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Abstract

As humans increasingly turn towards Artificial Intelligence to assist them in a variety of tasks,
machines are required to be able to interact with their users in a straightforward and intelligible way.
This is especially true in areas relating to human creativity, research, or education. Additionally,
following the expanding availability of data, Machine Learning systems need to be able to handle
complex and multifaceted forms of data in an accurate and efficient manner. On the one hand, while
Logic-based Learning has been proposed as a way to bring explainability to Machine Learning, it
often suffers from a lack of scalability with respect to the complexity of the data it is provided
with. On the other hand, Genetic Algorithms have been developed in order to learn from complex
data by efficiently exploring the hypothesis space. We, therefore, develop GenFastLLAS, a Logic-
based Learning system, which can learn explainable solutions from complex data by using Genetic
Algorithms to explore the symbolic hypothesis space. We then use our system to explore the task
of Symbolic Music Genre Classification in a newly explainable, interactive, and efficient way. To
do so, we introduce a set of novel features for symbolic music data, together with a systematic way
to compute them. Through these contributions, we hope to pave the way for a growth in Machine
Learning applications of symbolic data, particularly symbolic music, which can undoubtedly bring
value to the areas of musicology research and education, as well as enhance human creativity.
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Chapter 1

Introduction

1.1 Motivation

1.1.1 Developing a scalable and explainable Machine Learning system

Over the past three decades, many Machine Learning (ML) methods have emerged as valuable
techniques to solve a multitude of problems. ML has been successfully applied to a wide variety
of tasks, with aims as diverse as problem solving, industrial optimisation, or scientific modelling,
and the continuous development of new technologies keeps on improving the accuracy and speed
of those tasks. However, research in Machine Learning has been consistently confronted to two
significant challenges:

(1) While statistical ML has been able to wonderfully solve many complex problems, the solution
they offer us is often obscure and non-explainable. This is a considerable drawback, especially
in domains where explainability is a core requirement of the problem solving process, such as
research, healthcare, justice, creative work, or education. Explainability becomes even more
desirable when attempting to create a stronger interactivity between humans and Al systems,
since it then becomes essential for both entities to be able to communicate. We would therefore
like ML systems to learn solutions and knowledge that can be communicated and transferred
to human users in a straightforward way.

(2) Additionally, real-world data are often complex and multifarious, and it is rarely straightfor-
ward, even for humans, to be able to reason with a limited set of features. The recent advent
of web services and online telemetry have resulted in the availability of extensive amounts of
data, and have opened up a world of application opportunities for ML. However, extracting
meaningful information out of this overwhelming amount of data can sometimes prove to be
very challenging, and systems need a way to explore this large space efficiently. As such, we
would like to be able to consider data in their entirety, with an access to as many features as
possible. A problem that naturally arises is that it is often very difficult for ML technologies
to perform well with too many features to consider. Ideally, we would like our ML systems to
intelligently select relevant features.

Multiple systems have been developed to approach those two distinct desiderata, and several
successful solutions have emerged. For example, Symbolic Artificial Intelligence and Logic-based
Learning technologies have been suggested as a way to perform Machine Learning using a humanly
understandable reasoning system, such as First-Order Logic, tackling desideratum (1). In another
context of research, Genetic Algorithms, and other classes of Evolutionary Algorithms, have suc-
cessfully been used to explore large feature spaces in an efficient way by taking inspiration from
the behaviour of living organisms, tackling desideratum (2). In particular, Quality-Diversity (QD)
algorithms are able to perform this exploration by focusing not only on optimality, but also on
diversity, which is especially valuable in the areas that we are interested in, such as research or
education. However, there is no current solution, to the best of our knowledge, that have been pro-
posed to efficiently combine both of these types of technology in order to solve complex problems
with large feature spaces in an explainable way. This naturally leads to a first Research Question:

Research Question 1. Can we develop a Machine Learning system that can efficiently be applied
to complex and multifaceted data, and learn explainable solutions?



1.1.2 Enabling explainable uses of symbolic music data through new
features

As previously mentioned, explainable and interactive applications of Machine Learning technologies
offer promising opportunities for a variety of purposes, such as research, creative work, or education.
In the domain of music, Machine Learning has been largely applied to raw audio data for industrial
purposes, especially, and most recently, within music streaming and radio companies. However,
music can also be frequently found in its symbolic form, as written sheet, tablatures, or in MIDI
files (see Section 2.4). This type of data, although less obviously applicable to industry aims,
embeds a lot of musical insight and music theory knowledge due to its symbolic format. As such,
symbolic music can be of great value for the purposes of research and education in musicology, or
for the enhancement of human creativity.

When observing the progress of Music Information Retrieval (MIR) research in recent year,
it appears that symbolic music data have not been used nearly as extensively as raw audio data
in Machine Learning applications. Yet, it is evident that symbolic music data, through their
abundance and their ability to be understood by human users, offer a valuable opportunity to
perform typical MIR tasks in an explainable and interactive way. Such tasks can include the
composition of musical pieces in collaboration with human users, the detailed construction of
user profiles used for music recommendation, or the classification of music based on music theory
knowledge.

Given their appeal, the lack of such systems is most probably explained by the prior lack of a
framework that enables such explainable learning in an efficient way, as previously stated. Symbolic
music data are indeed complex, and many features have been developed for the application of
various MIR tasks. However, these features are often very specific and in a numerical format,
which impairs their usefulness as explainable features. Under the assumption that an efficient and
explainable learning framework can exist, it is now required for symbolic music to be accompanied
with naturally explainable features, that reflect the way humans tend to reason about music and
music theory. As such, this observation gives birth to a second Research Question:

Research Question 2. Can we design a set of explainable features for symbolic music, that can
follow the manner in which humans reason about music, and enable explainable and interactive
applications of MIR tasks?

1.2 Objectives

Given the previously stated research questions, it is clear that this project gravitates around two
main objectives, which both combine into a final third one:

1. Firstly, we aim to develop a Logic-based Learning system that can process symbolic data and
learn explainable models, in a way that is efficient, and that can easily scale up with respect
to the complexity of the data.

2. Secondly, we wish to design novel features that can easily be used for the processing of sym-
bolic music data, and that can embed explainability by echoing music theory background
knowledge. Ideally, these features should provide a common ground for communication be-
tween humans and machines, and, thus, enable a stronger interactivity between both entities.

3. Thirdly, and finally, we aspire to combine our new learning system together with our novel
features in order to perform Symbolic Music Genre Classification in an innovative way. Our
newly learnt model, therefore, aims to provide us with better insight into the theoretical
musical mechanisms behind the task of genre classification, as well as pave the way for future
interactive applications.



1.3 Contributions

In Chapter 3, we introduce GenFastLAS, a scalable Logic-based Learning system which makes use
of the MAP-Elites QD algorithm [1] in order to cleverly guide the feature space exploration of
the FastLAS learning system [3]. Throughout this chapter, we introduce a novel and generalisable
genetic encoding applicable to any Learning from Answer Sets task. We also present a modified
version of the MAP-Elites algorithm which enables the processing of discrete genotypes and facil-
itates our integration with FastLAS. We finally introduce a couple of behaviour descriptors that
articulate well with FastLAS tasks, and discuss a new research area for the automatic generation of
symbolic behaviour descriptors that can enable better interactive usages of explainable Al learning
systems. In Chapter 4, we introduce a set of eight novel features for the use of symbolic music data
in explainable AT tasks, together with a systematic approach for their computation. We provide a
new discussion of the specifications and requirements behind the design of such explainable sym-
bolic music features, and touch upon the potential of those new features in the areas of musicology
research and education.



Chapter 2

Background

In this chapter, we introduce some background for the key concepts that this thesis considers.

2.1 Explainable Artificial Intelligence

Since its first theoretical conception, Artificial Intelligence (AI) has been formulated as an ensemble
of methods that all aim to help humans complete tasks and solve problems. Recently, Machine
Learning systems have proven to be successful in achieving many of those aims. However, several of
those aims are still unachievable by such systems due to the complexity and lack of transparency of
their output. In fact, many areas, like healthcare, justice, research, education, or creativity, require
a high degree of trust, and Al systems can only be used if they feature transparency and provide
a common ground to enable communication with human users [4]. As such, building explainable
Al systems has been an important challenge within the area of Artificial Intelligence research.

Miller defines an Al system to be explainable if it takes into account, during the computation,
how well humans will be able to understand its output [5]. Explainability is then expressed as the
ability for a system to give explanations, which is defined by two processes: a cognitive process,
which aims to determine the reasoning behind a particular task or phenomenon, and a social
process, which aims to transfer the knowledge of this reasoning to another entity. Finally, in order
for this transfer to be correctly performed, there needs to be a common ground for communication
which enables both entities to exchange information easily [6]. This further motivates not only
the need to have explainable Al systems, but additionally to make use of data that embed some
dimension of explainability within them.

2.2 Learning from Answer Sets

Taking its roots at the intersection of Knowledge Representation and Machine Learning, Logic-
based Learning has been suggested as a method to perform Machine Learning tasks in a logically
structured and explainable way. In particular, the Learning from Answer Set (LAS) framework
[7] has been developed to perform this learning using programs expressed under the Answer Set
Programming (ASP) semantics. In this thesis, we especially make use of the scalable version of
this framework, called FastLAS [3]. We describe here some of the semantics and notations used
within this framework.

We consider ASP programs which include three types of rules: normal rules, choice rules, and
constraints. Given any atoms h,hy,...,h,bs,...,by,C1,...,Cn, We denote a rule of the form
h:-by,...,by,n0t ¢1,...,n0t ¢y as a normal rule R. head(R) = {h} is the head of the rule,
body(R) = {by,...,by,n0t cq,...,n0t cy} is the body of the rule, and not here refers to nega-
tion as failure. An example of such a rule could be sus_chord(C) : -chord(C) ,not has_third(C),
which states that any chord is suspended, unless it contains a third. The negated condition not
has_third(C) is assumed to hold unless we can prove has_third(C) for some value of C. A choice
rule is of the form 1{h;,...,h}u:-by,...by,n0t cy,...,n0t ¢, with 1 and u integers. We call
1{hy,...,h}u an aggregate. A constraint is of the form :-by,...by,n0t cy4,...,no0t cy.

We also denote HBp the Herbrand Base of an ASP program P. It is the set of all atoms
that can be constructed using the predicate names, function symbols and constant symbols in P.
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A subset of HBp is called an (Herbrand) interpretation I of P if all elements of the subset are
satisfied by I. Elements are satisfied as follows:

1. An atom a is satisfied by an interpretation I if a € I.
2. An aggregate 1{h;,...,h }u is satisfied by an interpretation I if 1< |[{hy, ... ,h}NI| <u.

3. For a rule R of the form h:-by,...,b,,n0t cy,...,not ¢y, the body body(R) is satisfied
by an interpretation I if all positives atoms are satisfied by I (i.e. if ¥i € {1,...,n}, b; is
satisfied by I) and none of the negated atoms are satisfied by I (i.e. if Vi € {1,...,m}, c; is
not satisfied by I.)

Given a program P with no aggregates in the heads of rules, we call a (Herbrand) model of P
an interpretation I such that for every rule R € P such that the body body(R) of the rule R is
satisfied, the head head(R) is also satisfied. Additionally, a model is called minimal if it has no
strict subset which is also a model. We denote the reduct P! of a program P with respect to an
intepretation I the program constructed from the grounding of P in the following manner: first, we
remove all the rules whose bodies contain a negated atom that is present in I; second, we remove
all negative literals from the rules that remain; and we finally replace the head of any constraint
rule with L. Finally, an answer set A of a program P is a minimal model of the reduct of P with
respect to I. For programs with choice rules, we can apply the same semantics using a translation
to normal rules described in Law et al. [8].

We finally define an Observational Predicate Learning from Answer Sets task as a tuple T =
(B, M, E*), with B our background knowledge encoded as an ASP program, M our mode bias, and
E™ the set of our weighted context-dependent partial interpretations (WCDPIs). By definition,
a WCDPI is a tuple e=(eiq, €pen, €pi, €ctz), With e;4 an identifier for e, epe, the penalty for not
covering e that can either be a positive integer or oo, ep; the partial interpretation associated with
e, and e.s, the context of e expressed as an ASP program. The partial interpretation is further
defined as e,; = ('™, ), with e (rep. €°”°) the inclusions (resp. exclusions) of the partial
interpretation ep;. The mode bias is as well further defined as M = (M, M) where M, (resp.
M) are the sets of head (rep. body) mode declarations. We denote as Ny (resp. Np) the size of
the set My, (resp. My). Finally, we define a scoring function S. We say that an hypothesis H C M
is an inductive solution of T (H € ILPpss(T)) if and only if we have: Ve € ETs.t.epe, = 00,
B U H accepts e.

