do not need to worry about the
balance between exploration and exploitation which is crucial for MPLCS. Finally, MPLCS's
rule-set-wise operator although also designed for decision lists is quite different from the rule
swapping presented in this chapter. The MPLCS operator creates a new rule set from scratch
from the rules of many parents, while our operator edits a single rule set swapping the order of
similar rules.

Other approaches of rule optimisation use Estimation of Distribution Algorithms (EDA) [Lar-
ragana and Lozano, 2002] to model the structure of the problem and consider this knowledge to
generate new individuals. Examples of this are the crossover operators implemented by Butz
[Butz,2006] that use either an ECGA [Harik, 1999] or a BOA [Pelikan et aI., 1999] to determine
the structure of the building blocks of the problem. Also the Compact Classifier System (CCS)
[Llora et aI., 2(05) and its extension [Llora et al., 2006] uses EDAs within Pittsburgh LCS to
generate new individuals based on the generated model.

Regarding the compaction of the final rule sets a lot of work was done over Michigan LCS. The
first attempt to reduce the cardinality of the rule sets was presented in [Kovacs, 1997; Wilson,
1995], as a population condensation phase where mutation and crossover where disabled. After-
wards, the Compact Ruleset Algorithm (CRA) [Wilson, 2001a] was proposed, which orders the
rules from best to worst according to a certain characteristic (e.g. experience or numerosity),
and keeps only the necessary amount of rules that produces the same accuracy as before. This
algorithm reduces dramatically the number of rules but it also has very high complexity and
does not work well if the rule set has not reach maximum accuracy. To tackle the complexity
problem Dixon et al. (2003) presented an algorithm based on marking the "useful" rules. The
useful rules are the rules that after testing the whole training set, they fell into the action set
at least once. Two possible approaches can be followed: marking the only the rule with the
highest prediction accuracy in the action set, or marking all the rules in the action set. This ap-
proach produces similar results in much less computational time. Moreover, Orriols-Puig and
Bemad6-Mansilla [2004] presents a detailed analysis of the three reduction algorithms men-
tioned before, where they were compared using paired t-tests. In this analysis it was shown
that Wilson's algorithm produces the best compaction with less degradation, while the Dixon
approaches are more efficient in terms of computational time but produce more accuracy degra-
dation.

Other approaches of rule set compaction can be found in [Fu and Davis, 2002; Gao et al., 2006].
Fu and Davis [2002] present two modifications of the CRA specifically designed to handle not
well-trained rule sets (solutions that have not achieved maximum accuracy). The first modi-
fication was the deletion of classifiers incrementally. While the original algorithm works at a
macro-dassifier level, this algorithm erases the classifiers one by one. The second modification
optimises the construction of the final set of rules, since this is the stage that takes more compu-
tational time. Moreover, Gao et al. [2006] also presents a version of the original CRA algorithm
that instead of trying to find the useful subset it erases classifiers one by one, reducing the
computational comple ity of the algorithm. Statistical test were not performed in any of these
works to determine the differences with the previous approaches.

It is worth mention that in all these algorithms the rule set reduction is done at the cost of
reducing the test accuracy slightly. Also these methods can not be directly compared to the one
presented in this chapter becau e they are specifically designed for Michigan LCS, where an
order betw n the rul does not e ist, in contrast to decision lists.
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Problem: xl = 1/\ x3 = 0
000 0 100 1
001 0 101 = 0
010 0 110 1
011 0 111 = 0

Good rule
xl = 1/\ x3 = 0

Over-specific rules
xl = 1 /\ x2 r- 1 /\ x3 = 0
xl = 1 /\ x2 . 0 /\ x3 = 0

Figure 9.1: Example of good rules and over-specific rules for a particular problem with 3 attributes.

9.3 Post-processing operators for BioHEL

In this section we discuss three different rule set post-processing operators: a) rule pruning, b)
rule cleaning and c) rule swapping. The first two operators act on individual rules while the
last one is a rule set compaction operator. The next section explains each one of them in greater
detail.

9.3.1 Rule Pruning

The rule pruning operator acts by dropping attributes from the rule, making them more gen-
eral. Most learning systems introduce generality pressure in their functioning (by means of
their fitness function/subsumption mechanisms, etc.). In particular for the BioHEL system,
this generality pressure is applied by means of the coverage term (controlled by the coverage
breakpoint parameter) in the fitness function. Hence, at the end of the learning process the
generated rules are expected to be maximally general and specify only relevant attributes that,
if made irrelevant, will decrease the accuracy of the rule. However, this does not always hap-
pen. This operator tackles the scenarios where the maximal generality of the rules has not been
reached.

Figure 9.1 presents simple examples of over-specific rules for a small problem of 3 attributes.
As we can see having over-specific rules, not only makes the solution more complex, but also
makes the solution larger since each rule covers a smaller percentage of the training set.

This operator (identified as PR) works on individual rules iterating along each one of their
attributes. The system tries to erase each attribute, one at the time, and recalculates the accuracy.
If the accuracy decreases (because the rule mismatches more instances than before) the change
is reverted. The pseudocode for this operator can be found in Algorithm 9.3.1. This operator
is the same as the one applied in Chapter 7 to prune the candidate representatives found in an
initial population.

Algorithm 9.3.1: PRUNING(Classifier c1)

prevacc f- GETACCURACY(c1)

for each att E GETATTRIBUTES(c1)

{

REMOVEATTRIBuTE(att,cl )
do if GETACCURACY(c1)>= prevacc

then prevacc -- GETACCURACY(c1)
else RESTORE(att,cl )

return (cl )

This operator is very simple and does not depend on the representation used. It can be easily
translated to other representations that do not use attribute lists, by just generalising attributes
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Problem:
Xl nominal {a,b,c,d,e}
X2 nominal {w,y,z}
X3 nominal {m,n}

Good Rule:
Xl = (aVb) I\x2 = w

Generated Rule:
xl = (a V bVc) 1\ X2 = wl\x3 nt

Figure 9.2: Example of rule where it is not possible to erase irrelevant attributes because of the over-
generalisation of the relevant ones in a nominal problem with 3 attributes.

CL2 CL CL CL2

-)
OLD

Continuous

(- -
OLD

( (+ - + + + + - + -+) )

Discrete

111011
OLD abc de f

Values covered by possitive examples: a,b,c
Values covered by negative examples: c,e

CL
111000
abcdef

CL2 111001
abcdef

Figure 9.3: Example of different cleaning policies CL and CL2 for continuous and discrete attributes

completely. The greedy nature of this operator may not be effective in problems with a strong
interdependency between attributes, but in most problems this policy can be effective, as the
experiments will show.

However, when the cardinality of the attributes increase (more than two values per attribute)
or when we are working in continuous domains the effectivity of this operator decreases. If the
relevant attributes of the rule are over-generalised and they cover areas of the solution space
that they should not, it would be impossible in some cases to erase the irrelevant attributes.
Figure 9.2 shows an example of the situation mentioned above. Since attribute Xl also spec-
ifies value c, when we attempt to erase attribute X3 it might be possible that the rule covers
more negative examples than before. If this happens the change will be reverted. To solve this
problem it is necessary to correct the specificity of the relevant attributes before the pruning.
Towards this aim we implemented the cleaning operator which will be explained in the next
section.

9.3.2 Rule Cleaning

This operator fits the predicates of each attribute in the rule so they only cover (if possible)
correctly classified examples. At the end of the evolutionary training process the generated
rules may cover areas of the search space that contain no examples (because of the generality
pressure introduced by the learning system), or that contain only misclassified examples. While
the latter is an obvious case that should be fixed, it is not clear if the former requires correcting,
as essentially it means decreasing the generality of the rules without a clear advantage. As we
will show later in this chapter, the advantage of this operator is not observed on its own but
when combined with the pruning operator, since it can boost its performance.
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Algorithm 9.3.2: CLEANRULE(c)

matchExamples ~ GETMATCHEDExAMPLES(C)
for i E c.atts

if i is continuous

{

SortedPositive = matchExamples.positive[i].sortO
then c[i].lowerBound ~ sortedPositive[O]

c[i].upperBound ~ sortedPositive[sortedPositive.length - 1]

{

for pred E i.values

{

POS ~ i.values.index[pred]else do if pred == 1/\ matchExamples.positive[i] [pos] == 0
then pred ~ 0

do

return (c)

To "clean" rules, the system calculates the instances classified by this rule. Afterwards, it it-
erates along the attributes reducing the covered space to match preferably only the positive
examples (examples correctly classified). In the hyper-rectangle representation this involves
reducing the distance between the lower and upper bounds of an attribute's interval, and in
the GABIL representation it involves disabling (setting to 0) some of the values of an attribute's
predicate. Two different policies (shown in Figure 9.3) can be followed to shrink the domain of
an attribute:

CL - Focus on the positive examples. This policy reduces the predicate to cover only the posi-
tive values observed. In the case of continuous attributes this policy places the boundaries
right next to the first and last positive value observed. In the case of discrete attributes it
leaves activated only the literals that correspond to the values in the positive examples.
Algorithm 9.3.2 shows the pseudocode for this operator.

Algorithm 9.3.3: CLEANRuLE2(c)

matchExamples ~ GETMATCHEDExAMPLES(C)

for i E c.atts
if iis continuous

sortedPos = matchExamples.positive[i].sortO
sortedNeg = matchExamples.negative[i].sortO
lowNeg ~ CLOSESTNEGLEFT(matchExamples.negative[i],

sortedPos[O])
then upNeg ~ CLOSESTNEGRIGHT(matchExamples.negative[i],

sortedPos[sortedPos.length -1])
[·]1 B d L_ sortedPos 0 +lowNeC I • ower oun .,-
[.] B d ' . sortedPos sorledPos.len th-l +u Ne

C I .upper oun .,-

{

for pred E i.values

{

pas ~ i.values.index[pred]
else d if pred == 1/\ matchExamples.negative[i] [pas] oF 0/\

o matchExamples.positive[i][pos] == 0
then pred ~ 0

do

CL2 - Do not infer. This policy is more conservative than the previous one. In the case of the
continuous attributes, it places the boundaries between the first positive value observed
and the closes negative value. In the case of discrete attributes this policy only deactivates
the literals that appear in the negative examples and do not appear in the positive ones.
In order words, this policy tries not to infer what happens in the areas of the search space
where there is no input. Algorithm 9.3.4 shows the pseudocode for this operator.
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Algorithm 9.3.4: CLEANRuLE2(c)

matchExamples +- GETMATCHEOExAMPLES(C)
for j E c.atts

if i is continuous
sortedPos = matchExamples.positive[i].sort()
sortedNeg = matchExamples.negative[i].sort()
lowNeg +- CLOSESTNEGLEFT(matchExamples.negative[i],

sortedPos[O] )
then upNeg +- CLOSESTNEGRIGHT(matchExamples.negative[i],

sortedPos[sortedPos.length - 1])
[·]1 B d ,~_ sortedPos 0 +lowNeC I . ower oun ,-

c[i].upperBound +- sortedPos sortedPos.len th-l +u Ne

{

for pred E i.values

{

pos +- i.values.index[pred]
else d if pred == 1/\ matchExamples.negative[i] [pos] i- 0/\

o matchExamples.positive[i] [pos] == 0
then pred +- 0

do

9.3.3 Rule Swapping

Rule swapping (SW) is a rule set modifier operator which main goal is to reduce the number of
rules in a decision list by changing their order. Particularly in IRL the rules are generated one
after another without having a global supervision of the generated rule sets. This could lead to
the generation of larger rule sets than necessary. Moreover, it could be the case that the system
makes mistakes while learning the first rules, and then more rules are necessary to cover the
rest of the examples left in the training set. An example of this situation is shown graphically
in Figure 9.4 where if Rule A is learned before Rule B, it is necessary to learn extra rules to cover
the rest of the examples. This does not happen if the rules are discovered in the inverse order.
Therefore, if we change the order of the rules in the final rule sets we could potentially fix some
of the errors the system made during the learning process and reduce the number of classifiers
of the final solution.

