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Abstract

Arab-Andalusian music was originated in the medieval Islamic territories of the
Iberian Peninsula, mixing local traditions and Arabic influences. The expert per-
former and researcher of the Moroccan tradition of this music, Amin Chaachoo, has
developed a theory which supports that Centonization, a melodic composition tech-

nique used in Gregorian chant, was also utilized for the creation of this repertoire.

In this thesis, by applying symbolic pattern discovery algorithms to a music score
corpus of Arab-Andalusian music of the Moroccan tradition, we aim to contribute
to the development of Amin Chaachoo’s theory. For this purpose, relevant patterns
are discovered from the transcriptions and compared with the list of musical motives
proposed by the expert. As last, results are evaluated using automatic and manual
methods, finally, a visualization tool is designed and presented in order to be able
to show, listen and compare the patterns in an easy way for the Arab-Andalusian

researchers.

Keywords: Pattern Discovery, Arab-Andalusian, Ethnomusicology






Chapter 1

Introduction

1.1 Context

The abundant culture developed in the medieval Islamic territories of the Iberian
Peninsula known as Al-Andalus originated a refined musical and literary tradition
that combines local musical practices with Middle Eastern Arabic poetry and sen-
sibilities. The forced migration of Andalusian population to North Africa brought
this tradition to this area, were it survived to this date after the disappearance of
Al-Andalus in the 15th century. Nowadays, it is considered the classical musical
repertoire in countries such as Morocco, Algeria, and Tunisia, in each of which it
developed local characteristics, and is commonly known (among other names [I]) as
Arab-Andalusian music. In this thesis, the focus is on the Moroccan repertoire of

this tradition, which is known as al-Ala [2].

This work is run under the CompMusic projectE], which challenges the current West-
ern centered information paradigms and try to advance in our information technol-
ogy research contributing to our rich multicultural society. The idea of this project
comes from the desire of promoting a fresh approach to Music Information Retrieval

(MIR) research, without the bias that this current research has towards western

!CompMusic: Computational models for the discovery of the World’s Music.
https://compmusic.upf.edu/
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pop music and thus, influenced by western classical music concepts, as explained by

Serra [3].

The main objective of this thesis is to help to develop a musicological theory of a
Moroccan expert in the field, Amin Chaachoo, in terms of musical motives and pat-
terns. By applying Symbolic Pattern Discovery algorithms to our Arab-Andalusian
score repertoire, some useful information for experts and musicologists is provided,
in terms of musical motives or patterns. This set of algorithms allow to analyse a
large corpus automatically. Furthermore, the results are evaluated following a quan-
titative and a qualitative method. As a first use case of applying computational
techniques to this musical culture, with the idea of representing and evaluating our
results in the most easy way to be understood, the "Arab-Andalusian Patterns Vi-
sualization Tool" is created to help musicologists and experts on the field to further

study and keep their research on this tradition.

1.2 Related Work

In order to understand the conducted work of this thesis, it is necessary to know

most of the relevant work done on both musical and computational domain.

Firstly, the main musical concepts of this tradition will be described and then, some
ethnomusicological studies in Arab-Andalusian music will be presented. After this,
work done in the music pattern composition technique from Amin Chaachoo’s theory
is described for a better understanding of the general structure of the project. As
last, different symbolic pattern recognition as well as symbolic pattern similarity
algorithms are explained to show the state of the art of this topic and justify our

selected methods.

1.2.1 Arab-Andalusian Studies

Arab-Andalusian Theory

The first important concept that has to be taken into account is the concept of

nawba (in plural nawabat). One nawba can be understood as type of suite which
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also includes orchestral pieces and both instrumental and vocal solo improvisations
[2,4]. Each nawba is linked to an emotion that produces in the listener and a part

of the day that describes.

The core of this tradition is the singing of sana‘‘ (plural of san‘a) or poems either
by a choir accompanied by an instrumental ensemble or by a soloist. These sana‘c*
are performed along the nawabat. All the sana‘‘ and other pieces in one nawba
are composed in one single mode, known in this tradition as fab‘ (plural fubu‘).
In the specific case of the Moroccan al-Ala repertoire, pieces from certain nawabat
were lost during the process of oral transmission, so that the surviving ones were
attached to other nawabat according to modal similarity. In the 18th century, the
scholar al-Haiek fixed the number of nawabat in the al-Ala tradition to eleven (as
described more in detail in Chapter 2) [2]. A last important concept is the mizan,
which is related to the rhythm and has two dimensions. The first one corresponds
to the type of rhythmic patterns that a section has, and the second one is referred
to the tempo ranges in which the muzan rhythmic patterns are perfomed, which in

a nawba are normally three: muassa’, mahzuz and insiraf.

All these concepts are represented in the diagram of Fig[l] to make a better idea

of the general structure of the music. All the definitions of these concepts are

Nawba i )9

tab*: ‘ one (or several) ‘

san’d +int* san’a +int* san’a + int* san’a + int* san’a + int*
structure: TIIM[|T @ T @ T @ T @ T @

Preludes: T=tawsiya, M=misalia; Interludes (int*): tawsiya, misalia, insad, bugia, tagsim, mawwal

basit qa’im wa nisf btayhi dary quddam

mizan: Mu-> Ma-=>In Mu->Ma->In Mu->Ma->In Mu->Ma-=>In Mu->Ma-=>In

Rhythmic subdivisions: Mu = muassa’, Ma = mahzdz, In =insiraf

Figure 1: Diagram that summarizes the structure of a nawba

summarize in Appendix A.
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Related musicological Work

This musical culture has not yet been explored or researched in the academic com-
munity as thoroughly as one might wish, the work carried out by Mahmoud Guettat
and Christian Poché [4] [I] are well known, who did a detailed review of each com-
ponent of the musical culture. However, the expert performer and researcher of the
Moroccan tradition of this music, Amin Chaachoo, is developing a theory whose last
formulation was recently published [5], which argues that centonization, a melodic
composition technique used in Gregorian chant, was also utilized for the creation
of this repertoire. This technique consists on the use of existing material, called
centos to create new one. Basically, centonization usually uses the superposition
of this melodic motives on important part of the musical phrases as beginning and
end, to make new compositions. The concept of centonization, which comes from
latin cento meaning patchwork, was firstly defined by Paolo Ferretti [6] as melodic
composition by synthesis of pre-existing musical units known as centos. After that,
other important authors have associated this technique to the melodic creation of
Gregorian Chant [7, 8]. However, Amin Chaachoo is the first one to link this com-
position technique to Arab-Andalusian music and, therefore, this work is devoted

to the help of this theory.