2.3 Evolutionary and Genetic Algorithms

Evolutionary Algorithms (EAs) offer computational methods to solve optimisation problems by
taking inspiration from the mechanisms of biological evolution, such as natural selection, mutation,
and reproduction. A particular subset of those algorithms, called Genetic Algorithms (GAs), offers
to do so by encoding the problem to solve into a biological simulation environment, with a precise
set of semantics. In particular, the different candidate solutions are referred to as individuals
inside a population, and are explored following specific rules. Each individual is characterised by
its genotype, which represents the properties of the candidate solution. This genotype itself is made
up of a set of genes, and is traditionally represented as a binary string. For each individual, we can
then compute the value of the objective function in the optimisation problem, which represents
the fitness of that individual. The evolution process is then simulated using different individuals
that are initially generated, and a few genetic operations are carried out over the course of several
generations. These operations include selecting individuals based on their fitnesses, simulating
reproduction by combining the genotypes of two individuals, and emulating mutation by randomly
perturbating the genotype of some individuals. Finally, the individuals with the best fitness are
kept, and the corresponding solutions are returned.

Quality-Diversity (QD) algorithms make up another particular subclass of Evolutionary algo-
rithms, and are focused on applying the same mechanisms as GAs by not only striving for the
best fitness, but also by encouraging diversity in the set of returned solutions. By doing so, these
algorithms are able to generate large collections of diverse solutions, which all perform the best
within their own niche. Those niches are defined through specific behaviour descriptors that de-
scribe the solutions of individuals under the light of specific features of interest. This added aspect
of diversity enables QD algorithms to be of particular use within areas that are concerned with
more complex problems than optimisation alone, such as scientific research, or education.
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2.4 Symbolic music and MIDI

While music as an art form is inherently embedded in an audio format, the exchange and commu-
nication of its content is often performed through symbolic representations. These can be sheet
music, tablatures, or even lyrics, which all encode some part of a musical piece in a symbolic for-
mat. Within electronic systems, symbolic music is also widely used to enable creative applications,
and, as such, many standards exist like MIDI, MusicXML, KERN, or GUIDO.

MIDI (Musical Instrument Digital Interface) [9] is the most common standard used to connect
electronic musical instruments and computers, as well as to encode musical information in digital
files. Used in MIR, it also allows us to have a symbolic representation of a piece of music in a
compact form, and contains similar information as found on a musical score. When used in live
performances, MIDI is used as a way to transfer the information of which and how notes are
played to a virtual instrument, or synthesiser. Sound is then synthesised following the transmitted
information. MIDI offers a variety of advantages over audio recordings, but also suffers from
important weaknesses. As a matter of fact, MIDI cannot be used to perfectly represent a piece of
music, since a variety of controls that influence the sound produced by a real instrument are not
able to be represented in MIDI. However, MIDI benefits from being very compact, and offers much
easier ways of extracting precise high-level musical information.

MIDI consists of a sequence of instructions called MIDI messages, which correspond to events
or changes in a control parameter. Two of the most important types of messages are Note On,
and Note Off, which respectively encode for the start and the end of a note. The timing in MIDI
is controlled by a clock which emits ticks at regular intervals. The clock has a resolution defined
in parts per quarter note (ppgn), and a greater resolution leads to the ability to express more
precise rhythmic patterns. The most commonly used resolution is 24 ppqn, in which a half note
(d) corresponds to 24 x 2 = 48 ticks while an eighth note (J) corresponds to 24/2 = 12 ticks.

When MIDI needs to be encoded in a file, there are three standard MIDI file formats which can
be used, numbered 0, 1, and 2. These formats differ in the way they encode different tracks, which
can represent different voices or instruments. Format 0 files are made up of a single multi-channel
track, Format 1 files have multiple tracks which all have the same meter and tempo, while Format
2 have multiple tracks with different tempos and meters. Format 1 files are the most commonly
used.

Several technologies have been developed to work with MIDI files and perform a variety of
analyses. Cuthbert & Ariza [10] introduced the music21 Python library in 2010, which enables a
wide range of processing operations, semantic analyses, and information retrieval, on MIDI files.
We will be using the library throughout this project.

2.5 Datasets

In order to perform learning on symbolic music data, we will consider two datasets of interest within
this project. First, we will use the Lakh MIDI Dataset [11], which contains a collection of 178,561
MIDI files on which annotations can then be added from other sources. For evaluation purposes in
chapter 5, we also consider the smaller Bodhidharma MIDI Dataset [12], which contains 950 MIDI
files labelled with their genre annotations from a set of 38 different labels.

12



Chapter 3

GenFastLAS: Scaling up FastLAS
using Genetic Algorithms
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Figure 3.1: The architecture of GenFastLAS

As mentioned previously, Logic-based Learning systems offer a powerful way to approach Ma-
chine Learning tasks in a structured and explainable way, and can be very useful for research,
creative, or educational purposes. Recent technologies, such as FastLAS [3], have been able to
perform this kind of learning at scale, and have demonstrated great results. However, it still re-
mains very difficult for those technologies to be applied to complex data, and to scale up correctly
with respect to the number of features present. Other technologies, like Evolutionary and Genetic
Algorithms, have been successfully used to explore complex feature spaces in a quick and efficient
way, by emulating the behaviour of living organisms. A particular subclass of these algorithms,
called Quality-Diversity (QD) algorithms, aims to perform this feature space exploration while
favouring diversity within the solutions found. This search for diversity allows QD algorithm to
be, as well, extremely useful in contexts of scientific research or for creative purposes. Although
Logic-based Learning and Genetic Algorithms appear to be remarkably complementary, there has
been no attempt yet, to the best of our knowledge, to unite their capabilities using the most recent
state-of-the-art technologies for both.

We, therefore, propose to use a QD algorithm, called MAP-Elites [1], on top of the FastLAS
system, to create the first system able to combine the abilities of both systems, and learn explainable
and diverse solutions from complex data at scale. We call this system GenFastLAS. A simplified
diagram of the architecture of the system is presented on Figure 3.1.

This chapter first focuses on the way we encode FastLAS tasks to be compatible with the
MAP-Elites algorithm. We then describe the way in which we have modified the latter to correctly
work with symbolic FastLAS tasks. We finally explore the different behaviour descriptors that
can be used within our integration of MAP-Elites with FastLLAS, and discuss how these can help
GenFastLAS to be applied to interactive use cases.
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3.1 Genetic encoding of a FastLAS task

In order to use a FastLAS task within the MAP-Elites algorithm, we first need to have a way of
genetically encoding it in a format that MAP-Elites can process.

3.1.1 FastLAS Task

General definitions

As mentionned in Chapter 2, we denote a FastLAS task as T = (B, M, ET) with B our background
knowledge encoded as an ASP program, M our mode bias, and E™ our set of WCDPIs. Our mode
bias is further defined as M = (M, M) with M}, (resp. M) a set of head (resp. body) mode
declarations. Addtionally, each WCDPI e inside ET is further defined as e = (€4, €pen, €pis €ctz ),
with e;q an identifier for e, ep., the penalty for not covering e, e,; the partial interpretation
associated with e, and e, the context of e expressed as an ASP program. The partial interpretation
is further defined as e,; = (€', "), with "¢ (rep. e“*®) the inclusions (resp. exclusions) of the
partial interpretation ep;.

Definition 1. We denote as E.ip = | ecte the set of all contexts used by all examples inside our
task T. As such, BU E., refers to the entire knowledge base for our task.

We are especially interested in the special case where our entire program B U E;, contains a
large number of predicates, that we will call features, and that can be considered as body mode
declarations for the solution of the task 7.

Example 1. Anticipating the musical application of Chapter 4, we consider a FastLAS Task
T = (B,M,E") with:

B =1;
o M = (M, M), and further:

— My, = {genre(const(genre_const))}, and

— M, defined dynamically by GenFastLAS (see later);

o Et ={ey,ea} with two examples defined as:

— e1 = (€idy s €peny » Epiy» Ectay ), With:
* eq, = el,
* €pen; = 10,
% ep;, = ({genre(jazz)}, {genre(pop_rock) }), and
* €.z, = {chord_progression((2, 5, 1)),
sections((a, b, a, b, ¢, a, b)),
snare_pattern(ooxooxxo) }
— €2 = (€idy €peny» Epiy» Cctay ), WIth:
* €4, — €2,
* €pen, = 10,
* epi, = ({genre(pop_rock)}, {genre(jazz)}), and
* €cty, = {chord_progression((1l, 5, 6, 4)),
sections((a, b, a, b, c, b, b)),

snare_pattern(ooxooxxo) }
This example considers the case where we want to learn how to classify the genre of a track

based on its chord progression, and uses two example with ids el and e2 where a “jazz” track and
a “pop_rock” track are defined through three predicates.
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Dynamic generation of body mode declarations

Given a program with a large number of predicates, we would like to explore what subsets of those
predicates are the most relevant in the solution of our task 7', without having to solve T for all of
those subsets.

For clarity reasons throughout the rest of this chapter, we define intuitively p(m) as the function
that generates all possible groundings of the mode declaration m. Conversely, we define m(p) as
the function that generates the mode declaration for the predicate p.

Definition 2. Let P, be the set of size N containing the body mode declarations {mp,,...,mpy}
for all the features used inside our program B U E., for which we want to check the relevance as
part of solution of the task T. Note that we assume in this work that there is only one possible
body mode declaration per predicate, that is that |m(p)| = 1,Vp € BU Eu,. This is, however, not
a limitation per se, since adding support for more possible body mode declarations would simply
result in a growth of the search space.

We then consider that the set of body mode declarations Mj in our task 7" can potentially be
made up of any subset of P,. We have that M, € P(F,) with P(P,) the power set of P,. This
means that M, can take |P(P,)| = 2% values, which means that the size of the set of all possibles
values of M, grows exponentially as the number of predicates in B U E.;, grows linearly. Due to
limitations in the FastLLAS algorithm, this means that the problem quickly becomes intractable
as we expand the set of predicates that are contained in our program, or intuitively the number
of features in our data. Genetic Algorithms are then a promising approach to explore the search
space in a quick and efficient way, that also avoids having to compute all different possibilities.

Example 2. Using the same task T as in FExample 1, we have the set:

P, = {chord_progression(const (chord_progression_const)),
sections(const(sections_const)),

snare_pattern(const (snare_pattern_const))}
as well as the different possible constants:
e chord_progression_const((2, 5, 1)), chord_progression_const((1, 5, 6, 4))
e sections_const((a, b, a, b, ¢, a, b)), sections_const((a, b, a, b, ¢, b, b))

e snare_pattern_const (0ox00xxo0)

As such, we have that My € {My,, My,, My, , My, , My, , My, , My, My, }, with:

My, ={},

My, ={chord_progression(const (chord_progression_const))},
My, ={sections(const(sections_const))},

My, ={snare_pattern(const(snare_pattern_const))},

My, ={chord_progression(const (chord_progression_const)),

sections(const(sections_const))},

My, ={chord_progression(const (chord_progression_const)),
snare_pattern(const(snare_pattern_const)) },

My, ={sections(const(sections_const)),
snare_pattern(const(snare_pattern_const))},

My, ={chord_progression(const (chord_progression_const)),

sections(const(sections_const)),
snare_pattern(const(snare_pattern_const))}
Where My, can take 23 = 8 values as expected. Our task T will therefore have one of those sets

of body mode declarations. Note that all of those sets of body mode declarations can be used as part
of different tasks as well.

Looking at Example 2, it is clear that the search space of a FastLLAS task grows exponentially
as the number of predicates increases. This reinforces the motivation of using Genetic Algorithms
in order to guide the search over such a large space.
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3.1.2 Genetic encoding

As mentioned in Chapter 2, Genetic Algorithms approach the exploration of the search space with
methods that aim to mimic natural genetic processes. As such, individuals inside a population
differ by their genotypes (also sometimes called chromosomes), which are composed of various
genes that can take different values inside a set of various alleles. Genetic operations, such as
crossover or mutation, are then applied to the genotypes of selected individuals and act as a
source of randomness. We then compute the fitness for each individual, which also encodes the
likelihood of their genes being used in the generation of new individuals.

On top of this, QD algorithms introduce a behaviour descriptor for each individual, which
describes the behaviour of an individual with respect to a set of features of interest. The added
presence of this behaviour descriptor greatly increases the future interactivity potential of the
algorithm, and the different potential values it can take are described later in Section 3.3. For the
moment, we consider a naive implementation where the behaviour descriptor is a 2-dimensional
vector whose value is set to a pair of coordinates generated from the genotype of the individual.

Definition 3. We define our genotypic coding function g : P(Py) — {0,1}" as:
9(Myp) = {xnm,(mp)|msy € P}, VM, € P(P)

where x a1, (My) s the characteristic function of a given set My, which returns 1 if a given body
mode declaration my, is in My, and 0 otherwise. Our genotype therefore has N genes, which can
always take the value of one of 2 alleles.

Conversely, we have a genotypic decoding function g~ : {0, 1}V — P(B,).

Definition 4. We define an individual I that directly maps to a FastLAS taskT, as I = (G, H, F, BD),
with:

G €{0,1}V, the genotype of the individual, defined as g(My),

H, the optimal solution of the FastLAS task T,

F € R, the fitness of the individual, computed as S(H,T), and

BD € RVep | the behaviour descriptor of interest for the task T.