This simple heuristic iterates (from top to bottom) through the rules as shown in Algorithm
9.3.5. In each iteration the rule being evaluated is compared to all rules placed after it within
the decision list, in order to find the most "similar" rule to the observed, and swaps them.
Afterwards, the accuracy of the rule set is recalculated (considering the new order) and if the
accuracy decreases the change is reverted. If the change is approved, the system scans all the

Rule A

Rule B + ++ + + + ++ + + ++ +
+ + + ++ + ++

Figure 9.4: Example case where rule swapping can be beneficial since it allows erasing extra rules
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rules that follow the first swapped rule, erasing the ones that are not active anymore (rules that
do not cover any example) because they have been subsumed by the change in order.

Algorithm 9.3.5: RULESWAPPING(rs)

accuracy f--- ACCURACY( rs]
for r E rs

rs2 f--- FOLLOWINGRuLEs( r, rs ) / / Returns the set of rules placed after r in rs
r1 f--- MOSTSIMILARRuLE(r, r52)
SWAP(rl,r,rs)
newAcc f--- ACCURACY(rs)
if newAcc < accuracy
then SWAP(r, rl, rs)
else if newAcc > accuracy
then accuracy f--- newAcc

r52 f--- FOLLOWINGRULEs( rl, rs)
for f E rs2

{
if f.coverage = = 0

do then DELETE(j, rs)/ / Deletes rules with no coverage

do

The similarity metric between rules depends on the percentage of the space the rules match
in common, and its calculation is different for discrete and continuous attributes. Considering
rules i and j, both containing a continuous attribute c, the area this attribute matches in common
for both rules (intersection) is:

S C .) = min(ubc(i), ubc(j)) - max{lbc(i), lbc{j»
c I,] max(ubc(i),ubc(j) - min{lbc(i),lbc(j»

where lbc(i) and ubc(i) can be read as lower and upper bound of attribute c in rule i. For the
discrete attributes and GABlL representation the intersection between attributes is calculated
as Sc(i,j) = coincidentValsc(i,j), where coincidentVaisc(i,j) is the number of values that are
activated in both predicates at the same time.

Moreover, to calculate the similarities using the ALKR representation we have to take into ac-
count that some attributes may not appear in the rules. Therefore, we have to consider three
cases: a) the attribute appears in both rules, b) the attribute appears only in one of the rules, and
c) the attributes does not appear in any of the rules. If the attribute appears in only one of the
predicates the intersection in done considering the second attribute covers the whole domain of
the attribute. If the attribute does not appear in any of the predicates a total coincidence is con-
sidered. Therefore, the similarities between rule iand rule j can be calculated as follows:

S(' .) _ Dis Efis Sk(i, j) Real ~l S ( .. ) Mi
I,] - -. + -- LJ k I, ] +-

NA Efrs numVals(k) NA k NA

where Dis is the number of discrete attributes observed in both rules, Real is the number of real
attributes observed, Mi is the number of attributes that do not appear in any of the predicates
(missing attributes), NA is the total number of attributes in the problem and numVals(k) is
the number of values of attribute k. This formula sums the similarities for the discrete and
continuous attributes independently, and then weights these values according to the number
of real or discrete attributes observed. Also, at the end, this formula considers a complete
intersection between all the attributes that do not appear in any of the lists. It is worth noticing
that we normalise the discrete attribute term according to the number of values observed after
summing the values for all attributes, to treat all attributes equally in problems with discrete
attributes of varying cardinality.
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9.4 Experimental design

The experiments in this chapter are divided in three parts. The first part shows the impact
of each operator independently. The two other parts show combinations of them (in terms of
the order of application) to better understand how these mechanisms interact between each
other.

We tested our post-processing operators (CL and CL2 -rule cleaning with both policies, PR -
rule pruning and SW -rule swap) over rule sets generated using BioHEL in the experiments
reported in Chapter 4. Specifically, we used the rule sets generated with BioHEL using the
standard configuration shown in Table 4.2 plus three parameters that vary depending on the
size of the problem according to Chapter 4: the coverage breakpoint, the number of ILAS
windows and the default class policy. For large problems (over 40000 instances) a coverage
breakpoint of 0.001, 10 windows and majority default class was used. For small problems (less
than 40000 instances) a coverage breakpoint of 0.1,2 windows and disabled default class was
used. Moreover, in Chapter 4 stratified ten fold cross-validation was employed, and five rule
sets were generated from each training set. Thus, for each problem we tested our operators
on 50 (potentially different) rule sets. Furthermore, our operators are not stochastic, so we run
these only once per rule set.

Our results are presented in terms of the percentage of variance (with respect to the initial re-
sults) in test accuracy, number of rules and number of attributes. We also show the test accuracy
obtained after integrating the rule sets into a simple consensus ensemble (see Section 2.4.1.4).
We have included the ensemble accuracy because we were interested in determining if these
operators increase or reduce the diversity of the ensemble which is the key to its success. For the
comparison with the initial rule sets, we present their results in Table 9.1. Moreover, we show
the execution times of applying the different operators over large problems (experiments were
run in Intel Xeon E5472 3.OGHz processors) to determine how they scale in these domains. At
the end of our analysis, we determine if there are Significant differences between the results ob-
tained with the different operators, the combinations of them and the initial results all together
using the Friedman test and the post-hoc Holm test.

9.5 Results

In this section we will first analyse the impact of the operators independently. Later, we analyse
the impact of combining the rule operators CL and PRoAfterwards, we analyse the combination
with the rule set operator SW. Finally, we analyse statistically the results obtained with all the
combinations of operators shown.

9.5.1 Independent operator analysis

Figure 9.5 shows the results of the first stage of experiments. We can observe that only a small
fraction of problems present large accuracy variations. Interestingly, the variations are larger
(both in terms of accuracy increase and decrease) when looking at the ensemble accuracy than
when looking at the average test accuracy, and this is a trend that will be observed also in
later stages of experiments. Moreover, we can see that the PR operator can reduce the number
of expressed attributes up to 23% in large problems and up to 13% in small problems. Even
though the number of attributes expressed per rule in BioHEL is not very high, this result shows
that is it possible to generate even more general solutions without varying the test accuracy.
On the other hand, SW could potentially reduce the number of attributes as a consequence of
deleting rules, but its impact over the attributes is not very big, it is only observed in the eN-bin
problem. Moreover, we can also observe that the SW operator is capable of erasing up to 30%
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Table 9.1: Test accuracy, test accuracy after ensembles, number of rules and number of attributes of the
rule sets before post-processing

Prob. Test aee Ensemble ace Rules Atts
Adult 85.19 ± 0.55 86.09 ± 0.39 194.24 ± 10.26 1O.18±2.8O
C-4 79.20 ± 0.50 80.94 ± 0.46 316.14 ± 19.10 9.96±3.23
KDDCup 99.93 ± 0.02 99.95 ± 0.01 188.84 ± 13.52 4.25±2.99
ParMX 99.99 ± 0.01 100.00 ± 0.00 394.34 ± 19.39 9.00±0.01
SSt 65.20 ± 1.02 71.20 ± 1.06 773.26 ± 30.42 11.49±3.40
CN 68.68 ± 0.69 80.59 ± 0.46 253.34 ± 12.48 10.09±2.78
CN-bin 72.45 ± 0.47 72.44 ± 0.49 38.20 ± 1.85 7.12±0.73
bal 85.34 ± 4.55 86.55 ± 3.64 30.34 ± 2.03 3.09±0.49
bpa 62.67 ± 7.28 67.87 ± 5.59 20.18 ± 1.12 3.35±1.29
bre 66.69 ± 8.22 68.56 ± 8.51 22.50 ± 1.36 3.64±1.52
erne 53.30 ± 4.50 54.18 ± 4.64 14.28 ± 5.71 2.58±1.39
eol 95.07 ± 3.07 97.32 ± 2.15 6.38 ± 0.78 2.40±1.37
er-a 83.37 ± 5.42 84.90 ± 5.49 20.22 ± 1.57 3.98±1.71
gls 70.98 ± 10.51 75.64 ± 9.22 17.14 ± 1.07 3.18±1.50
h-cl 78.07 ± 6.54 81.23 ± 4.95 13.16±1.11 3.96±1.46
hep 87.40 ± 8.30 89.79 ± 8.10 5.92 ± 0.70 2.72±1.03
h-h 94.97 ± 3.58 95.92 ± 3.52 5.76 ± 0.89 2.20±1.29
h-s 76.44 ± 8.56 78.89 ± 8.20 14.24 ± 1.13 4.04±1.55
ion 89.46 ± 3.57 92.27 ± 2.81 5.04 ± 0.83 4.74±1.88
irs 93.87 ± 5.01 94.00 ± 4.92 6.32 ± 1.02 1.57±O.56
lab 97.14 ± 5.77 97.14 ± 6.02 2.00 ± 0.00 1.60±0.49
lym 79.37 ± 13.57 80.89 ± 13.09 9.52 ± 0.99 3.01±1.29
pen 92.31 ± 1.98 94.62 ± 1.04 27.82 ± 2.80 6.46±3.44
pim 71.19 ± 5.11 73.97 ± 4.44 24.56 ± 1.43 4.23±1.60
prt 45.95 ± 8.63 47.56 ± 8.99 28.32 ± 4.43 4.34±1.99
sat 85.13 ± 1.52 86.99 ± 1.39 31.02 ± 2.32 5.68±3.57
son 73.85 ± 10.28 80.56 ± 12.40 7.28 ± 0.67 3.72±1.51
thy 93.20 ± 4.14 93.48 ± 3.93 7.16 ± 0.87 1.69±O.73
vot 96.09 ± 3.42 96.10 ± 3.79 13.66 ± 2.22 2.22±0.97
wav 79.67 ± 1.85 83.10 ± 1.75 33.40 ± 1.65 6.40±2.55
wbcd 94.85 ± 2.33 95.57 ± 2.17 6.70 ± 1.43 3.66±1.94
wdbe 94.53 ± 2.99 95.64 ± 3.35 7.60 ± 0.83 2.84±1.13
wine 91.75 ± 6.26 95.39 ± 4.52 3.58 ± 0.54 2.98±1.21
wpbe 69.96 ± 10.43 75.57 ± 9.78 9.44 ± 0.95 3.68±1.99
zoo 94.78 ± 5.09 94.98 ± 5.31 7.00 ± 0.00 1.39±O.49
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Figure 9.5: Results of the application of the different post-processing operators independently. CL - rule
cleaning policy 1, CL2 - rule cleaning policy 2, PR - rule pruning and SW - rule swapping

of the rules in the CN-bin problem, and we can observe that it has a bigger impact on the large
problems, which had (in general) larger initial rule sets. It is worth noticing that in the CN-
bin problem, which is the problem where SW erases most rules, the number of attributes also
decreases. This indicates that in this particular problem the SW operator managed to keep the
most general rules, erasing specific ones that, after changing the order, were not necessary any
more. Moreover, considering that Cbl-bin and ParMX are binary problems it is expected that
the SW operator works better on these domains, because finding similarities between rules in
these cases is easier. Finally, the CL operator does not have an effect on the number of attributes
or the number of rules by itself, and it concentrates the largest accuracy drops, but as it will be
shown later in this chapter, it can boost the performance of the PR operator. We can also observe
differences between the two cleaning policies studied. CL2 is much more conservative than CL,
and therefore the variations in the accuracy are smaller. In most cases the variations in accuracy
seem to depend on the problem rather than on the employed operator.

