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Abstract
The kind of interaction occurring between a conductor and musicians
while performing a musical piece together is an unique instance of human
non-verbal communication. This Musical Production Process (MPP)
thus provides an interesting area of research, both from a communica-
tion perspective and by its own right. The long term goal of this project
is to model the MPP with machine learning methods, for which large
amounts of data are required. Since the amount of data available to
this master thesis stems from a single recording session (collected at
KTH May 2014) a direct modeling of the MPP is unfeasible. As such
the thesis can instead be considered as a pilot project which examines
pre-requisites for modeling of the MPP. The main aim of the thesis is
to investigate how musical expression can be captured in the modeling
of the MPP. Two experiments, as well as a theoretical investigation of
the MPP, are performed to this end. The first experiment consists of a
HMM classification of sound represented by expressive tone parameters
extracted by the CUEX algorithm [11], and labeled by four emotions.
This experiment complements the previous classification of conducting
gesture in GP-LVM representation performed by Kelly Karipidou on the
same data set [10]. The result of the classification implicitly proves that
expression has been transferred from conductor to musicians. As the
first experiment considers expression over the musical piece as a whole,
the second experiment investigates the transfer of expression from con-
ductor to musician on a local level. To this end local representations
of the sound and conducting gesture are extracted, the separability of
the four emotions are calculated for both representations by use of the
Bhattacharyya distance and the results are compared in search for cor-
relation. Some indications of correlation between the representations of
sound and gesture are found. The conclusion is nevertheless that the
utilized representations of conducting gesture do not capture musical
expression to a sufficient extent.



Referat
Statistisk Analys av Interaktion mellan Dirigent och

Musiker

Interaktionen mellan en dirigent och musiker under ett musikframfö-
rande är en unik instans av mänsklig icke-verbal kommunikation. Den-
na “musikproduktionsprocess” (MPP) utgör därför ett intressant forsk-
ningsområde, både ur ett kommunikationsperspektiv såäl som i sin egen
rätt. Det läwngsiktiga målet med detta projekt är att modellera MPP:n
med maskininlärningsmetoder, vilket skulle kräva stora mängder data.
Då den tillgängliga datamängden härstammar från ett enstaka inspel-
ningstillfälle (KTH, maj 2014) är en direkt modellering av MPP:n inom
detta examensarbete ej möjlig. Arbetet bör istället betraktas som ett
pilotprojekt som undersöker förutsättningar för att modellera MPP:n.
Huvudfokuset för detta examensarbete är att undersöka hur musikaliskt
uttryck kan fångas i modelleringen av MPP:n. Två experiment och en
teoretisk utredning av MPP:n utförs i detta syfte. Det första experimen-
tet utgörs av HMM-klassificering av ljud, representerat av expressiva
tonparametrar framtagna genom CUEX-algoritmen [11] och uppmärkt
med fyra olika känslor. Detta experiment kompletterar den tidigare ge-
nomförda klassificeringen av dirigentrörelse i en GP-LVM representation
av Kelly Karipidou på samma datamängd [10]. Resultatet av klassifi-
ceringen bevisar implicit att musikaliskt uttryck överförts från dirigent
till musiker. Då det första experimentet undersöker musikaliskt uttryck
över musikstycket i sin helhet är målet för det andra experimentet att
undersöka överföringen av musikaliskt uttryck från dirigent till musiker
på en lokal nivå. För detta syfte tas lokala representationer för ljud och
dirigentrörelse fram, separabiliteten mellan de fyra känslorna kalkyleras
via Bhattacharyya avståndet och resultaten jämförs på jakt efter korre-
lation. Vissa indikationer på korrelation mellan representationerna för
ljud och dirigentrörelse kan iakttas. Slutsatsen är dock att de tillämpade
representationerna för dirigentrörelse inte fångar musikaliskt uttryck i
tillräckligt hög grad.



Contents

1 Introduction 1
1.1 The Musical Production Process . . . . . . . . . . . . . . . . . . . . 1
1.2 Project Context and Description . . . . . . . . . . . . . . . . . . . . 2

1.2.1 Focus of the Project . . . . . . . . . . . . . . . . . . . . . . . 3
1.2.2 Practical Applications . . . . . . . . . . . . . . . . . . . . . . 3

1.3 Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.4 Ethical Considerations . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.5 Relation to Education . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.6 Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2 Previous Work 7
2.1 The Virtual Orchestra Concept . . . . . . . . . . . . . . . . . . . . . 7

2.1.1 Generating Expressive Sound . . . . . . . . . . . . . . . . . . 9
2.2 The Virtual Conductor Concept . . . . . . . . . . . . . . . . . . . . 10

3 The Musical Production Process 11
3.1 The Role of the Conductor . . . . . . . . . . . . . . . . . . . . . . . 11

3.1.1 Controlling of Tempo . . . . . . . . . . . . . . . . . . . . . . 12
3.1.2 Capturing the Physical Expression of the Conductor . . . . . 12

3.2 The Role of the Orchestra . . . . . . . . . . . . . . . . . . . . . . . . 13
3.3 The Interaction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

3.3.1 Limitations of Previous Systems . . . . . . . . . . . . . . . . 15
3.4 Modeling the Musical Production Process . . . . . . . . . . . . . . . 16

3.4.1 The Mapping from Gesture to Sound . . . . . . . . . . . . . . 16
3.4.2 The Mapping from Sound to Gesture . . . . . . . . . . . . . . 17
3.4.3 Generating Expressive Sound . . . . . . . . . . . . . . . . . . 17

4 Data and Representation 19
4.1 Representation of Conducting Gesture . . . . . . . . . . . . . . . . . 20

4.1.1 Baton Representation . . . . . . . . . . . . . . . . . . . . . . 20
4.1.2 GP-LVM Representation . . . . . . . . . . . . . . . . . . . . . 20

4.2 Representation of Sound Data . . . . . . . . . . . . . . . . . . . . . . 22
4.2.1 Onset and Offset Detection . . . . . . . . . . . . . . . . . . . 22



CONTENTS

4.2.2 Expressive Tone Parameters . . . . . . . . . . . . . . . . . . . 22
4.2.3 Accuracy of the Result . . . . . . . . . . . . . . . . . . . . . . 24

5 Exp1: Classification of Emotion in CUEX Space 27
5.1 Method of Classification . . . . . . . . . . . . . . . . . . . . . . . . . 27

5.1.1 Training Data and Test Data . . . . . . . . . . . . . . . . . . 28
5.1.2 Clustering of the CUEX Space . . . . . . . . . . . . . . . . . 28
5.1.3 Assigning Clusters to the Training Data . . . . . . . . . . . . 29
5.1.4 Creating Transition Matrices . . . . . . . . . . . . . . . . . . 30
5.1.5 Creating Observation Matrices . . . . . . . . . . . . . . . . . 30
5.1.6 Viterbi Algorithm . . . . . . . . . . . . . . . . . . . . . . . . 30

5.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
5.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

6 Exp2: Local Correlation of Gesture and Sound 35
6.1 Local Representations of Gesture and Sound . . . . . . . . . . . . . . 35

6.1.1 Labeling of Notes . . . . . . . . . . . . . . . . . . . . . . . . . 36
6.1.2 Matching of Tones . . . . . . . . . . . . . . . . . . . . . . . . 36
6.1.3 Finding Corresponding Conducting Sequences . . . . . . . . . 41

6.2 Separation of Emotions in Gesture and Sound . . . . . . . . . . . . . 44
6.2.1 The Bhattacharyya Distance . . . . . . . . . . . . . . . . . . 44
6.2.2 BD in CUEX space . . . . . . . . . . . . . . . . . . . . . . . . 45
6.2.3 BD in Gesture Space . . . . . . . . . . . . . . . . . . . . . . . 47
6.2.4 Visualizations . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

6.3 Correlation Measures . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
6.3.1 Average BD . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
6.3.2 Correlation Matrices . . . . . . . . . . . . . . . . . . . . . . . 49
6.3.3 Correlation Plots . . . . . . . . . . . . . . . . . . . . . . . . . 49
6.3.4 Distance Matrices for Maxima Tones . . . . . . . . . . . . . . 49

6.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
6.5 Discussion of Results . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

6.5.1 Sound Representations . . . . . . . . . . . . . . . . . . . . . . 59
6.5.2 Gesture Representations . . . . . . . . . . . . . . . . . . . . . 60
6.5.3 Correlation between Gesture and Sound . . . . . . . . . . . . 61
6.5.4 Limitation of Tonewise Correlation . . . . . . . . . . . . . . . 62
6.5.5 Distance Matrices for Maxima Tones . . . . . . . . . . . . . . 62
6.5.6 Correlation Plots . . . . . . . . . . . . . . . . . . . . . . . . . 62

6.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
6.6.1 Reasons for lack of correlation . . . . . . . . . . . . . . . . . 65

7 Conclusions 67
7.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
7.2 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

7.2.1 Improvements of Experiments . . . . . . . . . . . . . . . . . . 68



7.2.2 Further Areas of Interest . . . . . . . . . . . . . . . . . . . . 69

Bibliography 71

Appendices

A Bhattacharyya Distances

B Distance Matrices for Maxima Tones





Chapter 1

Introduction

The kind of interaction occurring between a conductor and musicians while per-
forming a musical piece together is an unique instance of human non-verbal com-
munication. This musical production process thus provides an interesting area of
research, both from a communication perspective and by its own right. Through
gestures and physical expression the conductor communicates with the musicians
and leads the performance of a musical piece in real-time. The gestures them-
selves are in part governed by the formal sign language of conducting, and in part
an instance of free expression by the conductor. The musicians in the orchestra
register and follow (in the best case scenario) the instructions communicated by
the conductor’s gestures, and deliver feedback in the form of sound (what we call
music). The music feedback will in turn affect the conductor’s future movements,
as he shapes the performance in the wanted direction. In short, an interaction
in real-time between the two agents: conductor and orchestra, takes place. See
Figure 1.1 for a photo of conductor and musicians in action! A short introduc-
tion to the musical production process itself is given below. For readers unfamiliar
with the musical terminology, the musical vocabulary available at Naxos website:
http://www.naxos.com/education/glossary.asp is recommended.

1.1 The Musical Production Process

An illustration of the interaction in the musical production process is provided
in Figure 1.2. As mentioned, the conductor provides input to the orchestra in
the form of gestures, sounds and physical expression and the orchestra delivers
feedback to the conductor in the form of sound. This interaction is symbolized in
the diagram by the arrows between conductor to orchestra. The gestures of the
conductor are further influenced by a number of factors (the incoming arrows to
“Conductor” in Figure 1.2). As each musical piece is unique, the set of conducting
gestures that it produces is also unique - represented in the figure as the influence
of “Score”. Furthermore each conductor has a “Personal Style” to his gestures, and
no two conductors perform a gesture exactly the same. As a leader of the musical
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CHAPTER 1. INTRODUCTION

Figure 1.1: The Musical Production Pro-
cess in action! Peter Oundjian conducts
Toronto Symphony Orchestra at Roy Thom-
son Hall, Toronto, June 2014. Source: [13]

Figure 1.2: The whole musical production
process, represented as a block diagram. Ar-
rows represent relationships.

performance, the conductor has an “Intention” at each place in the score of how
the music should sound - which influences his gestures to express this intention
to the musicians. The orchestra in turn is, apart from the stated influence of the
conducting gesture, also influenced by score but in the form of their individual
notated “Parts” (this is a simplified model of the musical production process where
no explicit interaction between musicians in the orchestra is considered).

1.2 Project Context and Description

Ever since the level of technology permitted, various projects have investigated and
tried to model this interaction. The goal of these projects have often been to learn
some feature of the mapping f(gesture) = sound, that represents how a certain ges-
ture maps to a certain sound. As a result it is possible to control the performance
of pre-recorded music with gestures as input, benamed as the “virtual orchestra”
concept in the continuance of this report. Most commonly, methods are applied to
extract the conducted tempo, making it possible to control the tempo of a play-
backed musical piece. The mapping from conducting gesture to musical response
is in these projects based on prior knowledge about conducting, thus depending on
pre-set rules and heuristics to govern the mapping.

Never before has the mapping been learned solely from real-world data in a ma-
chine learning context - which is the long-term goal of this project. Large amounts of
conducting data with corresponding musical response is needed in order to explore,
and learn, the mapping successfully. The amount of data currently available to this
project stems from a single recording session, making it possible to explore only a
small subspace of the mapping. This can therefore be seen as a pilot project as
it investigates the pre-requisites for modeling conductor-musician interaction with
machine learning methods.
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1.2. PROJECT CONTEXT AND DESCRIPTION

1.2.1 Focus of the Project

While previous projects have modeled more low-level features of the interaction,
such as the controlling of overall tempo, the aim of this project is to be able to
model more high-level features such as musical expression. It can be argued that
the musical expression is at the very core of music itself - and for many practitioners
as well as listeners it is the very reason why they practice or listen to music at all.
To be able to model the Musical Production Process successfully, the modeling of
control of expression is therefore of utmost importance. As described the conductor
has an intention about how the music should sound in his mind, that is communi-
cated to the musicians through gestural expression. For a working communication
the musicians are able to perceive and understand this expression and convert it
into musical expression in the sound they produce. The experiments in this master
thesis will hence focus on investigating the notion of expression in gesture and sound
- how to capture it with suiting data representations and how expression in gesture
is transformed into expression in sound through the function f(gesture) = sound.

As a part of the same long-term project, an investigation of how to represent ex-
pression in conducting gesture was performed in the master thesis “Modelling the
body language of a conductor using Gaussian Process Latent Variable Models (GP-
LVM)” by Kelly Karipidou prior to this project [10]. In Karipidou’s master thesis
high-dimensional data of the conductor’s movement was reduced to a two dimen-
sional unit through the use of a GP-LVM. The reduced unit’s ability to represent
expression was further measured by performing a classification of the two dimen-
sional data labeled by different emotions. As an extension of Karipidou’s work,
the first experiment of this master thesis consists of a classification of the same
kind - but this time performed on the sound data represented by CUEX parameters
[11] (further explained in Chapter 2 and 4)). By comparing results from these two
classifications, conclusions can be drawn regarding the general correlation between
expression in gesture and expression in sound. The second experiment however fo-
cuses on the local correlation between expression in gesture and expression in sound,
where local here refers to events occurring at the same point in time. This is done by
investigating the local separation of the labeled emotions in the sound as well as the
gesture representation. As a further independent part of this master thesis, a the-
oretical investigation of the Musical Production Process itself is performed, where
important aspects of the process and conditions for modeling it successfully are pre-
sented. The result of the experiments and the theoretical investigation brings the
long-term goal one step closer, as it reveals important pre-requisites for modeling
the Musical Production Process successfully with machine learning methods.

1.2.2 Practical Applications

Once accomplished, a model of the Musical Production Process could have at least
three different areas of use:
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• An orchestra simulator - where conducting students or laymen can practice
their conducting skills with a virtual orchestra

• A conductor simulator - where a conductor model could for example be
trained on a famous conductor no longer among us, say Herbert von Karajan,
to determine his personal style of conducting. The model could then generate
a virtual conductor conducting in the style of Karajan, to be followed by an
orchestra.

• An analysis tool - where the interaction of a real conductor and orchestra
could be recorded and analysed by the model - for example to determine when
and why communication fails between the two. This could be used as a tool
in conductor training.

1.3 Contributions
The three main contributions of this thesis are:

• A theoretical investigation of the Musical Production Process, which aims to
understand the components of the process itself and outline factors to take
into account in order to successfully model it.

• A classification of data in the sound representation which complements the
classification of conducting gesture performed by Karipidou in [10]. The result
implicitly proves that musical expression was communicated from conductor
to musicians.

• An analysis of local correlation between the conducting gesture and sound rep-
resentation, in terms of communicated expression. Methods are developed to
a) extract local representations for sound and conducting gesture b) measure
expressive features in the representations and c) compare the results between
sound and conducting gesture in search of signs of local correlation between
the two.

Additional contributions includes creation of:

• A method for labeling of notes in a score that facilitates continuous tracking
of beats.

• An algorithm for matching of segmented tones to the labeled notes in a score
based on pitch and relative onset.

1.4 Ethical Considerations
The project touches on several ethical aspects. As mentioned, to achieve the long
term goal and successfully model the Musical Production Process, large amounts

4



1.5. RELATION TO EDUCATION

of data must be collected. During the collection the output of real musicians and
conductors will have to be recorded. Since the source of data is real people, care
must be taken to perform the collection and handle the data ethically. Another
ethical concern is what effect this model, if achieved, would have on the musical
community itself. Would a well performing orchestra simulator be a rival to real
orchestras, possibly causing them to go out of work? Is it ethically motivated
to replace the intrinsically human activity of performing music together with a
partly automated element? And is it at all possible to achieve a model that is
perceived satisfactory to performers and listeners, or is the human interaction such
an important part of the process that it can not be replaced? The author of this
thesis believes that it, as with so much regarding technology, comes down to how
the developed technology is being utilized. The ethical stance of the author is that
a model of the Musical Production Process should not be developed with the goal of
replacing the human interaction of music performance, but to work as a complement
to the very same. As the human interaction taking place in the musical production
process is highly complex and interesting from a communication perspective - it
is believed that a successful model of the same interaction could prove ground
breaking for the AI community as a whole. If methods are developed that manages
to model this interaction in a satisfactory manner, the obtained knowledge could be
utilized in many other research areas regarding communication and interaction. To
answer the questions raised above, the author believes that the human interaction
in orchestral music performance is such an important part of the experience itself
that it can never be fully rivaled by an automated system. An automated system
could however constitute an interesting concept in its own - providing entertainment
or educational value to users. And as stated earlier, last but not least, a model
that replicates the complex human interaction taking place in music performance
would provide important general knowledge regarding modeling of interactive and
communicative processes that could be transferred to other problems.

1.5 Relation to Education
Many parts of this project relates directly to my education, which includes a Bach-
elor in Engineering Physics and a Master in Machine Learning at KTH. Examples
of this:

• The project is implemented in Matlab, a programming language which I am
familiar with from several courses and projects. Among them courses in Nu-
merical Methods, Computer Vision and Physics.

• In the first experiment a Hidden Markov Model is implemented, a concept
which I learned about in Artificial Intelligence and Cognitive Systems (ex-
change course at Karlsruhe Institute of Technology) among others.

• In the second experiment the Bhattacharyya distance for multivariate distribu-
tions is calculated requiring understanding of matrix algebra and probability

5
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distributions, learned in courses about Linear Algebra and Probability Theory
among others.

• In the second experiment a Principal Component Analysis (PCA) is per-
formed, a concept which was introduced in course Machine Learning.

1.6 Outline
The report is continued with a presentation of Previous Work within the field in
Chapter 2, followed by a theoretical investigation of the Musical Production Process
in Chapter 3. After a review of the Data used in this project in Chapter 4, the two
experiments “Classification of Emotion in CUEX space” and “Local Correlation of
Gesture and Sound’ are further explained in Chapter 5 and 6. Here the method,
results and conclusions of the respective experiment is presented. The report is
concluded with a Summary and proposal of Future Work in Chapter 7.
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Chapter 2

Previous Work

In this chapter a time-line of previous projects in the area is presented. The works
will later be put into relation to this project in the chapter The Musical Production
Process.

2.1 The Virtual Orchestra Concept

Numerous systems which aim at recognizing conducting gestures, and generating
corresponding musical response, have been developed in the last 50 years. A pi-
oneering work is the “Radio Baton” with its corresponding “Conductor Program”
system, presented in a paper by Max V. Mathews in 1977. In this system a baton
is equipped with low-frequency radio transmitters whose signals are received by
an array of antennae. The three-dimensional position of the baton is determined
and trigger points, which typically corresponds to conducting beats, are detected
and transferred to the Conductor Program, together with the continuous three-
dimensional gesture. By also specifying trigger points in the MIDI music file which
is to be performed, the playback of the file is adjusted so that trigger points from
the baton are synchronized with trigger points in the MIDI [1]. The effect is a
system where the tempo of a pre-determined musical piece can be controlled by the
gestures of a conducting baton.

In 1996 Teresa Marrin developed the “Digital Baton”, a device with eleven sen-
sory degrees of freedom. An infrared LED tracking system provided the three-
dimensional position of the baton, accelerometers provided the three-dimensional
acceleration and five pressure sensors provided information about the finger and
palm pressure of the user holding the baton [2]. The corresponding software which
generated the musical response did not make use of traditional conducting gestures,
but developed its own mapping between gesture and sound where higher-level fea-
tures in the music could be controlled [5].

7
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Japanese researchers Satoshi and Mochida proceeded the next year with an elabo-
rate attempt to model the tempo-controlling aspect of conducting, described in “A
conducting recognition system on the model of musicians’ process” [3]. A baton
is equipped with two accelerometers to detect vertical and horizontal acceleration
components. The accelerometers detect right hand conducting gestures and based
on this data beat timing (the system supported detection of 1-beat through 5-beat),
as well as beat number within the measure, are recognized through a system of pre-
trained HMMs. Based on the detected beat input, the tempo of a MIDI music file is
controlled. In the system, the recognition process tries to mimic the recognition of a
real musician where beat occurrence expectation, given playing tempo and position
in score, is an influencing factor.