1.2.2 Symbolic Pattern Discovery

One of the most important elements in music is the recurrent repetition of structures.
These repetition or musical motifs [9] provide interesting information for the analysis
and collections of musical pieces. Automatic pattern discovery is an active research
area in MIR that aims to discover these patterns automatically. A good example of
it, is the challenge that MIREXE] proposes every year regarding pattern prediction

which makes the field move forward and get to know the most recent algorithms.

There exists many studies into melodic pattern discovery with symbolic scores, sum-

maries of which have been made by Jansen et al. [10] and more recently Ren et al.

Music  Information  Retrieval — Evaluation  eXchange. https://www.music-
ir.org/mirex/wiki/MIREX HOME
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[11]. Lack of agreement on the current state-of-the-art stems from the difficulty in
evaluating approaches, with expertly annotated ground truth often required for per-
formance measurement, more often than not on a study-by-study basis. Following
this idea, the work of Chaachoo [2] is used for validation of our results with a set
of annotated centos relevant per nawba. In addition, it is wanted to go further in
proposing /supplementing his studies with unique insights of our own. Until now,
symbolic pattern discoveries algorithms have been clustered into four categories [11]

which will be described in the next paragraphs.

String-based approaches

This approach takes each score as a whole string of notes and represents the patterns
by counting the number of instances of re-occurring sub-sections of notes in a mu-
sical sequence and their significance computed by comparing these counts, ignoring
potential interaction between non-consecutive notes, examples of this can be found
in [12], 13, 14, 15]. The appeal of these methods is that the theory is intuitive to a
non-specialist and aligns with what a musician might consider important when char-
acterising a musical piece melodically, an important consideration when wishing to
contribute to and communicate with Chaachoo and his works. Because of this, this
trend was followed in our past work [16] with a similar approach by applying TF-
IDF algorithm to our corpus in order to discover new potential meaningful musical

patterns.

Geometric Approaches

Another important family of symbolic pattern discovery algorithms is the one that
bases its approach in geometric methods. All the previously described algorithms
assume that the music is represented either as a 1-dimensional string of symbols
or, in the case of polyphonic music, as a set of such symbol strings. However, the
geometric approaches represent the music as a multidimensional dataset [I7]. In this
project, one of the most rudimentary of this nature will be used, Structure Induction
Algorithm (STA) [I8]. The justification of the selection is based on the interest to

check if a geometric based algorithm specially designed for polyphonic scores can
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also perform well with our monophonic scores and compare the results with the ones
from our last work [16]. An algorithm based on 2D space such as offset and value
could discover patterns of different nature than one based on a single string. In
addition, the simplicity of our data, being recurrently repetitive with small intervals
and linear melodic lines bring us to think that one basic algorithm might be the
key to find new relevant patterns. More recent works propose improvements over
the STA algorithm, for example, the work from Collins et al. [19], called STARCT-
FP, which deals with inexactness problems. These problems come from the limited
number of inexact repetition that the algorithms provides and the high number of

false positives that they return.

Data mining and Machine Learning Approaches

Other two smaller families of algorithms deal with symbolic pattern discovery issues.
Ren presented a new approach [20] by representing each score as a sequence of pitch-
duration pairs and using the definition of 'closed patterns’ to discover new patterns
in a corpus. In addition, other new approaches were recently proposing the use of
high-level music descriptors and deep learning models to discover patterns [21], not

being more efficient than the previous ones.

1.2.3 Symbolic Pattern Similarity

The main goal of using symbolic pattern similarity algorithms in this thesis is the
evaluation of our discovered patterns. Once symbolic pattern discovery algorithms
have been applied, it is necessary to know if this algorithm is performing well, or
just finding very similar patterns that can be clustered into more general groups.
Symbolic Pattern Similarity is another active field inside MIR community, for in-
stance they have had MIREX challenges several years as well. Given two or more
sequences of notes, Symbolic Melodic Similarity aims to evaluate their degree of like-
ness, as human listeners are able to do. There exists just a few studies comparing
the different algorithms of the field and a lack of consensus in the state of the art,
good examples are the ones carried by Jansen et al. [22] and Velardo et al. [23].

Following the subdivisions from [23], four categories of algorithms can be differen-
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tiated, based on the strategies they exploit: cognition, music theory, mathematics
and hybrid. This thesis will be focused on the systems based on mathematics, as
they correspond to the main core of algorithms in the MIR field, being the most

numerous and successful.

Algorithms based on mathematics

Systems in this category use a number of mathematical approaches which serve
as a basis for evaluating the degree of likeness between melodies. Many of these
algorithms represent musical data as functions within an abstract space and exploit
notions from geometry as a means of comparison. Other common mathematical

strategies are based on statistical analysis or information-retrieval techniques.

One of the first attempt to fine suitable algorithms in this category was carried out
by Alopus [24]. The melody was represented as a polygonal chains within a pitch-
time abstract plane and the similarity was calculated as the minimum area between
polygonal chains. After this, Meredith et al. [I8] presented two algorithms based on
a geometric idea of the melody. The similarity between the query pattern and the
target melody is defined by the number of elements that match between them, after
the application of some invariants, they follow the same idea as the above described

algorithm.

Finally, Urbano[25] proposed three different systems: ShapeH, ShapeTime, and
Time. All three rely on a geometric model that encodes melodies as polygonal
splines in a pitch/time space, and their similarity is computed as the similarity of
their shape. It was implemented with a local alignment algorithm over sequences
of n-grams that define spline spans. Since these algorithms had big success on the
specific MIREX challenge during these years, it was decided to use them for this
thesidﬂ. In particular, ShapeH algorithm was selected, since was the one perform-
ing better and being time independent at the same time, and this requirement was

needed as our patterns were time and non-time dependent.

3MelodyShape tool was used to compute the different similarity between the output patterns.
https://github.com/julian-urbano/MelodyShape
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Other symbolic similarity approaches need to be taken into account. Bohak and
Marolt [26] investigated how melody-based features relate to folk-song variants. An-
other good example were the six proposed algorithms by Wolkowicz and Keselj [27]
that exploited text information retrieval approaches. They extracted features from
an input dataset of MIDI files. As a last example, Frieler [28] proposed an approach
in which melodies were represented by series of arbitrary length in an abstract space

of events. N-grams were then used for measuring the similarity of two melodies.