Table 9.2 shows the total execution times of the CL2, PR and SW operators applied over large
problems. The execution times for small problems are less than 1 second for any for the opera-
tors and they are not reported. Here we can see that for the three operators the execution time
increases proportionally to the size of the training sets and the analysed rule set. Moreover, it
is noticeable that the non-conservative cleaning is slightly more expensive than the conserva-
tive one. Perhaps because it allows more changes in the predicates. Considering these large
datasets, CL,CL2 and PR scale well, but SW involves considerably larger execution times. This
is because this operator is very greedy and tries to swap every rule in the solution, recalculating
the accuracy each time. Its execution time can be reduced by applying more selective policies
which only try to perform a change if the similarity is higher than a threshold. Another way
option would be to parallel the execution of this operator using GPGPUs. However, this would
not give good results in terms of speedup as the algorithm is mainly sequential. Nevertheless,
a different parallel approach to swap the rules could be investigated.
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Table 9.2: Execution time of the application of each one of the different operators independently

Prob CL CL2(s) PR (5) SW(s)

Adult SO.87±5.02 49.87±3.85 69.60±1O.22 5855.04±874.14
C-4 130.87± 17.43 96.49±8.33 192.21±24.76 18763.03±2614.41
KDD 311.73±41.19 213.95± 18.25 375.85±59.00 23791.21±5041.45
ParMX 526.83±69.04 405.77±37.05 619.20±82.02 106343.70± 13094.78
SSl 453.14±45.55 293.70±23.26 649.51±85.94 133415.03± 19160.27
CN 446.56±80.20 314.02±26.01 631.68±7O.09 43097.44± 5429.48
CN-bin 17.54±O.75 17.44±O.76 20.52±O.82 157.51±76.42

9.5.2 Interactions between CL and PR

Considering the nature of the operators, when combining them, the SW operator should always
be applied last, since this operator acts over the whole rule set. Therefore, we will first analyse
the different ways in which our rule operators CL and PR can be combined together. The
results of the different combinations of PR with both cleaning policies CL and CL2 are shown
in Figure 9.6. It is noticeable that since CL2 is more conservative than CL it has less impact over
the number of attributes. Also we can notice that applying the cleaning before the pruning
increases the number of attributes erased. This is because to erase irrelevant attributes the
relevant ones should have the correct specificity. Otherwise, they will match examples that do
not belong to the domain of that classifier thus making the pruning process more difficult. Also
this figure shows that applying pruning twice with CL/CL2 in between, can erase even more
attributes than the previous combinations (up to 30%). This is because the PR mechanism can
help the CL operator and vice versa in a cyclic way. However, for some problems this involves
more variations in the test accuracy, specially in the gls and wine problems where the accuracy
drops 4% and 3%, respectively. It is also worth noticing that when using the conservative CL2
operator, the usage of a previous pruning (PR-CL2-PR) increases dramatically the number of
attributes erased, up to a point that for small problems it erases as many attributes as PR-CL-
PR. However, the test accuracy stays less variable in PR-CL2-PR. For this reason we consider
that the combination PR-CL2-PR could be more appropriate to post-process rule sets.

9.5.3 Interactions of rule operators with SW

Figure 9.7 shows the combinations of the CL, CL2 and PR operators with the rule-set-wise
operator SW and also the combination PR-CL2-PR-SW to analyse the behaviour of the three
mechanism together under the configuration that provided the best results in the previous sec-
tion. In this figure we can observe that the number of deleted rules does not change when SW is
combined with other rule set operators. The only interesting change is presented in the CN-bin
problem, where the combination CL2-SW makes the system erase slightly less rules. Moreover,
the changes in accuracy remain the same for the CL-SW and CL2-SW operators, showing that
SW has no effect over the accuracy changes. In general the SW operator does not affect the
performance of the others. Once again the policy that deletes more attributes and more rules is
PR-CL2-PR-SW,which erases up to 27% of the attributes or 30% of the rules, depending on the
problem. However, this policy drops the test accuracy for some problems, which does not occur
with the PR-SW combination. In this sense, we could say that the PR-SW combination is the
safest one to use, while the PR-CL2-PR-SW is the best in terms of the obtained results.

9.5.4 Statistical evaluation of the operators

In this section the differences between the original and post-processed rule sets will be studied
from a statistical perspective using the Friedman and Holm statistical tests. The tests have been
run separately for the average test accuracy, ensemble accuracy, number of rules and number
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Figure 9.7: Results of the application of the different combinations (in terms of order of application) of
post-processing operators with the SW operator. CL2 - rule cleaning (second policy), PR -
rule pruning and SW - rule swapping

of attributes in a rule. Table 9.3 reports (a) the p-values of the Friedman tests, (b) the results of
the Holm tests and (c) the average rank across data sets of each combination of post-processing
operators and the original rule sets (Base). We show * if the configuration in the row generates
rule sets that are significantly better than the original ones, using a confidence level of 99%. For
the comparison using the number of rules only the configurations that include SW were con-
sidered, and we can observe that all of them generate significantly smaller rule sets compared
to the original ones. In relation to the number of attributes per rule, we can observe that all
settings including PR (as expected) produce rule sets with significantly less attributes.

From the average ranks it is possible to conclude that the best configurations that erase both rules
and attributes are PR-CL2-PR-SW and PR-SW. While the first one is capable of erasing more
attributes, the second one does not produce major oscillations in the prediction accuracy. Moreover,
if the user is not interested in erasing rules but only attributes (and hence avoid the computational
cost of SW) the best configurations are PR-CL-PR and PR-CL2-PR.

9.6 Conclusions

In this chapter we have presented three post-processing operators capable of reducing the complexity
of rule sets in terms of rule set size and number of attributes expressed per rule. Our results across
both small and large problem, show that it is possible to reduce the number of rules and attributes
expressed up to 30% in some problems, without significantly degrading the accuracy.
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Table 9.3: Rankings of the Friedman statistical tests to compare the combinations of post-processing op-
erators. * indicates that the algorithm is significantly better than the initial results according
to the Holm test with 99% confidence. For the comparison between the number of rules only
the combinations with SW were considered in the statistical test

Test Test # Rules #Atts
ace ensem

P-Values 0.708 0.962 8.ge-09 2.2e-16
Base 7.80 7.07 3.73 10.84
CL 7.73 7.86 10.84
CL2 7.64 7.84 10.84
PR 7.57 7.21 5.53 *SW 7.51 6.60 2.59 * 11.30
CL-PR 6.37 7.29 3.97 *PR-CL 6.67 7.31 5.53 *PR-CL-PR 5.87 6.79 1.51 *CL2-PR 6.59 6.79 5.81 *PR-CL2 6.89 7.16 5.71 *PR-CL2-PR 6.36 6.91 2.29 *
CL-SW 7.14 6.51 2.07 * 11.23
CL2-SW 7.46 6.83 2.40 * 11.17
PR-SW 6.94 6.29 2.14 * 5.94 *PR-CL2-PR-SW 6.46 6.54 2.07 * 2.47 *

Moreover, we have shown how the CL/CL2 and PR operator can help each other boost their
performance in a cyclic way and that the best configuration found to erase both attributes and
rules is PR-CL2-PR-SW. Furthermore, the CL/CL2 operator is the one that produces the biggest
changes in accuracy, and these changes seem to depend on the problem itself. It is still not clear
which characteristic of the problem or the rule sets themselves produces this behaviour.

9.7 Further work

In the future we would like to evaluate the application of CL and PR during the learning pro-
cess, to see if they could help finding better solutions along the learning process. In the specific
case of BioHEL, this means to apply them to each rule learned before inserting them into the
iteratively generated rule set. Moreover, we intend to determine why the accuracy drops in
some problems when using the CL operator and how to fix this. Also it could be interesting to
test other policies for the CL and PR attributes. For example, in the case of PR, we could test
a gradual generalisation instead of a drastic one presented in this chapter. This is instead of
trying to erase the whole attribute we could try to expand the domain of the attribute as much
as possible without making mistakes.

Moreover, other approaches can be studied for the CL and PR operators in which the attributes
are not checked iteratively, but the outcome of each possible change is calculated, similar to
how it is done in [Bacardit and Krasnogor, 2oo9b]. After calculating this, it is possible to fix the
attributes in an outcome-dependant order, starting from the ones that produce the best outcome
(the change makes the rule more general).

For the SW operator it would be interesting to test other metrics or policies to swap rules (differ-
ent from the similarity). Moreover, a more selective swapping policy could reduce the execution
time, by only trying to swap two rules when the similarity is higher than a threshold, avoiding
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diminishing returns. This could be done by analysing empirically the relationship between the
similarity (or any other metric used to swap rules) and the success in erasing rules after the
swap is performed. However, modelling this is not simple as the model would have to take
in account the characteristics of all the rules left in the rule set, and not only the two rules the
system tries to swap.

Furthermore, it is still necessary to determine systematically how the operators are affected by
noise and to compare them to other local search mechanisms such as the ones in present in
MPLCS [Bacardit and Krasnogor, 2009b].

Finally,we would like to evaluate these operators on rule sets generated by other systems (be-
side BioHEL)generating decision lists using GABIL/hyper-rectangle representations to deter-
mine (a) if the impact of the post-processing is larger or smaller and (b) determining if there
is another combination of operators more suitable to other systems. In addition, we think that
these operators can easily be adapted to other representations. In the case of rule cleaning, its
application can be translated to other continuous representations by reducing the covered area
with the aim of reducing as much as possible the misclassifications. The only domain where
this is not possible is the binary domain, since the specificity of the attribute does not vary
gradually. The pruning operator can also be translated to other representations by generalising
the boundaries (in the case of continuous representations) or setting don'tcares (in the case of
discrete representations).

In this chapter we have learned that is it possible tofix the possible mistakes made while using the
IRL paradigm, if the solution is revisited as a whole. This means we can have a shorter and more
general solution if the rules are put in the right order. Moreover, the generality of the individual
rules can be increased after the learning process by applying non-expensive operators and without
altering the prediction capacity of the system.
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CHAPTER 10

Summary, Conclusions
and Further Work

This chapter presents a summary of the work conducted in this thesis to improve the efficiency of the BioHEL system
when handling large scale domains. It recapitulates the methodologies followed and the conclusions achieved in each
chapter. Moreover, this chapter also highlights the contributions made to the area of rule-based EL and the further
research directions for BioHEL and the research field in general.

10.1 Summary of the thesis

With the decrease of the storage costs and the developments in technology in the last two
decades, humankind is collecting information from all aspects of our society at an increasing
speed. However, the capacity of sophisticated methods of performing data mining over large
amounts of data at a reasonable speed is still far behind. Therefore, there is a need to push
forward the boundaries of the current state-of-the-art mechanisms to make them able to work
with larger and more complex domains.

This thesis was focused on improving the efficiency of BioHEL, an EL system which applies the IRL
paradigm. In particular we focus on improving the system to handle larger domains in terms of
the number of instances availablefor training and number of attributes orfeatures presented in the
problem.

Towards this aim, an exhaustive preliminary experimentation and analysis was carried out in
Chapters 4, 5 and 6.

Chapter 4 Pittsburgh vs. IRL: Identifying future challenges was particularly focused on deter-
mining strengths, weaknesses and domains of competence of both BioHEL and GAssist using
a wide variety of real-world problems. Two shared mechanisms between these systems, the de-
fault rule and the ILAS windowing scheme, were analysed tangentially to the most influential
parameters for BioHEL and GAssist. In the case of GAssist the number of GA iterations and in
the case of BioHEL the coverage breakpoint parameter. Also a standard parameter configura-
tion for both algorithms was identified.

Conclusions. This chapter shows that BioHEL is more suitable than GAssist to handle large
scale datasets. On the other hand, it also shows that BioHEL its more dependent on the choice
of parameters used (specially the coverage breakpoint) to obtain good results. It is shown that
this parameter can be very difficult to set up for an end-user and its right setting is determinant
for the success of the algorithm. Moreover, the execution time of BioHEL, even though it is
lower than that of the other learning approaches which produced similar results, is still high
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and dependent on the size of the problem and the number of rules in the final solution. Finally,
the number of rules this system generates is higher than GAssist, and in general there is no
guarantee that the solutions generated are minimal.

Chapter 5 Parameter impact in BioHEL's fitness function carries out a more in-depth and sys-
tematic analysis of the impact of using different coverage breakpoint settings. For this purpose
k-DNF boolean functions were used since, as synthetic problems, it is possible to control and
adjust their difficulty in regular incremental steps. The two dimensions of difficulty analysed
in this chapter are: a) the number of relevant attributes in the terms of the problem (k) and b)
the number of terms in the problem (r). These two dimensions generate a third dimension of
difficulty which is the overlapping between rules. This chapter analysed the limitations of the
BioHEL system in terms of these two dimensions and tries to determine empirically how the
coverage breakpoint parameter should be set.

Conclusions. The results of this analysis showed that if the relevant number of attributes of
the problem (k) is known it is possible to set the coverage breakpoint accordingly. Moreover, a
model of the probability of negative examples in the problem is presented, which can be used
to estimate the difficulty of the problem according to the class imbalance.

Chapter 6 Modelling the initialisation stage of BioHEL performed a theoretical analysis of
the learning capacity of BioHEL's knowledge representation. This chapter focused on deriving
the probability of having a good initial population. This is having individuals that contain
information about the solution of the problem and do not make mistakes, and having a pop-
ulation general enough to cover every possible training example. This formulation aimed to:
a) understand how the initialisation stage works, b) how the initialisation of the classifiers can
be affected by the problem difficulty, and c) understand how some parameters should be set
within the system to ensure a good initial population in BioHEL.The models were derived in
this chapter for the binary domain and extended afterwards for the x-ary domain.