This allows us to encode all of the possible tasks T' € Topr,, with Topr, the set of all possible
I LPE;SL tasks, that is our population. Each task T has exactly the same background knowledge
B, set of WCDPIs E*, and set of head mode declarations Mj,, but is made different through its
set of body mode declarations Mp, and, incidently, its genotype G. Additionally, using the scoring
function S to encode the fitness F' of the individual allows us to customise the behaviour of the
GenFastLAS algorithm as is required by the task.

Example 3. Considering our example once again, we can create a set of genotypes of length 3
where:

e index 0 encodes for the inclusion of the body mode declaration for predicate chord_progression,
e index 1 encodes for the inclusion of the body mode declaration for predicate sections, and
e index 2 encodes for the inclusion of the body mode declaration for predicate snare_pattern.

We consider indices to start from 0 and read from left to right. We can then encode different
genotypes for the differents sets of body mode declarations of Example 2, as such:

G1 = g(Mp,) ={0,0,0}
G2 = g(My,) = {1,0,0}
Gs = g(My,) = {0,1,0}
Ga = g(Ms,) = {0,0,1}
Gs = g(My;) = {1,1,0}
Go = g(My) = {1,0,1}
G7 = g(My,) = {0,1,1}
Gs = g(Myg) = {1,1,1}

A visual example of encoding for a given set of body mode declarations is shown on Figure 3.2.
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Figure 3.2: A genetic encoding of a possible set M}, with a set of predicates P, of size N =5

procedure MAP-ELITES ALGORITHM FOR GENFASTLAS (MODIFIED)

Z+ 0 > Create an empty, Npp-dimensional map of elites 7

n_evals =0 > Keep track of the number of total evaluations

while n_evals < max_evals do > Repeat until we performed enough evaluations

if |Z| < Ijmin then > Initialise with a minimal number of individuals
Batch + random __initialisation()

else > After initialisation, use computed genotypes

Batch «+ selection(Z) > Perform selection

Batch «+ variation(B) > Perform variation

for G in Batch do > Evaluate all genotypes (parallelised)

BD, F, H + evaluate _task(G) > Evaluate FastLAS task with genotype G

if Z(BD) = 0 or Z(BD) < F then > If cell is empty or new fitness is better

I(BD) « (F,H,G) > Store fitness F, solution H, and genotype G in the map
n evals<n evals+1

if repeated no updates then > If the map is not updated repeatedly, terminate
break
return archive of individuals(I)

Figure 3.3: Pseudocode adapted from the original MAP-Elites algorithm from [1]

3.2 Adapting the MAP-Elites algorithm to interact with Fast-
LAS

We now focus on implementing the Multi-dimensional Archive of Phenotypic Elites (MAP-Elites)
algorithm [1], to use as a way of efficiently exploring the hypothesis space of FastLAS tasks,
while favouring diversity within the solutions that are learnt. Some modifications to the original
algorithm are made to: (1) handle 1-dimensional binary genotypes, (2) use customised operators
for discrete crossover and mutation, and (3) implement a heuristic to guide the generation of the
first individuals. In the following subsections, we give an outline of the MAP-Elites algorithm, with
an emphasis on the modifications that we performed. Our implementation is based on INRIA’s
Python3 MAP-Elites module [13]. An overview of our algorithm is given on Figure 3.3.

3.2.1 Step 1: Random initialisation

In order to kickstart the MAP-Elites algorithm, we need to evaluate the fitness of a few individuals,
which can later serve as a basis for the natural selection process. The number of individuals that are
considered in the first stage of the algorithm is determined through the minimum_initialisation
parameter.

While the original algorithm performs this initialisation at random, we decide to use a heuristic
in order to select the most appropriate genes first. This is done in the hope of starting the
second step (Subsection 3.2.2) of the algorithm with high-performing individuals. Since mutation is
performed at random in the second step of the algorithm, this does not prevent us from considering
the entire search space, and thus still strive for diversity. We use the Minimum Redundancy
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Maximum Relevance (mRMR) method [14] as a heuristic to select the most relevant and least
redundant genes first. In order to do so, we first need to temporarily transform our complex
learning task T into a simpler multi-featured multi-class classification problem, through a process
that we describe here.

Converting the FastLAS task into a Multi-Class classification problem

We convert our FastLAS task into a Multi-Class classification problem that will solely help us
compute the mRMR metric. This conversion is therefore temporary, and will be discarded once
the learning is actually performed.

We first start by considering all of the examples e € E™, such that e = (€;q, €pen, €pi, €ctz) and
epi = (€€, e°"¢), as previously defined. For each example e € ET, we further consider every head
mode declaration mjy € My. Our goal is to define unique labels for the class labels of our data
(corresponding to the different sets of values taken by head predicates), and for the features of our
data (corresponding to the different sets of values taken by each body predicate)

Definition 5. Given an example e € E' and a head mode declaration my, € My, we denote as
Y(e,my) the set of all possible groundings of the head mode declaration my, that are compatible with
the example e. Formally:

Yie,mn) = {prlpn € p(my), such that py, € e A pp & e}

Additionally, we define Y, = Umhth Y(e,mn) as the combination of all head predicates py, such
that py, € € A py, & e°*¢ for a given example e € ET

Finally, we construct the set Y = {Y.|le € E*} as the set of all possible combinations of all
head predicates py, such that p, € e A py, & €°° for each example e € E7.

Using Definition 5, we have Y as our “ground truth” for a given task 7. This allows us to
transform our complex learning task into a simple multi-class classification problem, by associating
a unique label to each unique value of Y. We then have |Y| class labels.

Definition 6. We write as Y € ET — Y the function that returns the class label of every example
ec ET.

Example 4. We have defined two examples e and ez, and one head mode declaration mp in
Ezxample 1. We therefore have:

b Yv(el,mh) = {genre(jazz)}, and
® Y, m,) = {genre(pop_rock)}.

This allows us to write Y = {{genre(jazz)}, {genre(pop_rock)}}, and we have two class
labels 1abel_1 and label_2 such that:

e YV(ey) = label_1, and
e YV(es) = label_2.

We can then proceed with a similar approach to compute unique labels for every feature of our
dataset.

Definition 7. Given an example e € E* and a body mode declaration my, € P,, we denote as
X(e,my) the set of all possible groundings of the body mode declaration my, that are compatible with
the example e. Formally:

X(esmy) = 1PvlPy € p(My), such that py € ects }

We further define X, = {X(c,m,)le € E*} as the set of all combinations of the body predicate
py associated with the declaration my, such that py € eq, for each ezample e € ET.

Once again, we have X,,,, as the “ground truth” for the feature associated with the body mode
declaration my, in the data of our task T. Each feature with declaration my therefore has |X,,, |
labels.
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Definition 8. We write as X,,, € E* +— X,,,, the function that returns the categorical label of the
feature associated with declaration my, for every example e € ET.

Example 5. Applying those definitions to our previous example, we have for example e :
* Xey,my,) = {chord_progression((2, 5, 1))},
° X(el,mbz):{sections((a, b, a, b, ¢, a, b))}, and
* Xey,my,) = {snare_pattern(oox00xx0) }.
And for example es:
® Xewmy,) = {chord_progression((1, 5, 6, 4))},
. X(ez,me):{sections((a, b, a, b, ¢, b, b))}, and
® X(ey,my,) = {snare_pattern(ooxooxxo) }.
We further have:
o X, = {{chord_progression((2, 5, 1))}, {chord_progression((1, 5, 6, 4))}},

o Xy, = {{sections((a, b, a, b, c, a, b))}, {sections((a, b, a, b, ¢, b, b))}},
and

e Xy, = {{snare_pattern(ooxooxxo)}}.

This allows us to have 2 labels for feature with declaration my, : mb1l_label_1 and mbl_label_2,
2 labels for feature with declaration my,: mb2_label_1 and mb2_label_2, and I label for feature
with declaration my,: mb3_label_1, such that:

e X, (e1) =mbl_label 1,
® X, (e2) =mbl_label 2,
® X, (e1) =mb2_label_1,
® X, (e2) =mb2_label_2,
e X, (e1) =mb3_label_1, and
o X, (e2) =mb3_label_1.

mRMR Implementation

We now have Y as our class labels, and X,,,,, m; € P} as our data features, and are able to compute
the heuristic for each of those features. Following Zhao et al.’s [15] implementation of mRMR in
Machine Learning, we implement the metric using the F-test Correlation Quotient (FCQ) approach.

Definition 9. We define a scoring function f¥¢Q : P, R, which computes the mRMR score for
the feature associated with a given mode declaration, as such:

1
fFCQ(mb) =P, me)/[ﬁ Z P( Xy s X )]
My er,
Where F € (ET x ET) — R is the F-test scoring function, and p € (ET x ET) — R is the
Pearson correlation.
Since our features are categorical, we encode them using Scikit-learn’s [16] James-Stein Cat-

egory Encoder. We can then compute fF¢?(my) for every my € P, and define an ordering
<p,= {{ma,, M, ) My, 1, € Pyl fFFO9 (my, ) < FFO9(m, )}

Example 6. Using our previous example, we have the following dataset:

Koy, Xy, Koy, y

e; mbl_label_1 mb2_label_1 mb3_label_1 1label_1
eo mbl_label_2 mb2_label_2 mb3_label_1 1label_2
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Figure 3.4: We select genes using a unnormalised geometric distribution

This, in turn, allows us to compute a mRMR score for each feature. We have:
o fFCQImy, ) =1

o fFCQmy,) =1

o fFOQ(my,) =05

We therefore have the ordering (mp,, Mpy, Mpy ).

Random selection of the predicates

Now that we have a way of ordering features, we need to select them appropriately in the generation
of our first genotypes. To do so, we make use of a unnormalised geometric distribution defined as
such:

Definition 10. We define an unnormalised geometric distribution UG as:

UG(PLZ&)(”) = max(p? - (1 _p2)70)
with p1,p2 € (0,1) two parameters and n € (0, N) the index of a feature in a genotype.

In our algorithm, p; is represented by the hyperparameter best_initial_features_tail
and pe by the hyperparameter best_initial_features_weight. Note that our function UG
is bounded between 0 and 1 and therefore allows us to associate a probability of selection to every
feature with index n, that decreases as n grows. Intuitively, p; (best_initial_features_tail)
controls the rate of decrease of our probabilities, while ps (best_initial_features_weight) con-
trols the maximum probability. A value of po = 1 ensures that our best mRMR feature (with index
n = 0) is always chosen.

By juxtaposing this distribution on top of our features ordered according to our previous or-
dering <p, (see Figure 3.4), we can associate a probability of selection to each feature.

Example 7. Given parameters p; = 0.6 and p2 = 0.8, and by reusing our ordering of features
(M, My, My ), we can compute the probability of selecting each feature in our initial genotypes
(we start indexing the genotype at index 0).

e UGy, p)(0) =0.8,

e UGy, p)(1) =04, and

e UG, p,)(2) = 0.16.

We can then compute the probability of selecting a few genotypes from Example 3:
e for G; ={1,1,0}, a probability of .8 x .4 x .84 = .27,

e for G5 ={1,0,0}, a probability of .8 X .6 x .84 = .4, and

e for G, ={0,0,1}, a probability of .2 X .6 x .16 = .02.

Finally, we perform this selection multiple times to construct a set of size BS (controlled by
the hyperparameter batch_size) for which we can then evaluate the fitness.
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3.2.2 Step 2: Fitness evaluation

To evaluate the fitness of an individual with a genotype G € {0, 1}, we first construct the FastLAS
task T = (B, M, E™) by keeping B, ET and M), the same as other tasks, but by setting M, as
the set of all body mode declarations that we want to consider. To do so, we use our genotypic
decoding function from Definition 3. We then have M, = g~ 1(G).

Once the fitness score F, the solution H, and the behaviour descriptor BD have been computed
for an individual, we update the individual to have I = (G, H, F, BD), as previously defined. We
then add this computed individual I to the archive A of all elites. The archive is a mapping of
behaviour descriptors to the corresponding best genotype, with its associated fitness and solution.

We perform this evaluation for all individuals inside our batch at the same time, by parallelising
the evaluation of the different FastLLAS tasks associated with the individuals. We refer to the set
of those FastLAS tasks ran in parallel as one FastLAS job.

Parallelising Tasks

To exploit the parallelisation opportunities offered by MAP-Elites, we use the open-source software
HTCondor [17] to distribute FastLAS tasks on different machines over a network. HTCondor allows
us to do so by creating a High-Throughput Computing (HTC) environment, within which we can
easily spread the different FastLLAS tasks of a single job, in order to compute the fitness for many
individuals at the same time. When a FastLAS job is started, we distribute the Niaqs FastLAS
tasks contained within it on different machines, and make use of the minimum_wait parameter
to determine the number of tasks to wait for before moving to the next epoch. If minimum_wait
is an integer, each job will wait for the completion of minimum_wait tasks (or Niagks if it is
smaller). If minimum_wait is a real value between 0 and 1, each job will wait for the completion of
minimum_wait X Npasks- Once the wait is over, the results are collected by reading the output file of
each task, and each individual is added to the archive following the process described previously.
Additionally, results for pending jobs are collected at the end of each epoch, and the individuals
are added to the archive. Although not implemented within this project, this parallelisation could
also be done over the several CPU cores of a single machine. This is left for future work.