1.3 Goals and Structure of the Thesis

Derived from the above described, a few research questions come up to the develop-
ment of this work. As first goal of this thesis, it is wanted to know if this symbolic
pattern algorithms are useful to support Amin Chaachoo’s theory and whether they
propose new and interesting material for the music experts to work on, for instance,
if the discovered patterns are able to characterize the nawba. From this thought,
other ideas will be developed on the thesis, as the legitimacy to use SIA algorithm
for the same purpose and its efficiency. As last but not least, it is desired to know
which pattern recognition algorithm works better with this kind of data and for
the task of finding and discover new centos that make some sense musicologically

speaking.

First, the dataset utilized is presented and described in Chapter 2. Then, the main
symbolic pattern discovery experiment and the results are detailed in Chapter 3.
After this, Chapter 4 is dedicated to a rigorous evaluation of the results, both
quantitative and qualitative. In this chapter, the Arab-Andalusian Visualization
Tool is described and presented, a tool which allows to listen to the result patterns
through an easy interface. Finally, an extensive discussion is carried out in Chapter
5 in order to wrap up and get the corresponding conclusions, ensuring the fully

reproducibility of the work.



Chapter 2

Dataset

In this chapter, the dataset used for the thesis is described. This data has been
taken from the Dunya web page[29] of the CompMusic project, a research project
that studies several world music traditions from an information technology point of
view. In the next sections the content of the dataset is described, an explanation on
the accessibility to it is presented and a brief analysis of the quality of the dataset
is detailed.

2.1 Description of the data

The specific data selected for the thesis comes from the set of music scores from
the Arab-Andalusian collection [30] [3I] of Dunya. These scores are monophonic
prescriptive transcriptions from heterophonic recordings from the Moroccan tradi-
tion selected and made by the expert Amin Chaachoo. Most of them were recorded
in the 1960s and 1970s and they mainly come from radio programs and personal
recordings. The reason to use these older recordings is because of the high musical
quality of the performing orchestras at that time, which included some of the most

recognised maestros of Arab-Andalusian music in Morocco [3].

The whole Arab-Andalusian dataset is formed by 156 recordings of one hour long in

average, which provides an extensive quantity of material to be studied. However,
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the symbolic scores are reduced to 149, because not all the recordings were able
to be transcribed, in any case, this consists on a long enough group of symbolic
data that allows the study of the music tradition in detail. The scores come from
performance interpreted by four Moroccan orchestras: Tetouan Orchestra, Orchestra
of the Conservatory of Tetouan, Brihi Orchestra and RTM Orchestra. The scores
are stored in MusicXML format, standard score machine readable format that can
be read by the majority of softwares. The distribution of numbers of scores per

nawba can be seen in Table [1l

Every recording is accompanied by the lyric of each sana’a as well having arabic and
transliterated lyrics. This data hasn’t been used in the context of the thesis, but it
is a big part of the Arab-Andalusian dataset and it could be utilized for the purpose
of lyric-to-audio alignment, or for future works using Natural Language Processing

(NLP) techniques. Indeed, they are split by sections as well as the audio is.

Nawba number | Nawba transliterated name | Number of Scores
1 raml al-maya 19
2 al-isbahan 13
3 al-maya 13
4 rasd al-dayl 18
D al-istihlal 24
6 al-rasd 10
7 garibat al-husayn 13
8 al-higaz al-kabir 10
9 al-higaz al-masriqi 15
10 “iraq al-‘ajam 7
11 al-‘ussaq 7

Table 1: Distribution of Scores across nawabat

The music of this tradition is given to numerous ornamentations and improvisations
by the musicians, depending on his emotion or state of mind. For this reason, two
performances of the same music piece by the same orchestra might have substantial
melodic and structural differences. Hence, it is more appropriate to have transcrip-
tions at a recording level instead of a composition level. In many cases, due to the
large amount of ornamentations, it might be possible that the original melody is lost.

Therefore, the core of the Arab-Andalusian music is the performance, since inter-
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preters do not normally follow a score. This might suppose a weakness in our study,
since our symbolic data could have a a lack of melodic richness and ornamentations

coming from the transcription of old audio recordings.

Apart from the presented data, each score contains valuable metadata that has
been used along this thesis. This metadata has information about the interpreter
orchestra, sections (mi_zdn) in the recording and tab‘. With the intention of make
a good use of the metadata, it has been decided to group the tubu‘ from the same
nawba together, since a single score could contain fragments of different tab‘s and

this annotation is left, using the nawba level, there is not room for confusion.

As last, annotations following musicologist’s guidance of the sections (mazan) for
a subset of 129 scores of the collections were used in the visualization tool. The
distribution of the annotated scores can be seen in Table [2] differentiating by solo

sections (miSalia ;tawasi) and choral/orchestral (muassa‘, mahzuz, insiraf).

Mizan | Number of sections
misalia 138
tawast 87
muassa’ 121
mahzuz 125
insiraf 134

Table 2: Distribution of annotated sections

2.2  Accessibility of the data

As all the data stored in Dunya, the Arab-Andalusian dataset is centred on Music
Brainz, open music encyclopedia that collects music metadata and makes it available
to the public. All the metadata has been stored in this platform and each recording
is available through an unique ID called "Music Brainz ID". This platform supports
the open source initiatives, and it is a good way of promoting this kind of alterna-
tives, having this valuable data open for everyone. At the same time, Dunya follows
the same philosofy, providing open research material of five music traditions such
as Carnatic, Hindustani, Makam, Jingju and Arab-Andalusian. This research ma-

terial consists on recordings, scores, lyrics, metadata and other useful data such as
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pitch contours and pitch histograms. In order to facilitate the access to both score
and metadata, in the context of the thesis, some useful functions were added to the
Arab-Andalusian section of the Dunya API, called pycompmusid/] Being registered
in the Dunya web page, the Arab-Andalusian API allows to download any kind of
data from the whole dataset and allows the integration of the API in any possible
software. In addition, there exists another set of Jupyter Notebooks that facilitate

the download and accessibility of the whole dataset designed by Niccolo Pretto [32].