Conclusions. The models generated in this chapter show that as k increases and r decreases
it becomes more difficult to generate a good initial population. Moreover, the value p (the
initialisation probability of GABIL values) should be set according to the k of the problem to
increase the chances of generating good individuals. Finally, since these models depend on k
and r it might be possible to measure the empirical number of good individuals and obtain
estimates of the characteristics of the problem.

Based on the previous conclusions three key enhancements were proposed and developed
within the BioHEL system:

• An automated procedure to determine the problem's structure (based on the theoretical
models derived) and set the coverage breakpoint parameter accordingly, which is intro-
duced in Chapter 7.

• A fast GPGPU-based parallel evaluation process, introduced in Chapter 8.

• A set of post-processing operators to refine the generality of the decision lists created
using IRL,which is introduced in Chapter 9.

Chapter 7Automatic theory-based adjustment of the coverage breakpoint presents a heuristic
approach to set the coverage breakpoint parameter automatically. Since the problem of deter-
mining the adequate coverage breakpoint can be translated to determining the characteristics of
the problem (k and r), this approach combines the models presented in Chapters 5 and 6 with
this purpose. These models, which correspond to the probability of negative examples and
the probability of finding good individuals in a population, are used in a reversed way. This
means that we can quantify these two values empirically within the problem and determine
feasible values for the number of attributes (k) and number of terms (r). Afterwards, using
this information and following the conclusions of Chapter 5, it is possible to set the coverage
breakpoint parameter accordingly.
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Conclusions. This approach is able to find the adequate coverage breakpoint value for a broad
set of problems with and without noise. Also the additional effort of the search mechanisms is
discussed and the experiments showed that for some problems it can be reduced by more than
half by relaxing some constraints in the heuristic. When testing our approach over a large scale
bioinformatic problem this mechanism also managed to adapt the coverage breakpoint param-
eter to the best value found using exhaustive experimentation, reducing the total experimental
time by 71%.

Chapter 8 Fast evaluation process using GPGPUs explores parallelisation techniques based on
GPGPUs to reduce the execution time of BioHEL. Two different strategies with varying degrees
of parallelism are proposed and evaluated. We evaluate the parallel fitness computation mech-
anism first on their own and then integrated into BioHEL's learning process. The interaction
between this approach and other efficiency enhancement techniques also existing in BioHEL
such as the ILAS windowing scheme are also studied. Last but not least, we presented models
of the execution time of our approach based on the number of instances in the training set and
number of attributes in the problem.

Conclusions. From the two approaches presented, this chapter shows that the approach with
the lower degree of parallelisation produces the best results. This is because this approach
balances better the load of each thread and the degree of parallelism. In particular, this ap-
proach produced speedups over the CPU-based evaluation of up to 85X using a Tesla C2070
and and 52X speedup using a Tesla ClO60. Moreover, it was shown that the ILAS windowing
can be successfully combined with our approach and the speedups are cumulative. However,
the speedups depend on the characteristics of the problem as it was shown by the models. The
integration of the GPGPU-based evaluation with BioHEL's learning process obtained important
results on the biggest bioinformatic problem where the execution time was reduced from two
weeks to eight hours.

In Chapter 9 Post-processing the final rule sets we tackle the problem of refining the final
solutions of the BioHEL system, which might not be as general as possible due to the usage of
the IRL paradigm. In this chapter we introduce three post-processing operators that apply local
search to refine the rules: rule cleaning, rule pruning and rule swapping. The two first operators
are rule-wise operators which try to reduce the number of attributes in the rules, thus making
them more general. On the other hand, the last operator is a rule-set-wise operator that tries to
reduce the number of rules in the final rule sets by swapping their order based on similarities.
This operator considers that using IRL the rules might be learned in the wrong order which
produces larger rule sets.

Conclusions. The rule pruning and the rule cleaning operators combined together managed to
reduce the number of attributes in the rules by up to 30% in some problems without reducing
significantly the accuracy. Moreover, the rule swapping operator managed to reduce the num-
ber of rules up to 30% in real binary problems. This shows that it is possible to improve the
generality of the decision lists learned using IRL by revisiting the solution as a whole after the
learning process.

By the end of this thesis we have improved the BioHEL system to make it more efficient and usable.
In particular the system is now able to automatically adapt the coverage breakpoint parameter for
binary problems, which is a very problem dependent parameter, difficult to adjust by hand. Also the
system is more efficient in terms of execution time. Both the preliminary experimentation time and
the learning time were reduced, by means of adapting parameters automatically and speeding up
the evaluation process, respectively. Finally, the system provides solutions that are more compact,
general and readablefor an end-user. Even though there is still the need to extend the parameter
setting heuristic to work with the whole range of domains BioHEL can accept, these improvements
have pushed forward some boundaries of the system making it more suitable to solve larger domains.
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10.2 Contributions to the area of Evolutionary Learning

This thesis presented the following contributions to the area of rule-based El:

• An exhaustive analysis over the BioHEl system, on which its domains of competence
were determined and guidelines on how to set up the coverage breakpoint where estab-
lished according to the characteristics of the problem.

• Covering and Schema bounds were derived for a different representation apart from the
widely spread ternary representation. This representation corresponds to the GABIL rep-
resentation within the AlKR context.

• A heuristic to determine the structure of a problem and adapt the coverage breakpoint
parameter automatically was proposed.

• A method to speed up the evaluation process using GPGPUs was proposed which can be
combined with the ILAS windowing scheme, producing speedups that are cumulative.

• Three operators to post-process the individual rules and rule sets were proposed to gen-
eralise the final decision lists obtained.

Moreover, the methodologies presented in this thesis, although focused on the BioHEl system,
can be easily extended to other systems. For example, other systems that used the GABIL or
the ALKR representation (e.g GAssist, GABIl, HIDER) can use directly the theoretical models
presented in Chapter 6, since so far only models have been derived for the ternary representa-
tion {1,0,#}. Moreover, the heuristic approach presented in Chapter 7, although its aim is to
set up the coverage breakpoint parameter, what it does is to determine the characteristics of the
problem. From this perspective this methodology can be beneficial to set up any evolutionary
system in advance with a prior knowledge of the problem to solve. Moreover, the two vari-
ants of the GPGPU-based fitness function presented in Chapter 8 can be easily applicable to
other systems that use a supervised learning approach. last by not least, the post-processing
operators presented in Chapter 9 can be either applicable to other systems that use decision
list, or can be applicable during the learning process as extra local search operators to boost the
efficiency of the GA.

10.3 Further work

Different future research steps have been underlined in this thesis. We first summarise the fu-
ture research directions separated per contributions. Afterwards, we discuss the general future
directions for BioHEl and for the field of El, in the context of large scale data mining.

10.3.1 Further research directions on BioHEL's experimentation

Still there is the need to analyse in-depth the impact of the IlAS windowing scheme on BioHEl
and determine, based on the characteristics of the problem, which are the limits of the usage of
this mechanism without impairing the prediction capacity of the system.

Regarding the general performance of BioHEl observed during our preliminary analysis, it is
necessary to improve the system to handle data that has a high overlapping, making the system
able to distinguish the structure of the problem rather than generalising it. In this sense there
is a lot of work from Orriols [Orriols-Puig, 2008] that could be revised and possibly adapted
to BioHEL. Even though this work is based on Michigan lCS, the philosophy of using the
imbalance ratio to guarantee the reproductive opportunities of the individuals that belong to
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the less represented niche could be applied to BioHEL. This is actually easier in supervised
learning approaches as the calculation of the imbalance ratio is straight forward.

Ingeneral other techniques such as granular clustering [Pedrycz and Bargiela, 2002, 2012],min-
max clustering [Bargiela and Pedrycz, 2013; Simpson, 1993], and inclusion/ exclusion clustering
[Bargiela et al., 2004] seem to hold the key to handle imbalanced data. In these techniques the
data is iteratively clustered together in hyperboxes (which are very similar to the hyperplane
representation of BioHEL). These techniques allow to generate a representation that simply
adapts itself to the underlined model of the data (with hyperboxes that can vary their size in
different parts of the search space). Considering the similarity of the hyperbox representation
and the hyperplane representation it would be very interesting to analyse these techniques
in greater depth and try to apply these concepts to BioHEL to improve its performance on
imbalanced data.

Moreover, it would be interesting to compare other ML systems against BioHEL using the
k-DNF family of problems to see if the behaviours observed in BioHEL also occur in other
systems, and which are the limitations of other systems in terms of overlapping and class im-
balance.

10.3.2 Further research directions on modelling the behaviour of BioHEl

Regarding the schema and covering bound models developed it is still necessary to adapt these
models to continuous inputs. Recent work [Stalph et al., 2012] presents covering bound models
for the continuous domain for the XCSF system that can be adapted to BioHEL.

Moreover, it would be ideal to simplify the current models, so they do not depend on charac-
teristics of the problem that are not easy to quantify, and in this sense, improve the applicability
of these formulas to determine parameters in the system. Also, in order to use these models to
directly set up parameters in the system it is necessary to develop the reproductive opportunity,
sustenance and learning time boundaries. In this way there would be a complete theory that
fully explains why the BioHEL system works and how it should be set up correctly. Moreover, it
would be interesting to determine differences between IRL and Michigan LCS, and model fur-
ther limitations this paradigm might have beyond the ones already established for traditional
LCSs.

10.3.3 Further work on setting the coverage breakpoint automatically

Regarding the coverage breakpoint heuristic it is still necessary to extend this methodology to
x-ary and continuous domains. For this, not only the corresponding models for the representa-
tion should be applied, but also the representative processing mechanisms should be revisited
since these representations are more complex. In this case both the cleaning and pruning oper-
ators explained in Chapter 9 would be necessary to both align the relevant attributes and delete
the irrelevant ones. Also in the x-ary domain a mechanism to discover e (the number of bits
activated in a GABIL attribute) would be needed.

Furthermore, it would interesting to test other selection policies for k in the heuristic, specially
if there is not a single cell that has the highest score. Probably in this case it would be better
to average the k of the cells that shared the maximum score. Moreover, recycling the repre-
sentatives observed during the parameter tuning stage would help the populations converge
faster. This could lead to the usage of smaller number of iterations in the GA run, which means
a smaller execution time.
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10.3.4 Further work on speeding up the evaluation process

For the GPGPU-based evaluation process in would be interesting to extend this methodology to
work with more than one device at the time. This would increase the scalability of the algorithm
when handling larger datasets. Moreover, it would be interesting to apply this methodology to
other systems similar to BioHEL and compare the speedups obtained.

Also a more in-depth analysis of what is the right balance between the workload of the kernels
and the level of parallelism should be performed to improve the current methodology. Fur-
thermore, to combine the ILAS windowing scheme and the GPGPU evaluation process in the
best way, we need to perform both an analysis of the accuracy loss while using ILAS and an
analysis of the impact of the ILAS in the workload, which makes the evaluation process run
faster.

10.3.5 Further work on refining the final solutions

Regarding the post-processing operators it would be interesting to test variations of the PR op-
erator. For instance, making the attribute more general instead of removing the whole attribute.
Also, it would be adviced to test other swap policies different than the similarity presented in
this thesis. Moreover, since the swapping mechanism is computationally expensive, it would
be ideal to test more conservative approaches which only swap the rules if the measure of sim-
ilarity is above a certain threshold. This threshold could be determined empirically observing
which swaps where efficient in terms of erasing rules.

Moreover, it would be necessary to test these operators under controlled noise conditions to
determine how they are affected by this factor. Finally, it would be ideal to compare these
operators with the memetic operators presented in [Bacardit and Krasnogor, 2009b], which
have a very similar nature.

10.3.6 Where to go from here?

Regarding BioHEL there are still a lot of open research directions to follow. First of all, alter-
natives to the usage of a coverage breakpoint can be explored. Moreover, alternatives to the
fitness function in general can be analysed, such as multi objective approaches.

It is also important to continue trying to characterise real problems, as it is the most practical
way in which the SioHEL system can be tuned to serve a particular purpose. Using standard
configurations the system might not achieve the best possible result but also extensive prelimi-
nary experimentation is not a feasible option when handling large domains.