3.2.3 Step 3: Selection and genetic operations

Once the threshold of minimum_initialisation individuals has been reached (I, in Figure 3.3),
the MAP-Elites algorithm continues to fill the archive by a generation process that mimics natural
selection.

Selection

We start by selecting two batches of B.S individuals each to consider as parents for the generation
of more individuals. If the hyperparameter select_best is set, we perform stochastic uniform
selection, which selects individuals based on their previously computed fitness. Every individual I
is associated a probability to be computed equal to:

Fitness(I)
> rea Fitness(I')

With Fitness the function that returns the previously computed fitness of an individual. If
the hyperparameter select_best is not set, we simply select the parents at random.

We then consider BS tuples of two parents, and we apply crossover to generate more individ-
uals. We also randomly apply mutation in order to generate randomness.

Crossover

Crossover is a way of generating two new individuals from the combination of two parents. While
different methods are available, we decide to use two-point crossover as it brings more linearity
when working with discrete genotypes. To do so, we sample two indices 1,22 € (0, N) at random
such that 0 < 27 < 29 < N. We then consider two children with the following genotypes:
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Figure 3.5: Two-point crossover applied to two different parent genotypes, resulting in two children
genotypes

Gchildl = G];)au"en‘c1 [0 : xl] + CTvparent2 [.’L’l : $2] + CTVparent1 [.’)32 : N]
Gchildg - C';paurent2 [0 : 1’1] + (;parent1 [:El : 1’2] + (;parent2 [:L'2 : N]
Where Gla : b] refers to the selection of a part of the ordered set G located between indices a
and b — 1 inclusive, and + refers to the concatenation operator between two ordered sets.
Figure 3.5 shows the process behind the two-point crossover operator. We then randomly selects

one of the child to be considered for evaluation.

Example 8. Looking back at the genotypes defined in Example 3, we can simulate the effect of a
crossover on the following selected parents:

e Parent 1 with genotype G2 = {1,0,0}
— Mode body: My, = {chord_progression(const(chord_progression_const))}
e Parent 2 with genotype G4 = {0,0,1}
— Mode body: My, = {snare_pattern(const(snare_pattern_const))}
By randomly selecting 1 = 1 and xo = 2, we can construct two different children:
e Child 1 with genotype G| = {0,0,0}
— Mode body: My, = {}
o Child 2 with genotype G4 = {1,0,1}

— Mode body: My, = {chord_progression(const(chord_progression_const)),

snare_pattern(const(snare_pattern_const))}

We observe that the resulting genotypes somehow combine parts of the parent genotypes, and
we can intuitively see how such operations allow us to explore the hypothesis space efficiently.

Mutation

With a probability set by the prob_mutation hyperparameter, we perform mutation on one of the
two parents (selected at random) and evaluate the fitness of the resulting individual. We apply a
standard mutation by flipping each bit of G with a probability of 1/N.
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3.2.4 Picking out the best individuals

Once the algorithm stops, either due to a complete exhaustion of individuals to evaluate, or when
the given number of evaluations has been reached, we need to have a way of evaluating the individ-
uals of our archive. We might, for example, take the best performing solution, or select individuals
who display specific behaviours. To do so, we use a held-out validation set, extracted at random
from the training set, that was not used during the training. We then evaluate all of our individuals
in our archive against this validation set, using the scoring function S for each individual. The
returned score is then used for our selection of individuals of interest.

3.3 Exploring different behaviour descriptors

One of the main benefits of using MAP-Elites is the ability it offers, as a QD algorithm, of using
different behaviour descriptors to both describe and explore the hypothesis space in a customisable
way. As described in Subsection 3.1.2, using a behaviour descriptor allows us to specify the
characteristics that we are interested in within the solutions learnt by FastLAS. The behaviour
descriptor is also used to measure the distance between individuals, and is therefore used as part
of the exploration of the hypothesis space, and to visualise the generated solutions.

Most of GenFastLAS has been developed around the naive implementation of having a bijection
between the behaviour descriptors and genotypes of our individuals. This results in an iterative
exploration of the hypothesis space, where each individual is mapped to a unique niche in the
archive, therefore eliminating any competition at the niche level. However, while this implementa-
tion allows us to fully exploit the optimisation benefits of GenFastLLAS, it disregards the potential
for a precise control over the hypothesis space search brought by MAP-Elites. Additionally, select-
ing behaviour descriptors allows us to consider a feature smaller space than the entire genotypic
space, and therefore allows visualisation in the case of very large feature sets.

In this short section, we explore the process that we developed to properly use a genotype as
a behaviour descriptor, and correctly define a distance metric over the genotypic space. We then
mention a few behaviour descriptors that can be used in the context of GenFastLAS, and how they
can enhance Human-Model interactivity

3.3.1 Using the genotype as a behaviour descriptor

In order to use an individual’s genotype as its behaviour descriptor, we need to be able to map
any genotype GG in our archive to a corresponding pair of 2D coordinates. However, this mapping
cannot be done at random. As a matter of fact, to ensure the coherence of our behavioural space,
we need to enforce the fact that similar individuals have coordinates that are close to each other.
In order to measure the similarity between individuals, we use a distance metric that we apply to
the genotypes of the individuals.

Definition 11 (Hamming Distance [18]). Given two binary strings u € {0,1}" and v € {0,1}V,
both of length N, the Hamming Distance d(u, v) is equal to the number of indices where both strings
u and v differ. It can be proven that this distance is a correct distance metric.

We decide to use the Hamming Distance applied on genotypes to measure the similarity between
individuals. In our case, two genotypes differing by only one bit refer to two FastLLAS tasks where
only one body mode declaration has been added or removed. We can therefore argue that those two
FastLAS tasks are indeed more similar than when taking tasks with completely different body mode
declarations. Additionally, we can intuitively imagine that repeatedly adding or removing body
mode declarations might lead to a continuous improvement or deterioration of the fitness of the
solution, therefore ensuring linearity in our behavioural space. This distance metric also cognates
with the way in which individuals are selected in our algorithm, since we apply a succession of
bitwise operations.

Definition 12 (Karnaugh Maps [19], generalised). A Karnaugh Map is a mapping of binary strings
on a 2D grid, in which two adjacent strings only differ by exactly one bit.

Example 9. We can map the genotypes from Example 3 on a 3-variable Karnaugh map:

{0,0,0} [ {0,0,1} [ {1,0,1} | {1,0,0}
{0,1,0} | {0,1,1} | {1,1,1} | {1,1,0}
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Archive example for a complete run of GenFastLAS with 10 features (using a Karnaugh Map) Archive example for a complete run of GenFastLAS with 10 features (using binary indexing)
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Figure 3.6: An example of 2D heatmaps generated for an archive computed by GenFastLLAS for an
ensemble of 10 features. The visualisation can use Karnaugh Maps (left) or naive binary indexing
(right).

We therefore use our generalisation of Karnaugh Maps in order to map any genotype to 2D
coordinates. Namely, we use the following recursive formula:

Definition 13. We define a recursive function 2D _ coordinates : {0,1}% +— (NxN) that returns the
2D coordinates of any given genotype of length X, based on our generalised definition of Karnaugh
Maps.

(0,G[0) 16 =1
2D coordinates(G|[1 :]) else if G[0] =0

9D coordinates(G) = (V2I6T — x(?D_ coordinates(G[1 :])) — 1, |
y(2D _coordinates(G]1 :]))) else if |G| mod 2=0
(2(2D_ coordinates(G|[1 :])),
V2IGT — (2D coordinates(G[1:])) — 1) else if |G| mod 2 =1

with G[0] representing the most significant bit of the genotype G, G[1 :| representing the other
bits, and x(-) (resp. y(-)) the function that returns the x (resp. y) coordinate of a tuple of 2D
coordinates.

With a reasonable range of features, we can then visualise the archive as a 2D heatmap, on
which the colour encodes for the fitness of the individual. Given that our genotype is of length N,
we have a 2D heatmap of size (V2N,v2N) if N is even, and of size (vV2N—1,V/2N+1) if N is odd.

Figure 3.6 (left) shows an example of such a visualisation with a set of 10 features. We can see
that the highest-performing individuals (referred to as elites) are present in different parts of the
map, which suggests that the inclusion of different features translates in equally good solutions.
This, in turn, can provide us with an interesting insight about the task at hand, which is another
motivation for the use of the MAP-Elites algorithm. For a comparison, Figure 3.6 (right) shows the
same archive visualised with a naive approach, where genotypes are indexed one after the other,
from left to right and top to bottom. We can see that using Karnaugh Maps allows us to have
much more meaningful clusters, compared to binary indexing, where linearity is harder to see.

3.3.2 Other behaviour descriptors

As mentioned previously, while using genotypes as behaviour descriptors still allows us to benefit
from the optimisation brought by MAP-Elites, it fails to exploit properly the opportunities for
model interaction given by the selection of custom behaviour descriptors. As a matter of fact,
using genotypes as behaviour descriptors assigns one niche per genotype, and allows the efficient
computation of the best genotypes with respect to the scoring function defined in the GenFastLLAS
task. However, we might sometimes be interested in exploring more dimensions at the same time
than simply the scoring function, such as different metrics for explainability, or other domain-
specific measures, and behaviour descriptors help us define those. Since behaviour descriptors
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Visualisation of archive using new behaviour descriptors (1) Visualisation of archive using new behaviour descriptors (2)
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Figure 3.7: Two visualisation of a GenFastLAS archive using behaviour descriptors, and MAP-
Elites with Voronoi Tesslation [2]. The figure on the left shows a visualisation using behaviour
descriptors that measure the complexity of the solutions learnt. The figure on the right shows a
visualisation using domain-specific behaviour descriptors for the domain of music.

dictate the way in which genotypes are evaluated and compared, modifying them during the
learning in response to the current results can also bring a new aspect of interactivity within the
learning system, such as in Alvarez et al. [20]. While GenFastLAS does not currently support
such interactivity, we offer this as a future area of work, as we believe that it can bring a very
interesting and novel dimension of interactivity within Logic-based Learning.

Behaviour descriptors can be computed from the solutions to the FastLAS tasks associated
with specific individuals, or directly from the genotypes of those individuals. They can be defined
in many ways and help measure the complexity of the solutions learnt, quantify domain-specific
characteristics, and more. To improve explainability, behaviour descriptors can be chosen in such
a way that they measure the complexity of the solutions learnt by the FastLLAS tasks. Such
descriptors can include the length of the learnt rule bodies, the number of features used per rule,
or the variability of the constants used. Choosing those behaviour descriptors can help determine
how the accuracy of the solutions varies with their complexity, which might be of value to specific
users. Behaviour descriptors can also be used to compare solutions using domain-specific metrics,
which can be of interest for research and educational applications. As a matter of fact, users of
those domains might want to compare the solutions learnt based on additional metrics, visualise
the current state of the learning process, and continue it with these new behaviour descriptors
used as a competing factor. In the example of a music application, such metrics could include the
number of unique sections, or chord progressions, used to define a genre, or the variability of the
rhythmic patterns. Figure 3.7 shows two visualisation of GenFastLAS archives using two different
sets of behaviour descriptors.
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Chapter 4

Designing explainable features for
symbolic music data

In the previous chapter, we introduced a new system which enables the automated and efficient
learning of explainable knowledge from symbolic data. As discussed in Chapter 2, explainable
features need to be inferable from symbolic data in order to maximise the explainability of the
solutions learnt. In order to enable the application of GenFastLLAS to the promising task of
Symbolic Music Genre Clasification, and to be able to extract the most meaningful solutions from
the task, we first need to have access to explainable symbolic music features.

In this chapter, we first discuss the current availability of explainable features for symbolic
music data, and articulate the motivation for the design of new ones. We then present our set
of eight novel and explainable symbolic music features, and describe the systematic approach for
their computation. Both the explainability of our features and their efficiency when used within
GenFastLAS are discussed in the next chapter.

4.1 Availability of explainable symbolic music features

4.1.1 Symbolic music dataset and preprocessing

As mentionned in Chapter 2, we make use of Raffel’s Lakh MIDI Dataset (LMD) [11], which has
been extensively used for research on symbolic music, and which contains 178,561 MIDI files that
act as symbolic representation of music pieces. For the purpose of our task of Symbolic Music Genre
Classification, we annotate those MIDI files using the genre mapping used initially by Schindler et
al. [21], which contains genre labels extracted from the MSD Allmusic Genre Dataset (MAGD).
In particular, we consider the top-MAGD subset, which includes the top 13 genres present in the
dataset. These are: Pop/Rock, Electronic, Country, RnB, Latin, Jazz, International, Vocal, Rap,
New Age, Folk, Reggae, Blues.

After filtering out any file without a genre label, we obtain a collection of 22,535 MIDI files.

Distribution of MIDI files amongst Genre labels
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Genre label

Figure 4.1: Distribution of the MIDI files amongst top-MAGD Genre labels
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Genre label Number of MIDI files

Pop/Rock 546
Electronic 530
Country 561
RnB 535
Latin 572
Jazz 598
Total 3,342

Table 4.1: Distribution of MIDI files for each of our 6 labels of choice, after preprocessing.