Again one year later, Tommi Ilmonen tracked conducting gestures with the help
of an Artificial Neural Network (ANN) in his master thesis “Tracking conductor
of an orchestra using artificial neural networks” [4]. Using a magnetic tracker for
motion tracking, fixed on the conductor’s upper body, position and velocity of the
conducting gesture is detected and used as input to a multi layer perceptron (MLP).
The MLP is trained to output the beat phase of the conducting gesture, which in
turn is used to play back a score in the detected tempo. Additionally, simple dy-
namic of the score is controlled by heuristic rules on the detected conducting gesture.

In 2002 Teresa Marrin presented the sequel to her previous conducting device the
Digital Baton, namely the “Conductors Jacket”, further explained in the paper
“Synthesizing Expressive Music Through The Language of Conducting” [5]. The
Conductors Jacket is a sensor interface in the form of a fitted shirt that contains
one respiration sensor and seven EMG sensors, measuring the muscle tension of
the wearer in biceps, forearm extensors, hands and the right shoulder. After pre-
processing and filtering, beat detection and spectral analysis is performed on the
electrical signals from the sensors. Through a set of manually configured mappings
the processed signals can be used to control tempo, cutoffs, note-level dynamics
and Articulation of a musical piece. The mapping between gesture and sound is
learned manually by applying a hypothetical algorithmical mapping and letting
performer and audience decide if it “sounds right and intuitive”. This results in
an interface where many aspects of musical performance can be controlled - but
where the conducting gestures do not necessarily correspond 100% to traditional
conducting gestures. The purpose of the Conductors Jacket is thus to use the basis
of the conducting technique to develop an “instrument” where computer music can
be controlled expressively - rather than modelling the conducting technique itself.

Next came “Personal Orchestra”, an exhibit and interactive conducting experience
developed for the “House of Music Vienna” in 2004, described further in “Personal
Orchestra: a real-time audio/video system for interactive conducting” [6]. Here the
movements of an infrared baton control tempo, volume and emphasis on orches-
tral section of a pre-recorded musical piece performed by the Vienna Philharmonic.

8



2.1. THE VIRTUAL ORCHESTRA CONCEPT

Vertical turning-points of the baton are considered beats and control the tempo,
whereas vertical gesture size controls overall dynamics. Horizontal direction indi-
cates that the orchestral section at this position should be raised above the others.
Because of the musical piece being an instance of real and not synthesized music,
the system relies on pre-stretched audio tracks in order to control tempo of the
performance.

Later the same year, the creators of Personal Orchestra teamed up with Teresa
Marrin to create a similar conducting exhibit for the Children’s Museum in Boston,
described in “You’re the conductor: A realistic Interactive Conducting System for
Children” [7]. With the specific target group being children with no pre-supposed
knowledge about conducting gestures, the controlling gestures had to be more gen-
eral in character. The x and y coordinates of a robust infrared baton is registered
by a camera, and the detected gesture effects the playback of a pre-recorded musical
piece performed by the Boston Pops Orchestra. Gesture speed

√
(dx

dt + dy
dt ) controls

the overall tempo of the performance and gesture size (determined as the distance
between subsequent baton turning points) controls the overall dynamics. In this
project the audio track is stretched in real-time with a Phase Vocoder Algorithm,
which allows for a higher resolution in available tempi than for Personal Orchestra.

A different approach was taken by Anders Friberg in 2005, where control of higher-
level musical expression was explored in “Home conducting - Control the overall
musical expression with gestures” [8]. In the system, gestures are captured by a
simple webcam and recognized by tools available in the software platform EyesWeb.
The recognized gestures are further mapped to semantic expressive descriptions, de-
veloped within the project MEGA, thus aiming to capture emotional expression of
the gestures. The semantic descriptions are thereafter used as input in pDM, a rule
system for music performance which has support for emotional expression. Given
the recognized “emotion” in the gestures, the music performance is being altered to
express this emotion. When previous systems have focused on recognizing low-level
features of conducting, such as control of tempo and dynamic, this system aims
directly at the higher-level feature of emotional expression - however the input ges-
tures are not restrained to traditional conducting gestures. Since conducting is a
special case of general gesture, subdued to certain constraints, it might not be the
case that emotional expression in conducting gesture is recognized as well as emo-
tional expression in general gesture. Furthermore, if the goal is to model conducting
in itself, the control of lower-level features such as tempo and dynamic is essential.
The Home Conducting system does however break interesting and new ground in
the area of controlling emotional expression of music with gestures.

2.1.1 Generating Expressive Sound

In the virtual orchestra concept, real-time conducting gestures are used to con-
trol pre-recorded or synthesized music. As discussed above, the control of pre-
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recorded music requires some sort of interference with the audio track - such as
time-stretching algorithms to control tempo. In the case of synthesized music, that
is, where each tone of the audio is software generated in real-time as a response to
the incoming conducting gesture, the abilities of expressive control can be greater
if the right tools are used. In order to control higher levels of expression in the
music, apart from overall volume and tempo, the music itself must be describable
and quantifiable in expressive parameters.

One assembly of such expressive parameters was proposed in 2007 by Anders Friberg
et al. in “CUEX: An Algorithm for Automatic Extraction of Expressive Tone Pa-
rameters in Music Performance from Acoustic Signals” [11]. The concept of the
CUEX algorithm is to first detect onset and offset for individual tones in the acous-
tic signal, and secondly to compute expressive tone parameters for each of these
detected tones. The parameters describe the tempo, sound level, articulation, onset
velocity (also referred to as “attack”), spectrum, vibrato rate and vibrato extent
for each tone in the performance. The CUEX parameters play an important role in
this project and will be further explained in section 4.

2.2 The Virtual Conductor Concept
While the problem of building a human-conducted virtual orchestra has been ex-
plored by various systems through the years, the reverse problem of creating a
virtual conductor followed by human musicians is relatively unexplored [9]. One
attempt at this problem is explained in the paper “Teaching Robots to Conduct:
Automatic Extraction of Conducting Information from Sheet Music.” from 2014
[9]. In this system, a score is represented in the MIDI file format which, apart
from evident features such as tone pitch and tone length, also supports informa-
tion about tone dynamic, ensemble dynamic, tempo and time signature. A MIDI
parser is consequently developed, which converts the parameters in the MIDI file
to requests for conducting gestures. The conducting gestures are embodied by four
different types of robots, two humanoid and two non-humanoid. For the humanoid
robots, traditional conducting gesture is to some extent used to present the score
to the musicians, whereas the non-humanoid robots instruct the musicians using al-
ternative representations such as colour bars and numbers. The system is however
lacking the most important feature of the musical production process - the interac-
tion between conductor and musician. Since the robotic conductors cannot hear the
response from the musicians, the process becomes one of a one-way communication.
To integrate the interactive component in the model is certainly a challenge, but
one we hope that the long-term goal of this project will achieve.
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Chapter 3

The Musical Production Process

In this chapter a theoretical investigation of the Musical Production Process itself is
carried out. The roles of the conductor and orchestra, and the interaction between
them, are discussed. Limitations of previous systems and factors connected to
modeling of the process are pointed out. The diagram of the Musical Production
Process is once again included in bigger format in Figure 3.1.

3.1 The Role of the Conductor

The role of the conductor in the musical production process can be divided into two
functions. Since an orchestra consists of a large number of musicians, it normally
needs a common synchronizing device in order for all individual musicians to be able
to play in phase with each other. The first function of the conductor is hence to make
up this synchronizing device, which through his gestures governs the orchestra into
one synchronous performance. But apart from mere synchronization, the conductor
is also the artistic leader of the performance. The second function of the conductor
is therefore to, through his gestures, deliver a musical interpretation of the score
to the musicians and govern the musical aspect of the performance. Lastly it must
be stated that these two functions are not completely distinct from each other, as
the same gesture typically addresses both issues without a clear distinction between
what part belongs to synchronization and what to musical expression. The most
important part in the first function is synchronization of overall tempo. It is in this
area that the conducting language is most formalized. The gestures for controlling
tempo are to a high extent learned in conducting education, and are standardized
(even if each conductor has their personal version of how they look). Whereas
the gestures to communicate musical expression are less standardized and more
free, even if there exists some general guide-lines even here (for example raising
your hand might mean raise the sound level and lowering it might mean lower
the sound level - these expressive gestures however correlates greatly with general
human gestural expression and what it means). It therefore makes sense to separate
these two functions when approaching to model the conducting gesture.
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Figure 3.1: Diagram over the Musical Production Process as it is considered in this project.
For an explanation of the blocks and arrows see Section 1.1.

3.1.1 Controlling of Tempo
The first function includes setting the overall tempo and communicating it, as well
as providing entrance cues for particular instruments when they are supposed to
play. This is in the continuation of the report referred to as the controlling of macro
tempo. Other features of tempo such as

• tempo changes (e.g. ritardando or accelerando)

• fermata and (in some cases) individual tone lengths

• rythmical figures

• phrasing

are in the continuation of the report referred to as controlling of micro tempo.
Macro tempo is controlled through the gesture of a beat pattern, with which the
conductor signals to the orchestra when individual beats are to take place.

3.1.2 Capturing the Physical Expression of the Conductor
While conducting the conductor expresses his musical intentions with his whole
body, where arm and hand gestures as well as facial expression are the most in-
formative channels of expression. Other signals that the conductor sends to the
orchestra can be through sounds, typically no sounding voice is used during a per-
formance, but sounds of respiration might be used as a complement to gestures.
To capture the whole expression of the conductor, the physical output must be
recorded on a very detailed scale - as even visible muscle tensions and facial ex-
pressions might signal important information. However projects aiming to model
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the conducting gesture have previously chosen to focus on one or some channels of
this output. The reasons are partly practical, as it requires a multitude of different
technology to capture facial expression, muscle tension, respiration and gestures at
the same time. For the conductor to be connected with technology through every
channel of expression might also disturb the conducting itself, physically and psy-
chologically. But the reasons are also data oriented - the more channels of input, the
higher complexity of the conducting data and difficulty to process and understand
it. As such it is an important task to single out the dimensions of the conductor’s
output that are most important for the task. If the task is modeling of tempo, the
arm and baton gestures are typically fundamental, whereas modeling of expression
might require more fine-level dimensions of output such as facial expression. The
data used in this project captures the movement of the conductor’s upper body and
as such an important part of his gestural output. However the lack of capturing of
facial expression and finer hand movement reduces the level of musical expression
contained in the data, which is a limitation.

3.2 The Role of the Orchestra

As mentioned in Chapter 1, the interaction within the orchestra is an important
factor in the Musical Production Process. Even though the conductor is the com-
mon synchronizer, the musicians have to synchronize their playing with each other.
In order to achieve this, a strict hierarchy is implemented in the orchestra, with
designated leaders and vice-leaders of each instrument section. The leader of the
violin section is thereto the concertmaster, which means the leader of the whole
orchestra. Even while following this structure it is not trivial to make up to 100
individual musicians play as one unit, and even in well-trained orchestras it happens
that the playing gets out of synch.

As already stated it is part of the conductor’s role to communicate his musical
interpretation of the score to the musicians, and it is part of the musicians’ roles
to follow it. This musical interpretation does however not contain every detail of
how individual instruments are supposed to play - thus leaving space for “local
interpretations” for individual musicians of their parts of the score. These inter-
pretations should be in line with the global interpretation of the conductor - but
since all details are not specified there is also room for personal expression for in-
dividual musicians. The interaction between musicians within the orchestra, and
the musical interpretations of individual musicians, are however not considered in
this project. It is believed that this interaction will have to be modeled separately
as the complexity while modeling the interaction between conductor, orchestra and
within orchestra at the same time might be too high.
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Figure 3.2: Illustration of the virtual conductor concept. The lack of interaction is repre-
sented in the image by breaking the feedback arrow of sound from orchestra to conductor.

3.3 The Interaction

The most important insight is perhaps that the conductor-musician interaction is
essentially an instance of human communication. The interaction is dynamic and
occurs in real-time - causing the performance of the same piece, with the same con-
ductor and musicians - to be a new experience every time. The conductor has the
task to lead the orchestra, and looking at it from a temporal perspective, lays one
step ahead in time. In order for the musicians to register and react to the conduc-
tor’s movements they have to be prior in time. This causes the well-known “lag”;
where the orchestral response corresponding to a certain conducting gesture comes
later in time. Exactly how long the lag is varies between conductors, and between
orchestras, and is something that is worked out automatically and dynamically be-
tween a certain conductor and orchestra during the rehearsal work of a musical
piece. The length of the lag can also change dynamically over the traversal of a
musical piece, where fast tempo generally requires a shorter lag than slow tempo
[3]. Moreover sudden changes need to be addressed in good time before they occur,
while long sections of homogeneous music with little change can cause the lag to
almost disappear (the conducting gestures and the musical response synchronizes
itself temporally) [23].

The fact that the orchestral response lies later in time does however not make
it a one-way communication (from conductor to musicians only), but the feedback
of the orchestra in its turn influences the conductor and his movements. The pro-
cess is in its essence one of true interaction where the influence from one agent on
the other can not be overlooked.
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Figure 3.3: Illustration of the virtual orchestra concept. There is, to the authors knowl-
edge, no system which includes the conductor’s sounds as an input to the orchestra - hence
“sounds” is overcrossed in the arrow from conductor to orchestra. Even though the system
is in some sense interactive (the human conductor hears the sound the virtual orchestra
creates and can respond to it), in most realisations the gesture recognition is very limited
when compared to the recognition for a real musical production process.

This interaction is perhaps the most complex, and most interesting, feature of the
musical production process. It is also the feature that is hardest to model - and
previous work in the area has in one or the other way lacked the ability to model
the complete interaction between conductor and musician.

3.3.1 Limitations of Previous Systems
Virtual Conductor

Previous robot conducting systems have yet not been able to provide feedback
to musicians [3], since they do not take the musical response into consideration.
The generated virtual conductor has lacked the ability to include the sound of the
orchestra as input - thus making the process non-interactive. This is illustrated in
Figure 3.2.

Virtual Orchestra

In conducting recognition systems, the system typically recognizes gestures provided
by a human conductor in order to generate synthesized music corresponding to the
gestures. This is illustrated in Figure 3.3. Since the generated music is audible
to the human conductor, the musical response feedback works in this system. In
all previous systems, the recognition of the conducting gestures is however severely
limited. In no system is control over macro tempo and overall dynamic, as well as
micro tempo and note-level dynamics, possible (see Figure 3.3). In the pioneering

15



CHAPTER 3. THE MUSICAL PRODUCTION PROCESS

system “The Radio Baton” macro tempo and some micro tempo aspects such as
tone length are controllable. In many systems macro tempo and overall dynamics
are controllable [6], [7], [4], [3]]. For some systems, focus has been on controlling
micro tempo as well as note-level dynamic [8], [2], [5] thus providing a higher level
of expressive control. In the Home Conducting system however, the input is general
gesture and not necessarily conducting gesture [8]. In Digital Baton [2] and Conduc-
tors Jacket [5] the aim is indeed to model conducting gestures, but the mapping of
conducting gesture to music is made manually. In order to perform well with these
tools, one has to learn to control this special version of conducting movements well
- and it does not necessarily correspond to the gestures of a real conductor. In this
sense, these systems are more similar to instruments in their own right, rather than
realistic conduction models.

3.4 Modeling the Musical Production Process
As mentioned in the Introduction, the long term goal of this project is to model
the MPP with machine learning methods. That means, to learn the mapping from
gesture to sound f(gesture) = sound automatically by revealing and picking up
patterns from large amounts of visual conducting data with corresponding sound.

3.4.1 The Mapping from Gesture to Sound

Firstly the mapping between conducting gesture to musical response must be found.
A conducting gesture should furthermore always be understood in the context of
the score it is performed upon, causing the mapping to be characterized as:

f(gesture, score) = sound (3.1)

This mapping is complex and depends on a number of variables. The conductor’s
personal style will cause conducting of the same musical piece to look different be-
tween conductors - and the conductor’s intention might even cause the conducting
of the same musical piece to look different from day to day for the same conductor.
This must be accounted for, which is shown in the model of the Musical Production
Process with influencing parameters “Intention” and “Personal Style” in Figure 3.1.

In order to account for the above dependencies, data must be collected for dif-
ferent conductors and different musical pieces. If not the model would learn a
specific conductor’s personal style rather than the general mapping from gesture
to sound, which is the “lowest common denominator” between all conductors. In
the same way different musical pieces must be recorded, in order to not only learn
the relationship between conducting gesture and sound for that particular score.
As stated in the Introduction an important feature of the model is to be able to
represent musical expression - accounting for the parameter “Intention” mentioned
above. This aim goes beyond what previous projects in the virtual conductor field
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have achieved, as explained in the section about their limitations above. In order
to succeed with this aim, investigations about what representations that best cap-
ture musical expression have to be performed - which is partly accomplished in this
thesis.

3.4.2 The Mapping from Sound to Gesture
As mentioned, the previous projects in the virtual conductor field has lacked ability
to use the sound as input. An issue is of course that the performance is driven by
the conductor timewise, that is, that the conducting gestures come slightly earlier
in time than the corresponding sound. However, when considered in the inverse di-
rection, the conducting gestures are formed as a reaction to the sound just previous
to now, as the conductor tries to shape the performance in the intended direction.
For example, if the sound of the orchestra in the previous instant of time is per-
ceived too loud by the conductor, his gestures will be formed to express lowering
the volume. A suggestion of how the virtual conductor concept could be made
interactive, i.e. how influence of sound could be taken into account when forming
virtual conducting gestures, is therefore to learn the following modification of the
mapping:

f(scoret , soundt−1 ) = gesturet (3.2)

That is, how is the score at the actual point of time (the score that is to be expressed
by the conductor), together with the sound at the previous point of time, influencing
the conducting gesture? If this mapping is learned from enough available conducting
data with corresponding sound data, it can be used to generate an interactive virtual
conductor. In real-time performance both scoret and soundt−1 is available, since
the sound previous to now can be recorded. By using these parameters as input in
the learned mapping, generation of gesturet in real-time is made possible.

3.4.3 Generating Expressive Sound
When the mapping of conducting gesture to musical response is learned comes - in
the case of a virtual orchestra - the challenge to generate this musical response as
sound. In this project the sound data is represented with six CUEX parameters
(described further in Data and representation in Chapter 4). If the mapping of
gesture to CUEX parameters is learned directly they can, together with the score,
be used to generate expressive tones as output. In a real-time user session, gestures
from the user would be detected and processed through the mapping - outputting
values of the CUEX parameters as a result. These values, together with the pro-
vided pitch and tone length from the score, could thereafter be used to generate an
expressive tone as response to the gestural input [22]. This possibility to modulate
each individual tone with six degrees of freedom makes a detailed musical version
of a score possible - but may be too low-level to give good results and perhaps too
stale to invoke more emotional concepts of music.
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Chapter 4

Data and Representation

Figure 4.1: The four emotions 1. Tender, 2. Neutral, 3. Passionate and 4. Angry
positioned in a Valence (y) Arousal (x) Space. [10]

The data used in this project stems from an experiment session with a conductor
and a string quartet performed at KTH in May 2014. The motion of the conductor’s
upper body and baton was recorded with a Motion Capture (MoCap) system in 120
frames per second. The sounds of the string quartet, consisting of Violin 1, Violin
2, Viola and Cello, was recorded with instrument microphones on separate channels
in .wav format. During the session the musical piece Andante Sostenuto op.65
by Ludvig Norman (bar 1-29.5, approximately between 1:10 - 1:50 in length) was
performed together by conductor and string quartet 20 times. Each time one of the
underlying emotions Tender, Neutral,Passionate or Angry (Figure 4.1) was assigned
randomly to the conductor, resulting in 5 performances for each emotion [16]. The
conductor in effect changed his way of conducting to express the assigned emotion
to the musicians. The musicians were, unaware of the current underlying emotion,
to follow the conducting. The goal with the random assignment of emotions was to
provoke a variation in expression in both the conducting gesture and sound, as well
as obtain labeled data for classification [23].
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Figure 4.2: Visualization of
quaternion, represented by orienta-
tion ê and rotation θ along this ori-
entation.

Figure 4.3: The utilized conductor’s baton
with three reflexive MoCaP-markers.

4.1 Representation of Conducting Gesture
In this project, two different representations of the conducting gesture are utilized.
The first is Karipidou’s 2-dimensional GP-LVM representation and the second is
the six-dimensional movement of the baton (3D rotation and position). These two
representations are further explained below.

4.1.1 Baton Representation

The baton is equipped with three reflexive MoCap-markers as is illustrated in Fig-
ure 4.3 and is defined as a rigid object in the MoCap system. As the baton is moved
in the room the 3-dimensional positions of the markers are triangulated. Based on
these positions the mid position (3D position) and rotation (4D quaternions) of the
baton as a whole are calculated and saved in .csv format. As the quaternion visu-
alization in Figure 4.2 shows, the forth quaternion parameter consists of a rotation
along the axis of orientation. As the baton is a rotation symmetric object it is
concluded that the rotation along the axis of the baton contains little information
of the conducting motion. Hence this parameter is excluded, making the final baton
representation of 6 dimensions, 3D position and 3D rotation.