Other methodologies to parallelise BioHEL such as data-intensive computing should be con-
sidered. However, the type of code that runs on these architectures is really simple [Owen
et al., 2011; Verma et al., 2009], so the current methodologies used would have to be revisited
a possibly simplified. In this sense it would be interesting to perform an analysis of speed
against learning quality, comparing simple approaches that can run really fast using data-
intensive computing and sophisticated approaches that demand larger computational times.
In this sense it would be very important to determine which is the middle point between the
two that performs better while solving real domains.

In general, future research in the EL field should be focused in trying to tackle the complexities
found in real domains (that are not encountered in usual benchmarks or synthetic problems),
such as noise, irregular inner structure of the problem, overlapping problem structure, missing
data, imbalanced data, among others. Again, in order to do this the characterisation of the
problems and their complexity should be performed to select the best algorithm for the task
and tailor its configuration accordingly.
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10.3. FURTHER WORK

There is definitely a long way to go until EL algorithms manage to cope with the volumes
of data that industry, medicine, and other areas of our society handle nowadays. However,
these algorithms possess two advantages over other sophisticated ML methods that are very
important and need to be exploited: the capacity of output logical rules that can be understood
and applied by experts and the intrinsic parallelism within the usage of a GA. Moreover, real-
world problems should be solved from a practical perspective. This means that when solving
this kind of problems the best method is not always the one that provides the most accurate
solutions, but the one that produces reliable, general and understandable results in reasonable
time. From this perspective algorithms that apply rule-based EL are good candidates to focus
the research on to finally bridge the gap between state-of-the-art ML and real-world complex
domains.
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ApPENDIX A

Results of the parameter sensitivity
analysis of BioHEL and GAssist

A.1 Complete results of the parameter sensitivity analysis for
BioHEL

Table Al shows the results of the test accuracy for small problems using different default class
policies and coverage breakpoint settings. Moreover, Table A.2 shows the corresponding train
accuracy for the cases presented in the previous tables. Finally, Table A.3 shows the number of
rules generated for each scenario.

A.2 Complete results of the parameter sensitivity analysis for
GAssist

Table A4 shows the results of the test accuracy for small problems using different default class
policies and coverage breakpoint settings. Moreover, Table A.S shows the corresponding train
accuracy for the cases presented in the previous tables. Finally, Table A6 shows the number of
rules generated for each scenario.
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ApPENDIX A: RESULTS OF THE PARAMETER SENSITIVITY ANALYSIS OF BIOHEL AND GASSIST
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Table A.I: Test accuracy in BioHEL using different coverage breakpoints and different default class poli-
cies. * is shown next to the control method when significant differences are found (within the
same default class) and - is shown next to the methods that are significantly different (worse)
than the control method
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A.2. COMPLETE RESULTS OF THE PARAMETER SENSITIVITY ANALYSIS FOR CASSIST
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Table A.2: Train accuracy in BioHEL using different coverage breakpoints and different default class
policies
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ApPENDIX A: RESULTS OF THE PARAMETER SENSITIVITY ANALYSIS OF BIOHEL AND GASSIST
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Major Minor Dis I Major Minor Dis

bal bpa
0.5 1.19±O.74 3.78±1.I9 3.48±1.56

I
O.OO±O.OO L06±O.24 100±O.IB

0.25 B.I4±2.22 12.72±1.43 11.1 2±1.70 I.B2±222 9_24±148 8_20±1.48
0.1 18.53±3.04 32.86±2.40 29.18±1.99 14.92±151 18.66±1.04 19.48±1.52
0.05 3UJ4 ± 1.88 49_24±2.89 442B±3.40 2O,05±129 2334±134 2586±I.90om S2.66±10.79 54.28±3.45 64.98±3.49 3O.51±1.89 35S9±188 48 64±3.32

b.... cmc
0.5 o.eo.eo.oo 4.02±1.09 2.27±O.Y8

I
O.OO±O.oo 120±O.40 O.IBiO.41

0.25 D.OO±O.OO lO.14±O.73 3.90±O.86 2.19±2.40 l.36±O.48 o.C±O.56
OJ 4.42±4.37 17.26_i1.08 21.24±1.39 6.14±S.23 lJ.84±5.S4 12.4tl±S92
005 16.73±1.39 18.11±127 25.90±I.70 34.63± 14.56 46.9J± 13.47 4O.9H±1728
0.01 2101±1.77 29.52±1.67 41.70±260 138.92±7.39 174.5J±629 215_38±5_7S

col a-a
05 3.83±O.57 2.85±0.76 3.14±O.37

I
l.00±O.OO 103t.017 1 SS±036

0.25 3.94±O.55 4.61±O.79 4.49±O.61 2.8S±O.90 616t349 'ih7±1.01
0.1 4.30±O.83 4.81 ±O.62 5.30±O.74 18.11 ±1.34 16.1«) H).98 1~17il_45
005 4.68±O.90 6.68±1.13 7.06±1.45 23.59 ± 1.46 24.RJtl..5h 2S.34±2.32om 1O.88±2.39 lO.76±3.2Q 15.43±3.59 3193±1.84 3h.07±1.92 SJ05±327

<I. h-c l
05 10.64±1.11 7.78±0.93 7.24±0.67

I
4.24±2.46 4.43±I.I5 2.17±0.42

0.25 11.13.11.11 10.03±1.oo 8.81 +1.13 7.69±1.25 M77tO.72 MHht076
0.1 14.31±1.17 16.75-t1.28 16.27±124 1239±o.89 1187tl09 1227±113
005 15.71±1.28 20.17.11.75 20.03±173 1326±Q.89 12.62±1.03 1393±123
0.01 24.81 ±2.06 .l_"i.27t2.63 34.98±2.74 2O.26±127 22 hI ± 1.56 J03h:t-2.54

hep h-h
05 3.10.10.56 3.72±0.54 2.46±0.5O

I
1.001:0.1)) 3741CJ58 18IHO.J3

0.25 3.1O±O.S4 4.52±0.60 3.78±0.88 2.40±0.83 3.85 ± O.(,() 290±0.h7
0.1 375±0.56 5.38±0.59 4.83±0.79 3.82±0.S4 3.Mf:O.hl 470 .l::O.M!
0.05 3.84±0.62 7.26±0.85 5.98±1.35 4.1O-i:0.4S 464tO 54 5 f{j to.88om h.41 :1:0.89 11.56±2.05 9.07±2.01 771±1.11 5.89t1.l0 941 t1.92

h-s Ion
05 328±226 4.42±1.12 2.47±0.52

I
4.79±220 252±O64 122t:0.4."i

025 8.37±1.32 8.86±0.99 8.57-t0.87 6.86±1.32 417t069 314±O.88
0.1 12.J3±O.96 12.63±1.24 1329±l.24 8.9g±0.69 5.051:0.6.3 4141:087
005 13.20 ± 1.15 13.47±1.39 14.77±1.51 9.05±0.76 787tO.66 1002±137ont 18.86±1.33 22.92±1.60 29.69±2.66 12.22±1.05 1751 t2.07 1978±2.23

lab
05 2.00±0.CY! 2.OO±0.OO 2.02±O.13

I
1.IXHO.OO I (l)±OOO 100±OOO

0.25 258±1.08 2.51H1.04 2.44'±O.97 i.oo euoo 1.00±O.OO 1.00.t:OOO
0.1 5.45±O.78 5.44±O.81 5.44±O.R4 t oo-ooo 1.39+049 l00tOH)
005 5.92±0.88 5.85±O.90 6_(~±0.92 1.40±O.49 168±0.7O 131HO.52
0.01 1O.02±1.64 9.97±1.7O lO.5ln:1.53 I.XX-t0.57 1.77:t0.74 J HH±O.66

Iym p<n
0.5 6.02tO.54 3.62.10.69 3.4R±O.52

I
34.50±4.31 3192t3.76 27.49t2n

025 680±O.52 8.65±0.90 8.8HO.93 34.41 ±4.23 32.21t3.57 2768.t2.62
0.1 7.09t-U.59 8.86±1.01 8.68.11.03 3335±3.94 30.'11 t-357 26.76±-277
O.OS 7.40±O.S9 9.74±1.19 9 ..1.C;-±124 54.97+3.03 54'1O±3.07 t;1.42±2G1M
0.01 12.12+1.22 18.17-±-2.22 17.46±2.21 ij9.07 .±3.11 M.lJH2.84 91.51 t2.77

pim

I
prt

05 n.rXHO.OO 1.03±0.20 1.5St-O.64 18.50±651 22.13±4.46 2 J.ZIH 4.460.25 1.00tO.t)6 8.89±4.01 6.86±2.25 1864>6.38 21.%+4% 2146" 2201 6.74.:1:3.99 26.11±101 23.57±1.94 18.48.:1:7.19 2780±'4.4-4 27.06i434
0.a5 25.91 ±1.11 3435±163 34.92±197 36.88±6.53 458'lH.1!O 46.56±487
[)_()1 4331±2.30 53.91±2.51 6653±3.48 73.43-::6.19 8972±-4.'n 8918U.68

sa son
0.5 21 SB±4.65 11,05.:1:5.39 16.6(}±177

I
186±0.49 I 66tOXC; 11K tOn02.C; 21.94±4.67 10.5S±5.~ 16.58 ± 1.85 524.10.61 5.361062 5.bS to.b4

0.1 32.6B±3.42 37.16110.17 30 25±2.33 6,]6--HJ68 5.94tI16H " lXtOM(J.{)S 60.74+518 7760±235 h"i.78±2.97 fth3 :1:0.(,9 s.oo 1064 802-tl osom 152.24.13.87 170 78H94 171.97±3.95 13113±1.~7 14.07±154 16.28±2~

'hy voe
05 4.73:1:0.82 3.95-±-0 22 3.67.±.O.81

I
2.41.10.57 ~14iO.99 IUJt.OOO025 4.69±O.X2 3.92±0.27 3.f.IO±O.R9 5.14±0.57 5.34tO.55 6.06.:1: 1.45{J.1 571±-0.51 5.49±0.73 626±0.89 716±O.l!5 X3S -o.so 12.66.:1:2.110.05 5.93±0.41 7SB±0.95 866±111 8.&I±1.40 85M to.86 1437±2.35{WI 8.49HJ.S3 1O.f.Q+l.J2 11.7fd·183 11 79t128 11 52±1.38 2O.'IH290

wav wbcd
0.5 722±2.5J ('18±:3.04 4.43±J.56

I
3.06+0.39 4.WitIJ 74 274tO.63025 7.bS±3.h9 344.:1:0.94 R.84±lJ13 4.4tl1056 6.19t065 449.:1: 11110.1 34.68±2.50 32.03±5.97 32.44±1.57 827±105 700±07H !UW.l::l.JJo.os 6294±1.45 62.79±1.40 SB.B9±12R 1'1.81±0.74 822±-0 81 1101.:1:124orn 124.0fd'2.94 122.67±2.99 122.78±3.(l) 1449±1.48 1424t200 191fl±2)1

wdbc Wine
05 4.70±0.75 3.5O±0.55 2.72+0.66

I
204±0 19 VKHO.31 201HJ.ll025 5.46±0.61 4.93±O.62 4.43 .:1:0.92 2.03tO.17 2 9liO J.4 l.f:r6±05001 654±06B 5.95±O71 6.64 <0.87 2.42±(J.62 29g±O.~ 2 fR+o.6)0.05 6.96±O.73 8.61 ±0.84 10.02-1:1.11 3.RX-t-066 4.S7tO n 434>103O.iJl 12.18±1.32 17.05±1.87 21 00<270 R.40± 1.47 IUO±l15 916tl78

wpbc
05 0.66+1.43 2.45±1.57 1.92±097

I
hOO±O.OO 6 m rnm 6ootO.00().25 04B.±1.1O 7.%±0.74 5.%±1.12 6.00±OOO 1;0010.00 6 m+ooo01 S.9IH069 R.62±0.74 8.44tO.9R 600<000 fl_(XltO.OO 6ootOoo

005 7CXJ±0.86 1O.38±O85 9.40±1.12 6OO±O.06 h.44±O.55 "rntO.180.01 10.30.:1:0.86 20.04±1.B3 1776±2.35 723±O77 gMtl25 712 to 7'5