Finally, the sections annotations are available in the next repositoryﬂ They are
planned to be accesible through the Arab-Andalusian API, but it is a work in
progress, since not all the annotations have been verified with the musicologist and

finished yet.

2.3 Analysis of the data

As a general overview to measure the quality of the dataset, it has been analysed
it following the criteria adopted in [3] through five parameters: Purpose, Cover-

age,Completeness, Quality, and Reusability.

e Purpose: As the main purpose of the project is to support Centonization
theory and discover relevant pattern of notes, having a full symbolic set of

scores for all the nawbas, fullfills this criteria.

e (Coverage: Having a variety and distributed number of scores per nawba as

detailed in Table [ fullfills this criteria.

e Completeness: Since every score is accompanied with a complete set of meta-

data, the completeness of the datasetis ensure.

e (Quality: Since all the scores have been transcribed by the expert whose theory
is desired to support, this could generate biased scores, trying to guide the

data towards the consolidation of the theory. In addition, since the scores are

Thttps://github.com/MTG /pycompmusic
2https://github.com /MTG /arab-andalusian-music
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monophonic transcriptions of a whole choir and orchestra singing and playing
at the same time, some lack of information could be left coming from the
difficulty of transcribing such a complex performance. This criteria could be

the one that can generate further discussion along the thesis.

e Reusability: Through Jupyter Notebooks, described in section 6, and pycomp-
music API the reusability is easily guaranteed to obtain the data and reproduce

the results of the thesis.



Chapter 3

Pattern analysis

Arab-Andalusic music’s tradition research has not been detailed computationally
explored in terms of patterns. The expert and performer Amin Chaachoo, has been
the first one to theorize the patterns of the Moroccan tradition and that’s why this
needs to be taken as a preliminary and work in progress. Our main purpose is to
support his theory from a computational point of view, and to offer himself and the
community, useful resources to keep the interest on the tradition alive, discovering
interesting parts on the research. Since this is an ongoing study, this has suppose a

complex task, having to collaborate and communicate closely with the musicologist.

As explained before, our main concern is to help with the Centonization theory using
symbolic pattern discovery algorithms. Once this is understood, another difficulty
needs to be taken into account, which is the complexity of defining what a cento is.
The concept of cento for Arab-Andalusian music is not clear enough, even for Amin
Chaachoo, just being considered as any musical motive relevant and recurrently
repeated in a specific mode. Apart from that, it is not possible to know anything else
from this musical pattern and, therefore, results need to be accompanied with a lot
of interpretation from someone formed in the music tradition. For the comparison
of our results, the latest revision of Amin Chaachoo’s list of centos from his last

Arabic version of his book [5] has been used.

From the above explained, this work needs to be understood as a novel approach,

14
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that merges MIR techniques and musicological knowledge still under construction.
Indeed, this has been the most complex part of the work, being able to understand
and consolidate a workflow that would fit a musicological theory, rather than the

technical complexity.

3.1 Finding relevant patterns per nawba

3.1.1 Motivation

The main goal is to discover new symbolic patterns that can be relevant per nawba.
For this purpose, after applying SIA to the symbolic dataset, these results and results
from other approaches [16] are compared with the ground truth of pattern listed by
Amin Chaachoo. The main research question is focused on how meaningful these
patterns can be for the nawba and how different they are in compared with other
approaches and the ground truth. On the other hand, a more qualitative approach
is taken by the design of a visualization tool that allows the expert to listen to
output patterns from the different algorithms. Therefore, the main motivation for
this experiment is to try to resolve the hypothesis of whether the nature of the
algorithm can provide different meaningful output that can help to musicologist
experts. In addition, the impact and variability of discovered patterns that consider

the rhytmic dimension is required.

3.1.2 Methodology

In contrast with the previous approach [16], that was using an string-based algorithm
as TF-IDF, an important characteristic of SIA is to accept patterns that contain
silences as valid ones, with the intention of obtaining more diverse patterns. The
selected algorithm in this approach is Structure Induction Algorithm (SIA). The
implementation was taken from an existing Github repositoryE] [33]. Our analysis
is implemented in Python using the music21 library [34] for processing scores and

adopt the same convention for naming notes and accidentals.

Thttps://github.com/andrebola/patterns-genres



16 Chapter 3. Pattern analysis

SIA is an algorithm that might return patterns with non-consecutive notes, so that
rests in between can probably be of importance and this is the reason why it was
decided to add them to this work. In contrast, it is dismissed to accept all octave
information from our data, being justified by Chaachoo’s decision when not adding
it when defining the list of centos. Actually, when analysing the music scores, one
can observe that the melodic line does not go beyond or under a whole octave, so it
is reasonable to not add the octave information in our study. The set of scores used

for this experiment is composed by the entire dataset described in Chapter 2.

3.1.3 Pre-processing

In order to give the proper input to the SIA algorithm, which is implemented in
Java, all the scores were converted from the original format musiczml to MIDI
format. Apart from that, not more pre-processing is required, since the input for

the algorithm is a raw MIDI file.

3.1.4 SIA Algorithm

As explained in section 1.2.2, STA bases its approach on representing the music as
a multidimensional dataset. In this case, it will be represented each score as a 2-
dimensional dataset, taking onset time and morphetic pitch as the two corresponding
dimensions. So then, each note of the score is represented as a data point dy, do, ...d,
in a dataset D. Therefore, a pattern P is translatable by a vector v in a dataset
D if and only if P can be translated by v to give a pattern that is a subset of D.
The most important concept that needs to be understood for this algorithm is the
concept of mazimal translatable pattern (MTP). Formally, the MTP for a vector v
in a dataset D, denoted by MTP(v, D), is the largest pattern translatable by v in
D. Mathematically:

MTP(v,D) = {d|d € DAd+v e D} (3.1)

In music, MTPs often correspond to the patterns involved in perceptually significant
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repetitions. The main goal of SIA is to compute all the non-empty MTPs in a
dataset. The MTP for a vector v in a dataset D is defined as non-empty, if and
only if there exists at least two datapoints d; and ds in D such that v = dy — d;. For

more information about the algorithm you can refer to the main SIA publication

[18].
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Figure 2: A two-dimensional orthogonal projection of the score excerpt onto the
plane defined by the onset time and morphetic pitch dimensions taken from [18]