4.1.2 GP-LVM Representation

As mentioned in Section 1.2.1 a first investigation of the conducting data was per-
formed in the Master Thesis “Modelling the body language of a conductor using
Gaussian Process Latent Variable Models (GP-LVM)” by Kelly Karipidou, prior to
this project [10]. In this Master Thesis the conducting data was reduced to a two
dimensional unit through the use of a GP-LVM. The procedure is described in the
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Figure 4.4: Conducting sequences in
the two-dimensional GP-LVM representa-
tion belonging to the four emotions. The
emotions are color-coded as: Tender = yel-
low, Neutral = blue, Passionate = green and
Angry = red. Image source: [10]
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Figure 4.5: Clustering of the latent space
with 20 clusters. Data belonging to the
same cluster is colored the same and the
cluster center is marked with a cross. Image
source: [10]

following sentences. The positional information of the joints in the conductor’s up-
per body as well as the conductor’s baton was concatenated to form a 60-dimensional
representation of the conductor’s movement. Thereafter the 24 dimensions of most
variance were singled out as the basis for training of the GP-LVM. For technical,
as well as theoretical, details about the utilized GP-LVM model referral is made to
the Master Thesis itself [10]. After the GP-LVM framework was applied the result
was a two-dimensional latent representation of conducting gesture. Sequences be-
longing to the four different emotions in the GP-LVM representation are visualized
in Figure 4.4. As can be seen in the visualization, and as is stated by Karipidou
in [10], there is no clear visible distinction between sequences belonging to differ-
ent emotions. This representation’s ability to capture expression in the gestures is
measured by performing a classification of the two dimensional data labeled by the
four emotions. The first step of the classification is to cluster the latent space, and
represent training sequences as the transition between clusters. An illustration of
the clustering with the number of clusters being 20 is provided in Figure 4.5. Next a
Hidden Markov Model (HMM) is learned on the cluster sequences, and later tested
with test sequences, labeled by the different emotions. A summary of the results is
that correct classification of the emotions Tender and Neutral is managed, whereas
not for Passionate and Angry (the result is later illustrated in Figure 5.10).

Extraction of Latent Space Data

In Exp2 (Chapter 6) sequences of conducting gesture in the GP-LVM representation
are required. As the GP-LVM model is non-parametric, methods must be applied
to project the 24-dimensional original conducting data into the 2-dimensional latent
space. The projection can only be performed point wise [24]. Hence the clustering
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scheme explained above is re-used to, for each 24-dimensional data point, assign
the most probable cluster in latent space. The coordinates of the cluster center is
thereafter used as the 2-dimensional latent space representation of the original data
point. This procedure is performed for a clustering with 100 as well as 200 clusters,
which can be seen as a sampling of the latent space where resolution is limited to
100 or 200 points.

4.2 Representation of Sound Data
The sound data is in this project represented by the CUEX parameters mentioned
in section 2.1.1. The processing of the audio files with the CUEX algorithm is
in this project performed by Anders Friberg, one of the developers of the same
algorithm. A review of how the CUEX algorithm works, based on the material in
[11], is presented below. A more in-depth presentation of the theory behind the
CUEX parameters can be found in [11].

4.2.1 Onset and Offset Detection
In terms of sound level, the definition of a tone is typically an unbroken signal
preceded and followed by silence. However if the tones are played in legato, such
a trough of sound level may not be present - instead the change of pitch typically
defines the onset of a new tone. Consequently the CUEX algorithm first detects
tones as the periods defined by an increase (onset) and decay (offset) of sound
level, and secondly - if changes of pitch are detected within these tones (by the
YIN algorithm for detection of fundamental frequency [12]) - a further division into
shorter tones are made. As a preceding step to the tone parameter extraction it
is crucial that the onset and offset detection is correct. A visualization of detected
onsets and offsets for a musical phrase is shown in Figure 4.6.

4.2.2 Expressive Tone Parameters
The parameters related to tempo are all calculated based solely on the detected
onsets and offsets from the previous step. They are in [11] defined as follows:

• IOI (s), the time interval from a tone’s onset to the next tone’s onset

• Tone Rate (tones/s), the inverse of the IOI and an indicator of the perfor-
mance’s tempo

• Articulation (no unit), measure of the proportion of silence to IOI (i.e. stac-
cato vs. legato) calculated as

Articulationn = toffset,n − tonset,n
IOI n

(4.1)

where t stands for time in seconds.

22



4.2. REPRESENTATION OF SOUND DATA

Figure 4.6: A visualization of the CUEX algorithm’s detected onset, offset, Pitch and
Vibrato Extent for a musical phrase. The analysed final tone frequency level (Pitch) is
visualized as straight line segments and the computed Vibrato Extent as dashed lines. The
final onsets and offsets are marked with crosses (x). Image and (part of) caption from [11]

The remaining expressive parameters are computed based on the acoustic signal
itself, confined by the detected onsets and offsets from the previous step. They are
in [11] defined as follows:

• Sound level (dB), measure of the overall sound level from onset to offset com-
puted as the upper quartile

• Attack (dB/s), measure of how fast the tone is attacked. Computed as the
derivative of Sound Level around the onset time (2 ms before and after).

• Spectrum, measure for estimating the relative proportion of high versus low
frequency content in the tone. After dividing the acoustic signal into a high
and low level frequency part (above and below cutoff value 1000 Hz), the
Spectrum is computed as the difference in Sound Level between these two
parts.

• Pitch (midi tone number), computed as the median of the frequency level from
onset to offset.

• Vibrato Rate (Hz) and Vibrato Extent (cents), a vibrato defines periodic
changes in the fundamental frequency of a tone. The vibrato wave is detected
through a number of steps, where the primary one is detection of chains of
peaks and troughs in the fundamental frequency. The Vibrato Rate (VR) is
computed as

VRn = 1
tn+1 − tn−1

(4.2)
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Figure 4.7: One complete vibrato cycle. The peaks and troughs, used for the calculation
of Vibrato Rate and Vibrato Extent, are indicated with crosses. Image and caption from
[11]

where tn indicates the time instance of the two adjacent peaks/troughs visu-
alized in Figure 4.7. The Vibrato Extent (VE) is similarly computed based on
the Frequency level (FL) as

VEn = 1
4

|FLn+1 − 2FLn + FLn−1| (4.3)

The variables from these calculations are visualized in Figure 4.6 and 4.7.
Since the two vibrato parameters Vibrato Rate and Vibrato Extent always
appear together, they are sometimes referred to as simply Vibrato.

In this project, the CUEX parameters of Sound Level, Articulation, Attack, Spec-
trum, Vibrato Rate and Vibrato Extent, are used to represent the expressive features
of each tone. The Pitch, onset and offset are considered to be parameters belonging
to score rather than real-time expression (these parameters are however used in
preparative steps of Exp2 explained in Chapter ??). The resulting six dimensional
CUEX parameter space is in the continuance of the report referred to as “the CUEX
space”.

4.2.3 Accuracy of the Result
A number of adjustable parameters governs the detection of the CUEX algorithm
[11]. Typically problems with both over and under segmentation can arise in the de-
tection of tones. The parameters are tuned in a manner to find the best compromise

24



4.2. REPRESENTATION OF SOUND DATA

between under and over segmentation [22]. Even though the tuning of parameters
in this project was performed by an expert on the subject (Anders Friberg) a perfect
segmentation was not achievable.

Segmentation

The result has a problem with over segmentation. To exemplify; for Violin 1 the
number of detected tones according to score should be 99, but for the 20 files the
average number of detected tones is ∼ 125 (with a standard deviation of ∼ 5.5
tones). This gives rise to some problems in the processing of the CUEX data, which
will be addressed further in Chapter 6.

Parameter Detection

There are also issues with the detection of certain CUEX parameters in the re-
sult. As mentioned Vibrato Rate and Vibrato Extent are coupled as parameters.
More than half of the detected tones has no detected Vibrato, which can of course
correspond to that a vibrato was not present - but it is more probable that there
for many tones was in fact a vibrato present that was not detected. In the same
manner, many tones have a detected Attack corresponding to zero - which is most
probably due to faulty detection - since most tones are inclined to have some at-
tack, however so small. For the parameter Articulation the over segmentation of
the result has an impact. Articulation is defined as toffset,n−tonset,n

IOI n
in which both

the offset and IOI depends on the segmentation of tones. If the offset of the tone
corresponds to the onset of the next tone, the Articulation of that tone will be 1
(corresponding to legato). If one tone is detected as several tones (which is the case
in our over segmented CUEX data), it is apparent that each of these tones will have
Articulation 1, which introduces false information into our data. These issues will
also be addressed in Chapter 6.
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Chapter 5

Exp1: Classification of Emotion in
CUEX Space

In Experiment 1 a HMM-classifier is trained and tested on CUEX data labeled by
the four underlying emotions Tender, Neutral, Passionate and Angry. The experi-
ment replicates the classification of conducting gesture in GP-LVM representation
performed by Kelly Karipidou in [10], which is based on the classification concept
explained in the paper “Facial movement based recognition” [14]. The performance
of the classification indicates a) if the intention has been communicated from con-
ductor to musicians and b) how well the CUEX parameters represent expression. As
explained in Chapter 4, the musicians were not aware of the emotion assigned to the
conductor at each performance of the musical piece during the experiment. Hence,
a perfect classification of the four underlying emotions in the CUEX space implicitly
proves that the assigned emotion was communicated from conductor to musicians.
At the same time a perfect classification is an affirmation of the CUEX parameters
suitability to represent expression in musical data. If the CUEX parameters were
not able to capture the expression, which is what separates the underlying emotions
from each other, the classification should not be able to replicate a perfect result.

5.1 Method of Classification

For the classification a Hidden Markov Model (HMM) [15] is used. The values of
the musical parameters are in the HMM formalism considered observable states,
which are in turn considered as noisy observations of the true hidden states. The
observable states occurs in a certain sequence in the training and test files. To get
a measure of the true hidden sequence of the training files (which is required to
construct a transition matrix), each observation’s probability to belong to a certain
state is calculated based on the Euclidean distance between the observation and the
state in CUEX space. The transition sequences from the training files will therefore
consist of a sequence of probability distributions over states, rather than a one di-
mensional state sequence. Based on these sequences of distributions, four transition
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matrices (one for each emotion) are calculated. The Viterbi algorithm is then used
to, given a certain observation matrix (based on a test file) and transition matrix,
find the most likely hidden state sequence together with its calculated probability.
Subsequently, four probabilities for each test file are gathered, and the transition
matrix (ergo emotion) giving the highest probability is assigned as the class of the
test file (classification is performed). The different steps in the classification are
explained below.

5.1.1 Training Data and Test Data

Four of the five files for each emotion are randomly selected as training data, and
the remaining file is selected as test data. This results in 16 training files and 4 test
files. Because of the Markov Property, that is the assumption that each state in the
sequence depends solely on the immediate preceding state, each subsequent pair of
tones in the training file is an independent training point. As such the amount of
training data is sufficient, even though the number of training files per class is only
4.

5.1.2 Clustering of the CUEX Space

To regard each individual tone as a state in the CUEX space would give rise to a
much too fine-grained representation which would not be able to capture general
characteristics in the music. The first step is thus to cluster the six-dimensional
musical parameter space using k-means clustering on the training data. Each cal-
culated cluster c is represented by the vector of its centroid c = (c1, c2, c3, c4, c5, c6)
and represents a state in the CUEX space. The number of clusters, k, are further
varied to find an optimal clustering. To perform a non-biased clustering over the six
dimensions, each dimension d must first be normalized so that its standard devia-
tion σd equals one. This is performed by calculating scale factors sd = 1

σd
, d = [1...6]

and multiplying with all data points.

An example of the clustering result for k = 5 clusters, and selected combinations of
CUEX parameters, is shown in Figures 5.1, 5.2, 5.3 and 5.4. The CUEX parame-
ters displayed in the figures have all been scaled with the above mentioned scaling
factors. Data points belonging to the same cluster have the same color, and the
five cluster centroids are indicated with crosses. To relate back to Section 4.2.3 we
can here clearly see that parameters Vibrato and Attack consists of a large number
of zeros (Figure 5.1 and 5.4) and Articulation consists of a larger number of satu-
rated values (Figure 5.3). Furthermore some parameters seem to have dominated
the clustering result more than others, where for example a clearer separation of
clusters can be witnessed for parameters Vibrato Rate and Spectrum (Figure 5.1)
than for Sound Level and Attack (Figure 5.2).
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Figure 5.1: Clustering of CUEX space in
parameters Vibrato Rate and Spectrum.

Figure 5.2: Clustering of CUEX space in
parameters Attack and Sound Level.

Figure 5.3: Clustering of CUEX space in
parameters Spectrum and Articulation.

Figure 5.4: Clustering of CUEX space in
parameters Vibrato Extent and Attack.

5.1.3 Assigning Clusters to the Training Data

For a data point p in the training data, the probability that it belongs to cluster c
is calculated as:

P (p, c) = e− ||(p−c)||2
2 (5.1)

where ||(p − c)|| is the Euclidean norm in six dimensions defined as

||(p − c)|| =

√√√√ 6∑
i=1

(pi − ci) (5.2)

The probabilities are thereafter normalized so that they sum to 1 for each data
point and saved in a n ∗ k training matrix M , where n is the number of data points
and k is the number of clusters.
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5.1.4 Creating Transition Matrices
The transition matrix T is a k ∗ k matrix, where the cell T (i, j) contains the prob-
ability that cluster i is followed by cluster j in the sequence of data points in the
training file. The update of the transition matrix works as follows; for every two
subsequent data points in the training matrix M , p1 and p2, each cell T (i, j) in the
transition matrix is updated as:

T (i, j) = T (i, j) + (P (p1, ci) ∗ P (p2, cj)) (5.3)

One transition matrix per emotion is calculated, each describing the characteristic
transition probabilities for that particular emotion.

5.1.5 Creating Observation Matrices
First, the test data is normalized through multiplication with the same scaling
factors that were retrieved for the training data, sd. Then, for each data point in
the test files, the probability that it belongs to each of the clusters is calculated
in the same way that is described in Section 5.1.3. This will result in a m ∗ k
observation matrix O, where m is the number of data points in the test file and k
is the number of clusters.

5.1.6 Viterbi Algorithm
The Viterbi Algorithm is used to calculate the probability that a certain transition
matrix (emotion) has given rise to a certain observation matrix (test file). For each
test file, 4 probabilities (one for each emotion) are calculated. There are in turn 4
test files in total, giving rise to a 4 ∗ 4 confusion matrix to display the result of the
classification.

5.2 Results
The procedure described above was performed for each of the four instruments
(Violin 1, Violin 2, Viola and Cello), methodically increasing the number of clusters
from 2 to around 500 (in coarse intervals) in order to find a range of optimal
clustering for that instrument. Once such a range was found, it was investigated in
finer detail (the intervals between the clusters were decreased) in order to find the
optimal number of clusters. The results are presented below as confusion matrices,
where the rows represent the ground truth and the columns the classification of the
four test files. The presented probabilities have first been normalized for each test
file to sum to 1. As the diagonal contains the calculated probabilities for correct
classification, the strive is to maximize it in the search for an optimal clustering.
The result of the classification of conducting gesture in the GP-LVM representation,
performed by Karipidou in [10], is included in Figure 5.10 for comparison.
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Figure 5.5 Figure 5.6

Figure 5.7 Figure 5.8

Figure 5.9 Figure 5.10
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Violin 1

For Violin 1, an optimal clustering was achieved for 111 clusters with the result
displayed in Figure 5.5. As we see a correct classification of all four test files
is achieved, with a high precision (all correct probabilities are over 80 %). The
emotions Tender and Angry are classified with almost 100 % correct probability,
and has at the same time almost zero probability for the other emotions. This
indicates that Tender and Angry are distinctly separated from the other emotions.

Violin 2

For Violin 2, an optimal clustering with correct classification for all four test files
could not be achieved. The optimized result was for 170 clusters and is displayed in
Figure 5.6. As we see the three test files Tender, Passionate and Angry are correctly
classified. The Neutral test file, however, is classified as Passionate. This behavior
is consistent throughout the varying number of clusters. It is concluded that Violin
2 played the emotions Neutral and Passionate in much the same way - causing a
separation of them to be unachievable no matter how fine the clustering is made.

Viola

For Viola an optimal clustering was achieved for 360 clusters with the result dis-
played in Figure 5.7. As we see correct classification of all four test files is achieved,
with a high precision (all correct probabilities are over 82%). It is interesting to
notice that a three times finer clustering (k = 360) compared to Violin 1 (k = 111)
is needed to obtain an optimal result. In fact up until 290 clusters the emotion An-
gry is consistently classified as Passionate, indicating that the difference between
these two emotions for Viola is much more fine in detail than for Violin 1 - but yet
discoverable. This is contrary to Violin 2 where the confusion between Neutral and
Passionate can not be resolved with a finer clustering.

Cello

For Cello an optimal clustering with correct classification for all four test files could
not be achieved. The optimized result was for 40 or 100 clusters, depending on
if what we want to optimize is the number of correctly classified test files, or the
probability with which they are classified. The result for 100 clusters is displayed
in Figure 5.8. As we see for Cello with k = 100, a correct classification of two
test files Tender, Neutral is achieved with high precision (correct probabilities for
these emotions are over 86%). The emotions Passionate and Angry are however
classified as Neutral with a high probability. This behavior is consistent throughout
the increasing number of clusters. It is concluded that Cello played the emotions
Neutral, Passionate and Angry very similarly - so that a true separation between
these emotions is unachievable - even with a finer clustering.
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As we see for Cello with k = 40, a correct classification of the three test files Tender,
Neutral and Angry is achieved. The correct classification probabilities for Neutral
and Angry are however just over 50 %, making them less reliable classifications
which could be caused by chance. The remaining probability density is for Neu-
tral shifted towards Tender and for Angry shifted towards Neutral. Passionate is
classified as Neutral.

5.3 Conclusions

In the classification experiment, some interesting differences in results between the
four instruments are observed. For Violin 1 and Viola, a correct classification is
achieved, but for Viola with a three times finer clustering than for Violin 1. For
Violin 2 and Cello a correct classification could not be achieved, as for Violin 2 the
two emotions Neutral and Passionate, and for Cello the three emotions Neutral,
Passionate and Angry are not separable. Since the emotions are not separable, this
indicates that they are played in basically the same way for these instruments.

During the experiment session, the musicians were not aware of which emotion
was conducted but were to simply follow the communicated intention of the con-
ductor. If the result was instead an incorrect classification for all instruments, one
would suspect that the intention of the conductor was either not communicated
clearly enough (perhaps two emotions were conducted in the same way) or that all
musicians did not perceive the difference between the emotions even if there was
one. However, since correct classification for two of the instruments is obtained -
this indicates that the intention was indeed communicated from conductor to (some
of the) musicians. This in turn implicitly proves that there was a difference between
the conducted emotions, otherwise a correct classification for some of the instru-
ments would not have been possible. So, while there was indeed a difference in how
the emotions were conducted, it is concluded that the inability for correct classi-
fication for Violin 2 and Cello depended on a) either an inability to perceive the
difference in conducted emotion or b) an inability to express the perceived emotion
- for example due to an instrumental part which did not permit a high level of
expression. It is perhaps no coincidence that Violin 2, which often has the role of
an accompanying part to Violin 1, and Cello which holds the role of accompanying
base to the whole ensemble, are the instruments which do not obtain correct classifi-
cation between the emotions in this experiment, simply because their musical parts
may not permit a high level of expression. In the same sense Violin 1 has poten-
tial to express more emotion due to the fact that it is supposed to take a leading role.

Another contributing factor to the incorrect classification between emotions Neutral
and Passionate respectively Neutral, Passionate and Angry could perhaps be found
in the conducting data itself. As we see in the classification of the visual conduct-
ing data (in the two dimensional representation) by Karipidou in Figure 5.10, the
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tendency is for Angry and Passionate to be classified as Neutral. We can observe
a pattern that reoccurs in the classification of the CUEX data - where confusion
between the same emotions is present. This implies that the difference between
these emotions is indeed smaller than the difference between for example Tender
and the rest. Since the two dimensional representation was based on 3D position
only (without including velocity or acceleration of movements) it is possible that
the information separating the emotions Angry, Passionate and Neutral was con-
veyed in for example the acceleration of movements (correlating more closely to how
the pose is performed than the absolute shape of it). It is also possible that the
difference between these emotions was communicated through for example facial
expression, information which is at all not present in the conducting data. In either
way, this would be information that was available to the musicians in the real-time
observing of the conductor - whereas it was not available in the two dimensional
conducting data. This fact could explain why correct classification was obtainable
for the CUEX data but not for the GP-LVM representation of the conducting data.
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Chapter 6

Exp2: Local Correlation of Gesture and
Sound

In Experiment 1 we concluded that it was possible to classify CUEX files according
to emotion. This can be seen as proof that the conductor’s general expression was
communicated to the musicians. Experiment 1, however, classifies the expression of
the musical piece as a whole, while in reality expression is typically communicated
locally - at instant points of time. For this reason Experiment 2 is performed, which
analyzes the communication of expression locally. The approach is to compute the
separation of emotions locally for the sound and gesture representation. A maxima
of separation between emotions further means that expressive features distinct for
these emotions took place. By analyzing the local correlation of such expressive fea-
tures between sound and gesture, the aim is to find signs that there has occurred a
local communication of expression from conductor to musician. Once again the rep-
resentations of data are crucial for the experiment to be conclusive - the expressive
features must be capturable by the representations. In this experiment the sound
data is represented by the CUEX parameters and some different representations
are used for the conducting gesture, e.g. the GP-LVM representation developed
by Karipidou in [10] which was discussed in Chapter 4, and two representations of
the movement of the conducting baton. To find an optimal representation of the
conducting gesture is a thorough task in itself, and was not within the scope of this
project.