Table A.3: Number of rules generated in BioHEL using different coverage breakpoints and different
default class policies
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A.2. COMPLETE RESULTSOF THE PARAMETER SENSITIVITY ANALYSIS FOR CASSIST

~f.ult d... polky
Mojo< Minor Dio Auto I Mojor Minor DIs Auto

bo1 bpa
100 82.10%5.00 115.01%3.13 115.17%3.34 82.89%3.71 65.2H1U1 67.830105.68 64.66±8.6O M.21±9.94
2SO 82.22H33 83.o7±3.07 82.42±3.25 81.0I±4.5S 65.24%11.69 68.15±7.46 66.36±6.70 6o&,n±10,Q,
500 81.74±3.69 83.50±2.21 84.02±1.92 82.15±3.115 65.81±8.18 67.26±6.95 66.68±8.45 64.7Hl15J
1000 81.12010452 84.02%3.19 83.73±2.90 82.43±298 63.8O±7.76 65.82±8.50 68.44±6.9O 6557±1O.21
1500 81.120104.06 83.06±257 84.48±256 83.68±276 64.34±656 6668%8.10 64.36±7.89 64.-40±9.18

b",
100 72.43%6.60 74.21%9.75 74-9O±8.10 73.45%6.65

I
54520102.115 54.66%3.10 55.470104.23 54.80±3.42

2SO 74.190106.90 73.87±9.37 7452%8.99 72.09±5.32 54.66±3.01 54.39±2.76 54.73H.36 55.4OH72
500 73.49±6.95 7432±8.86 n.tO±731 71.730105.49 55.06%3.00 54.25±2.87 54.32±2.88 55.06±2.77
1000 71.o3±751 73.86±7.9O 73.87±9.30 72:18%5.36 56.160104.63 53.98±2.82 54.25±3.43 56.09±3.87
1!!1ll n1)9±7.9Q n.<LS±tl1lO 74.14±10.16 71.74±5.41 56.02±4.70 53.64%1.94 S4.73±3.42 55.95±3.32

col e....
100 96.21±2.94 96.46±3.21 96.74±2..54 96.19±265

I
8S.o4H.l1 86.06%4.17 84.611,4.47 85.62±4.63

2SO 96.18±3.25 96.73±3.15 97.000102.06 97.00%3.06 115.63±3.88 11533±3.72 84.60%4.:18 R5.62±3.84
500 96.21±2.94 97.01%242 97.28±2.27 96.46±228 115.48%451 115.91%4.19 115.62%3.96 R5.3.H3.77
1000 95.91±326 96.46±3.46 96.-'5*2.60 96.46±3.21 84.90%4.57 115.48%4.34 85.34±4.46 86.~±4.09
1500 96.46±3.42 96.47±3.2O 95.920102.67 96.18±1.94 85.49%4.58 85.770104.31 85.62U57 R5.91H.23

sit h-ct
100 61.m±10.23 66..65±10.62 6476±10.23 6474%8.82

I
81.20010559 83.160105.26 83.11±6.12 83.17±S.42

2SO 10.41 ±9.95 64.79±11.58 64.70±9.05 67.14:1::10.64 81.47±4.10 82.83±4.87 82.13-1:5.81 82.16±4..50
500 i'U.J7±11.26 6657±8.38 66.61±10.37 6665±9.72 8O.21±4.84 82.800104.69 82.47±551 81.52%4.15
1000 'tU6:U58 69.Q2.%9.81 69m±12.30 68.46± 11.89 81.17%4.95 82.77%5.02 82.82H.17 82.81H.97
1500 n.19±851 67.4IHIL15 6605%1054 70.80%10.70 79.180104.97 83.120105.39 80.48%4.74 83.15±4.25

hop h-h
100 92.29%6.60 9033±7.55 9225%6.39 92.29±7.23

I
96.26%3.15 97.6l±2.87 96.93%3.46 97.27±359

2SO 93..54±7.38 92.25±6..91 92920106.39 90.21%10.85 96.26±3.15 97.6l±2.87 97.27±359 97.27±3.59
500 91.50%9.94 92.25±659 9225H.89 90.96±7.47 96.26%3.15 97.25±2.76 97.27±3.59 97.14±3.2ft
1000 90.92%7.61 91.00±7.41 9354%6.10 92.25%6.59 96.60%3.93 96.S8±2.34 96.93±3.46 96.59±3.93
1500 92.25±7.95 90.38±6.80 92880105.66 92.29%5.00 96.60%3.93 96.24010259 97.27%359 97.28±3.14

h-tl Ion
100 80.37010856 8333±7.86 82...59±8.20 82.96±8.04

I
93.16H.32 93.15±3.91 92.28±4.36 93 .... ±3.37

2SO 7'1.63%8.60 8259±7.21 82.96%7.45 81.115%8.81 93.16%3.87 93.130104.83 9253±4.79 94.29±3.36
500 7'9.26±7.24 81.85%7.29 80740107.37 80.74%8.15 93.15%3.67 93.42±4.36 93.69±5.09 93.14H.97
1000 8O.oo±6.34 8222±6.94 83.33±6.36 81.115±7.08 93.15H.13 94.00±4.19 92.81±5..87 93.15±3.91
1500 7'9.26±6~1 81.85%7.29 83.330106.36 81.48%7.81 92.870104.99 93.140105.32 93.69%5.09 94.00±4.45

... lob
100 9533%5.49 9533±5.49 95.33H.49 95.33±5.49

I
100.00%0.00 100.00%0.00 100.00%0.00 loo.00±O.OO

2SO 94.67%5.26 96.00±4.66 94.67±5.26 95.33%5.49 9857±4.52 lOO.OO±O.OO ioo.coao.oo tco.ooao.oo
500 9533±5.49 96.00±4-66 9533%5.49 96.00±5.62 10000%0.00 100.00%0.00 l00.00±O.OO l00.00±O.OO
1000 9533%5.49 95.33±5.49 94.670105.26 96.00±5.62 100.(0%0.00 100.00%0.00 l00.00±O.OO loo.00±O.oo
1500 95330105.49 94.67%5.26 96.00H.66 95.33±5.49 lOOoo±O.oo 100.oo±0.00 l00.00±O.OO l00.00±O.OO

1ym

I
pon

100 115.50%10.ffi 83.44±12.84 85.98±11.36 85.45%956 :18.98%2.40 78.37±2.76 78.93±2.4O 76.46±3.16
2SO 85.41 ±11.26 86.07±11.20 8552±11.19 84B2±1151 83.350102.80 83.44±2.80 83.16±2.1O :18.61±3.91
500 86.7'9±10.25 86.19±10.26 861201010.51 86.79± 10.25 8650%158 85.94010251 R5.26±2.50 82.83±2.77
1000 840619%12.41 84.o2±14.10 82.68%12.19 86.79%10.25 88.70%0.97 88.44±1.71 8856±1.39 87.27±1.51
15W 8UD±lO.!IO 8531±14.Q6 84.07±12.76 85.41 ± 11.26 89.16%0.98 89.37±153 891l6±O.CU 88.86±1.33

pim

I
prt

100 73.99%552 73.86%4-57 73.86±450 74.64±5.69 51.77±8.49 47.99%6.:18 49.4l±6.07 47.740105.28
2SO 73.99%5.32 74.77±5.28 74-:18%4.61 :15.020104-57 52.7'I±7.51 51.040105.52 51.30±6.14 49.75±650
500 15.94±5.21 7556±4-71 :15.95±4.94 75.810105.00 52.130107.18 50.99%7.81 5133±6.22 51.95±4.30
1000 15.211±3.93 ,..4HUI 75.17%'-96 :15.81%5.00 53.61±8.11 53.23±6.19 51.74±658 51.71 ±6.68
1500 :15.211±4.50 76.l3±4-6O 74-900105.01 75.42±5.12 54.38%8.26 53.48%6.91 51.:1!H6.09 51.74%5.77... IOn
100 82_27±O.89 82.24:i:.l..l6 82.59±I.('II} 823'1%1.27 -

I
80.240108.19 78.86±6.36 77.3l±751 11027±629

2SO 82.73±1.26 83.01H26 83.01±1.18 82.95%1.24 81.70±6.39 80340106.00 76.04±9.77 81.31 ±804
500 83.81tl.f/I 83.50±105 83.340101.22 83.15%1.27 83.65%7.24 77.55±8.28 74.6l±7.85 82.67±6.49
1000 85..$J ± 1.10 83.64±1.15 83.76.11.11 83.740100.94 86.53±7.13 77.54%754 77.95%9.15 82.68%8.66
15W 8618±1.26 84.o2H22 83.70%1.10 84.37±1.25 84.150109.37 77.91%5.86 73.70±8.15 81.850108.62

thy vot
100 93.05H.45 93.03%4-53 9258%4.98 93.480105.01

I
96.320104.13 97.47%2.113 97.24±2.13 97.01 ±2.7U

2SO 93.m±433 92.5.5:1:5.89 93.05±S.46 93.SI±S.86 96.33±3.98 97.920102.30 9654±3.99 Y7.01%3.30
500 93510103.88 93.48%5.85 9212H.89 93.48±5.01 95.400104.77 9724%2.13 96.:18%333 97.47±2.ID
1000 93.o3H53 92.08,,5.39 93.ffi±453 93.51%5.02 94.940104.88 97.23±2.38 97.0H2.44 97.46±2.30
15W 9351±3.88 93.48±5.0I 93.5l±4.93 92.10%3.82 95.40%4.77 97.460102.30 96.:18±3.33 Y7.46%2.30

wbal
100 80.920102.34 81.18±~05 81.90%2.02 81.62±I.93

I
96.28±154 96.420102.16 95.85±1.96 96.85%2.11

2SO 8O..58:U51 81.40%212 82540101.69 82.06±1.38 96.42%1.83 95.115%2.38 96.00±2.00 96.S6±2.88
500 81.89±2.83 82.140101.24 82.36%1.7U 82.82±1.61 95.70%1.67 95.99%2.77 96.00%2.22 95.99±2.22
1000 83.060102.47 82.70%1.89 83.08%1.87 83.140101.49 95.84±1.73 95.85%159 96.71±2.14 95.71±2.113
15W 8l.86:i:l.80 13.061:1.74 83.28±21J9 83.240101.64 95.4H2.ffi 96.28±2.16 96.13±2.15 96.28±2.16

wdbc win.
100 95.:111±239 95.10±3.02 95.61%2.38 95.26±3.11

I
911.82±2.48 97.68%3.00 96.57±4.83 'iI6.27±2.19

2SO 96.31±2.25 95.44%3.31 95.80±3Jl 95.79%276 96.61±3.91 95.98H.72 96.04±4.70 96.61±Hl
500 96.14±2.13 95.63U49 94.73±2.89 96.15%2.27 96.61%3.91 9657±3.95 96.04%3.79 96.04%4.70
1000 9597±2.6O 95.45±3.29 95.09±3m 96.14%269 96.10%3.76 97.16%3.98 97.16%3.98 96.10±J.76
15W 95.60%2.41 95.10±4-O1 95.26±2.9O 95.08±296 96.10±3.76 97.22±3.93 96D4%3.79 95.52%353

wpbc

I
100 80.73%8.92 7954%6.113 8023%0.14 :19.16%7.84 96.35±4.73 903%654 93.25±8.79 91.36%9.31
2SO 82.70%8.68 :18.01%6.29 7'1.08%6.73 82.22%9.36 9333±6.33 95.980105.21 95.26±,m 93.33±633
500 80.81%10.31 :18.03%7.43 8021±9.o2 82.70±8.32 94.24%659 94.07%5.13 9353±8.68 94.15±5.o9
1000 82.60%6.89 79.64±8.09 7'1.66%8.40 81.72±8.31 96.350104.73 93.2H4.n 94.24±S.01 9!I.1S±5.16

15W 82.24±9.08 :18.08<7.27 7'154%7.60 82.17±7.88 9433%6.54 94.35±4.89 94.24%5.01 96.980104.89

Table A.4: Test accuracy in GAssist using different number of iterations and different default class poli-
cies. * is shown next to the control method when significant differences arefound (within the
same default class) and - is shown next to the methods that are significantly different (worse)
than the control method
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ApPENDIX A: RESULTS OF THE PARAMETER SENSITIVITY ANALYSIS OF BIOHEL AND GASSIST