LMD is known to be heavily imbalanced, in favour of the Pop/Rock genre label. Figure 4.1 shows
the distribution of the top-MAGD genre labels within LMD. In order to work with a balanced
dataset, we select the top 6 labels and sample the same number of MIDI files from each of these
labels. Namely, we sample the number of MIDI files that make up the limiting class (Jazz), giving
us a total of 613 MIDI files per genre. We analyse each MIDI file using the music21 library,
and disregard any file that was not successfully analysed. We finally obtain a dataset with the
distribution displayed on Table 4.1.

4.1.2 Existing symbolic music features

We now take a look at the features that we can extract from this dataset. As mentioned previously,
in order to maximise the potential for explainable and interactive usages of these data, we aim to
extract the most meaningful and easily intelligible features. This goes back to Clark and Brennan’s
previously cited work on the “mutual knowledge” required for human communication [6]. In order
to ground this notion of “mutual knowledge” in the context of symbolic music, we need to first
define what we mean the development of explainable features for symbolic music data. As with
many human activities, music is surrounded by an extensive and formal theory, which is taught and
communicated similarly accross multiple locations in the world. We therefore base our common
ground of communication on this theory.

Definition 14 (following Clark and Brennan’s theory [6]). We describe a symbolic music feature
as explainable if it embeds knowledge taken from music theory as it is found in litterature, and
taught in academic institutions. The intuition for this definition is that, by using such features,
machines are informed with a structured knowledge that is shared by humans, and which facilitates
the communication with its users.

In his PhD thesis, McKay introduces a corpus of 111 features that can be extracted from
symbolic music data [22], which are all defined as part of one of seven categories: Instrumentation,
Texture, Rhythm, Dynamics, Pitch Statistics, Melody, and Chords. To illustrate those features,
we present one example of a feature for each category, together with descriptions directly cited
from McKay’s PhD thesis.

e I-1 Pitched Instruments Present (Instrumentation): “A feature vector with one entry
for each of the 128 General MIDI Instruments. Each value is set to 1 if at least one note is
played using the corresponding patch, or to 0 if that patch is never used.”

e T-1 Maximum Number of Independent Voices (Texture): “Maximum number of dif-
ferent channels in which notes are sounded simultaneously.”

e R-1 Strongest Rhythmic Pulse (Rhythm): “Bin label of the bin of the beat histogram
with the highest magnitude.”

e D-1 Overall Dynamic Range (Dynamics): “The maximum loudness value minus the
minimum loudness value.”

e P-1 Most Common Pitch Prevalence (Pitch Statistics): “Fraction of Note Ons corre-
sponding to the most common pitch.”
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e M-1 Melodic Interval Histogram (Melody): “A feature vector consisting of the bin
magnitudes of the melodic interval histogram.”

e C-1 Vertical Intervals (Chords): “A feature vector consisting of the bin magnitudes of the
vertical interval histogram..”

McKay’s fascinating work has, therefore, allowed the generation of a large number of features
which have all proven to be very powerful in different symbolic Music Information Retrieval tasks.
However, since all of these features have been developed with the aim of using them within Support
Vector Machines (SVMs), they suffer from the considerable drawback of being numerical values.
Since music theory tends to be taught and communicated through an ensemble of much more
hierarchical, categorical and structured concepts, we argue that having only numerical features
intensely decreases the potential of these features to be used in explainable Al learning systems.
We also argue that, since Logic-based Learning systems like GenFastLAS are generally designed
to work with categorical features, we would like to be able to rely on this type of data to perform
various symbolic Music Information Retrieval tasks, like our Symbolic Music Genre Classification
task. As such, we attempt to design our own explainable and categorical features, based on music
theory knowledge.

4.2 Our new features

Music is heavily based on meaningful and repeating patterns, due to its time-dependent charac-
teristics. We believe that the presence and properties of those patterns greatly influence the genre
classification of a track, and are strongly connected to the way humans naturally listen to and
comprehend music. We therefore aim to develop a collection of explainable features, based on
music theory knowledge that we encode manually.

As such, we extract patterns occurring on three different musical levels: at a high level, through
repeated sections of a piece of music (see Subsection 4.2.1); on a harmonic level, through the
repetition of successions of chords (see Subsection 4.2.2); and finally on a rhythmic level, through
the repetition of motives played by the percussive instruments of a piece of music (see Subsection
4.2.3).

4.2.1 Feature 1: Sections

Sections, when discussed in the context of musical analysis, represent clearly-defined portions
of musical content that get repeated throughout a piece of music. Sections can sometimes be
part of compositional conventions, especially when it comes to musical genres. For example,
there is an important amount of modern popular music based on the pattern Verse-Chorus-Verse-
Chorus-Bridge-Chorus, while, in classical music, fugues generally follow a progression of Ezposition-
Development- Recapitulation [23]. While the names used to refer to those sections might differ based
on the genre, they all refer to the same concept: the repetition of musical content that is similar.
This similarity can be expressed through a multitude of musical concepts, like the key used, the
melody played, or even the different rhythms present in the percussive parts.

Our section detection algorithm is heavily based on the Refrain Detecting (RefraiD) Method
[24], but is simplified and adapted to work with symbolic music instead of raw audio.

Computing chroma vectors for measures

Following the RefraiD method, we start by computing a chroma vector to represent each measure
in our music piece. Whereas RefraiD originally uses audio frames of a given size, we decide to use
one measure as the atomic size in our representation. This is motivated by explainability reasons,
since the measure is heavily used by humans as a representative unit when listening, studying or
interpretating music. We also expect sections to be longer than one measure (generally at least 3
or 4 in most of the cases), which makes this choice coherent with our purpose.

Definition 15. We define a 12-dimensional chroma vector ¥(m) for measure m as the vector
containing the number of pitches played by all instruments for each pitch in measure m, normalised
by the total number of notes in the measure. The 12 pitches used are taken from the modern music
twelve-tone equal temperament (12-TET) standard and are: C, Db, D, Eb, E, F, F#, G, Ab, A,
Bb, and B.
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Figure 4.2: A visual representation for the chroma vector corresponding to measure 28 of the song
Charmless Man by Blur

Example 10. We analyse the sections for the song Charmless Man by Blur, which is present in
our dataset under the ID 38dce7e08508b65b15d07be37fd20ae2.
Measure 28 of Blur - Charmless Man is for example made up of the following pitches:

¢ Db D Eb E F F# G Ab A DBb B
4 12 2 0 10 0 11 o0 7 16 2 7

which we feed into a column vector and normalise by the total number of pitches inside the
measure to get the following chroma vector

[0.06]
0.17
0.03
0.00
0.14
0.00
0.15
0.00
0.10
0.23
0.03

0.10]

ﬁ(mgg) =

A wisual representation of this vector is given on Figure J.2.

Creating chromagrams to represent entire pieces

Now that we have a way of numerically representing measures, we can represent an entire piece
of music through a sequence of chroma vectors corresponding to consecutive measures. We then
have a matrix as a numerical representation of the piece, that we call chromagram.
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Figure 4.3: The chromagram for the song Charmless Man by Blur

Difference between chromagrams Frobenius Norm

|M; — M| 0.069
|M5 — M| 1.356

Table 4.2: Frobenius Norms for various differences between chromagrams for the song Charmless
Man by Blur.

Definition 16. We call chromagram of a musical piece M the matric M of dimension 12 x n,
with n the number of measures in M, composed of the chroma vectors v(m) for every measure m
in M, such that:

M = [6(my), ..., 0(my)]

We additionally refer to portions of this chromagram as sections and denote them as

Mla : b = [0(mq), ..., 0(mp—1)]
which represents the section from measures a to b — 1 inclusive for the musical piece.

Figure 4.3 shows a visual representation of the chromagram for the song Charmless Man by
Blur.

Measuring similarity between portions of the chromagram

Given this new numerical representation for musical pieces, we can attempt to detect the presence
and location of repeated sections. In order to do so, we first need to define formally what we
mean by similarity in the context of symbolic music. For this matter, we simplify the RefraiD
method and consider two measures to be similar when the proportion of pitches played within two
measures is similar for each pitch. This allows us to measure the similarity between two measures
through the Euclidean distance between the two corresponding chroma vectors. By generalising
this concept, we can then compute the similarity between two sections through the Frobenius Norm
of the difference between the two corresponding matrices.

Definition 17 (Frobenius Norm, from [25]). The Frobenius Norm of a matriz A of dimension
m X n is defined as:

m n
DD layl?

i=1 j=1

1Al[F =
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Figure 4.4: Three sections of the song Charmless Man by Blur. The Frobenius Norm for the
difference between M7 and My is 0.069, while the Frobenius Norm for the difference between M;
and M3 is 1.356.
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procedure FINDSECTIONS(M) > M is our chromagram
N < length(M)

t<+ 0.3 > We define a threshold for the norm
S+ 0 > S is our set of sections
for F' < N/2 to 0 do > We consider all frame sizes

for F; + 0to N —2F +1 do
for Fo, + I+ FtoN—F+1do
M, « M[F, : F; + F — 1] > We define the first frame
My < M[Fs : Fo + F — 1] > We define the second frame
if ||M1 —M2||F <t then
S=5+ <M1,M2>

S « remove_overlap(S) > We remove overlapping sections
if length(S) > 2 then > We keep the sections with the largest frame size
break
return S

Figure 4.5: Pseudocode for our chromagram traversal algorithm

Two sections are therefore said to be similar when the Frobenius norm of their difference is low.
Figure 4.4 shows the visual representation of three different sections of the song Charmless Man
by Blur. Section M; contains the measures 20 to 30 inclusive, section My contains the measures
48 to 58 inclusive, and section M3 contains the measures 67 to 77 inclusive. It is very intuitive
visually to see that sections M; and M, are very similar, and that they should be classified as
such. On the other hand, sections M; and M3 do not seem to have much similarity, and the norm
of their difference should be higher. The corresponding Frobenius norms are given on Table 4.2.

Automatically detecting sections

We can now traverse the chromagram of our musical piece in order to extract its most representative
repeated sections. We do so through an iterative algorithm presented on Figure 4.5. Similarities
are computed using the Frobenius norm, and different frame sizes for sections are considered. Most
importantly, we consider all possible frame sizes ranging from half of the chromagram (resulting in
two sections) to zero. However, we terminate once more than three similarities have been found,
which results in us keeping the largest frame size that results in meaningful sections. This allows
us to make sure that we consider the best similarities on a high explainable level, rather than on
a per-measure basis, which would give us much less meaningful information.

Proportion of pitch within measure

0.0

Measure Measure

Figure 4.6: The chromagram for the song Charmless Man by Blur, overlayed with the sections
detected by our algorithm (left), and with the sections as annotated by human users (right).
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Figure 4.7: Diagram of the Finite State Machine used by our Chord Progression detection algorithm

Running the algorithm on Blur - Charmless Man, we detect 2 sections repeated as follows: A -
B - A - B - B. According to the user-annotated lyrics from Genius.com [26], the song is made up
of the following sections: Verse 1 - Refrain - Chorus 1 - Refrain - Verse 2 - Refrain - Chorus 2 -
Instrumental Break - Chorus 1 - Refrain. We can further simplify this user-annotated sequence of
sections by grouping the Chorus and Refrain sections together, due to their similarity in musical
functionality. We then obtain a sequence which we can represent as A - B - A- B - C - B, by
associating a different letter to each different type of section. We thus have a sequence of sections
that is very similar to the one found by our algorithm. This comparison is shown on Figure 4.6,
where the previously-mentioned user-annotated sequence of sections has been manually mapped
to the different measures of the song. We can see that, although our algorithm does not detect the
sections exactly as human users would annotate them, especially in terms of their boundaries, the
order in which they appear is correct. Additionally, sections that appear only once (such as the
introduction I and the instrumental break C) are not detected by our algorithm.

4.2.2 Feature 2: Chord Progressions

Similarly to musical sections, chord progressions offer an intuitive way to reason about the har-
monical content of a piece of music, and, incidently, about its genre.

Extracting the sequence of all chords played in the piece

We first start by extracting the sequence of all the chords that are played in the musical piece. To
do so, we first use the chordify functionality from the music21 library, which allows us to reduce
the multiple parts within our symbolic representation into one single succession of chords.

From there, we extract the root of each chord, which represents the most harmonically important
note within that chord. This allows us to work with one value per chord, which we can assemble
into one long string representation of the harmony of our music piece. We remove all consecutively
identical values in order to reduce the redundancy and the length of our representation.

Example 11. We look at the song Hey Jude by The Beatles, with ID 2d370413bab5b0bd358ebd08-
cecaeb03. Retrieving the root note for each chord gives us the following chord sequence for the
entire music piece:

F-C-F-Bb-F-C-F-C-F-Bb-F-C-F-
Bb-A-G-F-E-G-C-F-F-Bb-A-G-F-
E-G-C-F-C-F-C-F-Bb-F-C-F-DBb-
A-G-F-E-G-C-F-Bb-A-G-F-E-G-C-
-C-F-C-F-Bb-F-C-F-Eb-Bb-F-Eb-

F
Bb-F-Eb-Bb-F-Eb-Bb-F-FEb-Bb-F-Eb-
Bb - F

We can intuitively see some repetition, which we aim to detect through our feature extraction
algorithm.