6.1 Local Representations of Gesture and Sound

This section presents the preparatory steps to extract local representations of ges-
ture and sound. This includes a labeling of notes in the score that are later matched
to the tones in the CUEX files, and, for each of these labeled tones, the finding of
a corresponding conducting sequence.
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6.1.1 Labeling of Notes
The first step is to create a labeling of notes in the score. Since this step involves
manual (and thus time consuming) intervention it is performed only for one instru-
ment; Violin 1. The labeling is constructed the following way:

• Each bar is numbered from 1-29 in order of appearance. Andante Sostenuto
contains an upbeat before the first bar, hence the upbeat bar is numbered as
0.

• The time signature of Andante Sostenuto is 3
4 , which means that the length

of each bar is three quarter notes. Consequently, the beginning of each note
will be labeled as a number ∈ [0, 3) depending on how long into the bar
the note appears (this measure is referred to as Quarter Time). In a bar
consisting of three quarter notes these would for example be labeled as 0,1,2.
The motivation for this labeling is that the system of note values is structured
so that a whole note = 2 half notes = 4 quarter notes = 8 eighth notes etc.
There exists triplet notes, amounting to 1/3 of a specific note value in length,
but these are far less commonly used than the note values divisible by 2.
Because of this fact a system where each quarter note maps to an integer is
an easy and intuitive method of labeling a score.

• With the help of the above described labeling, the traversal of the score can be
expressed as a continuous motion in time by the following modification. The
note number of each bar is divided by 3 resulting in a decimal value between
[0, 1). Thereafter the number of each bar is inserted as the integer preceding
the decimal value (this measure is referred to as Label Time). The second
quarter note of bar 3 would for example be labeled as 3.333. This results in
a labeling that correctly maps the length of each note into a mathematically
continuous traversal of the musical piece. It can be noted that this system
works for any time signature by using the number in the numerator X

4 in the
labeling of each note as [0, X) and in this last step by dividing by X.

For Violin 1, the selected part of Andante Sostenuto consists of 99 individual notes
that are labeled according to the principle above. The score of Andante Sostenuto
with tone numbers for Violin 1 is displayed in Figure 6.1. The asterisk at tone
number 56 refers to that according to score this is in fact two tones. However,
because of faulty detection of the second of these tones by the CUEX algorithm,
they are here regarded as one tone. The result of the labeling is presented in Table
6.1 where, for each tone number, the corresponding Bar, Quarter Time and Label
Time is displayed.

6.1.2 Matching of Tones
The next step is to find which tones in the 20 CUEX files that correspond to the
notes in the score (note 1-99 in Figure 6.1). For a perfect segmentation with the
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Figure 6.1: Here the score of Andante Sostenuto is presented. The notes of the topmost
part, corresponding to Violin 1, are numbered from 1-99 to make reference to tone numbers
in Table 6.1 possible.
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CUEX algorithm this matching would be trivial - the first occurring tone would
simply map to the first labeled note and so on. But this is not the case as explained
in Section 4.2.3. The tones in the 20 CUEX files are consequently matched to
the labeled notes based on three measures: order of appearance, pitch and relative
onset. Order of appearance here simply means which row number the segmented
tone has in the CUEX file (which corresponds to in what order the tones have been
detected). The different steps in the matching of tones are explained below.

Creation of a Matching Reference Table

The following steps are performed once in order to create a matching reference table.

• Creation of Reference Pitch - A table of Reference Pitch (expressed in
midi tone number) for the 99 notes in Figure 6.1 is created manually.

• Normalization with respect to time length - The 20 CUEX files vary in
time length, which makes a comparison based on absolute onset unfeasible.
Consequently, for every file and detected tone n, a new relative onset trel

n is
created by subtracting the value of the first onset t1 (the recording does not
start at 0 seconds) and dividing by the time length of the file (last offset - first
onset):

trel
n = tn − t1

Offsetend − t1
(6.1)

• Creation of Reference Onset The 99 tones from the score are found and
labeled manually in one of the 20 CUEX files. Thereafter the relative onsets
of these tones are gathered in a table of Reference Onset.

The matching reference table will consequently consist of 99 rows. Each row rep-
resents a tone from the score and has two values; Reference Pitch and Reference
Onset. The result is presented in Table 6.1.

Comparison with Label Onset Reference

An important comment regards the last step and the creation of the Reference
Onset. The labeling described in 6.1.1 does in fact in itself make up one such
reference defined by:

LOn = QTn

QT end − QT 1
(6.2)

Where LOn refers to the Label Onset, and QTn to the Quarter Time, of tone
number n. This onset reference moreover makes up the “objectively correct one”
since the musicians are supposed to follow the notation in the score. It was however
discovered that the actual relative onsets of the tones in the CUEX files differed
slightly from the Label Onsets, probably due to the artistic interpretation of the
musical piece where lengths of individual tones might differ from notation. It was
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therefore concluded that the onsets of the 20 CUEX files shared a larger similarity
amongst each other than with the Label Onset. This motivated the use of one of
the CUEX files as a reference of relative onsets. The Label Onset is included in the
Table 6.1 for comparison with the Reference Onset.

The Matching Algorithm

Based on the matching reference table, the following algorithm is used to match
the tones in the remaining 19 CUEX files to the labeled notes (the file used in the
creation of Reference Onset is already correctly labeled). The pitch and onset of the
parameter “note” below, corresponds to the Reference Pitch and Reference Onset
defined above. The pitch and onset of the parameter “tone” corresponds to the
extracted CUEX parameter Pitch (defined in Section 4.2) and relative onset trel

n ,
defined above.

Explanation of variables:

• noteP = pointer to the current note in the matching reference table

• toneP = pointer to the current tone in the CUEX file

• note = the note corresponding to noteP, with pitch and onset

• tone = the tone corresponding to toneP, with pitch and onset

• pitchDiff = the absolute difference in pitch between tone and note

• pitchDiffLimit = the allowed difference in pitch to make up a match

• onsetDiff = the absolute difference in onset between tone and note

• onsetDiffLimit = the allowed difference in onset to make up a match

• j = number of notes to look ahead if match is missing

Pseudo Code

matchingTones(note, tone)

• if pitchDiff < pitchDiffLimit and onsetDiff< onsetDiffLimit

– return 1;

• else

– return 0;

For each of the files:
while( noteP < 99 and toneP < fileSize)
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Table 6.1: For each tone number (#) the values of the labeling are presented in the first
four columns (Bar, Quarter Time (QT), Label Time (LT), Label Onset (LO)) and the values
from the matching reference table in the last two columns (Reference Pitch (RP), Reference
Onset (RO)).

# Bar QT LT LO RP RO # Bar QT LT LO RP RO
1 0 2 0.667 0 60 0 51 11 2.75 11.917 0.388 74 0.41
2 1 0 1 0.011 69 0.015 52 12 0 12 0.391 72 0.414
3 1 2 1.667 0.034 67 0.043 53 12 1 12.333 0.402 71 0.426
4 1 2.5 1.833 0.04 72 0.047 54 12 2 12.667 0.414 81 0.442
5 2 0 2 0.046 70 0.055 55 12 2.75 12.917 0.422 79 0.452
6 2 0.75 2.25 0.055 67 0.063 56 13 0 13 0.425 79 0.456
7 2 1 2.333 0.057 62 0.065 57 14 1 14.333 0.471 69 0.5
8 2 2 2.667 0.069 64 0.079 58 14 2 14.667 0.483 77 0.512
9 3 0 3 0.08 67 0.09 59 15 0 15 0.494 74 0.521
10 3 1.5 3.5 0.098 65 0.11 60 15 2 15.667 0.517 76 0.546
11 3 2 3.667 0.103 67 0.118 61 15 2.75 15.917 0.526 71 0.556
12 3 2.5 3.833 0.109 69 0.124 62 16 0 16 0.529 72 0.562
13 4 0 4 0.115 60 0.13 63 16 2 16.667 0.552 60 0.583
14 4 0.75 4.25 0.124 62 0.14 64 17 0 17 0.563 58 0.597
15 4 1 4.333 0.126 62 0.145 65 17 2 17.667 0.586 56 0.614
16 4 2 4.667 0.138 60 0.161 66 18 1 18.333 0.609 55 0.63
17 5 0 5 0.149 65 0.175 67 18 2 18.667 0.621 73 0.64
18 5 2 5.667 0.172 67 0.196 68 19 0 19 0.632 82 0.65
19 5 2.5 5.833 0.178 69 0.202 69 19 2 19.667 0.655 73 0.669
20 6 0 6 0.184 72 0.208 70 20 1 20.333 0.678 72 0.689
21 6 0.75 6.25 0.193 67 0.216 71 20 2 20.667 0.69 60 0.704
22 6 1 6.333 0.195 69 0.219 72 21 0 21 0.701 58 0.716
23 6 1.5 6.5 0.201 65 0.225 73 21 2 21.667 0.724 56 0.734
24 6 2 6.667 0.207 76 0.231 74 22 1 22.333 0.747 55 0.752
25 6 2.75 6.917 0.216 70 0.238 75 22 2 22.667 0.759 77 0.763
26 7 0 7 0.218 74 0.241 76 23 0 23 0.77 86 0.775
27 7 0.5 7.167 0.224 69 0.248 77 23 2 23.667 0.793 77 0.791
28 7 1 7.333 0.23 72 0.252 78 24 1 24.333 0.816 76 0.812
29 7 1.5 7.5 0.236 70 0.259 79 24 2 24.667 0.828 85 0.825
30 7 2 7.667 0.241 82 0.264 80 25 0 25 0.839 84 0.836
31 7 2.75 7.917 0.25 79 0.274 81 25 2 25.667 0.862 82 0.859
32 8 0 8 0.253 77 0.278 82 26 1 26.333 0.885 80 0.88
33 8 1 8.333 0.264 76 0.291 83 26 2 26.667 0.897 87 0.889
34 8 2 8.667 0.276 77 0.305 84 26 2.75 26.917 0.905 85 0.899
35 8 2.75 8.917 0.284 79 0.317 85 27 0 27 0.908 85 0.901
36 9 0 9 0.287 79 0.324 86 27 0.75 27.25 0.917 84 0.91
37 9 1.5 9.5 0.305 74 0.339 87 27 1 27.333 0.92 79 0.913
38 9 2 9.667 0.31 77 0.342 88 27 1.25 27.417 0.922 80 0.916
39 9 2.5 9.833 0.316 76 0.347 89 27 1.5 27.5 0.925 82 0.918
40 10 0 10 0.322 79 0.352 90 27 1.75 27.583 0.928 80 0.92
41 10 0.5 10.167 0.328 77 0.357 91 27 2 27.667 0.931 84 0.924
42 10 1 10.333 0.333 72 0.364 92 27 2.25 27.75 0.934 82 0.925
43 10 1.5 10.5 0.339 74 0.37 93 27 2.5 27.833 0.937 80 0.928
44 10 2 10.667 0.345 76 0.373 94 27 2.75 27.917 0.94 79 0.93
45 10 2.75 10.917 0.353 74 0.38 95 28 0 28 0.943 82 0.933
46 11 0 11 0.356 77 0.384 96 28 1 28.333 0.954 80 0.945
47 11 0.5 11.167 0.362 76 0.388 97 28 2 28.667 0.966 90 0.957
48 11 1 11.333 0.368 71 0.394 98 29 0 29 0.977 89 0.973
49 11 1.5 11.5 0.374 73 0.398 99 29 1 29.333 0.989 85 0.986
50 11 2 11.667 0.379 76 0.403
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• if matchingTones(note,tone)

– label tone with noteP
– toneP ++;
– noteP ++;

• else

– take care of missing tones, check the following j notes ahead
for i = 1:j

∗ if matchingTones(note + i,tone)
· label tone with noteP + i;
· noteP = noteP + i;
· toneP = toneP + 1;

– if no match is found ahead this is probably a false tone
if no match is found

∗ toneP++;

Result of the Matching

The values of above parameters pitchDiffLimit, onsetDiffLimit and j are tuned for
each file to obtain a correct matching. The result is that 76 of 99 tones are perfectly
labeled (i.e. labeled in all 20 CUEX files). The remaining 23 tones are “missing
tones” in one or more of the 20 CUEX files, meaning that they were not detected
by the CUEX algorithm.

6.1.3 Finding Corresponding Conducting Sequences
Next the sequence of conducting gesture corresponding to each labeled tone in the 20
CUEX files must be found (referred to as “conducting sequence”). The time frame of
a conducting sequence is defined as starting with the time stamp one beat before the
actual tone, and ending with the onset of the actual tone. An illustration of this is
provided in Figure 6.2. Hence a method to find the time stamp corresponding to the
beat before is implemented. A description of this method, preceded by a motivation
for the utilized time frame, is included below. The first tone of the musical piece is
a special case where no previous beat is present, as such it is omitted in the finding
of corresponding conducting sequences.

Motivation for Time Frame

As is commonly known, the time length of a beat varies with the tempo of the
musical piece. Even though every musical piece contains a notated pre-defined
tempo, the intrinsic tempo (at instant points of time) typically varies over the
traversal of the musical piece. The time frame utilized in this project is defined
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Figure 6.2: For each labeled tone in the CUEX files a corresponding conducting sequence is
found. The conducting sequence is temporally defined as the snippet of conducting gesture
starting one beat before, and ending at the actual onset of, the tone.

through the length of a beat, which means it is defined in the intrinsic tempo of
the musical piece rather than absolute time. This time frame is motivated by the
fact that expression in the conducting gesture aimed at future tones can normally
not be communicated earlier than one beat before the actual tone. Moreover the
conducting gesture itself is largely governed by the intrinsic tempo. Therefore,
to be able to capture the same portion of conducting gesture between different
performances, a time frame of intrinsic tempo should be used.

Finding the Beat Before

Conducting sequences are defined as the conducting gesture in the time interval
ending with the onset of the tone tn, and beginning with the time stamp exactly
one beat before tn−beat = tn − beatn. The variable beatn corresponds to the time
length of one beat in the intrinsic tempo at tone n. The Label Time (LT) in Table
6.1 is here used in order to, for each tone, find the time stamp corresponding to one
beat before. In Andante Sostenuto, one beat equals one quarter note, which in turn
amounts to the time length 1/3 in Label Time. The algorithm for finding the beat
before consequently tries to find the tone before n, tonebef , that is closest in Label
Time to LTn−beat = (LTn − 1/3):

tonebef = argmin
n

|LTn−beat − LTn| (6.3)

If the obtained tone tonebef occurs exactly one beat before the current tone tonen,
its onset tbef can be used directly as tn−beat . If this is not the case (many tones
does not have a detected tone exactly one beat before) the value of tn−beat will be
inferred using the following formula:
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tn−beat = tbef + (tn − tbef ) ∗ LTn−beat − LT bef
LTn − LT bef

(6.4)

As explained, not all 99 tones are detected in each of the 20 CUEX files. This
causes a problem when tonebef is not detected in that particular file. To solve this
problem the average length of a beat is calculated for each tone n as beatavg

n =
avg(tn − tn−beat), where the average is taken over files with correctly detected values
of tn−beat . Since the relation of internal tone lengths might differ between emotions
(they belong to different interpretations of the score), the averages are calculated
and saved per emotion. When a tone is encountered where tonebef is missing, the
average beat length for that particular tone is instead used to determine the time
stamp of the beat before as tn−beat = tn − beatavg

n .

Representations of Conducting Sequences

As already mentioned, Karipidou’s GP-LVM representation as well as the six-
dimensional baton position are used to represent the conducting gesture. To rep-
resent a sequence of conducting gesture, several subsequent points must be used to
incorporate the temporal aspect.

GP-LVM Sequences In the case of the GP-LVM, a sequence is represented by
three evenly spaced points between tn and tn−beat . The 2D points are placed after
one another to form a vector of 6 elements. This is performed for the GP-LVM
representation sampled by 100 as well as 200 clusters.

Baton Sequences For the baton movement, two different sequence representa-
tions are utilized. As a first step 5 evenly spaced baton points between tn and tn−beat
are extracted. The first sequence representation is thereafter made up from calcu-
lated Euclidean distances between every pair of subsequent baton points resulting in
a vector of four values. These distance values contains information about the speed
of the baton (distance between 3D positions) and the change of baton orientation
(distance between 3D rotation) at four different times during the trajectory. If the
distances are put in relation to each other, a kind of acceleration information of
the movement is obtained. For the second sequence representation, the five baton
points are placed after one another thus forming a vector of 30 elements. Thereafter
a Principal Component Analysis is performed on the data set of all 30 dimensional
baton sequences, and the three components of biggest variance are used as a new
baton sequence representation.

In total, four different representations of conducting sequences are used: the GP-
LVM for 100 and 200 clusters respectively (referred to as GP-LVM 100 and GP-LVM
200 in the continuance of the report) and the distances between, as well as princi-
pal component representation of, the baton sequence points (referred to as Baton
Distances and Baton PCA in the continuance of the report).
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6.2 Separation of Emotions in Gesture and Sound
Next the separation of the four emotions Tender, Neutral, Passionate and Angry
is computed for each labeled tone and for its corresponding conducting sequences.
Here the Bhattacharyya distance, which is a popular measure to evaluate class sep-
arability [19], is used to measure the separation between two distributions.

The computation proceeds as follows: For each tone the emotions are represented
as normal distributions of their respective data samples, and the Bhattacharyya
distances between these distributions are calculated pairwise (resulting in six cal-
culated distances). The sum of these six distances is further used as a metric of
total class separation (referred to as BD Sum), where a high sum indicates a large
separation between all emotions for that particular tone. The class separation is
computed for each tone in both representations of the sound and conducting ges-
ture, to later be compared in search of local correlation between the two.

In the continuance of the report the Bhattacharyya distance will sometimes be
abbreviated as BD and the labels Tender, Neutral, Passionate and Angry will be
interchangeably referred to as emotions or classes.

6.2.1 The Bhattacharyya Distance
For multivariate distributions the Bhattacharyya distance is defined as follows:

b = 1
8

(µ2 − µ1)T Σ−1(µ2 − µ1) + 1
2

ln det(Σ)√
det(Σ1) ∗ det(Σ2)

(6.5)

where Σ = Σ1+Σ2
2 and µ1, µ2, Σ1 and Σ2 are the means and covariances of the re-

spective distributions [18]. As can be seen, the BD definition consists of two terms,
in the continuance of the report the first term will be referred to as term 1 and the
second term will be referred to as term 2.

As a preparatory step, the dimensions are scaled to have standard deviation 1.

Implementation of BD in MATLAB

Matlab code for the implementation of the BD reads as follows:

mu1=mean(X1); mu2=mean(X2);
C1=cov(X1); C2=cov(X2);

C=(C1+C2)/2; invC = inv(C);

term1 = 0.125*(mu1-mu2)*invC*(mu1-mu2)';
term2 = 0.5*log(abs(det(C/sqrtm(C1*C2))));

d = term1 + term2;
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Where X1 and X2 are matrices of data samples drawn from the two distributions
and d is the outputted Bhattacharrya distance.

The explicit command to calculate the determinant from a matrix in MATLAB,
det(M), is known to have issues with numerical underflow, causing the determinant
to be zero when this is not the case. For this reason the explicit use of the det(M)

command should be restricted. Hence the implementation of determinants in term2
det(C)/sqrt(det(C1)*det(C2)) is transformed into det(C/sqrtm(C1*C2) by
the use of determinant properties:

det(AB) = det(A) det(B) (6.6)

1
det(A)

= det( 1
A

) (6.7)

Upper Limit on Number of Dimensions

The low number of samples to describe each class (5) sets an upper limit on the
number of dimensions that are feasible for a robust calculation of the covariance ma-
trix [20]. This limitation of possible dimensions in the BD calculation has governed
the creation of conducting sequences described in Section 6.1.3. At first, sequence
representations with a higher number of dimensions were used, but this caused the
calculation of BD to be unstable and provided inaccurate results. 6 or less dimen-
sions were concluded to give robust results, but as will be explained further on in
this chapter it is suspected that for some cases even 6 dimensions may have caused
an unstable result.

6.2.2 BD in CUEX space
The Bhattacharyya distance is for each tone computed between classes according
to the formula in Equation 6.5, where each class is represented by 5 tone samples
(from the 5 training files of that class). As stated, the CUEX space consists of six
dimensions: Sound Level, Articulation, Attack, Spectrum, Vibrato Rate and Vibrato
Extent. Consequently the representation of each class/tone will be a class matrix
with 5 rows (one for each tone sample) and 6 columns (for the six CUEX parame-
ters). For the calculation of BD the covariance and determinant of this class matrix
will be performed in matlab.

Problem with Faulty Columns

As mentioned in Section 4.2.3, some parameters are regularly not detected, resulting
in an occasional occurrence of zero columns in this class matrix. In the same manner,
it happens that the Articulation is 1 for the 5 sample tones, resulting in a column
of the same value (1). These two cases will hereinafter be referred to as faulty
columns. In these cases the computed covariance matrix Σ1 becomes singular and
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the determinant det(Σ1) equals zero. If all six CUEX parameters are used for the
calculation, this problem arises for 60 of the 76 perfectly detected tones, resulting
in only 16 calculated BD. Hence, in cases where one or more columns are faulty,
measures are taken to be able to use the remaining variables in the BD computation
- whose information would otherwise be wasted. Two different strategies are invoked
to handle the problem with faulty columns, Strategy 1 and Strategy 2, as explained
below.