MajOr Minor Dis
Default class policy

Auto I Majm Minor Dis Auto

100
250
500
100l
1500

85.24±0.4I)
86.4I)±1.12
86.83 iO.36
86.86±1.01
87.2710.72

88.98±0.63
89.05±0.73
89.42±O.61
89.65±055
89.51 ±O.57

bal
88.75±0.83
88.94±060
89.53±070
8956±O.63
9O,03±O,fJl)

88.48±0.951
8839±0.84
89.19±O_66
89.53±0.39
89.56±O.55

8029±2.20
84.61 ±1 93
86.73±2.05
8780±152
88.18±1.31

75.94H11
7858H49
8155±1.56
83.22±174
84.19±1.11

bp'
76.20±139
7936±lSK
8222 rI_!)]
M.41 fl.31
8,J.70±l.S9

7'9.8712.40
8216±236
8628t2 06
87_99±1.61
87.99 it.52

100
250
5(Xl
100l
1500

82.67 ± 1.15
8S.00±1.15
86.67+1.48
88.1S±129
89.12±O,92

81.9711.40
BS.74± 1.23
8M_62±1.10
AA.93±1.24
89_6.3±1.03

b",
81.27±139
83.95±1.02
85.89±1.84
87.64±179
88.42±1.09

8ZS2±O.95
84.81±1.S7
8730±1.60
88.81±1.07
8955±0.96

57.63±O.48
57.Tl±O.61
59.80iO.4J
62.56±0.67
62.80±O.68

5639±O_fU
57.09±O,3S
58.30to.6.3
61107±O.79
6O.89±O.89

57 03 ±0.59
57.43 t059
58.D±O."S
59.55±O.64
5986±0h5

5721 to.58
577S±056
59.27±O.70
61$J±O_93
62.(}4±O.75

100
250
500
1000
1500

99.31 ±O.RS
99.85.iO.33
99.91 ±0_2O
99.94±O_11
9':1_91±O2O

98_i'9±1.16
99.52J:O.45
99.55±0.26
99M±O_19
9973±027

col
98.52±1.32
99,25.1.0.79
99,37±0.7S
99.64±058
99.61 ±O.64

98.94±O.88
99.64±0.57
99.85±O.26
99_91±0.15
99_94±O.13

89.27±O.79
9O.26±O.70
91.80±0.56
9256±O.66
92,66±:O.45

89.J2±(J,64
89.n±0.71
91.05±O,j'9
92.48±071
92_64±0.62

88,6l)±O.88
K'l.60±O.81
9O,6H±O.50
91,43±o.n
9l.SXt:O.M

89_18-i-O.66
90.21 ±O_82
91.55 to.82
92_46-tO,tJ6
92 ntO_62

HXJ
250
5(Xl
1000
1500

n.26±1.f:H
81.15±1.01
82,87± 1.05
j(J,%±o.n
&3.J9±1.14

73.78±2.11
76.65±2.42
7H.R7±2_46
8O.12±1.S4
81.16±1.39

7254±122
76.95+220
7825± 1.93
8O,22±1.44
8O.42_tO.AA

72.75±2.O1
75.87±2.70
]9,18±1.60
H079±1.13
82_n±L22

91_64iO.86
9351H0.51
94.79±0_6J
95_42±084
9597±-076

9O.ll3t07lt
92_44t0.51
93.51 ±0.57
94.46-i-097
94.94±O.87

h-c l
9O.72iO_*,
91.97±0.55
9263±O hH
93,62±091
93,9~t:l,1O

9O_80±120
928.Srl04
9(21-t129
'1534.0.81
957K±O_70

llXl
250
500
100l
1500

98.78±{)_~
99.07 t:O.hH
99.36±O,41
99.36±O.41
9943±0.30

9H.28±0.37
9H.21 ±0.38
98.42±0.57
98.57±O.48
98.49±O.5J

98.28±0,50
98.42±057
98.64±0_41
98.64±0.41
98.78±O.~C;

9K.92±O.61
99,28±0.48
99.36±O.41
9957±O.50
99.50±0_49

9H.87tO.44
99.09±O.44
99.06±O.32
9':oI.13±0.26
99.32±024

99.02±O.J2
99.21 Hl 2K
99.47±0.32
995S±028
99_70±024

h-h
986410,41
98_64:t:0_41
98,71 to.41
98.K7tO_40
98_90i03H

9898±0.51
99.17tO.JS
9IU2te30
':IY.47±:0,20
99.62tO.18

100
250
500
100l
1500

9O.2S±1.18
91.89±0.K.._o:j
92.96iU7
93_09tIl.H(J
93.13iO.99

9O.16±079
91.89±1.01
92.26±0.88
92.59±0_73
93.33.11.06

h-e
89.%±1,18
91.2H±1l.72
9L69 ± 1.08
91.n±O.91
92.1O±L13

9O.33±059
~l,n±l.OK
92.76±O_70
93.09±1.09
9350±0.84

96.39±0.49
97_82±0.48
98.83±0_45
99_08±0.31
99.08±O.23

96.87±053
97.82±02J
98.01 to 26
9'HJ4±O.25
98.01 to.30

9f)'(U±O.43
96.JO±047
9668±'0.62
96_90±0_"ih
Q7Oh'10 40

%,ntO_43
'I772iO_.13
98,16tO 29
9819±O.40
"1M n1"O 23

100
2<;(1

500
100l
1500

98.37±O.68
98_37Hl~
98.5210_60
98.30±0.50
9H.22-t052

98.07±O.S2
98.3010.61
98.37±O.68
9822±0.52
98.4410.42

97.78tOJ5
98.3010.&1
98.30±0,61
98.441055
98.22±0_62

98.22±O.S2
98.30±0.50
98.3010.50
98 ..30±0.50
98.30±O.50

l00.IXHOOO
100,0010.00
1(noo±o.oo
l(XHYHO.OO
100.(Xl±O_OO

l00.00±OOO
l00JXl±O.oo
100.00 ±O,(lJ
l(X),OOf:{IOO
1OOJXl±OUl

ioom,o 00
l00.0J±O_llJ
toom-o oo
l00JXHOOO
100 (YHO{Jl

100_00 eurn
l00,OO±O.OO
10100±0.OO
roo ooso 00
HX1OO:t:O.{))

100
250
5<Xl
100l
15<Xl

'I7.60-±OIlK
98.50 iO.79
GQ40±047
99.63±O.40
99,70.10.39

95.87±1.34-
97.14±1.41
97,S9± 1.22
98.12±O.KH
"IK,43±O.96

Iym
94,t)7±1.49
96.2S±12X
96.S4.i 1.1 2
97.97-t.1.32
98.05 iO.~S

95.12±122
97,67±1,{)9
97.90±1.l6
99,10±O.69
~_40±0_48

79_16±152
83b3±1_4J
86.56±O.93
AA.94+0_38
,IoIQ 47 i0.32

78.52±112
8J,47.t.2.J2
8609+139
88.56HHIO
8927 to.81

pen
79_Ohrl fill
&318±2,02
K542±1 M
88,72tO_43
89.4J.:1:0_35

7t._S4±2.52
7903t3-30
8Jlrlt2.12
f4776±Ot1ll
H~ 21 1:0.50

100
250
500
100l
I'<Xl

79.41 ±O.7R
81.08tD.f41
8J.90iO_hS
R4n±078
RS.OSt065

79n±O.46
81.21±056
83.09±0.77
RJK._ljtO-B3

84.33±0.53

pim
78,76±(J1I7
81.11±L04
82.42Hlfl2
83_06±O.1i2
K..l_3fH075

N33±OM
81.45±063
83.84±053
84 75±0.76
85.01±0.69

~95±2.37
62.3612.00
64.19-±-1.84
67.31 ±2.n
fHlI&;t1_79

S4 ..14±1.&.1i
567U±I56
58.33+12Q
62.321.47ij
6J92±4_W

prt
5-4.48±O,,",2
56.50t-2Qf,
57,93±3DR
fJO.~-t42K
(,2OSt524

5()~:t:L89
52 BOt LKJ
5611.t.162
';819±312
SAMt3_80

1m
250
'iOJ
100l
1500

82.7510.19
!!J.l5±0.30
!W2s+n~
86.71 to.47
X6.94 to 40

H2.73±U,2]
K3 53-Hl13
8J.97±O.15
B4.36±0.19
8452+0.13

K2.7ll+0 26
R_"\S2iO.22
84.01±0.19
84.35-±-0,14
84.46iO,29

82,72±0_32
1SJ.40±O.IQ
83.n±O_19
M.67±'O.83
K..r;,{)2±072

9K.24±O.80
98 QfHO.47
99.31 ±0.44
99.31 t-036
99.841.0.26

96.6.3±Oh2
11M13H1K-4
9861 ion
~72+lJh7
992(H052

92J1.4 tIRO
'H:JJIO±O 71
11754t-0 '40
981R±O!i2
98.J4t-OW

9744 Hl89
l18.56i079
99 04 tn.49
9941 rO_'7
Wb3.tO.44

100
250
5<Xl
100l
1sn

98.71 Hl.h1
99.17+0,50
99_48±O_4'J
99.S4±O_Sl
99_43±0-45

QK29±O.t.S
98.81 ±0.J5
9907 ±0.41
99.3K-±0_47
qq 23±O.44

thy
98 (}4±O_4S
98.4.5±0.4X
98.66+0,4.3
98,7110.61
9":I.12tO.49

9824±050
9. 86±059
9954±045
yq 64±0.3$
9959±O.41

98,751.028
99.II.tOJ2
Y'l2J±0.34
99_41 to_27
99.44±0_26

991H022
9911H122
~n±022
9913±o 22
99131.022

'lK,47_t_O 27
IiK n-t-o 27
9RSS ±.O,35
Y'l115+1117
qQ03i023

9905tOI7
9911-t:0 22
YQl1±022
'-N 13 to 22
9Q13t022

100
250
500
100l
1500

R2.2h+fJ.M7
82.54±O.44
K4.34-HI54
&_';.37+036
855010.37

82.27+0.34
82.96±0.38
B4.4B±0.4B
R_'_57±O.41
"595+1155

83.09±051
83.72±O.SX
84.30 to51
85.40±0_56
85.38+050

!!J1l3±O_70
!l3.81±039
8455±053
1l_1i80±0.37
1!5.80±0.25

98_20-t-022
98.JIH:D_22
98.54±021
~,tJOt:O,lh
'1M 1i2±0,20

9849±021
98~H02.5
9887t022
98q''HO 23
990)tO 22

wbro
Y7,Y'itO 2h
983S_t_O 2K
QM ""±O.J"
QM IW to 30
f.lKNJ±n~

,,"~tO_17
9881 to 2S
QKH7t026
"'897tOlJ
~"f5.t.02"

100

2.'"
~Xl
100l
1500

97.83±O.39
98.54±0,)9
98.95±0.3I>
99.10+0.31
99.14±0,31

97.W±0.33
1:IH_77±O.33

""98±037
9'9,12±0.21
99 !l!±0.23

wdbc
97_21 -±-0.43
91931.029
98.32±051
Y8.48±0.47
98.75±050

97.85±0_38
98.46±05t!
99.00+1128
~ 24tO.21
99.34±0.30

100.00±O 00
ioomrom
ioocomoo
toom-ooo
1000010.00

HXlIXl H) 00
100 fXl 1.000
1(:I)OO-tOOO
100tJHO,(J)
imoc-nm

999(tO 20
1t)).{JltOfll
ifJJOOtOm
1000010{ll
unmro rn

qQ9( t-O 20

1IlHXHOoo
10000+0.00
100ootOoo
100 OOtOOO

100
250
5<Xl
100l
150)

