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RESUMEN  
Este proyecto, titulado Programa de entrenamiento musical para usuarios de implantes 
cocleares, tiene como objetivo diseñar e implementar un software de entrenamiento musical 
destinado al desarrollo de la agudeza auditiva en adultos de avanzada edad con pérdida 
auditiva neurosensorial severa tratada con implantes cocleares.  

La pérdida auditiva severa supone problemas cognitivos y un impacto en el estilo de vida de 
los pacientes, dando lugar a repercusiones tales como exclusión social y riesgo de demencia. 
El estudio de la percepción musical en implantes cocleares ha sido uno de los principales 
objetivos de investigación durante las últimas décadas. En varios experimentos, los usuarios 
de implantes cocleares han descrito música como ruido de fondo, dificultando su habilidad 
para comprender la señal de habla. Mediante el uso de resultados en habilidad perceptual de 
los pacientes, se han diseñado experimentos basados en entrenamiento musical con la 
finalidad de mejorar la apreciación musical, desarrollar la percepción musical y ayudar a los 
usuarios a discriminar música de ruido de fondo.  

Entre los mencionados experimentos, Jo Wigley, de la facultad de ciencias de psicología de 
la universidad de Melbourne, en conjunto con el departamento de ingeniería eléctrica de la 
universidad técnica de Dinamarca, está centrando su investigación doctoral en estudiar la 
plasticidad cerebral dependiente de aprendizaje en pacientes con discapacidad auditiva 
durante los últimos años, para probar la eficacia del uso de entrenamiento musical con 
instrumentos como herramienta de rehabilitación auditiva. Para favorecer la investigación y 
obtener resultados objetivos se diseña el programa de entrenamiento musical. 

El programa está implementado con el lenguaje de programación Pure Data, instalado en una 
tableta con sistema operativo Windows y utilizada con un piano MIDI. El software está 
basado en una serie de módulos formados por ejercicios auto adaptativos, ordenados con 
dificultad ascendente, centrados en el entrenamiento de percepción rítmica. Para tal propósito, 
se utiliza una representación espacial del ritmo, aportando retroalimentación activa para 
mantener al usuario altamente motivado y dar al investigador resultados fáciles de analizar.  

Debido a que el objetivo de este proyecto es proporcionar un software robusto que desarrolle 
la agudeza auditiva, el programa se sometió a pruebas que implicaron la colaboración de 
usuarios con y sin experiencia musical. El estudio se centró en la experiencia musical para 
conseguir los siguientes objetivos: comprobar si el rendimiento de los usuarios era similar sin 
importar su experiencia en música, probar la aplicación en búsqueda de posibles errores y 
conseguir retroalimentación relevante por parte de los usuarios para futuras implementaciones 
del programa. El estudio del impacto de la aplicación en pacientes con discapacidades 
auditivas será incluido en la tesis doctoral de Jo Wigley..   



  



 

SUMMARY 
This project, titled Music Training Software for Cochlear Implant Recipients, aims to design 
and implement a software for musical training through the use of an instrument, which will 
be used by elderly adults with severe sensorineural hearing loss treated with cochlear 
implants. Such software will be employed to investigate if musical training can act as auditory 
rehabilitation and contribute to well aging.  

Severe hearing loss supposes an impact on the lifestyle of patients, mainly involving cognitive 
problems, leading to problems such as social exclusion and risk of dementia. The study of 
music perception of cochlear implants has been one of the main objects of research during 
the past few decades. In several experiments, the users of implants cochlear have described 
music as background noise, hampering their ability to understand the speech signal. Using 
the results in perceptual ability, experiments were designed based on musical training in order 
to improve the music appreciation by enhancing musical perception, and help users to 
discriminate music from background noise. 

Among the mentioned experiments, Jo Wigley, from the Faculty of Sciences of psychology 
of the University of Melbourne, in conjunction with the Department of electrical engineering 
of the Technical University of Denmark, has been researching the effect of learning-
dependent plasticity on hearing impaired people during recent years with the use of musical 
training with instruments as an auditory rehabilitation tool, as part of her PhD research. To 
help on this investigation, the music training program presented in this project is designed. 

The program is implemented with the programming language Pure Data, installed on a tablet 
with Windows operating system and used with a MIDI piano. The software is based on a 
series of modules consisting of auto adaptive exercises, sorted in ascending difficulty, and 
focused on the training of rhythmic perception. A spatial representation of the rhythm is used 
for such purpose, providing active feedback to keep the user highly motivated and give the 
researcher easy to analyze results. 