Strategy 1: Exclusion of Parameters

As mentioned in 4.2.3, Vibrato is detected for less than half of the segmented tones,
and the accuracy of Articulation might be questioned because of over segmenta-
tion. Hence, a version of the BD is calculated for the three remaining parameters:
Sound Level, Attack and Spectrum, referred to as CUEX3 in the continuance of the
report. Due to the aforementioned zero column of Attack, 17 of 76 BDs can not be
calculated. The result is presented in Appendix A, Table A.1.

Strategy 2: Usage of Scaling Factors

To circumvent the problem with faulty columns in the class matrix, one solution
is to remove these dimensions for each BD calculation where the problem occurs.
Thereafter the BD calculation is performed on the remaining class matrix, which is
of smaller size. However, if this measure is performed, the output of the BD will have
a different scale because of the different size of the matrix, which makes comparison
between BD values unfeasible. To address this, scaling factors are computed for
each dimension according to the scheme:

• for all tones with complete data (no zero columns, amounts to 1/3 of the data)

– calculate term1com and term2com for the complete data, save the result
– remove dimensions one by one, and calculate term1rem and term2rem

again for the remaining data
– calculate and save the scaling factors k1 and k2 as k1 · term1rem =

term1com and k2 = term2com − term2rem

– calculate the average scaling factors k1,avg and k2,avg for each dimension

Since term2 is in logarithmic space the scaling factor k2 is computed as an additive
instead of a multiplicative factor. Note that the vibrato parameters are removed
together (considered as one dimension) since they are coupled. After the scaling fac-
tors for each dimensions have been calculated, they can be used in the computation
of the BD when zero columns are present following the scheme:

• for each tone

– if faulty columns, remove them
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– calculate term1 and term2 for the remaining class matrix
– output BD as BD = k1,avg · term1 + k2,avg + term2

When a class matrix with faulty columns is encountered, the BD is calculated for
the remaining columns. The above scheme further weights the result with the
average scaling factors for the removed dimensions, thus ensuring that the BD
will be comparable in magnitude to BDs calculated from complete data. This
representation is referred to as CUEX in the continuance of the report. The scaled
result is presented in Appendix A, Table A.2, together with the applied scaling
factors for each calculation in Table A.3. For comparison, the calculated BD for the
removed dimensions but without scaling is presented in Table A.4.

6.2.3 BD in Gesture Space
Next the class separation in gesture space is examined. The Bhattacharyya distance
is calculated for the four representations of conducting sequences; GP-LVM 100,
GP-LVM 200, Baton PCA and Baton Distances, following the procedure explained
in previous sections. The results are presented in Appendix A, Tables A.5, A.6, A.7
and A.8.

Figure 6.3: The sequences of GP-LVM
200 for classes Tender (blue) and Neutral
(green).

Figure 6.4: The sequences of GP-LVM
200 for classes Passionate (magenta) and
Angry (red).

Outlier for GP-LVM 200 As can be seen in Table A.6, there is one value
which is several orders of magnitude larger than the others, namely the BD between
classes Passionate and Angry for tone 49. A plot of the sequences belonging to the
two classes, with a comparative plot of sequences from classes Tender and Neutral
is enclosed in Figure 6.3 and 6.4. The plot shows that the sequences of classes
Passionate and Angry, although entangled, can not account for the extreme value
of the BD. It is believed that this value belong to numerical instability caused by
the number of dimensions being higher than the number of samples (discussed in
6.2.1). Therefore this value is treated as an outlier and is not used in the coming
correlation.

47



CHAPTER 6. EXP2: LOCAL CORRELATION OF GESTURE AND SOUND

6.2.4 Visualizations
To better understand the separation of emotions in the CUEX and GP-LVM repre-
sentations, visualizations of selected tones are reviewed, whereof a few are included
in Results for reference. Tones of maximum class separation are visualized in Fig-
ure 6.5, 6.6, 6.7 for CUEX and Figure 6.9, 6.10 for GP-LVM. Tones of minimum
class separation are visualized in Figure 6.8 for CUEX and Figure 6.11, 6.12 for
GP-LVM. The variable values are visualized as circles and for GP-LVM the con-
necting line illustrate values belonging to the same conducting sequence. For CUEX
parameters, the dashed line is included to indicate the distribution of values, but
does not correspond to a sequence. In these visualizations the different emotions
are consistently color-coded according to the following scheme:

• Tender = blue

• Neutral = green

• Passionate = magenta

• Angry = red

The calculated Bhattacharyya distances (rounded to integer values) are included
in the caption for reference. The abbreviations of the emotion-pairs are as follows:
Tender vs. Neutral = TN, Tender vs. Passionate = TP, Tender vs. Angry = TA,
Neutral vs. Passionate = NP, Neutral vs. Angry = NA and Passionate vs. Angry
= PA.

6.3 Correlation Measures
After the Bhattacharyya distances have been calculated for both sound and ges-
ture representations, the correlation between the two spaces is investigated further.
Three types of processing of the BD values are performed, the first being a calcu-
lation of average BD values for representations, the second extraction of Pearson
correlation coefficients between representations and the last a visualization of the
temporal correlation between representations over the traversal of the musical piece.
These three correlation measures are further explained in the following subsections.

6.3.1 Average BD
As a first step the average BD values are calculated for each representation and
emotion-pair, where the average is taken over all tones. This is done to see how sep-
arated emotions are on average in gesture and sound representations. Comparison
of these averages can further reveal similarities between representations. Parallels
can also be drawn between the average separation of emotions and the classifica-
tion of emotions from Experiment 1 (in Chapter 5). The average BD values are
presented in Table 6.2 under Results.
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6.3.2 Correlation Matrices

The BD is calculated between pairs of emotion, to measure the separability between
them in different representations, with the goal of investigating the correlation be-
tween the representations in question. One such measure of correlation suitable for
continuous variables is the Pearson correlation coefficient [21], which is calculated
between pairs of representations and visualized via correlation matrices in Figure
6.13, 6.14, 6.15, 6.16, 6.17, 6.18 and 6.19. The value in cell (i, j) in one of these
Correlation Matrices is the calculated Pearson correlation coefficient between rep-
resentation i and representation j. The names of representations are labeled on
columns and rows.

6.3.3 Correlation Plots

To investigate the local correlation between gesture and sound further, it is interest-
ing to visualize the BD values over a traversal of the musical piece. By examining
how the BD for different representations varies over time, possible correlations are
uncovered visually. These so called correlation plots are presented below.

The sum of calculated Bhattacharyya distances for all pairs of emotion can be
considered a measure for the total separation between emotions, as mentioned in
Section 6.2.1. The BD sum for each tone, and the different representations, are
visualized in Figure 6.20. The X-axis displays positions in the score based on Label
Time (defined in Section 6.1.1), and constitutes in its whole a traversal of the musi-
cal piece (from Bar 1 to Bar 29). The Y-axis displays the Bhattacharyya Distance
of the different representations in their respective units. In a similar fashion corre-
lation between representations per emotion-pair is presented in Figure 6.21, 6.22,
6.23, 6.24, 6.25 and 6.26.

6.3.4 Distance Matrices for Maxima Tones

Tones of maximum separation between emotions in the sound representation are
interesting to investigate in the gesture representations. One explanation for the
distinct emotions in sound is namely that they were distinctly communicated in the
conducting gesture - keep in mind that the musicians did not know which emotion
was being played. The marked maximas for CUEX in Figure 6.20 are therefore
investigated to see if distances between emotions are proportionally similar between
representations. This is done by normalizing the BD values so that they sum to 1,
and visualizing them in a matrix - one for each representation. The value in cell
(i, j) corresponds to the normalized BD between emotion i and j as are labeled on
the borders. By examining if the matrices look alike one learns if the separation of
emotions is alike between representations. The results are enclosed in Appendix B.
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6.4 Results

Example of maximum separation, CUEX parameters, tone 24

Figure 6.5: BDtone24
cuex = [TN: 17 TP: 94 TA: 21 NP: 16 NA: 16 PA: 15 SUM: 177].

The largest distance is between Tender vs. Passionate which is confirmed in the plots
as the distance between Blue and Pink points. That this maxima is several times larger
than the other values is however not apparent. As this is not the case in the CUEX3
representation, the large magnitude is suspected to stem mainly from the Vibrato which has
a weird appearance since some Vibrato samples are zero, thus stretching the distribution in
this dimension.
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Example of maximum separation, CUEX parameters, tone 5

Figure 6.6: BDtone5
cuex = [TN: 17 TP: 43 TA: 44 NP: 27 NA: 29 PA: 18 SUM: 177].

The largest distance is between Tender vs. Passionate/Angry which is clearly visible in
the plots as the separation between Blue and Pink/Red points. Furthermore Tender vs.
Neutral and Passionate vs. Angry are less well separated in the plot, which is confirmed by
the low BD values for these combinations.

Example of maximum separation, CUEX parameters, tone 35

Figure 6.7: BDtone35
cuex = [TN: 53 TP: 35 TA: 46 NP: 17 NA: 16 PA: 19 SUM: 186].

The largest distance is between Tender vs. Neutral/Angry. This is confirmed in the plot
since Tender is very well separated from the other emotions. Further, the reason for the
low BD between Tender vs. Passionate is that Passionate has a larger standard deviation
than the other emotions.
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Example of minimum separation, CUEX parameters, tone 27

Figure 6.8: BDtone27
cuex = [TN: 15 TP: 16 TA: 17 NP: 17 NA: 17 PA: 17 SUM: 99].

Here the distances are very small, and almost the same between each emotion-pair. This is
confirmed in the plot by the high level of overlap between all emotions.

Example of maximum separation, GP-LVM 100 and 200, tone 62

Figure 6.9: BDtone62
gp100 = [TN: 19 TP: 27

TA: 55 NP: 17 NA: 18 PA: 19 SUM: 156].
The largest distance is between Tender vs.
Angry, which can be explained visually by
the smaller amount of overlap between Blue
and Red sequences. The standard devia-
tions are however very big, making the sep-
aration between Tender vs. Angry not visu-
ally convincing.

Figure 6.10: BDtone62
gp200 = [TN: 18 TP: 28

TA: 29 NP: 16 NA: 18 PA: 17 SUM: 126].
Just as for GP-LVM 100 the largest distance
is between Tender vs. Angry, even though
the maxima is not as prominent since there
is more overlap between Blue and Red se-
quences. Apart from this the appearance is
similar to GP-LVM 100.
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Example of minimum separation, GP-LVM 100 and 200, tone 2

Figure 6.11: BDtone2
gp100 = [TN: 17 TP: 18

TA: 18 NP: 15 NA: 17 PA: 16 SUM: 100].
Here the distances are very small and close
to each other in range. In the plot the se-
quences are all centered in the same area,
confirming visually that the separation be-
tween classes is small.

Figure 6.12: BDtone2
gp200 = [TN: 16 TP: 18

TA: 18 NP: 15 NA: 15 PA: 16 SUM: 96].
The plot is very similar to GP-LVM 100,
and the same explanation is valid. However
it is visible that some data points have been
assigned to other clusters when comparing
the plot for GP-LVM 100 and 200.

Table 6.2: Normalized averages of the calculated Bhattacharyya distances for different
representations.

TenNeu TenPas TenAng NeuPas NeuAng PasAng
CUEX 0.151 0.184 0.190 0.158 0.171 0.146
CUEX3 0.118 0.226 0.252 0.152 0.154 0.099
GP-LVM 100 0.166 0.174 0.166 0.172 0.162 0.160
GP-LVM 200 0.161 0.183 0.162 0.168 0.162 0.164
Baton PCA 0.142 0.191 0.159 0.180 0.134 0.194
Baton Dist 0.153 0.190 0.199 0.161 0.161 0.135
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Correlation Matrices

Figure 6.13: Tender vs. Neutral Figure 6.14: Tender vs. Passionate

Figure 6.15: Tender vs. Angry Figure 6.16: Neutral vs. Passionate

Figure 6.17: Neutral vs. Angry Figure 6.18: Passionate vs. Angry
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Figure 6.19: BD Sum

Figure 6.20: Sum of Bhattacharyya Distances per tone for sound (the upper two) and
gesture representations (the following four). The three red lines point out tone 5, 35 and
79 where correlation between sound and gesture is present.
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Figure 6.21: BD for Tender vs. Neutral

Figure 6.22: BD for Tender vs. Passionate. Red lines mark coinciding peaks between
Baton Distances and CUEX3.
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Figure 6.23: BD for Tender vs. Angry. Red lines mark coinciding peaks for Baton
Distances and CUEX.

Figure 6.24: BD for Neutral vs. Passionate
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Figure 6.25: BD for Neutral vs. Angry. Red lines mark coinciding peaks between GP-LVM
100 and CUEX3, and pink lines between Baton PCA and CUEX.

Figure 6.26: BD for Passionate vs. Angry
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6.5 Discussion of Results
The results of Exp2 are discussed in the following sections.

6.5.1 Sound Representations

In this section results regarding the representations of sound: CUEX and CUEX3,
are discussed.

• The calculated BD between emotions can be confirmed visually in CUEX
space both for tones of maximum and minimum separation, as is demonstrated
in the included example plots.

• Sound Level (abbreviated SL) is the parameter that most clearly separates
the different emotions, whereas it is chosen as the horizontal dimension in the
visualizations of separation in CUEX space. Typically the emotion Tender
is lowest in Sound Level, which is somewhat expected as it is the calmest
emotion in the Valence-Arousal Space in Figure 4.1.

• Some of the most prominent maxima of BD Sum for CUEX are obtained for
the following tone numbers: 5, 19, 24, 26, 33, 35, 72, 76 (see Table A.2 for
reference).

• As explained the CUEX representation works as follows: when one or more
CUEX parameters are not detected (and the class matrix contains “faulty
columns”), the BD is calculated for the remaining dimensions and scaled to
make comparison feasible. However, tones with complete CUEX data (all
six parameters detected) are overrepresented among the obtained maxima
(see Table A.3 for reference). This could be due to deficiences in the scaling
scheme, or to that the maxima tones are more prone to be correctly detected
by the CUEX algorithm, because of the way they are played.

• Around half of the above-mentioned maxima appear in the CUEX3 represen-
tation as well (see Table A.1 for reference). That a maximum is present in
CUEX but not CUEX3 means that parameters Articulation or Vibrato must
have contributed to the maximum. An example of this is illustrated in Figure
6.5 for tone number 24, where the proportionally large BD between Tender
and Neutral is only present in the CUEX representation. Suspicion that the
weird appearance of Vibrato have caused this maxima reveals a potential prob-
lem with the CUEX representation - maybe BD maxima in CUEX can not be
trusted as true maximas? As such CUEX3 is seen as a more reliable repre-
sentation, since the parameters of CUEX3 are more stable in detection (and
not riddled with zeros).

• The minima in average BD for CUEX and CUEX3 is obtained for Tender vs.
Neutral and Passionate vs. Angry, and the maxima for Tender vs. Passionate
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and Tender vs. Angry. This is consistent with the distance between the
same emotions in the Arousal dimension in Figure 4.1, indicating that CUEX
parameters are good at capturing features belonging to calm or energetic
expression.

• The correlation between CUEX and CUEX3 varies between ∼ 0.25−0.5 for all
emotion-pairs but Passionate vs. Angry. The fact that the correlation is not
closer to one indicates that the CUEX and CUEX3 capture different aspects of
expression. That Passionate vs. Angry shows practically no correlation could
be related to the minimum in average BD for this emotion-pair. The lack of
separation between the emotions may deem the distances between them less
informative and more “random” in nature - thus making them less probable
to correlate between CUEX and CUEX3.

6.5.2 Gesture Representations
In this section results regarding the representations of gesture: GP-LVM 100, GP-
LVM 200, Baton PCA and Baton Distances, are discussed.

• In the visualization of maximum separation for GP-LVM (Figure 6.9 and 6.10)
we notice a large amount of overlap between emotions, and that the conducting
sequences span practically the whole space (for reference of total GP-LVM
space see Figure 4.4). This behavior is representative for the majority of
tones in the GP-LVM sequence representation and might indicate that the
utilized time frame is too long - thus making the conducting sequences too
widespread. It could also depend on that the number of clusters are too
few to capture expressive features, or that the assignment of clusters is not
robust. Last but not least it could depend on the GP-LVM representation
itself, and its inability to capture expressive features belonging to particular
emotions, as previously mentioned in Section 4.1.2. The property of overlap
between emotions suggests a problem with the GP-LVM representation that
may affect the calculation of BD and correlation with other representations.

• Average BD values for GP-LVM 100 in Table 6.2 are very close to each other,
presumably due to the amount of overlap between emotions discussed above.
However the three maxima of average BD is obtained for pairs with emotion
Passionate, indicating that this emotion is more separated from the other
three. This tendency is further accentuated as we go from 100 to 200 clusters
in GP-LVM, suggesting that a larger number of clusters could in fact have a
positive effect on GP-LVM:s ability to differentiate between emotions.

• For Baton PCA, the emotion of highest separability in the table of average
BD 6.2 is Passionate, just like for GP-LVM. Further, Baton PCA show an
observable correlation of ∼ 0.3 with the GP-LVM representations for three
emotion-pairs, Tender vs. Neutral (Figure 6.13), Tender vs. Angry (Figure
6.15) and Neutral vs. Passionate (Figure 6.16). These two facts indicate a
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similarity between Baton PCA and GP-LVM. Possibly their similar construc-
tion as reductions from high dimensional representations of gesture facilitates
capturing of similar expressive features?

• Baton Distances on the other hand show no similarities with either of the
other gesture representations, neither in average BD or correlation. This is
not surprising since Baton Distances, consisting of values related to speed of
the baton, is intrinsically different than the other gesture representations.

• The result from Karipidous classification of conducting gesture with GP-LVM
100 in Figure 5.10 shows that Tender is most clearly separated from the rest
of the emotions. This tendency is however not replicated in any of the results
from Exp2, which could stem from the different construction of GP-LVM
sequences when compared with Exp1. Nevertheless the inability to preserve
this trait is a potential weakness with the constructed GP-LVM sequences
in Exp2. Especially since Tender’s separability seem to be replicated in the
CUEX space - indicating that it is an intrinsic trait that Tender is expressively
different from the other emotions in the available data of this project.

6.5.3 Correlation between Gesture and Sound
In this section results regarding the correlation between aforementioned gesture
and sound representations are discussed. For the most part, there is no correlation
between the sound and gesture representations, but there are some exceptions which
are listed below.

• In the table of average BD 6.2, Baton Distances have the same maxima and
minima as CUEX and CUEX3. Seemingly distances between subsequent
points in the baton movement can capture similar types of expression as the
CUEX parameters. This also means that Baton Distances as a representation
is good at discerning differences in the Arousal dimension, just like CUEX. A
fact that may come as no surprise since Baton Distances captures a kind of
speed and acceleration information of the conducting gesture, which is intu-
itively closely related to calm or energetic behavior.

• For BD Sum, Baton Distances has a correlation of ∼ 0.3 with CUEX and
∼ 0.5 with CUEX3. A correlation between two sums could be considered
less informative as it does not mean that the elements of the sums correlate.
Nevertheless this result points to similarities between Baton Distances and
CUEX3 in the type of expression that they are able to capture.

• Baton Distances has a correlation around ∼ 0.2 with CUEX and CUEX3 for
Tender vs. Passionate (Figure 6.14) and with CUEX for Tender vs. Angry
(Figure 6.15). This corresponds nicely with the result of BD averages in Table
6.2, where these are the most well separated emotions for both CUEX, CUEX3
and Baton Distances.
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• For Neutral vs. Angry (Figure 6.17) Baton PCA shows a correlation with
CUEX and CUEX3 around ∼ 0.3 and GP-LVM 100 shows a correlation with
CUEX3 of 0.48. Neither of these results can be partially explained by results
in the BD averages in Table 6.2.

6.5.4 Limitation of Tonewise Correlation
In this section a reservation against the significance of the calculated correlation is
made. The correlation coefficients in Figure 6.13-6.19 are all calculated tonewise,
which is a limitation. The hypothesis is that conducting sequences starting one
beat before the actual tone is a good corresponding representation, but in fact the
expression could be communicated earlier. As such there may be a correlation which
is not instant in time, which will in this case not be captured by the correlation
coefficients. That the correlation coefficient is zero does hence not imply that there
is no correlation, but only that a correlation does not appear in our specified time
frame. A computation of correlation which allows for some slack in time would be
an interesting modification. It should also be stated that a correlation higher than 0
does not imply a causal relation between the representations, it might depend on a
common influencing variable or be completely spurious [21]. As such the correlation
values can not be taken as proof of relationships between representations, but rather
as indications of the same.

6.5.5 Distance Matrices for Maxima Tones
In this section results regarding the distance matrices are discussed. After com-
paring the distance matrices in Appendix B between different representations it is
concluded that they share practically no similarities. The aim was to see if the
distribution of BD over emotions was similar between gesture representations and
CUEX/CUEX3. Such a similarity would indicate that the gesture representations
could capture the same portion of expression as CUEX/CUEX3 - and that a corre-
lation between the two existed.

The negative result of no similarity between distributions of BD could however de-
pend on a number of reasons, and is alone no proof that a correlation does not exist.
Correlation for each emotion-pair should instead be investigated to understand the
matter further, which is done in the following section of correlation plots.