Detecting patterns using a Finite State Machine

We then detect patterns in our string representation using a Finite State Machine, represented on
Figure 4.7. The goal of this process is to find patterns of consecutive chords that get repeated
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throughout the music piece. To do so, we traverse our string representation from beginning to end,
keeping track of whether we are in a new sequence, or whether we are in a sequence that has been
previously played. Our Finite State Machine therefore has 3 states:

e State O attempts to construct a new chord progression from the sequence that is being
traversed. It keeps track of which chords have been played (with a limit of eight chords), and
detects when the first chord has been reached again. In this case, it moves to the next state.

e State 1 checks whether the repeating sequence is exactly similar to a previously played
chord progression, before adding it to the set of chord progressions. If the progression varies
in some way, it does not add it and moves back to the previous state. If the progression is
exactly similar, it adds it to the set and moves to the next state.

e State 2 simply waits for the occurrence of a new chord progression. If the current chord
progression keeps repeating, it simply stays in that state. If a new one is detected, it moves
back to the initial state.

Example 12. Running our algorithm on the chord sequence extracted from Example 11, we detect
the following sequences:

F-C-F-Bb-F-C-F-C-F-Bb-F-C-F-
Bb-A-G-F-E-G-C-F-F-Bb-A-G-F-
E-G-C-F-C-F-C-F-Bb-F-C-F-Bb-
A-G-F-E-G-C-F-Bb-A-G-F-E-G-C-
F-C-F-C-F-Bb-F-C-F-Eb-Bb-F-Eb-
Bb-F-Eb-Bb-F-Eb-Bb-F-Eb-DBb-F-Eb-

Bb - F

We can notice that the middle section (chorus) is not detected as a chord progression, due to the
mishandling of “passing chords” by our algorithm. This happens due to the fact that State 0 will
disregard the current chord progression when it grows too long. Handling “passing chords” better is
left for future work.

We then extract the two progressions:

e F-C-F-Bb-F-C
e - Eb- Bb

Erasing key-dependency by extracting chord degrees

Now that we have our chord progressions, we need to be able to compare them between musical
pieces. The issue that arises is that two musical pieces that have the same chord progressions
might have different encodings using our system, due to their differing keys. A solution for this,
however, is to encode our extracted chord progressions into a progression of chord degrees. These
refer to the “harmonic location” of the chord within the key of the musical piece. We do so using
the music21 library.

Example 13. In our example, the key of the musical piece is analysed as being F magjor. We can
then map each chord progression into the following chord degrees:

e F-C-F-Bb-F-C:1-5-1-4-1-5
e F-FEb-Bb:1 -7 -4
This therefore allows us to have a key-agnostic representation of chord progressions, which we

can then use inside our learning task.

4.2.3 Feature 3: Drum Patterns

Finally, we aim to extract similarities on a rhythmic level, and detect repeated patterns played by
different percussive sounds. This is arguably an easier task than for the previous two features, since
we only consider a small subset of 47 MIDI notes, namely the ones defined by the specifications
from the MIDI Manufacturers Association [27] as belonging to percussive instruments.
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Extracting the rhythm of each measure

Similarly to the Sections feature describe in Subsection 4.2.1, we first start by constructing a rep-
resentative vector for each measure within the musical piece. In the context of rhythmic patterns,
however, we only consider the 47 MIDI pitches previously mentioned, that are played by percussive
instruments only.

Definition 18. We define the rhythm vector rv(m) for measure m as the number of percussive
pitches played by all instrument for each percussive pitch in measure m. We disregard every per-
cussive pitch that is never played in the musical piece, and only consider the p different pitches
that are played. The vector ¥o(m) is therefore of size p, such that r¥o(m) € NP.

We then construct the rhythm matrix of a musical piece M as the matriz RM of dimension
p X n, with n the number of measures in M, composed of the rhythm vectors for all measures in

M, such that:

Detecting repeating patterns

This allows us to retrieve a single vector of rhythmic content for every measure within a musical
piece, and construct the ensemble of all of these vectors. Given the limited subset of pitches,
we only consider exact patterns, which means that we only look for exact similarities between
measures. We do so by, first, only selecting vectors with RM that appear for more than 10% of
the musical piece, and, then, by constructing a set of distinct rhythmic patterns.

Definition 19. We define our set of rhythmic patterns RP(M) as the set of all distinct rhythm
vectors that appear within M for more than 10% of the musical piece.

Example 14. We now look at the song Waiting On the World to Change by John Mayer, with
ID 2870e85f3de743e361644acc9a5f0120. Our algorithm detects one rhythm vector that appears
more than 10% of the musical piece, represented here:

oo ococococwaNnoO
-

Where the indices of each row (from top to bottom) correspond to the following MIDI percussive
pitches: 27, 28, 36, 40, 43, 44, 46, 49, 51, 52, 54, and 57.

Extracting an explainable representation

Now that we have our different repeating patterns, we can extract a human-readable representation
out of them. We do so by creating a string from the sequence of percussive hits played over time for
each percussive pitch class. We start by grouping MIDI percussive pitches into 6 different groups
of sounds: bass drum, snare, toms, hi-hats, cymbals, and others. This mapping is summarised in
Table 4.3.

For each of these groups, and for each pattern, we create a string representing each eighth of
note in the measure, and mark whether a note is played in the duration of this eighth of note or
not. This resolution of a 1/8th of note () is decided arbitrarily, but, through experimentation,
seems to offer a good compromise between precision and feature size.
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Percussive Sound MIDI Notes

Bass Drum 35, 36
Snare 37, 38, 39, 40
Toms 41, 43, 45, 47, 48, 50
Hi-Hats 42, 44, 46
Cymbals 49, 51, 52, 53, 55, 56, 57, 58, 59
Others Any other in the range 35-81

Table 4.3: Mapping between our different classes of percussive sounds of interest, and the MIDI
notes that they are associated to

NP

B
IR

N
N
a

|
[

Figure 4.8: Sheet music for the rhythmic pattern of Waiting On the World to Change by John
Mayer

Example 15. For the pattern represented by the rhythmic vector from Example 14, we obtain the

following Bass Drum and Snare patterns:

e Bass Drum: xxoxoxxo

e Snare: 00xoxoox

The sheet music for this rhythmic pattern, extracted from the MIDI file, is shown on Figure
4.8.
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Chapter 5

Evaluation

We now proceed to evaluate the different components introduced in this thesis, and on different
aspects, by adapting different methods and metrics for each of these aspect. We start by evaluating
GenFastLAS when applied to Symbolic Music Genre Classification, first compared with FastLAS,
then with various baselines. We then move on to evaluate GenFastLAS in isolation, within the new
context of a task traditionally approached using FastLLAS. We finally evaluate the novel symbolic
music features we developed, and study their explainability.

Throughout this chapter, we will try to answer the following questions:

(1) Does GenFastLAS bring an improvement in speed compared to FastLAS, and if so, how much?

(2) Does GenFastLAS bring an improvement in accuracy compared to FastLAS, and if so, how
much?

(3) Is there any trade-off between speed and accuracy within GenFastLAS?
(4) TIs there any trade-off between data efficiency and accuracy within GenFastLAS?

(5) Is the performance of our GenFastLAS system dependent on the number of examples to con-
sider? If so, to what extent?

(6) Is the performance of our GenFastLAS system dependent on the number of features? If so, to
what extent?

(7) How explainable are our new symbolic music Features, and how do they compare with existing
jSymbolic features?

In order to measure aggregated metrics for multi-class classification tasks, we will often use
micro-averages, which measure the precision of the aggregated contributions of all classes by as-
signing one-hot encodings to every class, and computing metrics in the same way as a binary
classification.

5.1 Evaluating Symbolic Music Genre Classification using
GenFastLAS

5.1.1 Comparing with FastLAS

We start by evaluating our Symbolic Music Genre Classification system using GenFastLAS, and
compare it to using FastLLAS alone. In this subsection, and for the purpose of being able to run
multiple experiments in a reasonable amount of time, we will be working with a smaller subset of
the dataset described in Subsection 4.1.1. Namely, we work with only 2 classes, Pop/Rock and
Jazz.
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Figure 5.1: Comparison of execution time (left) and accuracy (right) of both GenFastLAS and
FastLAS when applied to our Symbolic Music Genre Classification task for various numbers of
features. Data is missing for FastLLAS runs after 8 features, since the algorithm times out after 24
hours.

Improving Speed and Accuracy

The main improvement brought by GenFastLAS over FastLAS is the automated and efficient
search that it provides of the hypothesis space. This removes the manual task of running multiple
experiments and varying the body mode declarations every time, which is required when using
FastLLAS. Although it is difficult to measure this gain of practicality, we can nevertheless observe
how both GenFastLAS and FastLAS perform on the same learning task with various numbers of
features. For this purpose, we use a dataset of 100 datapoints, with 50 Pop/Rock tracks, and 50
Jazz tracks. We perform a stratified 5-fold cross-validation, and use 80 datapoints for training,
and 20 datapoints for validation for each fold. Additionally, following the process described in
Subsection 3.2.4, we hold out 10% of our training set when using GenFastLAS in order to select
the best individual at the end of the training. This means that, in our comparison, GenFastLLAS
is trained on a slighly smaller training set than FastLAS within each fold.

We use our 8 novel features described in Section 4.2, which we complement with the 97
jSymbolic features offered by music21, that all correspond to different features from the pre-
viously quoted work by McKay [22]. We then obtain an entire corpus of 105 features. However,
we only select a subset of them using our mRMR ranking described in Subsection 3.2.1.

Figure 5.1 shows the speed and accuracy of both GenFastLAS and FastLAS when applied to
the same task, for various numbers of features. The speed is measured as the total time taken
by both algorithms to perform the task, including all 5 folds, and the accuracy is computed as
the average validation accuracy amongst all folds. The features are selected as the best mRMR
features for both GenFastLAS and FastLAS. We can notice that, while GenFastLAS is slower
than FastLAS for a small number of features (up to 5), it keeps the same speed with respect
to the increase of the number of features, and quickly becomes faster than FastLAS once the
number of features grows (from 7 features). We explain this behaviour as an overhead when using
GenFastLAS for a manageable number of features. Since GenFastLAS needs to run a few iterations
of FastLLAS for every run, it needs more time than a single FastLAS task. However, the benefit of
using GenFastLAS is exhibited when increasing the number of features since FastLAS will always
attempt to use every single feature, while GenFastLAS will dynamically adapt the body mode
declaration of the programs to find the optimal solution. We can also realise that accuracy is
similar for both approaches, with GenFastLLAS slightly overperforming FastLLAS in most of the
runs. While this difference is possibly not significant, we can hypothesise that the strategy that
GenFastLAS uses in order to find the most relevant set of features to use can lead to better
accuracies.

Figure 5.2 shows the AUC-ROC curves for both GenFastLLAS and FastLLAS when applied to our
Symbolic Music Genre Classification task using 5 features. The higher ROC curve for GenFastLAS
shows that GenFastLLAS can reach a better performance by finding an efficient combination of
features, whereas FastLLAS reaches a lower performance when trying all features at the same time.
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AUC-ROC of GenFastLAS and FastLAS on Symbolic Music Genre Classification
using 5 features
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Figure 5.2: Comparison of the AUC-ROC of both GenFastLLAS and FastLLAS when applied to our
Symbolic Music Genre Classification task using 5 features.
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Figure 5.3: Comparison of execution time (left) and accuracy (right) of both GenFastLAS and
FastLLAS when applied to our Symbolic Music Genre Classification task for various sizes of training
dataset. FastLLAS timed out for more than 150 datapoints.

These observations answer questions (1), (2) and (6), by showing that GenFastLAS can out-
perform FastLLAS with respect to both speed and accuracy, when the number of features becomes
large enough.

Scaling up with respect to the number of examples

We now consider the case where the number of examples increases, and measure the difference in
performance between the use of GenFastLLAS and FastLLAS. To do so, we use a set of 7 features,
since this is the situation where GenFastLAS and FastLLAS are the most similar in the amount of
time they take to run and in their accuracy, as can be observed on Figure 5.1. We run the same
experiment using a varying number of examples, always including the same amount of each genre
label in order to preserve the original distribution.

Figure 5.3 shows that both GenFastLLAS and FastLAS are unable to scale properly with respect
to an increase of the number of examples. While GenFastLAS is still able to run for larger
datasets, the execution time needed highly increases as we add training datapoints. This is because
GenFastLAS does not bring much improvement in the exploration of the example space over
FastLAS, but only in the exploration of the hypothesis space. As mentioned before, we leave out
scaling in this dimension for future work. We can, however, notice that GenFastLAS seems to
deal with an increase in this dimension in a better way, which we explain by the fact that the
algorithm will naturally steer towards smaller solutions, including only a low number of relevant
features, which takes less time to compute. Additionally, the accuracy only decreases very little
when adding more training datapoints. This suggests that, while there is a slight trade-off between
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Model F1 (micro-averaged) Execution time (in seconds)

GenFastLAS 0.2460 58,798
Bodhidharma 0.3154 58
MusicBERT 0.7186 74,339

Table 5.1: Comparison of micro-averaged F1 scores and execution time for the three systems, when
applied to the full Lakh MIDI Dataset (apart from GenFastLAS)

speed and accuracy within GenFastLAS, it is in fact minimal.