SIA offers two parameters that try to help with the high number of output patterns
that the algorithm returns. These parameters are the Density and the Compactness.
Density is defined as the relation between the number of notes and the temporal
density and Compactness is defined as the relative length of the pattern with re-
spect to the length of the whole piece of music. Depending on the tuning of these

parameters, the output may vary.
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In addition, it is desirable to add that it was decided to not use the improved SIATEC
algorithm which considers transposition of patterns as equal. This decision is based
on the definition of centos by Amin Chaachoo and the characteristic of them. The
core of Centonization’s theory lives in specific sequence of notes relevant per nawba.
However, Amin considers as different patterns the ones that have different notes
but the same intervals between the notes, this would suppose that, for example, a
pattern with the notes CBAG would be considered as different from FEDC. This fact
increments the complexity of the task because, a priori, there is not any common
feature or characteristic that can cluster the patterns of a same nawba together.
Amin justifies the lists of centos through his experience and knowledge about the
music. This is what this work tries to solve and extract the most possible ideas of

this theory from an objective and computational point of view.

3.1.5 Post-processing

As recurrently happening with pattern discovery algorithms, a filter of the large
number of output patterns is needed in order to retrieve the most meaningful ones.
Therefore, one of the useful parameters provided by SIA algorithm is used, which
is the Compactness. This parameter is chosen to be the value that discovers the

highest percentage of patterns containing centos.

Furthermore, patterns with length between 3 and 10 events are only considered
(defining event as note or rest). This decision is based on the minimum and maxi-
mum length from the centos defined by Amin Chaachoo. Finally, only the first 10
most occurring patterns are considered per nawba, to restrict the number of helpful
patterns that can be analysed by a human and based on the average number of cen-
tos per nawba in Chaachoo’s list. This is done by counting the occurrences of every
output pattern in all the scores of the same nawba, and then ordering and selecting
the top 10 ones. In Fig[3] there is an example of the excerpt of a specific score
with its discovered patterns. The patterns plot with the same colour correspond
to the same output pattern. There might be the case that patterns with the same

colour are different, this means that SIA discovered a set of non-consecutive notes
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that were often repeated, but as in the example, they could have different notes in
between the discovered pattern, which generates variations of the same motive. This
fact gives the approach a new perspective and it is wished to check if these obtained

patterns may have sense musicologically speaking.
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Figure 3: Excerpt of an example score with the pattern offset discovered, red width
line marks the beginning of a new section

3.1.6 Results

In order to restrict our results and take some meaningful conclusions, number of
relevant patterns discovered has been restricted to 10. This number is set taking
the average number of centos that Amin Chaachoo defines per nawba. It is difficult
to show clear results on how the new discovered patterns can support centonization’s
theory. However, two valuable parameters has been extracted which can be beneficial

and help the support of this theory.

From all our output patterns, it’s been observed that 54.55% of them contain at
least one of the centos defined in the required nawba. This might suppose that,
at least, more than the half of the patterns that SIA is discovering are centos or
variations of them. The rest of the patterns should be studied one by one, in order

to indentify if they suppose new potential centos or just modifications of the known
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ones. In any case, this result seems to confirm Centonization and show that centos

are recurrent patterns in this music tradition.

In addition, the symbolic similarity measure [25] described in section 1.2.3 has also
been applied to these results. This has shown that 42.73% of the output patterns
perform to be similar as the centos of the same nawba defined by Amin. This fact
reinforces again the Centonization’s theory, but leave a lot of room for improvement

in terms of the similarity measure.

As observed, these parameters may help to interpret better the obtained results.
However, they don’t show evidences to extract clear conclusions. Another evaluation
of the results is needed to assess the results and to be able to compare with TF-
IDF algorithm, which is the other only algorithm that has been used for the same

purpose.
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Evaluation

As explained, due to the nature of the task, an exhaustive evaluation of the results
is needed. This evaluation should be both quantitative and qualitative, in order to
make some sense of the results from the pattern recognition algorithm and to get

the musicological sense of them as well.

4.1 Automatic Evaluation

For the automatic evaluation, firstly, the same process as the one from [I6] will be
taken, this will allow the comparison of the results with another algorithm. Then,

a new way of evaluation through symbolic features is proposed.

4.1.1 Nawba Classifier with pattern occurrences

As a first measure to evaluate the results, a nawba classifier model is trained using
as features the occurrences of each output pattern in every score of the dataset.
Through this classifier it is possible to evaluate, for each algorithm, how relevant
the output patterns are to characterize the nawba. For this purpose, a simple logistic
regression model is used to build the nawba classifier, using 60/40 part of the dataset
for train/split. In this case, 110 features (10 per nawba) were used. The accuracy

of the nawba classification of this model may give an idea on how important these
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patterns are related to the task of nawba prediction and thus, how meaningful they
are. This may result in a good way of comparing with the pre-defined centos, since
Amin Chaachoo elaborated the list of centos claiming that they are representative
of the tab‘ or the nawba. The model was built for the three pattern categories that
has been describing: Centos, TF-IDF and STA. It was applied to the corpus of 149
scores, using a 60/40 train/test split. The obtained accuracy for each model can be

seen in Table Bl

Pattern Set n o
Chaachoo 70.80 | 4.90
TF-IDF 69.71 | 5.88
SIA 65.27 | 5.58

Table 3: Bootstrapped accuracy (n=100) when classifying nawba using three pattern
categories

Confusion matrix of nawba classifier using pattern occurrences

- 10.0

True Nawba

Predlcted Nawba

Figure 4: Confusion matrix for the nawba classifier using STA pattern ocurrences

The accuracy obtained for the three models is very similar. As expected, and also

explained in the work from Nuttall et al. [I6], the model that uses the centos’s
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occurrences as features is the one that gets the highest accuracy, not being far from
the TF-IDF model. However, the model that was using the SIA patterns doesn’t
perform that well. This can be explained by different factors: SIA algorithm is run
at score level, this process is different to TF-IDF that computes its output patterns
globally per nawba. Furthermore, SIA is taking into account the rhythmic dimension
of the patterns, and this results in more specific patterns that can be less relevant
for the nawba level. Nevertheless, this result can bring to think that SIA algorithm
is still producing patterns almost as important as the pre-defined centos, which is a
valuable result. In Figure [d the confusion matrix of the nawba classifier is shown,
this matrix explains that there is a consistency in the classification. There exists
a few false positives that would require a more exhaustive analysis of the patterns
of that nawba, but this is not the main goal of this section and need to be studied

more in detail in a new work.