89.791079
92.71 ±137
94_73±112
95_23±O.74
96_6.3 ±().9'J

86.32±238
XK.!fi-t1.64
9029±U7
9O,91±1.12
9170±0,Q3

wpbc
85.69+092
8755± 127
8878±1.02
9().18+095
90.J5±1.52

89.17±116
"f2.48±0_Y2
9(,11±111
94.84±O,93
%07±074

9Q67±0 75
"H_b7tO 75
"I9.89±O_36
99 nlt-0.47
"19 nltO.47

99.5h-t0 7H
99 7K to.46
9Q7K±070
99.h1 to 75
9967tO]';

q,q_56t 1 [J7
99671"0_53
995S±1 fJ7
QQ,,7+07li
99f17H17li

11879tO_"'7
99~~ to 78
9967-±-0.54
~7M±O.'7
HIHlltO 00

Table A.5: Train accuracy in GAssist using different number of iterations and different default class
policies
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A.2. COMPLETE RESULTS OF THE PARAMETER SENSITIVITY ANALYSIS FOR CASSIST

o.faultclao policy
M¥r Minor 011 Auto I Mojo< Minor DIa Aulo

boI bpa
100 4.8IHOJlJ 5.32±0.83 U2±O.94 4.86±O.88 3.16±0.31 3.12±O.34 3.III±O.28 3.12±0~
250 67'HIII 655±1.14 5.39±1.13 64O±1.1l'i 4.1I±0.'15 3.89±O.86 3.38±O.62 4.1II±l.oo
500 944fI77 8.36H74 7.46±1.65 &69±I.73 6.48±1.52 5.9O±1.42 4.26±1.17 6..50±1.'70
1000 9.52±170 87HI.OI0 7.56±157 &98±1.81 7.14±1.73 6.66±U7 U3±I.31 7.1I±1.83
1500 9.88:11.82 8_70±1.45 77&±1.61 11.93±1.72 7.08±1.75 6.75±1.61 4.52±1.23 6.91±1.68

bno
100 3.94±O.86 3S7±O.66 3.s2±0.62 3.7&±O.83

I
3.oo±0.00 3.12±0.33 3.03±O.18 3.02±0.13

250 6.91±1111 6.2IHl.09 4.'I5±1.31 6.74±1.20 3.14±0.38 3.44±O.63 3.16±0.42 3.15±0.4O
500 8.14±1..35 738::tl.20 5.94±I.5O 8.23±1.41 6.96±1.90 7.5Hl.88 5.26±1.60 6.52*1.85
1000 8.66-tl.14 773±1.27 6..52±1.43 8.44±I.33 13.75±3.12 13.18H.41 7.96±3.39 14.16H.45
1500 8.93±116 8.ooH25 6.97±l41 8.7&±1.24 1492±3.60 16.15±6.07 8.28±4.25 16.38±5.90

col eN
100 4.61 tl.07 3.78±O.81 3.80±O.93 40HIo.I

I
303±0.17 3.06±O.23 3.1O±0.32 3.03±0.20

250 5.30tl25 4.4O±-1.25 3.98±O.95 4.84±1.28 4.34±l.07 3.94±O.86 3..52*0.73 3.99*0.90
500 5.36±1.36 4.46±1.45 4D6±lo.l 4.80±I.42 6.82±l.27 6.15±1.32 4.48±l.37 6.53±1.38
1000 5.12±127 4.27±1.29 3.94±1.()6 "-81±1.36 7.35±1.13 7.00±1.19 4.89±1.36 738±1.25
1500 502t121 4.2lt1.23 3.96±0.98 468±1.42 7.54±1.20 7.19±1.06 4.94±1.26 7.34tl.23

8- b-el
100 3.86±O.78 4.80±O.9O 3.74±O.88 4.18±OM

I
4.73±0.89 3.9O±0.86 3.55±O.77 4.05tO.89

2.50 •. 17:HJ.90 S_21±1.12 '26±1.05 UH109 675±1.18 5.56tl.07 426tl.17 5.88tl.20
500 5.15±O.99 5.39t1.12 '.36±108 5.2O±1.32 7.96±1.25 6.35t1.23 4.80tl.42 6.98±1.52
1000 5.39±O.'lII 5.36±U)9 4.42±l.00 5.35±I.30 8.20tUl 6.54±1.21 4.88tI.17 6.89±1.37
1500 5_l2.tl..ro S.41±1.19 '.59tI.16 5.48±1.24 7.96±1.27 6.5O±1.22 4.84tl~ 6.95±1.42

hop h-h
100 3.90±0.94 4.58±O.86 3.54±O.77 4.16±O.88

I
3.2Ho.49 3.51±O.65 3.26±0.59 3.33±0.61

250 375±O.82 4.34±O.73 3.42±O.74 401±O.90 3.30±0.54 3.72±O.70 3.24±O.58 3.42t0.62
500 3A2±OT.J 4.lO±O.76 3.28±O.58 3.92±O.79 3.30±0.56 3.93±O.80 3.20±0.50 3.55±0.69
1000 3M±078 4.16±O.60 3.24±O57 3.96±O.66 3.26±0.5O 4.1I±0.79 3.18tO.42 3.76±0.75
1500 3.83±O.n 4.07±O.55 3.20±O.45 3.98±O.75 3.30±0.55 4.26±O.70 3.17tO.45 3.75±0.76

h.. Ion
100 4.32±OM 3.74±O.68 3.35±O.58 4.00±0.78

I
4.68±1.00 2.79tO.48 3.02±0.33 3.29±1.05

2.50 5Mt1.oo '.90±O.94 3.81±O.91 5.29t1DB 5.9O±1.26 3.21±O.46 3.CII±O.29 3.84±1.37
500 6.49±1.20 5.42±1.25 4.13±1.23 5.84±1~ 6.68t1.26 3.23±O.s7 3.20±O.61 4.1I±I.n
1000 6.35H12 5.27±1.115 3.9'7±1.12 5.74±1.22 6.76±1.20 3.15±0.43 3.06±0.29 3.94±t.64
1500 6.34%1.00 5.23±1.11 406t109 5.60±1.21 6.66tl.12 3.10±0.37 3.IO±O.38 3.85±1.54

ira lab
100 3.29±O.52 324±O.53 3.20±O.47 3.19±O.52

I
3.oo±0.00 3.oo±0.00 3.00±0.00 3.ootO.00

2.50 3.22±O_'1 3.21±O.47 3.25±O.52 3.1<±O.39 3.oo±0.00 3.oo±O.00 3.oo±0.00 3.00±0.OO
500 3.20±O.49 3.16to.44 3.16±O.41 3.18±O.41 3.oo±0.00 3.oo±o.00 3.oo±O.00 3.ootO.00
1000 3.16±O.45 3.16±O.43 3.16±O.43 3.16±O.42 3.00±0.00 3.oo±O.00 3.00tO.00 3.oo±0.00
1500 318±0.44 3.16±O.42 3.16%0.40 3.16±O.44 3.00±0..00 3.oo±O.00 3.00±O.OO 3.00±O.OO

1ym pen
100 • .32±1 15 6.35±I.42 5.44±1.39 5.78±1.38

I
8.62±l.56 8.65±1.64 8.28tl.78 7.lOt1.41

2.50 6.ntl.05 6.23±1.27 5.53±1.34 6.36±I.22 8.88±1.5.7 8.77±1.60 8.39±1.79 7.44±1.22
500 6.86±1.aJ 6..24:1.22 5.s2±1.J8 6.29±1.08 1o.6(J±2.34 10.28±1.99 lO.08±2.31 8.86±1.67
1000 708±O.85 6.26±1.12 5.86t1.20 642±1.07 13.88±2.83 13.67±3.20 14.ISH.18 12.IH2.28
1500 6.99±O.81 6.23±1.0< 5.15±1.17 6..56±1.07 1'-61::1:3.31 13.'lII±3.24 14.68H.20 13.63tH.'

pim

I
prt

100 3.cM:tO.20 3.01::1:0.16 3.oo±OD6 3.I15±O.23 7.98±1.59 7.69±1.95 6.39±1.76 5.68±1.4.
2.50 3.73±0.83 3.34±O.63 3D6±O.28 3.63±O.81 10.:IJ±2.33 8.'1±2.63 8.l15t2.4' 6.73±1.76
500 7.12±1.78 5.80tl52 3.86±1.13 67H1.74 1I.96±351 1I.16H~ 8.'lIIH.53 7.54±1.60
1000 8.27±I.80 6.82%1.71 4.oo±1.03 ll15±I.96 14.39±4.54 13.77H.16 1I.12±4.93 8.17tl.73
1500 8.30±1.74 7.10±1.77 3.94tl.0< 7.82±1.90 16.30±4.60 14.58±5.24 11.76±5.09 8.78±1.68

Nt eon
100 5.31±1D1 S.74±O.94 4.69±O.93 4.80±0.87

I
4.38±1.1I 4.06±O.'lII 3.32tO.70 4.06tI04

Z!!O 574:t1.11 5.98::1:1.15 4.66±O.95 4.82±01I6 5.36tl.30 5.20±1.40 3.88±1.06 528±1.38
500 , 78±2.13 7.45U.51 6.OO±1.99 6.33t1.70 5.59±1.36. 5.22±1.24 3.91 ±O.97 54 .. 1.42
1000 13.46.:12.83 11.22±3.86 9.68.:1:3.46 10.llt2.31 5.16±1.22 4.76±1.12 3.77±1.00 5.09± 1.17
1500 14.36t300 1I.64U.6.7 9.65±3.23 10.50±2.5O 4.80±1.01 4.n±I.21 3.56±o.8O 485±lo.2

thy vol
100 4.56±O.93 3.58±O.74 3.48±O.n 414±O.95

I
UO±0.81 4.75±O.68 4.07±O.9S 4.56±0.71

2.50 4.69±O.97 3.87±OJIS 3.52±O.n 422±O.93 4.72±0.93 4.91±O.64 4.46±1.08 48O±0.72
500 4.71 :to.90 3.98±O.87 3.53±O.73 4.:IJ±O.99 4.99±0.91 5.O1±O.69 4.58±0.92 '.96tO.74
1000 4.81±O.85 3.95±O.83 3.44t0.65 4.35tO.9O 5.28±0.94 5.O<±O.71 4.60±O.85 5.06%0.62
1500 4.93±O.87 4.0U.OM 3.53to.70 4..50±0.87 5.29±0.84 5.1II±0.69 471±O.80 509±0.67

wbcd
100 3.24±O.44 3.18±O.38 3.III±O.29 3.08±O.27

I
406tO.65 3.O<±O.22 3.08±0.30 3.11±0.38

2.50 3.s2±O.60 3.36±O.54 3.1O±O.31 3.21±O.45 5.10±0.85 3.46±O.64 3.28tO.53 3.64±O.82
500 6.11::1:1.&5 5.35±1.615 3.63tO.82 4.73±1.50 5.38±0.97 3.70±O.75 3.30±O41 3.90±1.01
1000 15.11t4.00 11.74%2.115 8.39±3.29 1I.89±3.49 5.38t1.00 357±O.74 3.28tO.54 3.77±O.86
1500 16.Ot.:l:'-lO 12.01±2.97 9.36±3.16 12.58H57 5.20t0.9O 3.62±O.74 3.25±O.58 3.n±0.88

wolbo: wine
100 3.37to57 323tO.44 3.14±0.41 3.32±O.s2

I
3.50tO.67 3.8S±O.77 3.58±O.82 3.77±0.90

250 4~±O.95 3.93±O.19 3~±O41 4.09±O.89 3.32tO.53 3.37±O.5.5 3.24±O.48 3.4J±O.n
500 5DH:1.02 4.26±0.82 3.54±O.79 473±104 3.1l±0.35 3.25±o.48 3.12±O.34 3.44±0.74
1000 4.97%1.05 4.28±O.80 3.45±O.7& 470±1.03 309;'0.31 3.15%0.38 3.11±O.35 3.30±O.63
1500 4.96±O.90 U9±O.71 3.54±O.86 4..59±ID6 3.115±O.22 3.12±O.33 3.II±O.31 3.27±0.60

wpbc

I
6.32to.77 6.44±o.85 606±0.98100 3.58±O 70 3.45±O.63 3.10±0.37 3.51±O.68 6.04±O.9O

2.50 U9±ID1 4.35±l.00 3.35±O.60 4.45±O.'lII 6.36tO.74 6.48±o.62 5.95±O.84 • .32±O.81
500 4.56tl.07 4.23±O.99 3.43±O.75 466±I.I15 6.41±0.60 6.46±O.68 615±0.76 6.32±0.72
1000 4.46.:1:1..06 4.30±0.'16 3.38±O.67 4.5.3±l.05 6.36±0.58 6..5I±O.62 616±O.67 6.35tO.60
1500 4.59±1.14 Ul±l.OO 3.39±O.72 U9±ID1 6.42±0.64 6.51±0.59 6.31±O.70 6.35±O.58

Table A.6: Number of rules generated in GAssist using different number of iterations and different
default class policies
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