These observations answer questions (3) and (5), by showing that there is a minimal trade-
off between speed and accuracy within GenFastLAS, and by showing that the performance of
GenFastLAS is dependent on the number of examples included in the example space, but to a
much lower degree than FastLAS.

5.1.2 Comparing with other systems
Using the entire dataset

We now aim to compare GenFastLAS to other existing systems when applied to the task of Symbolic
Music Genre Classification, using a full dataset. We consider two other systems, listed here:

e McKay’s Bodhidharma system [22], which uses a SVM to classify symbolic music using the
jSymbolic features, that we also use on top of our own features within our system, and

e Zeng et al.’s MusicBERT [28], which uses Bidirectional Encoder Representations from Trans-
formers (BERT) to classify symbolic music, using a novel Symbolic representation, called
OctupleMIDI. It is to be noted that this model is pre-trained, which needs to be considered
when observing its really high performance throughout this evaluation.

We train both baselines on the entire Lakh MIDI dataset, although after filtering our 6 genres of
interest as mentionned in Subsection 4.1.1. This is done in order to be able to compare the results
with our system, which only uses those 6 labels. After filtering on those 6 labels, the dataset
contains 22,535 datapoints, which are used by both the Bodhidharma system and MusicBERT.
GenFastLAS, on the other hand, is only trained using a subset of this dataset. As we have just
shown, GenFastLAS is able to scale up with respect to a growth of the hypothesis space, but, just
like FastLLAS, it does not scale well with an increase of the number of examples. As such, we split
our dataset by using 150 training examples in each fold when running GenFastLAS.

We run our system with a maximum of 30 features, a batch size of 40, a minimum waiting of
25% of the tasks, and a minimum initialisation of 40 individuals. We also run the Bodhidharma
system on a Linear Support Vector Classification (SVC) with 10,000 iterations, I penalty and a
squared hinge loss. Finally, we run MusicBERT with the default parameters for the BERT g1
setting.

Figure 5.4 shows the AUC-ROC curves for each three systems when applied to our Symbolic
Music Genre Classification task, and Table 5.1 presents the execution time and accuracy of each.
It can be observed that GenFastLAS performs much less well than all other systems when used
in this specific context. We explain this behaviour through the very limited set of examples that
GenFastLAS is able to process for its training, compared to the bigger training datasets of both
other baselines. Additionally, the very high F1 score for MusicBERT is also due to the fact that it
is a pre-trained model.

Displaying Data Efficiency

We now aim to evaluate how our baselines perform when applied to the same amount of data as
GenFastLAS. We run the same experiment after limiting the number of training datapoints to 150
for all systems.

Table 5.2 presents the execution time and accuracy of each system when applied to the same
amount of data in our Symbolic Music Genre Classification task. Once again, MusicBERT is
previously pretained, which explains its low execution time in our context. Figure 5.5 also shows
the new AUC-ROC curves obtained for each three systems in this context. We can observe that
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Figure 5.4: Comparison of AUC-ROC curves for the three systems trained on the full Lakh
MIDI Dataset (apart from GenFastLAS). The bottom-right figure shows the comparison of micro-
averaged AUC-ROCs.

Model F1 (micro-averaged) Execution time (in seconds)

GenFastLAS 0.2460 58,798
Bodhidharma 0.1857 23
MusicBERT 0.0570 982

Table 5.2: Comparison of micro-averaged F1 scores and execution time for the three systems, when
applied to 150 datapoints of the Lakh MIDI Dataset.
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AUC-ROC for Symbolic Music Genre Classification using GenFastLAS
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Figure 5.6: Comparison of AUC-ROC curves for the two systems trained on the Bodhidharma
Dataset. The bottom figure shows the comparison of micro-averaged AUC-ROCs.

GenFastLAS is now performing slightly better than both baselines, given its higher micro-averaged
F1 score. This showcases the data efficiency with which GenFastLLAS is able to approach our
classification task. As a matter of fact, neither the Bodhidharma system nor MusicBERT are able
to learn correctly from only 150 datapoints, and they require many more (around 142,697 more
training points for both systems) in order to perform correctly.

This observation answers question (4), by showing that accuracy is lost when using GenFastLAS
over other methods, but a high data efficiency is gained.

Using another dataset: The Bodhidharma Dataset

Finally, we evaluate both our GenFastLLAS system and the Bodhidharma system on the Bodhid-
harma Dataset [12]. This dataset was specifically designed to be used within the Bodhidharma
system, and contains an ensemble of 950 MIDI files, all labelled with one of 38 genre labels. These
38 genre labels are further defined as all belonging to one of 9 larger genres. We use the labels of

Model F1 (micro-averaged) Execution time (in seconds)
GenFastLAS 0.4561 8,395
Bodhidharma 0.4173 9

Table 5.3: Comparison of micro-averaged F1 scores and execution time for GenFastLAS and the
Bodhidharma systems, when applied to the Bodhidharma Dataset.
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this dataset and perform a direct mapping to 4 of our 6 genre labels that we have considered until
now. Namely, the labels Country and Jazz are directly mapped to our genre labels of the same
name; the labels Modern Pop and Rock are combined and mapped to our Pop/Rock genre label;
and the subgenre Latin is mapped to our genre label of the same name. We therefore use 4 genre
labels in this case.

Figure 5.6 shows the AUC-ROC curves obtained for both GenFastLAS and the Bodhidharma
system when applied to the Bodhidharma Dataset. Table 5.3 presents the execution time and
accuracy of each system in this context. We can observe that GenFastLLAS is performing better
than the Bodhidharma system on its own dataset, even when only trained on 150 datapoints. This
suggests that the additional features that we developed bring important improvement.

5.2 Evaluating GenFastLAS in isolation

5.2.1 Comparing with another Symbolic learning task

In order to evaluate the improvement brought by GenFastLAS on a real-world FastLAS task,
we look at the Online Learning of Anomaly detection Policies from Historical data (OLAPH)
framework by Drozdov et al. [29]. OLAPH is a powerful anomaly detection framework that uses
FastLAS in order to detect anomalies in an online fashion. Although OLAPH performs very well
on its original dataset, it suffers from the standard scalability issues of FastLAS when increasing
the number of features, as we previously discussed. We therefore evaluate the improvement that
GenFastLAS brings when being integrated within OLAPH.

Splice-junction Gene Sequences Dataset

In order to evaluate our integration on a new dataset, we extract a one-class classification dataset
from the Molecular Biology (Splice-junction Gene Sequences) Dataset from UCI’s Machine Learn-
ing Repository [30]. The goal of this dataset is to detect boundaries between exons and introns
within sequences of DNA. To transform it into an anomaly detection-like dataset, we extract
only the negative class (N) and attempt to model the situation where a sequence of DNA has no
exon/intron or intron/exon boundary. We therefore consider the presence of an exon/intron (EI)
or an intron/exon (IE) boundary as an anomaly. We show here an excerpt from the dataset:

Class DNA Sequence

N TACAATGCTCATAACATAAAAAATCAAACATAACATCAAATAAAATATATGATTCTGATA
EI CCCTCGTGCGGTCCACGACCAAGACCAGCGGTGAGCCACGGGCAGGCCGGGGTCGTGGGG
IE GGGCGGGTCTCAACCCCTCCTCGCCCCCAGGCTCCCACTCCATGAGGTATTTCAGCGCCG

Since each DNA sequence is 60 nucleotide long, this allows us to work with a dataset with 60
categorical attributes. Each categorical attribute can take one of eight values, with four values
being standard nucleotides (4, G, T and C) and four values encoding ambiguity, as explained in the
dataset specifications.

We select 30 of these features and compare how Vanilla-OLAPH and GenFastLAS-OLAPH
perform on the 1,655 datapoints with class N. Vanilla-OLAPH, due to its implementation, will run
FastLAS tasks by considering every body mode declaration, while GenFastLAS will vary the set
of body mode declarations as usual.

Performance comparison

The main improvement brought by GenFastLAS in the execution of OLAPH is the speed with
which it is able to learn new policies from the provided historical data. Since Vanilla-OLAPH uses
standard FastLLAS tasks for each new policy, and given the high number of features in the dataset,
it takes much longer to learn each policy. Table 5.4 shows the execution time and the example
coverage for the first two policies learnt by both Vanilla-OLAPH (OLAPH) and GenFastLAS-
OLAPH (G-OLAPH).

Overall, and over the course of the 24 hour experiment we ran, Vanilla-OLAPH was able to
learn a total of 4 policies, while GenFastLAS-OLAPH learnt 491 policies, before running out of
data after 3 hours and 41 minutes. This progression is shown on Figure 5.7.
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Policy learnt Number of examples Execution time Examples covered

OLAPH G-OLAPH OLAPH G-OLAPH
1st Policy 10 5m 10s 1m 21s 100% 100%
2nd Policy 40 4h 6m 23s  1m 11s 47.5% 100%

Table 5.4: Comparison of the execution time and the example coverage for Vanilla-OLAPH
(OLAPH) and GenFastLAS-OLAPH (G-OLAPH).
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Figure 5.7: Comparison of the number of policies learnt by both Vanilla-OLAPH and GenFastLAS-
OLAPH over time

A potential drawback of using GenFastLAS for OLAPH would be that, through the use of
Genetic Algorithms, GenFastLAS might favour the best features and disregard the others, limiting
the usefulness of the dataset. In order to verify whether that is the case, we compute the Shannon
Entropy of the set of all the features used throughout every policy learnt, for both Vanilla-OLAPH
and GenFastLAS-OLAPH. We then normalise this Entropy to compute the Balance of the features
used throughout the policies learnt, which we define as follows.

Definition 20. We define as Balance the normalised Shannon Entropy, which we express as

N 3 k3
_ >im1 ff log ff
log N log N

Balance =

with H the Shannon Entropy, N the number of features, f; the number of times the feature
with index 1 is used, and F' the total number of times any feature is used.

We compute this Balance for both methods and obtain the results shown on Table 5.5. We can
see that, although GenFastLAS-OLAPH has a slightly lower Balance score than Vanilla-OLAPH,
it remains very close to 100%, which indicates that the features are used in a fairly balanced
way. This, in turn, means that GenFastLAS is able to explore the feature space efficiently in this
application. We can explain GenFastLLAS’s slightly less balanced feature usage by its tendency to
stick to the best features once they are computed. We note that this behaviour can be modulated
through the random initialisation hyperparameter.

| OLAPH G-OLAPH
Balance | 99.11% 95.84%

Table 5.5: Comparison of the Balance computed for both Vanilla-OLAPH (OLAPH) and
GenFastLAS-OLAPH (G-OLAPH).
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| OLAPH G-OLAPH
Final Accuracy | 1.15% 11.48%

Table 5.6: Comparison of the final accuracy computed for both Vanilla-OLAPH (OLAPH) and
GenFastLAS-OLAPH (G-OLAPH), for the last policy learnt by both in the scope of 24 hours.

Feature ‘ mRMR Rank
Chord Progression 1/105
Sections 6/105
Hi-Hat Pattern 10/105
Snare Pattern 15/105
Kick Pattern 23/105
Cymbal Pattern 44/105
Other Pattern 46/105
Toms Pattern 60/105

Table 5.7: mRMR rank for each of our features. In our example, 105 features are used.

Finally, we evaluate the accuracy of each final policy learnt using the OPA tool as suggested by
Drozdov et al., and list the results on Table 5.6. The very low accuracies are explained by the very
challenging nature of the dataset we picked. We note that, ideally, we would have evaluated both
methods on the original dataset, but it was not available for privacy reasons. However, it can still
be noted that GenFastLAS-OLAPH greatly surpasses Vanilla-OLAPH in terms of final accuracy.
This is very probably explained by the fact that GenFastLAS-OLAPH was able to traverse the
entire dataset during the experiment, whereas G-OLAPH only iterated through a small part of
it. However, this proves that GenFastLAS is able to correctly transform a system in order to
improve both its speed and accuracy, answering questions (1) and (2). It is also to be noted
that Vanilla-OLAPH reaches an especially low accuracy, even though it has access to all of the
30 features, whereas GenFastLAS-OLAPH reaches a higher accuracy by only attempting different
combinations of those features.

5.3 Evaluating our new symbolic music features

We now focus on evaluating the new symbolic music features that we described in Section 4.2. We
first start by evaluating their usefulness and relevance within our Symbolic Music Genre Classifi-
cation task over the Lakh MIDI Dataset, before evaluating their explainability.

5.3.1 Evaluating relevance

In order to evaluate the relevance of the features we developed within our task of Symbolic Music
Genre Classification, we first start by observing how frequently our features are picked by Gen-
FastLAS when exploring the hypothesis space. Since GenFastLAS selects features initially using
the mRMR metric (see Subsection 3.2.1), we can observe how frequently our features get selected
given different initial number of features that GenFastLAS considers. To do so, we consider the
entire Lakh MIDI Dataset that we process as previously. Table 5.7 shows the rank of each of our
features in the initial mRMR ranking. We can observe that the best ranked feature is the Chord
Progression feature, and that, generally, our features are almost all ranked in the first half of this
ranking.