4.1.2 Nawba classifier with pattern features

As a second step for evaluate the results, a similar nawba classifier model was trained.
For this case, the features of the model were a set of symbolic musical extracted from
the patterns, see Table [l The features are selected and designed to catch different
characteristic of the music as melody or rhythm. Using this classifier, it is discovered
how important the music characteristic of the patterns are in terms of characterizing

the nawba.

This set of features were chosen to get the main components of the nawba dimension.
Therefore, there has been included relevant features to obtain the melodic charac-
teristic of a nawba through the patterns that are part of it, as the predominant note
or the persistence note, with getting the most repeated note in the pattern or the
last one. Other important essence of a nawba are the notes of the scale, hence, fea-
tures related to patterns with accidentals or with the different intervals contained
in the patterns were added. A few more features in terms of rhythm were used,
even though, normally the rhythmic dimension is not a predominant component of

a nawba, seeing that tempo and rhythmic patterns are independent of the mode.
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Feature name

Explanation

average rest length

Average duration of the rests contained in the pattern
in quarter length

number notes

Number of notes contained in the pattern

average note length

Average duration of the notes contained in the pattern
in quarter length

most _repeated note

MIDI value of the most repeated note contained in the
pattern

first _note

MIDI value of the first note of the pattern

last note

MIDI value of the last note of the pattern

longest note

MIDI value of the note with more duration in the pat-
tern

range rhythmic

Difference between the longest and the shortest note of
the pattern in quarter length

mean midi value

Average MIDI value of the notes contained in the pattern

contain_b

Bool feature to check if the pattern contains a flat (b)

contain_x

Bool feature to check if the pattern contains a sharp (#)

note density

Number of notes per quarter length

is_continuous

Bool feature to check if the pattern contains correlative
notes

contains__dot

Bool feature to check if the pattern contains any note
with a dot

over_first octave

Bool feature to check if the patterns goes over the first
octave C4

under first octave

Bool feature to check if the patterns goes over the first
octave C3

direction

Direction of the pattern (1 is ascendent, -1 is descendent,
0 is flat)

int _first last note

Interval between the first and last note of the pattern in
semitones

int _two_last notes

Interval between the last two notes of the pattern in
semitones

most_repeat int

Most repeated interval in the pattern in semitones

number M intervals

Number of major intervals contained in the pattern

number m intervals

Number of minor intervals contained in the pattern

Table 4: List of symbolic features used in the nawba prediction model

For this model, the symbolic feature values with the number of occurrences of every
pattern in the score has been averaged. This allowed to represent each score as a
1-dimension array of length 21, which is the number of used features. The general

workflow for building this logistic regression model is described in Figure [5

This model was applied to the same corpus of 149 scores, using a 60/40 train/test
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Search
pattern
occurence

Symbaolic
Dataset

Average feature

vector with
pattern

oCcurrence

Logistic regression
model

SIA 3
patterns

Extract symbolic
features

Figure 5: Workflow for building logistic model with features

split as well. The obtained accuracy was p = 29.6,0 = 5.4. This deduces that
symbolic features are not as relevant as occurrences, in order to predict the nawba
of a score. This result may serve to think whether all the selected features are
needed, but it shouldn’t be considered as a bad result, since conclusions can be

taken from it.

In order to understand the impact of each feature on the model, an analysis of the
importance of each feature can be conduct. This is made through another logistic
regression model and retrieving the property that contains the coefficients found
for each input variable. These coefficients can provide the basis for a crude feature
importance score. This assumes that the input variables have the same scale or have

been scaled prior to fitting the model. The result of this analysis can be seen in

Figure [0

Some ideas can be extracted from Figure [l As explained before, the rhythmic
features do not play a role in the nawba classification. In contrast, the features
related to melody and important notes of the patterns are the ones that achieve
a higher importance score. After discussing about this issue with the expert Amin

Chaachoo, as described in section 4.2, it can be affirmed that this fact is corroborated
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Figure 6: Feature importance for the logistic regression models that uses symbolic
features

by him. Being the fundamental note and the persistence note, one of the most

important properties of a nawba.

4.1.3 Nawba Classifier with pattern occurrences and selected

features

In order to finalize with the automatic evaluations of the results, and based on the
feature importance described in last section, a final a new nawba classifier model is
designed. This model uses the features from the models described in sections 4.1.1
and 4.1.2 in the same classifier. This means, uses the SIA pattern occurrences as
features but also uses a set of symbolic features. This symbolic features are part of a

subset of the ones described in Table[d Only features related to the melody are cho-
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sen: most_repeated note, first note, last note, longest note, mean midi value,
contains b and contains_x. The goal of this classifier is to check whether the sym-
bolic features can improve the occurrence classifier, so that this would mean that
the musical characteristic of the patterns of the same nawba share some similarities.
This could give some hints to introduce some improvements on the symbolic pattern
discovery algorithm which would include some melodic feature in the implementa-

tion.

Same process was followed to make the nawba classifier. This time, the accuracy
increased notably with: p = 70.14,0 = 6.64, see Table [l This result ends up
explaining the high importance that melodic features have in the patterns, in terms
of the nawba. Additionally, this accuracy is the same as the one achieved with the
occurrences of the centos. This is one very interesting fact, that means that the
obtained SIA patterns need to be taken in consideration when defining the patterns
of a nawba, and leave a big amount of material for the study of musicologists in the
field. In Figure[7] the corresponding confusion matrix is shown, displaying that the
classification is still consistent, having more true positives for this scenario. This
matrix reinforce the idea of the necessity of adding musical constraint to the symbolic

algorithm to successfully discover more characteristic pattern for the nawba.

Pattern Set o o
Pattern occurrence 65.27 | 5.58
Pattern occurrence + features | 70.14 | 6.64

Table 5: Bootstrapped accuracy (n=100) when classifying nawba using pattern oc-
currences and symbolic features

4.2 Qualitative evaluation

A visualization tool was designed in order to evaluate the results from a musicological
point of view and with an user-friendly interface. This tool is aimed at any Arab-
Andalusian researcher who would like to have a general glance to a large range of

patterns and their relationships while listening to them.