6.5.6 Correlation Plots
In this section results regarding the correlation plots are discussed.

BD Sum

A general observation from the correlation plot of BD Sum in Figure 6.20 is that
there seem to be more expressive variation in the beginning of the musical piece.
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This is understandable from a psychological perspective, in the sense that the con-
ductor wants to establish the assigned emotion directly. Once it has been established
some “leeway” could be allowed in the middle of the performance. It can also be
explained by the fact that some sections of Andante Sostenuto allows for more ex-
pressive variation than others. For example there is a calmer section of long tones
from bar 13 to around bar 22, which is clearly visible in the CUEX data. For the
gesture representations it is visible, although broken by occasional large peaks of
variation. One must also remember that the appearance of the plot is due to the
fact that some tones are not detected, in which cases these parts will display little
variation. However, right up until the end this is only the case for occasional tones,
whereas there is a longer section with no detected tones from bar 27 and onwards.

Tender vs. Neutral

Judging by the correlation matrix in Figure 6.13, there should be no apparent
tonewise correlation for Tender vs. Neutral. The appearance of the plot in Figure
6.21 confirms this statement at first glance. But this is also largely due to the fact
that there are some very prominent peaks in the CUEX and CUEX3 representations
that causes the rest of the variation to be invisible due to the different scale. The
big peak of CUEX occurs at tone number 35 which was visualized in Figure 6.7. If
this plot is revisited it is apparent that Tender is clearly separated from the other
three emotions, especially in Sound Level. An inspection of tone 35 in the score in
Figure 6.1 shows that this tone is in fact a so called “dotted note” - a short note
with the purpose of leading to the next bar. It seems that Violin 1 played this note
very differently for the emotion Tender, perhaps because it is a natural place to
accentuate for more vivid emotions. Based on the available gesture representations
in the plot, this variation does not seem to be present in the conducting gesture.
As already discussed the reason for a local expression may not only be the instant
communicated expression of the conductor, but also a special place in the score that
allows for expressive variation. However this special interpretation of tone 35 for
the emotion Tender would never be possible if the emotion had not been previously
established by the conductor. This fact again confirms that the expression is not
only instantly communicated, but can be transferred over a larger amount of time
than just one beat before.

Tender vs. Passionate

According to the correlation matrix in Figure 6.14 this plot should display some
correlation between the Baton Distances and CUEX/CUEX3 representations. Some
places that display this correlation are marked with red lines in Figure 6.22, among
them the first visible peak at bar 2. This peak actually corresponds to tone number
5 which was visualized for CUEX in Figure 6.6. In this plot we could see that the
values for Passionate made up a tight distribution with small standard deviation,
and visibly separated from the distribution of Tender. A revisit to the score reveals

63



CHAPTER 6. EXP2: LOCAL CORRELATION OF GESTURE AND SOUND

that tone 5 is the first note of bar 3 and, as built up by the musical phrase in bar
1-2, a natural place for emphasis.

Tender vs. Angry

Once again relating to the obtained correlation matrix in Figure 6.15, a correlation
between Baton Distances and CUEX is expected. Examination of the plot in Figure
6.23 show clear signs of this correlation, where for example three of the four first
peaks visible in the CUEX representation (marked with red lines) are also displayed
in Baton Distances. It is also interesting to notice that three similar peaks are visible
for the Baton PCA representation, although slightly earlier in time. Once again the
argument in Limitation of tonewise correlation Section 6.5.4 may be relevant, as
more high-level expression may be communicated with a larger time lag - which is
what Baton PCA may be able to capture.

Neutral vs. Passionate

The only correlation that is slightly visible in correlation matrix for Neutral vs.
Passionate in Figure 6.16, is a correlation of 0.13 for Baton PCA and CUEX3.
When inspecting the plot in Figure 6.24 closer, several peaks of different magni-
tude between these two representations coincide during the first half of the musical
piece. Perhaps, since Neutral and Passionate are not as far away in Valence Arousal
space, a more high-level representation such as Baton PCA has a bigger chance to
distinguish between them than for example Baton Distances.

Neutral vs. Angry

Neutral vs. Angry in Figure 6.17 displays the highest values of correlation among all
correlation matrices with values around ∼ 0.3 for Baton PCA and CUEX/CUEX3
and the surprisingly high correlation of 0.48 between GP-LVM 100 and CUEX3.
Quite right, when examining the plots of GP-LVM 100 and CUEX3 in Figure 6.25
a similarity over the whole traversal of the piece is visible, marked with red lines
in the figure. It is not easy to explain this sudden boost of correlation between
GP-LVM 100 and CUEX 3. Similar tendencies can not be observed for either the
average BD in Table 6.2, the classification result of the conductor in Figure 5.10 or
for Violin 1 in Figure 5.5. If one would believe that it is not just a lucky coincidence,
it seems like the expressive features separating emotions Neutral and Angry in the
conducting gesture are well represented by the GP-LVM 100 sequences.

Passionate vs. Angry

As one of the least separable emotion-pairs in both average BD and classification
results it is no surprise that the correlation matrix of Passionate vs. Angry in Figure
6.18 is filled with low values. When one inspects the plot in Figure 6.26 there seem
to be many fast and smaller variations in the sound representation, as could be
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expected between two energetic emotions with many similarities. This behavior is
also visible in the gesture representation, but the peaks seldom appear at the same
point in time. It is possible that the bias of the tonewise correlation affects emotion-
pairs that are alike harder, since the smaller variations may require a more adaptive
interpretation of time lag. Since Passionate vs. Angry is however the least separable
emotion-pair by the CUEX parameters, the fault of the low correlation may in this
case lay in the sound representation rather than in the gesture representation.

6.6 Conclusions
Some signs of local correlation between gesture and sound are found:

• The representation of Baton Distances shows signs of correlation with sound
representations in both Average BD, Table 6.2 and Correlation for BD Sum,
Figure 6.19. Furthermore Baton Distances’ obtained correlation for Tender
vs. Passionate in Figure 6.14 and Tender vs. Angry in Figure 6.15 are also
visually confirmed in correlation plots 6.22 and 6.23. A conclusion is therefore
that Baton Distances is partly able to capture the same expression as CUEX
parameters, especially expression related to Arousal. That speed information
of the baton can differentiate calm or energetic expression can be a valuable
piece of information in the search for an optimal representation of conducting
gesture.

• Some signs of correlation for GP-LVM 100 and Baton PCA are also obtained,
but the significance of the findings is weakened by the fact that they are not
supported by other findings. These correlations therefore appear spurious as
opposed to the correlations of Baton Distances discussed above where different
findings support the same conclusion.

6.6.1 Reasons for lack of correlation

The separation of emotions in CUEX space is used as a baseline in this experiment.
The CUEX parameters have proved to be able to capture expressive variations in
music [11], and are as such a more reliable measure of expression in a performance
than the available representations of conducting gesture. Places in the score with
maximum separation of emotions in CUEX are therefore perceived as true places of
expressive differences in the performance. For the most part the gesture represen-
tations do not replicate the results at such maxima in CUEX - thus showing a low
sign of correlation with the CUEX parameters. This can be due to several factors:

• Data The original gesture representations of GP-LVM and baton movement
are not able to capture expression to a sufficient extent. This can be due
to loss of information in the recording process, for example since the facial
expression of the conductor is not available. It is also possible that a more
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thorough usage of speed and acceleration in conducting gestures would have
provided more expression.

• Sequences The representations of conducting sequences are not able to cap-
ture expression to a sufficient extent. For example due to low resolution since
the sequences are represented with just a few points which may not capture
enough detail of the movement.

• Time Frame The assumption of relevant time frame (one beat before until
the onset of the actual tone) may not be correct if expression is communi-
cated on a much wider basis. Based on the results of Exp2 a new hypothesis
is formed regarding the communication of expression. The hypothesis is that
there exists in fact two different kinds ofa communicated expression, one “im-
pulse expression” that is aimed directly at specific points in the score and
therefore communicated instantly, and another “baseline expression” which
sets the general emotion of the playing and is communicated more freely over
time. To be able to capture these different kinds of expression other methods
would have to be adopted than just using conducting sequences of a specific
time frame.

• Influence of Score The lack of distinct expressive differences in gesture at
places of maximum expressive difference in sound could also be due to the
influence of score. As mentioned in the discussion of the correlation plots,
some key positions in the score make room for a greater expressive differ-
ence than others. It is possible that the musicians would here take the op-
portunity to emphasize the above mentioned baseline expression, therefore
creating distinct expressive differences at the key positions that was not in-
stantly communicated in the gesture. As such it is the combination of score
and baseline expression that creates the places of distinct expression - and
this relationship needs to be further explored in order to learn the mapping
f(gesture, score) = sound successfully.

• Computational Insecurity As mentioned the calculation of the BD suffered
from problems of non-robustness. It is possible that the calculated values are
not to be completely trusted. And even though correct, this might not be a
good measure to compare the separation of emotions between different kinds
of representations.

Nonetheless, the overall conclusion is that none of the gesture representations in
this project is sufficient to capture the same amount of musical expression as the
CUEX parameters.
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Chapter 7

Conclusions

Conclusions relating to the two experiments performed in this thesis are included
in the individual chapters for Exp1 and Exp2, Chapter 5 and 6.

7.1 Summary

Being an interesting instance of non-verbal communication, this master thesis inves-
tigates the interaction between conductor and musicians while performing a musical
piece together. The basis of this investigation is data from a music session with a
conductor and a string quartet performed at KTH in May 2014. During this ses-
sion, the conductor was instructed to conduct the same musical piece with different
underlying emotions, resulting in labeled data. Special focus is in this thesis put
into evaluating representations of sound and conducting gesture in terms of how well
they capture musical expression, as well as exploring how, and if, musical expression
is transferred through the mapping from gesture to sound f(gesture) = sound. To
this means, a theoretical investigation of the Musical Production Process (MPP) as
well as two experiments are performed within the scope of this master thesis. The
theoretical investigation presents the main components of the MPP itself, as well
as important issues to take into account in order to model it successfully. Potential
solutions to some of these issues are also presented. The first experiment, being a
HMM-classification of sound in the form of CUEX data, implicitly proves that ex-
pression was communicated from conductor to musicians. This is motivated by the
fact that perfect classification was achieved for two instruments in the string quar-
tet even though the musicians were not explicitly aware of the underlying emotion
conducted at the time. The second experiment investigates the communication of
musical expression at instant points of time, as opposed to the classification where
the expression of the musical piece as a whole was taken into account. To achieve
this a framework to extract local representations of sound and gesture are imple-
mented, the separation of emotions in these representations is calculated through
use of the Bhattacharyya distance and last but not least the results are compared in
search for local correlation of expression between gesture and sound. Different mea-
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sures of correlation are reviewed, finding some signs of correlation that are further
discussed. However, even though promising tendencies are shown for some of the
gesture representations, they are deemed non-sufficient in their ability to capture
the complete musical expression in gestures.

7.2 Future Work

7.2.1 Improvements of Experiments

If there was time, there are several modifications that could improve the results of
the experiments, among them:

• Zero Handling. As explained when CUEX parameters Vibrato or Attack
are not detected this is indicated by zeros in the data. In the implemented
experiments these zeros are kept intact. In the calculation of BD in Exp2
this might result in skewed averages and covariance matrices. To modify
the calculation so that the zeros are not taken as a representation of the
distribution in that dimension might improve the accuracy. In this case the
matrix operations in the calculation of the BD would have to be left behind
in favor for a manually implemented calculation of averages and covariance
matrices. On the other hand one could argue that the existence of zeros does
incorporate a kind of information. The first obvious case is if there is in fact
no Attack or Vibrato present in the tone, whereas the zero is not an instance of
missing data but a true value. Furthermore, if a less distinct Attack is harder
to detect, the zero is actually a value “in the right direction” of the data. It
can in this case be seen as a type of flooring of values, where all attacks lower
than a certain value become zero for detection reasons. If it is the other way
around, that stronger attacks are harder to detect, the zero will skew the data
in the wrong direction.

• Time Length of Conducting Sequences. When it comes to the correlation
plots, the low resolution (one sequence ergo one BD value per tone) makes
it hard to know where an actual peak is located. This is an effect of that
the original plan was to make an absolute comparison of class separation
tone by tone, and not the type of temporal correlation that is represented in
the correlation plots. It would probably be more suitable for this temporal
correlation with a more continuous representation of the conducting gesture -
with shorter sequences following on each other instead of beat-long sequences
connected to each specific tone.

• Bhattacharyya Distance. Alternative measures of class separability that
are less sensitive towards the low number of samples could possibly improve
the results.
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7.2.2 Further Areas of Interest
• Collection of Data. As already mentioned, the small amount of data poses a

severe limitation as to what can be achieved in the scope of this master thesis.
To make generalization, and exploration of the mapping f(gesture, score) =
sound, possible the first step is thus to record more data. The collected data
in question should contain as much variation of the dependent parameters
Personal Style, Intention and Score as possible (from the diagram of the MPP
in Figure 3.1), in order to explore a larger space of the mapping.

• Representation of Conducting Gesture. It was not within the scope of
this project to actively seek out an optimal representation of the conduct-
ing gesture. Therefore the already implemented GP-LVM representation per-
formed by Karipidou as well as two simple representations of the baton were
evaluated. This limits the impact of the result, since we can only state that
these representations do not seem to capture expression to a full extent - but
without giving a clear direction as to what representation might work better.
To actively seek out an optimal representation that best captures the expres-
sion would be an important future task, in order to be able to construct the
model of the MPP. In the light of the current project, this could for example
be achieved by actively seeking a representation that optimizes the separa-
tion between emotions. Thus forcing the representation to be able to capture
musical expression in the gestures.
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APPENDIX A. BHATTACHARYYA DISTANCES

Table A.1: BD for CUEX 3
ToneNr TenNeu TenPas TenAng NeuPas NeuAng PasAng Sum
1 0.62363 5.395 5.0132 2.6375 2.5084 2.1122 18.2899
2 2.3459 5.5762 8.2721 5.2463 6.3686 1.9589 29.768
3 0.56809 2.3452 3.6724 5.1391 4.237 0.48709 16.4489
4 0.84004 3.4826 3.6736 2.7512 3.2274 1.4695 15.4443
5 2.6674 26.3695 14.0196 5.1827 4.4681 1.3974 54.1047
7 0.60477 2.7695 5.6389 1.5422 2.1022 0.44634 13.1038
8 1.1089 5.1163 5.3261 8.4576 7.8537 0.39591 28.2585
9 0.55111 2.1105 4.736 2.1936 3.6148 1.2759 14.4819
10 0.67219 4.7428 6.7551 5.4356 11.2689 0.92017 29.7948
11 0.82239 13.7479 13.6745 12.4038 11.7852 NaN NaN
12 1.1521 7.5441 2.346 6.4435 3.9982 0.92763 22.4116
13 0.13447 1.1006 2.0196 1.0287 1.9611 1.5413 7.7858
14 1.1265 2.9999 2.8646 1.5044 2.1737 0.86943 11.5386
16 0.86155 3.5284 5.9507 2.6897 3.6818 1.5214 18.2336
17 0.87571 1.4181 3.1367 1.9697 3.3043 0.93306 11.6377
18 1.4463 3.8675 9.2122 2.2097 1.9801 1.2341 19.9498
19 NaN 12.5249 NaN NaN NaN 10.9899 NaN
20 1.7242 2.7002 2.7373 0.87667 1.4417 0.88635 10.3665
22 0.5586 2.4858 1.7774 2.1885 1.368 2.59 10.9683
23 1.5552 1.8994 2.6333 0.86349 1.8684 0.8485 9.6682
24 1.0339 2.5098 3.9652 0.80705 1.7497 0.56758 10.6332
26 1.0387 3.5644 14.5226 1.0562 11.7188 10.1371 42.0379
27 0.64531 0.91849 0.90103 1.2674 1.2945 0.88435 5.9111
28 0.38831 1.5488 1.4347 1.58 1.3246 0.63453 6.911
29 0.35424 3.8377 2.019 4.9287 2.1304 1.8598 15.1298
30 1.3027 4.0016 3.7892 2.0682 1.7866 1.2901 14.2383
31 1.8297 2.7275 7.6821 1.0196 1.5091 0.99035 15.7583
32 1.0999 3.5655 4.6041 1.4527 1.6686 0.77617 13.1669
33 10.3295 5.2953 11.6183 NaN NaN 9.939 NaN
34 1.6373 5.2296 2.4849 1.2887 0.51714 0.97286 12.1305
35 11.6717 12.2221 20.3513 2.0878 1.6946 1.02 49.0475
37 1.46 1.5166 3.3342 1.2327 2.0485 0.90118 10.4932
38 NaN NaN NaN NaN NaN NaN NaN
39 9.7019 9.1714 10.1197 NaN NaN NaN NaN
40 3.0814 3.3079 2.6618 0.92803 1.3167 0.70966 12.0055
41 10.6366 1.416 1.337 NaN NaN 0.48709 NaN
43 1.5327 2.0542 1.6317 1.7093 1.1976 0.46498 8.5904
44 9.5843 10.3766 11.3209 NaN NaN NaN NaN
45 0.68058 2.6369 1.3803 1.5159 0.76032 0.80307 7.7771
46 10.1388 11.8204 11.4218 NaN NaN NaN NaN
48 2.3825 2.432 1.6877 2.5634 1.7707 0.93874 11.7751
49 1.3715 1.9559 1.5969 0.4984 0.37378 0.78419 6.5807
50 NaN NaN NaN 9.0603 8.6764 NaN NaN
51 1.145 1.0696 1.5572 1.2911 0.7521 1.8319 7.6468
52 0.83763 1.059 2.3718 0.41967 1.2337 0.92809 6.8499
53 2.8665 12.3739 5.3659 9.7225 0.68894 NaN NaN
54 2.5971 3.1303 2.9526 1.0601 1.4594 1.2609 12.4604
55 1.8213 11.7117 11.423 12.7576 10.8409 NaN NaN
57 0.96296 2.4699 0.58434 1.385 0.42322 1.336 7.1614
58 1.3496 3.5084 2.37 1.6109 1.2752 1.2468 11.3608
59 0.41085 10.7012 11.3625 9.6491 11.1221 NaN NaN
60 NaN NaN 11.3439 NaN NaN NaN NaN
61 1.4172 1.6923 2.5703 0.45523 1.8174 1.5634 9.5158
62 0.57337 0.75392 0.90423 0.26966 1.1251 1.1615 4.7878
63 3.4527 1.7027 2.908 1.0338 1.5172 0.72286 11.3373
64 2.0748 2.1998 2.6297 2.0757 1.6268 1.7745 12.3813
65 0.88893 0.31378 1.1012 1.4645 0.83132 1.5459 6.1456
66 NaN NaN NaN 1.5015 0.85928 1.3862 NaN
67 3.2776 0.54252 2.1692 1.9856 1.3522 0.7699 10.0969
68 NaN NaN NaN NaN NaN 10.924 NaN
69 1.4916 0.95068 2.439 1.93 1.4797 1.7959 10.0868
70 NaN NaN NaN 0.91626 1.3439 0.62479 NaN
71 1.7711 2.707 3.5458 4.7552 1.4622 1.6555 15.8968
72 1.2056 1.1009 1.3124 2.3121 1.0926 2.7503 9.7738
73 0.63946 2.4411 1.85 1.6069 0.85632 2.0368 9.4306
74 0.94882 0.83296 1.4032 0.32321 1.5014 1.3412 6.3508
76 0.99847 0.94634 3.6105 0.79206 1.1814 1.0618 8.5905
77 0.84313 1.0652 0.1528 0.78242 0.60755 0.73832 4.1894
78 NaN NaN NaN 9.3021 9.7235 NaN NaN
79 2.3215 4.2558 3.9348 1.8203 1.1866 3.1792 16.6982
80 3.2098 3.8135 1.9934 0.9227 1.3107 1.6747 12.9248
81 1.1084 3.0236 2.7796 1.5473 0.98987 1.1956 10.6443
82 0.57849 0.40158 0.91277 0.97827 1.4014 0.88502 5.1576
84 0.52548 0.27677 2.0102 0.80877 1.6605 1.8791 7.1609
97 2.1793 1.0488 1.6053 0.93708 1.4116 0.74221 7.9243
99 1.7946 2.5284 2.1524 1.6414 1.3478 1.0991 10.5638