We can also observe how frequently our features are used within the solutions learnt by Gen-
FastLAS. Figure 5.8 shows the evolution of the average proportion of our features and jSymbolic
features within solutions, given different levels of fitness computed for each solution.

Together with the evaluation from Subsection 5.1.2 when using the Bodhidharma Dataset, we
conclude that our features are highly relevant and generally improve the fitness and accuracy of
our solutions. We now attempt to evaluate their explainability.
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Figure 5.8: Evaluation of the proportion of our features within the solutions learnt over the fitness
of those solutions.

5.3.2 Evaluating explainability

An important benefit brought by the use of our symbolic music features is the explainability that
is associated with them, due to the human-infused music theory knowledge that they are refer to.
As mentionned in Chapter 2, explainability is an essential characteristic of human-centric Al, and
one that we aimed to put forward in our system. It generally allows more interactivity in the use
of Al, and, in our case, offers learning opportunities out of the solutions learnt by our system.

However, evaluating explainability is hard, and there is no current consensus on any framework
or metric that can consistently measure the explainability of a set of features, or of a system.
Generally, explainability is evaluated through user testing and surveys, and is measured as the
extent to which human users are able to “understand” the solutions learnt by a system. In that
line of thought, we decided to develop our own survey to put our features to the test.

Developing an explainability survey

In order to evaluate the explainability of our features, and, incidently, of our classification algo-
rithm, we developed a user-facing survey to measure the extent to which human users were able
to understand the solutions learnt by different systems. The survey, due to its esoterical content,
was directed towards a panel of various people, who all stated they had a musical education back-
ground. This is in order to evaluate purely the explainability of the answers, and not the ability of
the algorithms to simplify musical background knowledge, which would be a completely different
task.

We therefore create a survey to measure how easily users can understand the solutions learnt
by GenFastLLAS, and using our features, compared to the solutions learnt by the Bodhidharma
system, using the jSymbolic features. Figure A.1, in Appendix, shows the four questions that
were used as part of our explainability survey. Users were given a part of the solutions learnt by
the different systems, and had to guess the genre that this part of the solution encoded for. The
solutions that were used for each questions were extracted following different processes:

e For the two first questions that use our features and our GenFastLLAS system, we extracted
random rules that included our features out of the solution with the best accuracy over
all folds, and filtered out the jSymbolic features in every rule. We then designed a visual
representation to present this solution.

e For the other two questions that use the jSymbolic features and the Bodhidharma system,
we had to manually process the system in order to first inject some explainability. As a
matter of fact, interpreting the high-dimensional result of a SVM is difficult, and we needed
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Success rate for each question in our survey
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Figure 5.9: Success rate for each question in our survey.

to only consider a part of it to extract a meaningful solution. We first started by running
the Bodhidharma system over a set of 2 randomly chosen genre labels, in order to reduce the
space to a two-dimensional space. We then extracted the two most representative features
out of the SVM, and reran the system using only those two features. We then extracted the
2D support vector and represented it as shown on the Figure. We also added a description
of the two jSymbolic features used.

Extracting an explainability metric

Over the course of one week, during which this survey has been distributed and monitored, 6
responses were received. We plot the success rate of each question on Figure 5.9. We can notice
that the two questions that included solutions learnt by our GenFastLAS system, and using our
features, obtained a much higher success rate than the two others that included solutions learnt
by the Bodhidharma system, and using the jSymbolic features. Additionally, both questions using
GenFastLAS were above the chance line, whereas only one of the two using Bodhidherma was.
This chance line is set at 1/6 since six possible answers were provided for each question. As such,
we argue that our solutions tend to be much more understandable by humans, and this therefore
answers question (7).
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Chapter 6

Related Work

This chapter reviews previous work related to the areas that this thesis touches upon. We first start
by studying different technologies that integrate Logic-based Learning with Genetic Algorithms,
before exploring previous work on the extraction of features out of symbolic music data.

6.1 Logic-based Learning and Genetic Algorithms

Previous work has been carried out in the past thirty years that aims to apply Genetic Algorithms
to perform logic-based learning.

Giordana & Sale [31] introduce GA-SMART, which uses Genetic Algorithms to induce concept
descriptions in conjunctive normal form. Giordana & Saitta [32] extend on this work, and propose
REGAL, which enables the induction of concept descriptions expressed in the language of First-
Order Logic.

Venturini [33] introduces a supervised genetic learning system called STA, which uses at-
tribute/value representations, and applies genetic processes in order to generalise sampled examples
and learn rules that maximise a noise-tolerant rule-evaluation criterion. Augier et al. [34] further
introduce SIAO1, which extends the SIA system to cover First-Order Logic representations.

Other kinds of integration between those two classes of algorithms have also been explored.
Gandhi [35] approaches the problem in another direction, and uses Inductive Logic Programming
to attempt and explain the solutions generated by a genetic algorithm performing a scheduling
operation on job shop problems. Milaré et al. [36], similarly, explore the integration of Genetic Al-
gorithms with Symbolic Learning systems to extract rules from Artificial Neural Networks (ANNs),
by using Genetic Algorithms to mutate rules learnt by Symbolic Learning systems and evaluating
their infidelity rate towards the ANN solutions.

However, no work, to the best of our knowledge, has been carried out to use recent genetic
algorithm strategies to optimise some aspects of the existing Logic-based Learning systems, such
as what GenFastLAS proposes.

6.2 Symbolic music features

We now explore the different features that have been developed to perform Music Information
Retrieval tasks on symbolic music data, as well as the different MIR tasks that they have been
applied to.

McKay [22], as mentioned previously, proposes a catalogue of 111 features that can be extracted
from MIDI files, and that all aim to target one of seven different musical categories: Instrumen-
tation, Texture, Rhythm, Dynamics, Pitch Statistics, Melody, and Chords. When applied on the
Bodhidharma Dataset with a ensemble of 10 genres, an accuracy of 66.4% is reached.

Kotsifakos et al. [37] propose a model which, taking MIDI as an input, transforms all channels
into sequences of 2D points which are then used as a query to a kNN classifier. The model also uses
a similarity measure called Subsequence Matching with Bounded Gaps and Tolerances (SMBGT)
to determine the similarity between songs and create a similarity matrix used inside the kNN
classifier. The model was applied to a corpus of 100 MIDI files freely available online that cover
four genres of music (classical, blues, rock and pop) and achieves an accuracy of 40%.
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Valverde-Rebaza et al. [38] extract features from MIDI representations using histograms of
notes and statistical moments. Classification is then applied using four traditional classification
approaches: decision trees, naive Bayes, multilayer perception with backpropagation, and support
vector machines. Classification is also performed through four relational classifiers: probabilistic
relational neighbour, weighted vote relational neighbour, network-only Bayes, and network-only
link-based, that use three variations of the kNN strategy, symmetric kNN, mutual-kNN, and regular
ENN. The model was applied on a music collection which includes 919 MIDI files manually classified
into four genres: classical, brazilian backcountry, pop/rock, and jazz. The best performance is
achieved through a network-only link-based classifier using class-distribution-link in a regular kNN
network and using musical structure as a feature input. The achieved AUC-ROC score is .967.

Previous work has also been done on classifying music by using both audio and symbolic fea-
tures. Lidy et al. [39] use an automatic music transcription system to extract symbolic descriptors
from a raw audio file, which are then passed as an input together with the audio file itself to a
Support Vector Machine classifier. The transcription system converts the audio signal into a MIDI
file that only considers pitches and note durations. This conversion is performed through STFT,
followed by onset detection through peak detection, and pitch detection. 37 symbolic features are
then extracted from the transcribed notes. The features extracted from the audio are rhythm pat-
terns, rhythm histograms, statistical spectrum descriptors, as well as onset features. Using both
the symbolic and audio features in the classification, an accuracy of 76.8% on the GTZAN dataset
is achieved.

More recently, Zeng et al. [28] have proposed MusicBERT, a pre-trained model based on a
Transformer encoder architecture, to use MIDI input data to perform various MIR tasks, including
melody completion, accompaniment suggestion and genre classification. A novel encoding, called
OctupleMIDI, is also introduced to interact with the BERT architecture, and represents each note
inside the MIDI file as a tuple of eight elements. A bar-level masking strategy is also developed as
a better masking strategy to use within the domain of music, inside the pre-training mechanism
for MusicBERT. When applied to a newly collected dataset of more than one million MIDI files,
MusicBERT reaches a F1 score of up to 0.784 for the genre classification task.
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Chapter 7

Conclusion and Future Work

7.1 Summary of contributions

Throughout this project, we have introduced GenFastLAS, a scalable Logic-based Learning system
that can learn explainable solutions to Machine Learning problems, and scale up with respect to
the complexity of the data it is applied to. Our algorithm integrates the MAP-Elites QD algorithm
with the FastLAS learning system, and allows the former to efficiently direct the exploration of
the hypothesis space of the latter. In order to make this integration possible, we introduced a
novel genetic encoding of Learning from Answer Sets tasks. We also discussed different behaviour
descriptors that can be used to better guide the exploration of solutions, and introduced the idea
of making the learning of GenFastLAS more interactive through an online selection of behaviour
descriptors.

We have also discussed the requirement of having explainable features in order to learn ex-
plainable solutions that can be used within the areas of research, creativity and education. We
have then reviewed the current availability of explainable features for symbolic music data, and
explored methods to develop new ones. We have introduced a set of eight new features which
are all informed with music theory knowledge, and which can be applied to a variety of Music
Information Retrieval tasks.

Finally, we have evaluated both GenFastLAS and our new features, in integration and in
isolation, and compared them with existing systems. For increasing numbers of data features,
GenFastLAS consistently offers a gain of speed of several orders of magnitude when compared to
FastLAS, without suffering from a decrease in accuracy. In some cases, GenFastLAS is capable
of computing solutions for which FastLAS times out after more than twenty-four hours. When
applied to increasing numbers of datapoints, GenFastLAS, while grappling with scaling up in this
direction, still executes much faster than FastLAS, without almost any decrease in accuracy. When
applied to the task of Symbolic Music Genre Classification, GenFastLLAS is unable to correctly
compete with other systems, due to its unability to manage such large amounts of data. However,
GenFastLAS displays a high data efficiency, which is demonstrated by its ability to overperform
the other systems when applied to the same small amount of data. In other areas of application,
GenFastLAS is also able to greatly improve the performance of systems which traditionally use
FastLLAS for their learning. We have also evaluated our new symbolic music features, which proved
to be highly relevant to the task of Symbolic Music Genre Classification, and offered a higher level
of explainability than existing features.

7.2 Future Work

While GenFastLAS offers a novel integration between Logic-based Learning systems and Genetic
Algorithms ,and enables the scalable learning of explainable solutions for complex data, we believe
that the range of opportunities opened up by such an integration has only been partially explored.
We aim to mention a few of those opportunities that, we believe, can help push the state of research
in Logic-based Learning to new horizons.

e As previously shown, GenFastLLAS is much more able to scale up with respect to the number
of features than to the amount of data in the training set. We believe that the genetic
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encoding of the FastLLAS tasks can be enhanced to additionally embed a specific selection of
examples, which would allow GenFastLLAS to also scale up in this direction.

We have mentioned that behaviour descriptors offer a promising opportunity for interactive
applications of the system, and we believe that defining such descriptors and taking inspira-
tion from interactive applications of MAP-Elites can be of great value to the areas of research,
creativity, and education.

Following our definition of explainable features and our discussion of their necessity, we be-
lieve that there is some very interesting line of work for future automated feature extraction,
which could happen by automatically collecting human knowledge from online encyclope-
diae. By enabling the processing of large amounts of features, GenFastLAS could then be
considered as a learning system of choice for the explainable processing of those new features.

Finally, we believe that additional work in integrating any type of optimisation algorithm
with Logic-based Learning systems can be incredibly beneficial for the improvement of those
systems, and, incidently, for the improvement of the state of research of Explainable Al and
Human-AT Interaction.
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Chapter 8

Ethical Discussion

Given its potential for generalisation, GenFastLAS, like many other Al systems, embeds important
ethical considerations that need to be acknowledged before any application. Nevertheless, we be-
lieve that the particular area that we explored in this thesis, namely Music Information Retrieval,
contains little ethical considerations. Additionally, due to the opportunities for Human-AT interac-
tivity offered by GenFastLLAS, considerations about the scope and legitimacy of this interactivity
need to be examined before any application.

Since GenFastLAS makes use of two open-source algorithms, there is no added legal implication
in the use and sharing of this project. In the event of GenFastLAS using, or being used, in a
commercial context, some form of licensing will be required.

Finally, it is also to be noted that the music datasets used, together with the music theory that
we have referred to, focus almost exclusively on music produced within the Western world over the
last five centuries. As such, the observations and conclusions that we have drawn do not intend,
in any way, to reflect the real state and variety of music on a global scale.
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Appendix A

Appendix
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Figure A.1: The four diagrams used in our explainability survey. The two diagrams at the top are
extracted from the results of GenFastLAS, while the two diagrams at the bottom are extracted
from the results of the SVM of the Bodhidharma system.
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