The main motivation for the creation of the tool was the idea of having a summary
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Confusion matrix of nawba classifier using pattern occurrences and features

-125

1

2

- 10.0

True Nawba
5 4 3

6

Predlcted Nawba

Figure 7: Confusion matrix for the nawba classifier using SIA pattern ocurrences
and selected symbolic features

of the high number of output patterns that symbolic pattern discovery algorithms
normally give. Thus, results are manageable by a human and can be evaluated in
a more careful way rather than diving in an extensive number of patterns, being
complex to analyse and to listen to all of them. In addition, while adding the
dimension of similarity in the tool, experts can compare between different kind of

patterns and check plausibly the main differences they have.

Description of the visualization tool

The main view of the visualization tool is divided in three blocks with different
purposes, that can be visible in Figure [§} parameter selector, main graph and score

selector.

As first, a general explanation on how to use the interface is given, in order to guide

the user to make a good use of the GUI. After it, the selector shows the different
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Figure 8: Example of the main parts of the visualization tool

parameters that can be chosen to make a new plot in the graph. These parameters

are divided in three categories or kind of filters.

e Pattern category: Related to the group of patterns that have been discov-
ered with each presented algorithm and the ground truth of centos defined by
the expert.

— Centos: Relevant patterns proposed by Amin Chaachoo representative

of a nawba. They are represented with a star shape in the graph.

— TF-IDF: Patterns discovered using the Term frequency — Inverse docu-
ment frequency algorithm. They are represented with a square shape in

the graph.

— SIA: Patterns discovered using the Structure Induction Algorithm. They

are represented with a circle shape in the graph.

e Nawba family: Related to the nawba grouping based on the well known
nawba tree in [2]. Each family is represented with a range of hues, with the

intention of visually separate the nawabat of the same family in the graph
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[35]. This separation comes from the nawba tree concept, example that can

be visualize in Fig [0

e Nawba: Patterns discovered or contained in the different nawabat. Each

nawba has its own color in the graph.

a2
e g A
2

Arbol modal de la musica andalusf (tomado de un manuscrito magrebi).

Iconograffa que reproduce los cinco modos principales y sus derivados.

Figure 9: Nawba tree representation taken from [35]

Once the patterns are represented, the user should be able to explore and analyse
the selection. Through the symbolic similarity algorithm, similar patterns have been
linked between them, being able to see all the possible relations between the selected
ones. The graph allows to zoom in and out, to better understand the different
pattern clusters built in the plot. If you click on each pattern, you can listen to
them. Furthermore, when hovering over a pattern, the user can see a number linked

to the pattern, which will allow to recognise it when plotting the score.

At the bottom of the tool, the user can find the score selector, that contains two
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dropdown menus. The first one allows the selection of a specific recording from
the above selected nawabat, in the menu you can see the title and the interpreter
orchestra of that specific score. The second one allows the selection of a specific

section from the selected recording.

Once the user decides which recording want to see the score from, he needs to click
on the button "Plot score with patterns". After a while, a new tab should be open
with the corresponding score. This score contains notes in different colours related
to the colour of the pattern that they are member of. Besides, the first and last note
of each pattern are annotated with the tag "PX.s" or "PX.e" to indicate the start
or the end of the pattern. A example of this can be observe in the Figure
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Figure 10: Example of a score represented with pattern in colours

For more information, the tool is accessible through the next link: http://fonil.mtg.upf.edu/.
Furthermore, the web page includes a video tutorial on how to use the GUI and make

a good use of it.

Analysis with the visualization tool

In this section an analysis of the evaluation tool is made to see how useful can be for
researchers of this tradition and how meaningful are the obtained results to support

the Centonization theory.
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The main purpose of the tool is to evaluate how relevant are the found patterns for
both SIA and TF-IDF algorithm. Since this thesis is new and beginning work, first
hypothesis is that the output patterns are not proposing anything new and could be
variations of already known patterns, e.g. centos. To evaluate this, the visualization
tool has been showed to the Arab-Andalusian expert Amin Chaachoo. He was asked
to interact with the tool, and answer to some questions. As part of this interview,
Amin Chaachoo was able to evaluate the quality of the results and analyse more
in detail each pattern one by one to finally corroborate that this work was able to

support Centonization theory, which was the main purpose.

During this analysis, the musicologist could give some value to this work. He claimed
that each discovered pattern needed to be interpreted independently, and each case
should be studied separately. Even though, almost all the discovered patterns were
centos or variations of them, he said that "this work would help for the addition
of new patterns to Centonization theory that could not be found manually”. For
the specific case of SIA patterns, Amin Chaachoo deduced that these patterns were
catching a lot of half phrases, which would be solved by adding some constraint to
the algorithm to separate pattern by the tonic of the nawba. However, SIA output
patterns were also emphasizing a lot the importance of the persistence note of each
nawba, which is something interesting to propose characteristic patterns of that
mode. For the case of TF-IDF, Amin highlighted the power of differentiate between
genres, that would be the characteristic patterns of the whole Arab-Andalusian
music, and centos, patterns characteristic of the nawba. For this algorithm, the
patterns seemed to be closer to the centos but probably they would not contain any

new or unexplored material.

As last important part of the evaluation, Amin Chaachoo found out that the similar-
ity measure between patterns was performing decently, considering it as a good first
approach to see relations between centos and patterns. One of his main proposes
was to add more musical conditions to the symbolic algorithms, in order to be work-
ing closer to the characteristic of Arab-Andalusian music. This would be done by

adding some post-processing to the SIA algorithm, that would emphasize patterns
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containing the persistence note of the nawba and that would separate patterns by
its tonic, resulting in more complete patterns. Through this improvements, Amin
Chaachoo considered that the work would be ideal for the further study of the music

tradition.