Table A.2: BD for CUEX
ToneNr TenNeu TenPas TenAng NeuPas NeuAng PasAng Sum
1 16.922 21.6103 30.7048 18.3549 19.5972 17.0051 124.1943
2 18.212 22.5252 28.604 34.907 48.7096 20.1021 173.06
3 18.2086 25.7993 25.8003 26.7859 26.5599 16.4977 139.6518
4 16.1913 24.6119 22.7095 21.2765 24.8033 30.187 139.7795
5 16.5362 42.823 43.8217 26.7857 29.0477 18.146 177.1604
7 16.2663 21.3718 34.4042 18.4377 16.7991 14.5696 121.8487
8 16.5941 23.7262 23.535 31.341 28.9159 15.1319 139.2441
9 15.2639 27.2131 49.6474 19.3835 20.2291 19.0294 150.7663
10 16.5795 28.6559 33.2287 30.669 47.5762 16.0536 172.7629
11 18.0825 32.4634 55.7717 23.7729 29.8593 16.304 176.2538
12 16.7839 29.4602 18.5593 26.9642 22.1982 16.4997 130.4654
13 20.372 17.364 18.9994 18.2369 24.5773 17.4008 116.9505
14 16.169 21.2374 20.2226 18.1723 18.4585 16.8469 111.1067
16 16.2788 25.3247 30.1589 22.4202 22.8297 17.8928 134.9051
17 16.2079 18.8393 20.3122 19.1941 20.288 18.3391 113.1806
18 18.9095 21.0634 36.0147 18.9339 19.8283 16.2788 131.0286
19 16.9282 25.5729 21.388 21.8125 63.4292 18.5134 167.6441
20 16.3754 24.1419 17.4531 15.3193 15.7995 17.0225 106.1117
22 15.1658 19.0086 17.9379 23.2568 17.9113 20.5978 113.8783
23 20.9853 22.1257 34.6979 15.9121 22.1227 17.0443 132.8881
24 16.6441 93.6351 20.681 15.7156 15.8754 14.6143 177.1655
26 16.8303 22.2945 23.0567 19.7679 17.7647 15.3433 115.0573
27 15.2327 15.8593 17.1625 16.7229 16.9906 16.8002 98.7681
28 15.2535 18.8893 18.3664 28.1457 17.69 21.3013 119.6462
29 18.2981 31.2005 20.1691 32.7792 19.109 21.1028 142.6587
30 18.5391 30.3908 20.0529 21.5947 30.0421 16.4226 137.0422
31 16.9856 19.8337 30.4488 15.0557 17.3793 17.224 116.9272
32 17.113 23.3206 26.7861 17.0828 17.3035 18.603 120.2091
33 17.0388 21.9865 21.5091 15.8138 16.4575 16.2343 109.0399
34 16.9494 51.1415 21.2321 17.9831 16.4831 16.445 140.2343
35 53.1831 35.3183 45.6931 17.2667 15.9683 18.7152 186.1447
37 18.9015 17.4809 21.444 16.5152 17.6115 16.2449 108.1981
38 22.3739 14.9781 18.9778 21.5817 23.3913 18.3464 119.6492
39 16.6063 16.4766 24.2631 15.3115 17.5461 16.5895 106.7931
40 20.6621 38.5801 23.4728 16.2816 16.1169 14.5196 129.6331
41 15.4723 16.7729 16.8009 17.485 16.9584 14.5211 98.0104
43 17.867 19.2011 17.6555 17.9138 17.0502 15.7357 105.4233
44 15.7909 18.2505 19.8738 16.1153 17.6265 14.8659 102.5229
45 16.3386 21.9927 17.9352 19.1028 16.5178 15.9721 107.8593
46 NaN NaN NaN 16.9081 16.3378 15.925 NaN
48 19.6326 15.4998 17.0093 18.4424 17.9076 16.0364 104.5281
49 16.7635 19.8719 18.6664 16.0475 15.8286 16.624 103.802
50 17.0041 16.889 17.3784 17.3685 15.8888 16.7036 101.2324
51 15.9107 15.7027 17.4154 16.5984 17.059 18.684 101.3703
52 15.7912 15.7978 17.2982 14.6727 15.7616 15.7682 95.0896
53 19.7324 22.2694 25.5523 17.3893 16.0163 15.6166 116.5765
54 19.3381 21.988 19.4222 20.0662 17.5836 17.6183 116.0165
55 19.644 17.7985 16.632 19.8641 14.8407 15.3627 104.142
57 20.336 20.3382 18.2679 18.7908 16.7439 17.635 112.1119
58 15.9477 19.6692 21.0288 16.8365 16.7878 17.1967 107.4667
59 14.9612 15.7297 16.9395 17.5928 15.9676 18.9583 100.1491
60 15.66 17.2689 22.4284 15.7147 21.8529 19.6308 112.5557
61 16.0589 17.3149 22.0559 15.0522 20.6959 19.0145 110.1923
62 15.599 17.4051 16.5015 13.7915 17.5223 15.8779 96.6972
63 22.4629 19.1663 19.6158 16.319 15.7138 17.5758 110.8536
64 17.7563 18.8877 20.7226 20.0422 17.3192 15.5819 110.31
65 16.0146 17.8226 17.002 20.7631 15.0437 20.3454 106.9915
66 19.3625 16.1924 20.0639 16.5523 16.1547 17.7417 106.0676
67 23.0808 15.909 23.6756 19.1668 17.3649 16.0339 115.231
68 19.0814 16.4467 17.7731 18.0468 16.1789 17.0795 104.6064
69 20.8595 15.2546 30.7491 18.3607 15.7953 17.7945 118.8139
70 16.7122 16.6806 19.4281 15.5132 17.0703 17.2459 102.6503
71 16.2152 18.3788 21.1843 22.119 16.4416 18.0767 112.4157
72 18.4437 18.8692 23.7772 20.2662 17.3902 41.0387 139.7851
73 18.537 21.1291 19.8589 16.7272 16.1722 16.4547 108.8791
74 17.2486 18.0672 17.4147 15.0668 16.1553 16.5087 100.4614
76 22.3485 17.976 25.6843 19.7717 78.5375 18.7987 183.1167
77 18.84 16.4622 15.132 17.7731 17.6393 16.14 101.9868
78 23.7331 18.515 17.6882 17.6334 19.4847 16.6274 113.6818
79 20.8436 22.9011 29.1595 17.9954 19.1881 20.6418 130.7295
80 22.8541 18.8595 18.1345 16.9874 18.6433 19.1951 114.6739
81 15.1684 17.7273 17.5222 15.9688 15.361 15.0709 96.8186
82 16.3976 17.0149 17.2959 16.3316 17.454 16.9261 101.42
84 15.8072 14.7325 19.3583 15.9052 20.0003 18.822 104.6255
97 18.8457 17.9252 18.1783 15.2882 16.5015 15.6249 102.3639
99 16.9043 18.2841 19.0327 17.2823 16.4505 16.3224 104.2763
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Table A.3: Applied scaling for CUEX. Marked with numbers for the applied scaling
factors: 0=NO SCALING, 2=ARTIC, 3=ATTACK, 5=VIBRATE&VIBEXT. The same
number repeated means only that scaling factor was applied.

ToneNr TenNeu TenPas TenAng NeuPas NeuAng PasAng
1 55 0 0 55 55 0
2 0 0 0 0 0 0
3 55 55 55 55 55 55
4 55 55 55 55 55 55
5 0 0 0 0 0 0
7 0 0 0 0 0 0
8 0 55 55 55 55 55
9 55 0 0 55 55 0
10 55 25 25 25 25 25
11 55 35 35 35 35 35
12 55 55 55 55 55 55
13 55 55 55 55 55 55
14 55 55 55 55 55 55
16 55 55 55 55 55 55
17 0 0 0 0 0 0
18 55 55 55 55 55 55
19 35 35 35 35 35 35
20 55 0 0 55 55 0
22 55 55 55 0 0 0
23 55 55 55 55 55 0
24 0 0 0 0 0 0
26 55 55 35 0 33 33
27 55 55 55 55 55 55
28 0 0 0 0 0 0
29 55 55 55 55 55 55
30 0 0 0 0 0 0
31 55 55 55 55 55 55
32 25 55 25 22 22 22
33 33 0 35 33 35 35
34 55 55 55 0 0 0
35 0 0 0 0 0 0
37 25 25 25 25 25 25
38 23 23 23 23 23 23
39 35 35 35 35 35 35
40 22 0 0 22 22 0
41 35 55 55 35 35 55
43 25 25 55 25 25 25
44 33 33 33 33 33 33
45 25 25 25 25 25 25
46 NaN NaN NaN 35 35 35
48 55 0 55 55 55 55
49 55 25 25 25 25 25
50 33 33 33 33 33 33
51 55 55 55 55 55 55
52 55 55 55 55 55 55
53 0 33 0 33 0 33
54 0 22 22 22 22 22
55 0 33 33 33 33 33
57 55 55 55 55 55 55
58 0 22 25 22 25 25
59 0 33 33 33 33 33
60 35 33 33 35 35 33
61 55 55 55 55 55 55
62 0 0 0 0 0 0
63 55 0 0 55 55 0
64 0 0 0 0 0 0
65 22 22 22 0 0 0
66 35 35 35 55 55 55
67 25 0 55 25 25 55
68 33 33 33 33 33 33
69 0 0 0 0 0 0
70 35 35 35 55 55 55
71 55 55 55 0 55 55
72 0 0 0 0 0 0
73 0 0 0 0 0 0
74 55 55 55 55 55 55
76 0 0 0 0 0 0
77 0 22 0 22 0 22
78 35 33 33 35 35 33
79 55 55 0 55 55 55
80 0 0 0 0 0 0
81 0 0 0 0 0 0
82 55 55 55 55 55 55
84 55 55 55 55 55 55
97 0 0 0 0 0 0
99 22 22 22 0 0 0



Table A.4: BD for CUEX without scaling
ToneNr TenNeu TenPas TenAng NeuPas NeuAng PasAng Sum
1 2.4917 21.6103 30.7048 3.6543 3.8264 17.0051 79.2925
2 18.212 22.5252 28.604 34.907 48.7096 20.1021 173.06
3 3.9114 7.5539 7.5179 7.6645 7.3518 2.1826 36.1823
4 1.7794 7.0931 5.7727 5.5846 6.7726 9.8731 36.8756
5 16.5362 42.823 43.8217 26.7857 29.0477 18.146 177.1604
7 16.2663 21.3718 34.4042 18.4377 16.7991 14.5696 121.8487
8 16.5941 5.8409 5.5933 9.6274 8.1049 1.0719 46.8325
9 1.1691 27.2131 49.6474 3.7151 4.2342 19.0294 105.0082
10 2.1187 4.7428 6.7551 5.4356 11.2689 0.92017 31.2413
11 3.3503 6.4626 14.0705 3.277 5.4216 0.97513 33.5572
12 2.278 8.9729 3.4379 7.8898 4.7671 2.5547 29.9005
13 3.5805 3.0411 3.2037 3.6383 6.1245 2.9666 22.5548
14 1.7108 4.3676 4.0445 2.7789 2.7947 1.9773 17.6738
16 2.1721 7.4961 8.8093 6.0826 5.6527 3.561 33.7738
17 16.2079 18.8393 20.3122 19.1941 20.288 18.3391 113.1806
18 3.3885 4.7232 12.0698 3.9761 4.5421 2.3037 31.0034
19 1.7171 3.7523 2.4684 3.7055 15.4116 2.0096 29.0645
20 2.2854 24.1419 17.4531 1.1667 1.4707 17.0225 63.5402
22 0.95821 3.0905 2.6503 23.2568 17.9113 20.5978 68.4649
23 6.1889 7.0187 13.4411 1.5291 4.7229 17.0443 49.9449
24 16.6441 93.6351 20.681 15.7156 15.8754 14.6143 177.1655
26 2.1812 4.9691 2.5786 19.7679 10.5031 8.1232 48.1232
27 1.2603 1.6049 2.4047 2.4064 2.67 2.7699 13.1161
28 15.2535 18.8893 18.3664 28.1457 17.69 21.3013 119.6462
29 3.7605 10.0066 4.8007 11.3939 4.5645 4.6725 39.1987
30 18.5391 30.3908 20.0529 21.5947 30.0421 16.4226 137.0422
31 2.4594 3.5025 9.243 1.0939 3.2139 2.7809 22.2935
32 1.0999 5.2883 4.6041 9.3072 9.9075 10.5518 40.7588
33 9.8994 21.9865 2.5355 8.4338 0.60436 0.75815 44.2177
34 2.42 19.8373 4.5494 17.9831 16.4831 16.445 77.718
35 53.1831 35.3183 45.6931 17.2667 15.9683 18.7152 186.1447
37 1.46 1.5166 3.3342 1.2327 2.0485 0.90118 10.4932
38 8.1881 1.1848 3.3387 7.7405 8.767 3.1934 32.4125
39 0.76914 0.76932 3.0463 0.18191 1.0525 0.73682 6.556
40 12.1537 38.5801 23.4728 8.6216 8.7004 14.5196 106.0482
41 0.25648 2.0743 2.0541 1.0649 0.66793 0.54976 6.6674
43 1.5327 2.0542 2.6281 1.7093 1.1976 0.46498 9.5868
44 8.5373 10.552 11.814 8.7915 10.0999 7.7901 57.5849
45 0.68058 2.6369 1.3803 1.5159 0.76032 0.80307 7.7771
46 NaN NaN NaN 0.78885 0.86442 0.50032 NaN
48 4.9967 15.4998 2.5043 4.228 3.6224 1.5182 32.3694
49 1.765 1.9559 1.5969 0.4984 0.37378 0.78419 6.9742
50 9.7705 9.7032 10.0061 9.8291 8.7056 9.272 57.2866
51 1.7502 1.6953 2.995 1.8761 3.0193 4.1714 15.5073
52 1.5968 1.7694 3.0559 0.61163 1.5391 1.4188 9.9918
53 19.7324 14.0107 25.5523 10.1569 16.0163 8.2509 93.7196
54 19.3381 13.3769 11.6492 11.5335 10.1235 10.2845 76.3058
55 19.644 10.6013 9.3379 11.5821 7.4985 8.2159 66.8798
57 5.0663 5.3343 3.8466 3.6854 2.5563 2.5861 23.0751
58 15.9477 11.2519 2.37 9.6198 1.2752 1.2468 41.7114
59 14.9612 8.6403 9.5896 10.1593 8.5324 11.0654 62.9482
60 0.42313 10.1571 13.5056 0.27675 2.3889 11.967 38.7185
61 1.8906 2.5842 5.4731 1.1221 4.552 4.0558 19.6778
62 15.599 17.4051 16.5015 13.7915 17.5223 15.8779 96.6972
63 6.5564 19.1663 19.6158 2.1788 1.673 17.5758 66.7661
64 17.7563 18.8877 20.7226 20.0422 17.3192 15.5819 110.31
65 8.6957 10.5719 9.5062 20.7631 15.0437 20.3454 84.926
66 1.8091 0.55693 1.8919 1.7209 2.1443 2.875 10.9981
67 3.2776 15.909 5.8749 1.9856 1.3522 1.749 30.1482
68 11.3195 9.3373 10.251 10.6611 9.0959 9.6063 60.2711
69 20.8595 15.2546 30.7491 18.3607 15.7953 17.7945 118.8139
70 0.77649 0.81005 2.0275 1.3715 2.9258 2.8309 10.7423
71 2.0533 3.1912 4.8666 22.119 2.1008 3.3315 37.6624
72 18.4437 18.8692 23.7772 20.2662 17.3902 41.0387 139.7851
73 18.537 21.1291 19.8589 16.7272 16.1722 16.4547 108.8791
74 2.9876 3.1902 3.0221 1.0581 2.1761 2.109 14.5431
76 22.3485 17.976 25.6843 19.7717 78.5375 18.7987 183.1167
77 18.84 9.1761 15.132 10.4821 17.6393 8.9693 80.2389
78 4.1255 11.011 10.2176 1.8264 2.3359 9.4512 38.9676
79 5.4363 6.4736 29.1595 3.5594 3.7902 4.3323 52.7513
80 22.8541 18.8595 18.1345 16.9874 18.6433 19.1951 114.6739
81 15.1684 17.7273 17.5222 15.9688 15.361 15.0709 96.8186
82 1.9561 2.6054 3.0003 2.2845 3.0473 2.8699 15.7635
84 1.8716 0.79911 4.0777 1.9163 4.5985 3.5576 16.8208
97 18.8457 17.9252 18.1783 15.2882 16.5015 15.6249 102.3639
99 9.51 10.5041 11.0172 17.2823 16.4505 16.3224 81.0865
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Table A.5: BD for GP-LVM 100
ToneNr TenNeu TenPas TenAng NeuPas NeuAng PasAng Sum
2 16.9567 18.2501 17.5319 14.9622 16.5428 15.7059 99.9496
3 21.5223 23.218 19.0265 20.6065 19.9576 17.3689 121.6997
4 18.6814 22.75 33.6112 18.3423 17.5229 18.6961 129.6039
5 16.1525 17.45 16.2333 21.7004 18.9179 16.8846 107.3387
7 42.1302 17.3297 16.8431 18.2667 16.9758 16.5903 128.1358
8 18.8241 20.4593 18.334 18.3926 16.5749 17.8327 110.4176
9 15.2208 20.1567 21.0371 17.5543 18.7846 18.3638 111.1174
10 18.7744 17.0722 19.4303 17.2667 22.7877 21.284 116.6155
11 17.1084 19.4721 17.4842 19.2978 19.2987 18.394 111.0551
12 17.225 17.3055 17.2436 16.7194 18.6757 16.5355 103.7046
13 18.3772 19.1315 16.8415 18.6686 23.2485 18.0175 114.2849
14 17.8305 17.5689 18.5971 20.073 17.7979 17.1023 108.9697
16 17.9375 17.1623 17.076 22.7299 20.0793 19.9444 114.9295
17 17.1134 18.0989 20.2748 20.2377 17.4257 21.1377 114.2882
18 18.9178 18.739 17.4598 17.9966 18.3964 17.7346 109.2443
19 17.9651 30.6663 17.6069 20.9673 18.5174 18.2386 123.9617
20 20.1149 26.3225 20.0781 19.8891 17.8166 18.8914 123.1127
22 20.9514 17.052 18.3056 16.0315 18.1996 18.4405 108.9806
23 17.6383 16.9973 17.4887 16.3595 18.4825 17.4049 104.3713
24 18.4942 17.8387 18.0148 18.9621 17.5847 17.2233 108.1178
26 17.468 17.6691 16.5412 16.7906 24.644 19.0707 112.1835
27 18.1589 17.0616 20.0788 19.8627 18.9068 22.8301 116.899
28 18.6662 16.8176 21.243 16.6031 20.1751 18.5106 112.0155
29 19.5084 18.7801 19.1782 17.8867 18.6272 25.624 119.6045
30 17.7511 17.3994 20.247 26.0169 18.058 17.2713 116.7438
31 17.3094 17.4149 23.0428 20.2728 24.9337 16.7994 119.7731
32 17.2781 18.827 18.3778 17.5255 17.4202 16.2277 105.6564
33 17.4286 17.791 18.2755 18.1984 17.3703 18.5867 107.6505
34 18.213 16.9802 16.5038 16.3386 17.8087 16.2432 102.0875
35 16.426 18.2595 17.0227 18.6056 17.708 17.1403 105.162
37 17.4918 24.5109 18.0611 16.7859 20.9463 28.4914 126.2874
38 16.6833 18.1978 16.5084 23.3775 17.1497 17.0557 108.9724
39 15.9335 16.0996 16.378 17.826 15.9709 16.6426 98.8506
40 16.0796 16.8528 15.3749 19.2097 15.8514 17.399 100.7674
41 18.4482 18.4125 16.9984 18.0248 16.6994 18.2167 106.8
43 23.0181 50.1684 17.207 18.9421 16.149 16.4093 141.8938
44 19.2885 22.8268 16.7541 18.1037 16.1741 15.9659 109.1131
45 17.8298 17.6708 21.2573 17.8662 17.0717 17.3872 109.0831
46 18.5357 20.6947 20.871 21.2338 18.8821 23.1039 123.3212
48 17.3562 18.7404 17.9703 17.7895 18.6092 21.615 112.0805
49 17.8912 17.7779 17.3781 17.2972 17.7425 17.9097 105.9965
50 18.1554 21.2481 18.4926 17.7236 21.3363 18.3298 115.2858
51 21.323 19.024 19.319 20.7199 22.9703 20.4967 123.8529
52 17.5879 18.642 17.3891 18.4375 18.7638 17.4193 108.2396
53 16.358 17.9702 19.2124 17.6648 17.7763 22.4056 111.3873
54 18.3477 17.3364 24.6262 19.6468 17.5394 17.2711 114.7676
55 18.4112 17.4454 17.0714 17.347 19.6272 18.8238 108.7261
57 17.5865 17.9608 19.3319 17.3805 15.8815 15.6776 103.8188
58 18.4143 17.4725 15.3487 17.4963 17.5229 17.074 103.3288
59 17.6332 18.7015 21.2653 17.1912 29.6456 18.3826 122.8194
60 16.8088 17.2921 20.1958 17.4853 16.3709 19.6816 107.8346
61 19.5735 18.5741 20.3162 17.505 16.8312 17.4709 110.2708
62 19.3237 27.3968 54.8746 17.0577 17.6613 19.3927 155.7069
63 18.6491 18.6229 18.1866 16.0118 16.1191 14.6187 102.2081
64 22.6206 18.1672 18.8429 16.7438 16.7916 18.3677 111.5338
65 16.3963 16.958 15.7239 17.3245 15.8955 17.7432 100.0414
66 16.7563 19.0931 16.7644 81.1009 18.7024 19.6527 172.0698
67 16.4204 21.9307 18.8058 33.994 18.0137 16.3468 125.5114
68 17.4575 16.6601 15.673 17.1389 17.7546 17.6401 102.3241
69 25.2942 31.6982 22.7499 16.965 18.8497 17.258 132.815
70 20.8698 16.4441 16.9599 16.7488 16.8132 16.5995 104.4353
71 19.6357 18.5301 15.8838 23.1501 19.8124 15.6777 112.6897
72 16.6735 17.5937 16.4349 17.7609 16.2745 17.6931 102.4306
73 16.7819 15.926 16.7634 17.8805 16.291 17.6329 101.2757
74 17.0277 22.3189 18.0666 17.2559 18.8696 16.6339 110.1726
76 17.1582 19.1909 16.3708 16.4327 16.6902 19.0008 104.8437
77 17.4501 17.8745 15.9327 19.4037 17.3232 17.1128 105.097
78 28.4827 20.7187 18.3295 16.4311 18.1653 18.36 120.4874
79 17.0308 50.0904 17.7479 17.4419 19.6923 20.6943 142.6977
80 17.2043 18.1121 18.6452 28.2536 17.2585 18.6585 118.1322
81 18.4054 18.4892 16.4241 17.6834 16.6988 18.7538 106.4546
82 19.1315 16.4917 18.4689 17.3101 17.7522 17.7008 106.8552
84 35.0471 14.9358 16.731 20.2909 17.9581 17.4023 122.3652
97 19.892 16.6901 17.0312 18.404 16.9408 18.1088 107.0669
99 17.1616 18.0019 17.8514 18.3141 21.9593 15.4879 108.7762