Since the objective of this project is to provide a robust software that develops auditory acuity, 
the application was tested by users with and without musical experience. Musical experience 
was emphasized to achieve the following objectives: check if the user’s performance was 
similar regardless of their experience in music, test the application in search of possible errors 
and get relevant feedback by users for future implementations of the program. The study of 
the impact of the application on hearing impaired patients will be included in Jo Wigley’s 
PhD thesis.  
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1 Introduction 
As hearing loss prevalence increases dramatically around the world, more people need to be 
fitted with hearing devices such as hearing aids or Cochlear Implants (CI). The latter is a 
medical implantable device designed to restore sound sensation of severely hearing-impaired 
people, by inserting an electrode array into the cochlea to directly stimulate the auditory 
nerves [1] [2]. Although current devices restore the ability to understand speech in quiet 
environments, music is still poorly perceived. Music is ubiquitous in today’s society, and the 
hearing-impaired often report social isolation and exclusion due to their difficulty in sharing 
musical experience with others.  

Improving music perception has been one of the greatest challenges for CI designers this last 
decade. Most of the researches have been focusing on the ability of the sound processor’s 
strategy to restore pitch perception, or on the electrode design. While this research is crucial, 
the ability of the brain to adapt to new situations has been neglected. 

This project is dedicated to develop and implement a new training method which will be used 
in the investigation accomplished by Jo Wigley et. Al [3] which pursues to discover if music 
training with an instrument can be used as an auditory rehabilitation technique for the elderly 
severe hearing-impaired adults. Such program will help CI users to better appreciate music 
through a series of exercises focused on training rhythm perception with a multimodal 
representation of the musical information.  

The document structured as follows: in Chapter 2: Music and Cochlear Implants, we 
review the present situation of research into music and CI, introducing the concepts which 
introduce to the field and help to better understand the problematic under study with 
experimental data. Once introduced, we then move on to Chapter 3: Auditory Rehabilitation 
with Music Training, to give an overview of the investigation for which the project is 
developed. The design specifications of the program are also presented in this section. 
Chapter 4: Implementation: ReTrain Application includes the implementation of the novel 
training program, highlighting the most notable aspects of implementation. 

After the development of the program, a set of experiments were carried out to test the 
ability of the application to fulfil its purpose. Chapter 5: Results presents the outcome of 
such experiments. Chapter 6: Discussion and Conclusions is focused on the discussion of 
the results and their interpretations, to finally conclude justifying if the objectives were 
satisfied. Chapter 7: Further Work proposes further enhancements of the program. 
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2 Music and Cochlear Implants 
In the past years, intensive research on musical perception for CIs has predominated over 
musical appreciation and training. These investigations have given relevant results to develop 
techniques to train music in an efficient way. Such researches are based on comparing CI 
recipient response to music perception stimuli to that of Normally Hearing (NH) Listeners 
and Hearing Aid (HA) users, to obtain empirical data of the perceptual consequences of a 
cochlear hearing loss and the implant’s effect [4]. 

The main perceptual problems reported by CI users are pitch discrimination and timbre 
perception. Looi et. Al [5] found how CI users performed poorly compared to NH listeners 
on pitch and melody tests. Objectively, only 50% recognized pitches 0.25 octaves apart, and 
even for 1 octave only 68% of users were successful. Similarly, results are poor on timbre 
perception, based on musical instrument recognition tests [4]. On the positive side, rhythm 
perception and temporal discrimination is like that of NH adults and HA aid users. 

These studies have helped to develop music appreciation and training experiments which 
consider the problems mentioned above. For instance, in [6], several activities held in music 
focus groups intended to enhance music listening are described. The objective was to provide 
positive experiences and support to adults who report the sound of music as unpleasant 
through their CIs in a helpful environment. In addition, live music concerts were held and 
special compositions were made. The feedback given by the users was extremely positive, 
highlighting comments by users which report the help given by an easy and well-defined beat, 
contrast of vocals with the musical arrangement, visual cues, and the repetitive hearing to 
learn how to listen. 

A similar study with live music and special compositions was performed by Au et. al. [7], in 
which considering the poor musical perception of CIs and previous experiments, six different 
composers were given the task to compose musical pieces based on scientific information and 
CI users feedback. The objective was to rate the reception of new music by both NH listeners 
and CI users. The arrangements were performed in front of such audience, who evaluated 
each piece. CI recipients rated better music with percussion instruments, but in general NH 
listeners rated the pieces higher and there was a bad answer on localization and instrument 
recognition. 

Apart from these experiments, several music training applications have been developed, 
focused on pitch training [8], music appreciation [9], melodic contour [10], or musical 
instruments recognition [11]. The programs were based on a take-home computer application, 
and the results obtained from weekly trials demonstrated that the use of training methods 
enhanced the appreciation of music despite the poor technical functioning of CIs with music 
perception parameters. 
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3 Auditory Rehabilitation with Music Training 
As mentioned in Chapter 1: Introduction, this project develops a novel music training 
software focused on rhythm perception to be used in [3]. This chapter gives an overview of 
the state-of-the-art researches, exposing the aims, followed methods and early results to 
justify the design of the training software.  