As a general overview, it can be said that the visualization tool is a valuable resource
for Arab-Andalusian researchers, what Amin pointed out, "this tool can be very
helpful for the better understanding of the music, being able to see similarities and
differences between nawabat through the patterns. Indeed, I would be keen to use this

mean for my research as I consider that can be a very useful resource”

As last, this evaluation tool allows to explore the Moroccan Arab-Andalusian reper-
toire further than for only the support of Centonization theory. The tool has been
designed to enable to explore the concept of nawba and family of nawabat through
their most characteristic patterns. Furthermore, it is presented as one of the first
piece of technology to visualize patterns of this tradition in the context of a score. In
addition, it allows to study the dataset by sections, something that was not possible
before. To sum up, apart from the main purpose of support the evaluation of the
main line of research of this thesis, this visualization tool could be part of the be-
ginning of a new computational ethnomusicology research in the Arab-Andalusian

tradition.
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Discussion

Even though in every section of Chapter 3 a detailed explanation of the obtained
results and a brief discussion has been presented, this chapter tries to wrap every-
thing up and come with the most relevant points to be discussed. After that, some

conclusions from the carried work are drawn in order to close the thesis.

5.1 Discussion

One of the first ideas that has been recurrently repeated along this thesis, is the
question of what a cento is. The answer is not clear yet and this is what makes
the proposed task very complex. Normally, symbolic pattern recognition algorithms
are evaluated against a ground truth of annotated patterns, but, in this case, these
patterns were not a closed and rigorous list. Therefore, the results need to be
analysed from someone formed in the music tradition, being able to interpret every
output pattern and give a general evaluation metric of the algorithm. This is what
has been done with Amin Chaachoo. Under his point of view, the chosen algorithm
helps to discover repeated patterns that almost always contain a cento or a variation
of it. However, the necessity of adding musical constraints to the algorithm is
highly needed. This is meant and planned for the future work of the thesis. Having
some post-processing that would filter out the output patterns with some conditions

related to persistence note and tonic note of the nawba, would give much more

34
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value to the work, as explained by Amin. Indeed, the analysis through symbolic
features seems to confirm this hypothesis, being the melodic symbolic features the

core characteristics of the patterns regarding the definition of the nawba.

Another good topic to be discussed is the performance of the result in compare with
the previous work. By applying STA, at the end, lower nawba recognition accuracy
ws obtained, but this doesn’t mean that this method should be discarded. Being TF-
IDF and SIA completely different algorithms, it was desired to know if a geometric
method algorithm could offer interesting results. This has confirmed that centos are
indeed an important part of the music, and has left more space for the musicologist to
continue supporting this theory, which was the main purpose. In addition, has given
more new patterns to be studied as potential centos. This is an important difference
with TF-IDF, which was not offering much more new material because they were not
having into account the rhythmic dimension on the results. Furthermore, it would
be useful as well to try out other different algorithms with the same data, to keep
validating the Centonization theory and complement SIA and TF-IDF. One of the
main limitations on this process is the nature of the heterophonic transcriptions.
The scores of the dataset could have a lack of ornamentations coming from the
difficulty of transcribing and capturing all the essence of the music. Furthermore,
the same expert has been the one who did the transcription and the one that has

evaluated the results, which could generate a bit of bias in the process.

As last, from the beginning of tackling this work, the necessity of manage a large
number of patterns has been always felt. At the end, a logic way of navigating
through them has been found by the design of the visualization tool. This tool,
allows the user to learn more about this music tradition, being able to visualize,
compare and listen to a large number of patterns at a glance. However, the tool
has some limitations. In fact, not having a relationship between the pattern and
its spatial position on the graph can make confusion on the interpretation of the
data. Furthermore, while the multiple selection of the pattern categories is a helpful
feature on the tool, it is responsibility of the user to choose a reasonable amount of

nawba to obtain an interesting graph which doesn’t have overlapping between the
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patterns. This is planned to be solved in the future as well as the addition of new

features that make a better understanding of the data.

5.2 Conclusions

There exists a few conclusions that can be extracted from this thesis. This work
is considered the continuation of the prevously started work started [16], being the
first attempt to work with Arab-Andalusian music and its symbolic patterns from
a computational point of view. All the obtained results lead to think that they
consolidate the main research hypothesis. This new geometric family of symbolic
pattern discovery algorithms is helpful for the Centonization theory, and all the
results corroborate what Amin Chaachoo was claiming from his expert opinion. A
new set of potential centos is proposed for the musicologist to be studied, which are,
at least, as important as the proposed centos. This work has confirmed again the
Centonization as a key concept in the study of the music tradition. Furthermore,
from the study of symbolic features of the obtained patterns, it has given visibility
to the melodic characteristic of the nawba, leaving apart the rhythmic dimension of

the patterns, for the task of discovering new centos.

With the intention of having an easy way to evaluate the results, a visualization tool
has been designed, which aims to be a valuable resource for the Arab-Andalusian
research community, as well as for the Arab-Andalusian students. Depending on
the use of the tool, it can have research or didactic goals. This software can serve
as a good way of showing standard pattern discovery results for different research
studies. The visualization tool has accomplished two main goals, which are the tool
for the qualitative evaluation of the thesis results but, at the same time, it’s also

designed to be a tool used by musicologists in the future.

However, as one of the first computational analysis on Arab-Andalusian music, we
hope to have contributed to the musicological theory around Centonization and hope
that this approach may trigger new and interesting study on the topic, establishing

the principles and basis for future and helpful study for musicological theories that
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can contribute to a better understanding and preservation of the musical tradition.

5.3 Reproducibility

The main code of this project is available in GitHub with the description of each
file. In the repository you will find the code to implement, train and validate the
presented models, as well as the code to perform most of the steps of the evaluation

in Chapter 4.
https://github.com/miguelgcasado/arab andalusian pattern analysis

https://github.com /miguelgcasado/nawba_ visualization
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Appendix A

First Appendix

List of useful terms:
e Nawba (nawabat): An homogeneous set of all the melodies of a particular tab’,
literally turn.

e Tab’ (tubu‘): Musical mode, but also the emotional state produced by the

melodies of this mode in performer and listener.

e Mizan: Rhythmic pattern in a nawba. Each nawba is structured as a sequence

of five mizan
e Sana’a (sana‘i’): Sung poem.
e (lento: Melodic pattern representative of a specific nawba
e Msalia: Instrumental prelude of undefined mode.
e Tawsiya: Instrumental prelude of defined mode.
e Muassa’: First movement of a nawba, slow tempo.
e Mahzuz: Second movement of a nawba, intermediate tempo.

e Insiraf: Third movement of a nawba, fast tempo.
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Appendix A. First Appendix

e TF-IDF': Term frequency — Inverse document frequency
e SIA: Structure Induction Algorithm.

e MBID: Music Brainz ID, unique ID linked to a particular recording.
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