Table A.6: BD for GP-LVM 200
ToneNr TenNeu TenPas TenAng NeuPas NeuAng PasAng Sum
2 15.5699 17.5171 17.5461 14.6332 15.2551 15.9634 96.4847
3 20.1889 29.7531 17.8585 18.6604 19.3032 17.0029 122.767
4 19.1926 25.9421 20.7201 17.3899 17.7373 17.5495 118.5316
5 16.9806 18.1107 17.3184 16.6167 17.9544 18.4795 105.4604
7 15.6238 17.2611 17.3294 17.2446 17.5519 17.4551 102.466
8 16.4648 20.2382 16.8447 19.7667 17.5777 17.2927 108.1848
9 16.4723 18.9029 17.6613 18.2564 18.2557 16.8731 106.4217
10 17.4105 17.2514 17.7862 16.1118 17.7883 22.4683 108.8166
11 16.0189 18.1922 19.6156 17.3848 27.4646 17.3824 116.0585
12 17.184 17.314 15.84 17.0486 18.9075 18.5825 104.8766
13 18.9345 18.6448 23.631 19.2275 28.3471 18.319 127.1038
14 18.4635 17.6157 17.2669 20.0266 19.2132 18.1209 110.7068
16 16.785 17.7584 17.6404 27.6987 16.8158 18.5498 115.2481
17 16.2224 17.8121 18.3054 19.1409 17.835 19.694 109.0098
18 17.4845 20.5502 16.6737 18.1507 19.6818 17.5635 110.1043
19 17.7088 17.5381 18.2013 32.835 18.4643 19.0389 123.7864
20 24.0562 22.3333 30.0709 27.147 16.8404 19.0081 139.4558
22 19.6333 15.8287 17.6045 18.4323 27.7261 18.159 117.384
23 18.297 21.3311 15.3199 18.8638 20.5332 17.1408 111.4858
24 18.2177 17.3383 16.9297 17.5493 16.9753 16.4598 103.4701
26 17.1502 19.6958 15.6901 17.0854 30.788 18.6165 119.026
27 17.676 18.0616 22.8994 16.7829 17.1621 32.9069 125.489
28 18.0753 17.3189 17.4886 18.1667 20.714 19.4798 111.2433
29 21.4184 18.7051 20.9151 18.2797 17.3884 21.5226 118.2293
30 18.673 18.2538 26.5579 18.5317 17.2032 16.4267 115.6463
31 16.3775 17.0465 17.5271 21.278 25.4772 20.314 118.0203
32 18.3175 18.5547 16.4728 18.0563 17.2577 16.7193 105.3783
33 17.6981 18.3345 18.1285 17.9937 18.6382 18.4872 109.2803
34 18.4037 17.1397 16.8556 20.284 18.5915 17.2338 108.5083
35 18.7511 18.1191 17.755 19.5839 17.7944 17.2482 109.2517
37 18.8015 27.7395 16.7872 16.1672 19.9832 21.0067 120.4853
38 17.2874 18.7417 15.925 18.6597 16.448 17.5407 104.6024
39 16.0619 17.355 16.7124 18.1703 14.9506 16.7153 99.9655
40 17.0564 16.6466 16.1828 18.1839 15.2688 17.3285 100.6671
41 17.2513 18.5068 17.1267 17.5415 15.8392 17.17 103.4356
43 18.6083 36.5469 15.5636 19.2983 16.6424 16.3212 122.9808
44 23.7384 23.5783 16.4388 17.3545 17.105 16.3498 114.5647
45 18.0957 17.2747 21.1102 19.136 17.5719 17.5111 110.6997
46 18.3517 20.6159 18.7092 19.664 21.5132 20.3213 119.1754
48 17.3743 18.3751 18.4906 18.6713 18.0712 18.5623 109.5448
49 18.9857 17.6567 27.7283 15.9531 29.4881 305.8793 415.6912
50 19.8966 19.7273 19.237 18.1291 16.9232 49.2691 143.1823
51 20.7281 17.8712 18.3973 22.0482 19.054 23.8062 121.905
52 18.018 17.9809 17.2826 17.8671 16.4835 17.3087 104.9409
53 16.3106 16.2917 22.7938 17.1988 17.0181 17.0432 106.6562
54 21.8883 17.3343 16.662 23.3694 16.5102 16.5503 112.3145
55 17.2445 16.8846 16.2956 17.6616 17.3906 16.8931 102.37
57 16.0446 18.4096 19.2974 17.8362 15.8984 16.544 104.0303
58 19.8249 18.023 16.4566 17.0131 17.7285 16.6505 105.6967
59 19.6886 17.3829 16.4786 18.1088 17.9564 17.2521 106.8674
60 16.5271 16.3881 17.1708 17.3978 16.4691 18.769 102.7218
61 19.546 18.3325 18.8743 16.9359 18.3541 18.5489 110.5917
62 17.8163 27.7236 29.0329 15.8452 18.324 16.8362 125.5781
63 20.0582 18.0113 17.6643 16.2584 15.557 16.0737 103.6229
64 16.66 17.7006 16.1887 17.7334 17.6984 17.9956 103.9767
65 16.4281 17.1422 16.7634 18.1235 15.1375 18.0418 101.6365
66 17.1622 69.6456 17.6372 43.4423 17.6667 21.198 186.752
67 15.9402 87.4251 18.3932 37.075 18.1661 17.3897 194.3892
68 16.9969 16.0229 17.7001 15.5117 16.5526 20.3903 103.1745
69 19.4784 17.4655 16.373 17.9983 18.5521 16.2168 106.0842
70 16.4898 15.5375 16.2228 16.4125 18.4379 15.1759 98.2764
71 19.5082 17.8721 21.9427 23.3348 18.8091 16.9324 118.3994
72 15.4984 16.7756 16.1608 16.1871 16.1645 17.4676 98.2539
73 16.4159 17.3434 17.2818 16.8476 16.9185 18.4989 103.3061
74 19.3913 16.5065 17.7648 17.1031 17.9619 17.7366 106.4643
76 18.7159 26.8688 16.4802 16.896 18.2452 18.5522 115.7583
77 16.8365 17.3871 16.5675 18.151 16.2493 16.6525 101.8439
78 22.1454 17.5273 18.54 16.5266 17.9034 18.3359 110.9785
79 17.3278 45.3801 18.4276 18.3528 18.5341 20.8222 138.8446
80 17.7479 20.185 21.2411 18.3774 17.5827 22.2947 117.4287
81 18.7748 20.9996 22.0406 15.6535 16.4833 17.303 111.2548
82 17.7355 17.7618 21.7234 16.6004 16.7545 17.4196 107.9951
84 30.405 15.033 17.3394 18.7697 19.1904 18.1615 118.899
97 22.3636 17.5425 17.1795 24.3099 17.7776 19.5248 118.698
99 16.1155 17.0146 17.9138 17.7563 17.4023 17.1412 103.3437
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Table A.7: BD for Baton Distances
ToneNr TenNeu TenPas TenAng NeuPas NeuAng PasAng Sum
2 5.4692 5.7944 4.2582 3.5061 2.692 1.9566 23.6765
3 2.1311 2.5785 2.607 2.9349 2.6705 1.9942 14.9162
4 6.2119 3.3976 2.8962 3.5687 4.5505 1.9221 22.5468
5 2.9916 5.944 10.6417 4.1813 28.6973 3.1271 55.5829
7 3.3466 4.6022 3.9034 5.805 4.4726 2.0977 24.2276
8 2.7465 3.8162 4.7719 2.3402 4.6318 2.6306 20.9372
9 6.0199 8.3716 6.0671 9.3807 2.7618 3.5219 36.123
10 3.2512 3.035 2.8738 4.8478 5.0458 3.0831 22.1366
11 4.4278 5.994 4.6277 4.085 4.735 4.4038 28.2733
12 1.6374 4.9246 6.4591 3.1525 2.3222 2.6724 21.1681
13 3.1713 5.0868 4.4388 3.832 3.8132 2.3201 22.6621
14 2.3261 5.7645 3.5098 4.3192 2.9472 2.3673 21.2341
16 5.1084 7.3182 8.2565 3.717 2.949 2.3839 29.733
17 3.4773 5.6065 5.3056 6.6458 5.4129 1.327 27.7751
18 1.3001 6.2595 3.1298 4.2656 2.6749 2.4197 20.0496
19 2.8085 4.4698 3.7215 3.383 1.2959 2.2862 17.9649
20 1.5963 2.5388 2.6579 2.5242 2.8304 2.1833 14.331
22 3.3599 6.0303 4.3054 5.0541 3.4841 3.9672 26.201
23 2.9413 2.6073 2.6677 2.7439 2.1095 3.6733 16.7429
24 3.3259 4.0263 3.4814 3.3099 3.5198 4.3923 22.0557
26 4.1152 4.8566 3.9827 4.1561 3.2627 1.5637 21.9372
27 2.6363 4.0621 9.6895 5.2576 5.1409 4.3017 31.0882
28 1.9685 5.8834 3.7373 2.5432 2.0509 3.4461 19.6294
29 2.8229 4.4812 7.256 2.5988 2.7546 2.5683 22.4818
30 3.4197 4.0935 4.2725 2.1361 1.2627 1.4178 16.6023
31 2.211 7.3386 3.0875 7.3092 1.789 3.7071 25.4425
32 2.8246 8.333 11.6816 4.8733 6.0661 4.2306 38.0092
33 4.9419 2.8955 3.7601 3.2621 2.521 1.7641 19.1446
34 3.166 4.7003 5.4737 2.9093 2.3374 2.3938 20.9804
35 2.7804 7.7635 3.2327 4.0718 2.302 9.1699 29.3203
37 5.6705 5.5906 5.0438 3.2212 2.5971 3.1633 25.2865
38 3.4697 4.3601 4.1913 2.698 1.8189 2.6473 19.1852
39 3.3868 3.2831 3.0347 2.4192 1.6596 1.9628 15.7462
40 2.3671 4.5869 3.0707 2.3568 1.0347 2.4963 15.9124
41 2.3449 4.8199 4.2731 4.6157 5.2094 4.1521 25.4153
43 2.5656 2.1559 2.889 1.7362 2.5523 1.7047 13.6037
44 4.1391 3.4662 5.7598 3.1184 2.4986 2.8662 21.8482
45 3.5833 3.0973 4.6717 3.1762 4.1277 3.6077 22.2639
46 1.9813 1.4924 2.4179 2.0301 2.321 1.0281 11.2707
48 2.4068 1.9365 2.0944 2.1407 2.4838 2.3197 13.3819
49 1.7385 2.2283 3.8417 1.4044 2.5699 2.826 14.6088
50 1.4298 2.4577 2.694 1.9576 1.5306 1.8366 11.9063
51 3.5907 2.9194 2.3926 3.9703 3.2231 1.6249 17.7209
52 2.0841 4.2455 2.8899 2.0477 1.0749 1.6242 13.9662
53 4.2176 2.8544 2.5663 5.4685 5.18 1.9811 22.268
54 3.9175 4.5188 4.5114 2.1383 1.8668 2.5897 19.5425
55 7.4723 3.3414 4.82 3.9362 4.3711 2.8275 26.7685
57 5.2219 3.3523 3.5497 4.2309 3.2238 3.1671 22.7456
58 1.7867 3.3365 3.2307 2.2779 2.1095 3.8605 16.6018
59 2.0505 6.1718 2.5367 3.0665 3.4212 3.1825 20.4291
60 2.4421 2.5227 2.1033 1.8241 1.2857 1.5385 11.7163
61 2.8856 2.8351 2.0655 3.1575 2.2516 1.9139 15.1092
62 2.0789 2.5682 1.9683 1.7711 1.0745 0.8759 10.3369
63 2.3176 2.3826 4.2833 2.5444 2.951 5.3083 19.7873
64 2.6482 4.5 3.1262 5.2302 3.1352 4.7625 23.4023
65 3.3944 2.4608 2.9657 3.2595 3.8695 2.3232 18.2732
66 4.3897 4.5735 9.8476 3.7827 3.7566 5.5604 31.9105
67 1.9613 2.8641 4.8422 2.4097 3.0454 2.2455 17.3682
68 4.3027 4.311 4.8265 4.9742 6.9225 5.8621 31.199
69 3.4812 2.5888 4.6839 2.1509 4.6038 2.0811 19.5897
70 2.5425 1.6395 3.5239 5.5352 2.2427 3.5191 19.0029
71 2.5485 3.494 3.4196 3.4814 3.1574 2.8478 18.9487
72 0.8693 3.1766 4.493 2.5416 3.4883 2.9386 17.5074
73 8.4365 3.7995 7.9096 3.7602 6.3528 5.4762 35.7349
74 2.1912 3.924 4.6955 2.614 3.1303 4.892 21.447
76 1.5067 2.4645 4.0282 2.3155 5.1634 3.2039 18.6823
77 2.2305 2.4713 3.5319 1.676 3.5281 2.3752 15.8129
78 2.9929 2.0594 2.9291 2.3871 2.8178 1.1856 14.3719
79 3.2092 3.0116 2.473 2.9614 1.5443 2.3806 15.5802
80 2.7592 3.0225 2.126 2.8976 2.4037 1.6766 14.8855
81 5.699 6.2335 4.5938 2.1212 2.8759 2.5002 24.0236
82 4.8984 3.0511 2.1566 4.2092 1.978 1.6621 17.9554
84 3.1179 3.8808 6.8558 1.4504 1.7656 1.7876 18.8581
97 2.3065 2.5014 1.8567 2.2676 2.5186 2.7059 14.1567
99 2.9891 1.9742 2.6011 2.4859 1.3548 1.5618 12.967



Table A.8: BD for Baton PCA
ToneNr TenNeu TenPas TenAng NeuPas NeuAng PasAng Sum
2 0.83824 1.0704 0.32518 1.0207 0.54247 1.2301 5.027
3 1.0209 1.2607 1.7203 0.97764 0.90161 0.69683 6.5781
4 0.44068 2.265 0.83966 1.1105 0.70132 1.0845 6.4417
5 0.94858 2.141 0.68221 1.2816 0.79754 1.8828 7.7337
7 0.63686 1.5398 0.44506 1.5214 0.3265 1.02 5.4897
8 1.4874 2.3135 1.8117 0.42354 1.0796 1.0868 8.2025
9 0.5008 0.44392 0.40338 0.3673 0.44156 0.65148 2.8084
10 0.74978 0.90678 1.849 1.6303 5.6813 1.7592 12.5764
11 0.76965 1.8289 0.74318 1.6335 0.77425 2.2943 8.0438
12 0.77298 0.75716 0.48888 0.71909 0.44668 0.8367 4.0215
13 1.4453 1.4588 0.34777 0.57946 0.73918 0.99776 5.5682
14 0.79567 0.93527 0.24105 1.1815 0.3899 0.70045 4.2438
16 0.96452 0.93136 1.0643 1.2724 0.98511 1.1726 6.3903
17 0.16346 1.8556 0.3514 1.4987 0.50462 1.6686 6.0423
18 0.79915 0.44056 0.74047 0.37887 0.7122 0.65637 3.7276
19 0.87725 0.90399 1.273 1.7121 1.3023 2.1 8.1687
20 0.72744 0.40271 0.53532 0.93306 0.83747 0.45836 3.8944
22 0.35849 1.559 0.68259 1.1733 0.73646 1.8801 6.3899
23 1.2939 1.4708 1.3458 1.3395 0.80834 1.9456 8.204
24 0.58085 0.89098 1.4713 0.25611 1.0014 1.3847 5.5854
26 0.31924 0.16136 0.39725 0.42557 0.50502 0.18098 1.9894
27 0.62589 1.5667 1.1165 0.77097 0.46993 0.97539 5.5254
28 0.68937 1.0956 0.57056 0.43016 0.41872 0.55778 3.7622
29 1.4399 0.9162 0.73773 0.90805 0.73766 0.37141 5.111
30 0.77614 1.6526 2.2038 1.0393 1.3648 1.0688 8.1056
31 0.51007 0.39359 0.26583 0.44265 0.40798 0.38717 2.4073
32 0.58849 0.49992 0.3478 0.70277 0.7284 0.37548 3.2429
33 0.59057 0.36079 0.29787 0.51761 0.15674 0.28492 2.2085
34 0.52631 0.96653 0.56591 0.97877 0.58099 1.007 4.6255
35 0.59309 1.2538 0.56669 1.4904 0.80402 0.89499 5.6029
37 0.75074 0.18983 0.45728 1.1268 0.1596 0.77098 3.4552
38 0.62128 0.8916 0.77376 0.80372 0.45395 1.1709 4.7152
39 0.19299 0.74364 0.80274 1.0298 0.37162 2.626 5.7668
40 0.49986 2.0314 0.25766 1.4748 0.29336 1.9403 6.4974
41 0.69498 0.88826 0.53408 1.452 0.39741 1.0106 4.9774
43 0.15343 0.97014 0.27994 1.254 0.28323 0.99747 3.9382
44 0.50871 0.8363 0.55943 0.81609 0.74952 0.46337 3.9334
45 0.3272 0.42885 0.22249 0.75986 0.50814 0.54184 2.7884
46 0.323 1.0531 0.63577 1.1118 0.69425 1.0935 4.9115
48 0.51473 0.62305 0.62157 0.91958 1.0006 0.38719 4.0668
49 0.95661 1.2502 0.81521 1.3006 0.52743 1.0735 5.9235
50 0.32582 1.2744 0.74009 1.8686 0.53703 1.1879 5.9338
51 0.86974 0.64421 0.44357 0.75716 0.55691 0.24024 3.5118
52 0.90153 0.79682 0.855 0.58172 0.30301 0.29836 3.7364
53 0.30218 0.42493 0.21719 0.3029 0.25788 0.42745 1.9325
54 1.0662 1.44 1.3456 0.89415 0.44218 2.0015 7.1897
55 0.42753 1.6797 0.59992 1.6673 0.38652 1.752 6.513
57 0.52415 1.3425 1.0632 1.0562 1.0198 0.91112 5.9169
58 1.1831 1.0152 0.57799 1.0617 1.3713 0.93124 6.1406
59 1.1427 0.8542 0.9761 0.66211 0.62052 1.3835 5.6391
60 0.86913 0.59754 1.5265 0.99659 0.82426 1.6985 6.5126
61 1.1327 0.80801 0.81757 0.54471 0.24966 0.33314 3.8858
62 1.8362 0.86027 2.4084 0.65805 0.45548 0.6065 6.8249
63 1.0271 0.67671 1.3193 0.1211 0.61842 0.69354 4.4561
64 2.1179 1.5359 1.8061 0.70631 0.46193 0.7097 7.3379
65 0.53826 1.7267 0.96937 2.1834 1.4814 3.2106 10.1097
66 0.53259 0.95688 0.84335 1.92 1.125 1.4456 6.8233
67 0.44805 1.4937 0.80246 2.3571 0.84743 2.203 8.1518
68 0.70757 0.69977 0.89615 1.0241 0.58232 1.3644 5.2743
69 0.5214 0.85314 0.92193 0.71315 1.3456 1.5746 5.9298
70 0.8604 2.0533 1.0867 2.0095 0.56775 1.8734 8.451
71 1.0887 1.5008 1.3251 1.597 0.51995 1.2448 7.2764
72 0.47236 0.48785 0.73298 1.181 1.2764 0.471 4.6216
73 0.94901 1.7395 0.83442 0.99237 0.5544 1.3923 6.462
74 1.4225 0.9658 0.99863 0.75555 0.55776 0.33433 5.0345
76 1.1359 1.7073 1.0132 0.94431 0.5847 1.1301 6.5155
77 0.98251 0.89234 1.2053 1.8693 0.89803 1.2845 7.132
78 1.0147 0.78523 1.2489 0.99853 0.99514 0.91377 5.9563
79 1.2821 1.0128 2.0182 0.7487 1.7166 2.0667 8.8451
80 1.6364 0.9387 1.0172 1.2978 1.0057 0.5869 6.4827
81 0.77086 1.1261 1.2223 0.69339 1.1266 1.2556 6.1948
82 0.95433 1.2021 1.4591 0.55446 0.77068 1.0348 5.9755
84 1.5699 1.5581 1.8783 0.43585 0.60316 0.6517 6.697
97 0.79607 0.99332 0.53255 1.5198 0.70669 0.70856 5.257
99 1.0999 0.86721 1.851 0.59251 0.43872 1.2273 6.0767
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