The investigation [3] is founded on exploring if music training with an instrument can 
enhance auditory and music perception in adults with CI and age-related hearing loss, 
contributing to the improvement of cognition and well-aging by reducing the impact of severe 
hearing loss. This impact involves aspects such as social isolation, cognitive and 
communication impairments, or dementia risk. 

The method designed to prove this hypothesis was a set of tasks focused on music perception 
and auditory memory training developed with Max/MSP, hosted by a windows tablet, and 
played with a midi piano keyboard. Among the tasks, Rhythm perception improvement was 
one of the tasks. In order to help users to enhance their rhythmic skills, a 5-module play along 
training program was developed, in which each module was a different Max/MSP file 

Early results have shown the correct engagement between patients and the method, 
demonstrating improvement in auditory working memory and perception of rhythm. 
Nonetheless, it was decided to redesign the rhythm training application to create a more user-
friendly interface and improve playability, following the specifications stated below. 

3.1 Software Design Specifications 
In this section, the design specifications established during the design stage of the project are 
stated, to gain a better understanding of the final implementation. 

As mentioned previously, the program seeks to train auditory acuity with the use of 
multimodal reinforcement of pitch, to create strong neuronal links between the sensation of 
pitch and motor movement, and rhythm perception. Therefore, the environment of the 
program is the focus to accomplish this.  

The application should meet the following requests: be cheap, light, reliable, and ready for 
cross-platform implementation (Microsoft, iOS, Android, Raspberry Pi, Arduino…). It must 
have a user-friendly interface to keep the patient highly motivated throughout the completion 
of the exercises. Furthermore, it must give easy to read results to the experimenter. Therefore, 
to fulfil these tasks the target to study is the software used to program the application.  

To create an encouraging, user-friendly experience, the program is thought from a videogame 
perspective. Firstly, by creating a single application which handles the selection of all the 
exercises, and secondly, by designing the exercises as a challenge to overcome, receiving 
helpful feedback to pursue the objective of completing the program successfully and arise the 
curiosity to learn. 

These conditions serve to implement the final program, which is explained in the following 
chapter. 
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4 Implementation: ReTrain Application 
The outcome to the design specifications is a play-along application named ReTrain. It is 
based on Pure Data (Pd) [12], hosted by a Windows Microsoft tablet device, and composed 
by a set of exercise intended to train rhythm, which are played with a MIDI piano keyboard. 
The exercises are constituted by an interface based on spatial representation of rhythmic 
patterns [13]. This way, the user will practice each exercise effectively based on pattern 
repetition with a powerful visual cue. Furthermore, the visual cue is synchronized with a 
sound cue, which will be presented further on.  

The application is designed to be played with loudspeakers, as headphones are not convenient 
for CI recipients. The results of the exercises are stored in a logfile for the investigator to 
study the user’s progress. To justify the results and give better feedback for research, every 
event that occurs during the completion of the exercise is stored. 

This chapter presents the implementation of the program, based on the specifications stated 
in section 3.1. First, the environment is introduced, followed by the introduction of the 
interface, and then proceeding to the explanation of the algorithm, highlighting the most 
important aspects of implementation. 

4.1 Environment 
This section explains the elements that are applied to implement and use the application.  

4.1.1 Pure Data 
The following aspects are the main reason for choosing Pd as the language to implement the 
program:  

• Pd is open source and offers real time signal and event processing, necessary for 
evaluating the exercises and giving instant feedback of the user’s progress 

• It is a powerful tool to process MIDI events, can act as a sound engine and offers 
graphics programming  

• It offers the possibility to implement external objects developed with C language 
[14]. This flexibility is useful for the creation of more complex algorithms 

• Furthermore, Pd offers cross-platform operability, as it can be turned into an 
embeddable library using libpd [15] to be used in portable devices. 

There are various versions of Pd1, but to develop this application Purr Data is used, mainly 
because it offers a better graphic user interface (GUI) and it includes external objects useful 
for the implementation of the program. 

Despite this, Pd cannot generate executable files, which obliges the program to be ran in real 
time with the Pd console, not acting as a standalone application. This aspect will be discussed 
in section 6.4: Conclusions. 

                                                      
1 At first, the algorithm was going to be developed with Pure Data vanilla. However, as the algorithm 
required external objects for the development, the installation of these would make the installation of 
the program too complex for the experimenter. Pure Data extended was the second option, but it is 
abandoned software. Therefore, Purr Data was the best option, offering powerful tools of Pd Extended 
with an enhanced GUI.  
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4.1.2 Pure Data Syntax 
Before continuing, it is important to highlight the structure of Pd programming and certain 
syntax that will be used to refer to the program. To begin with, the window in which the 
program can be seen is called canvas. Once the canvas is edited and code is written (or, more 
appropriately, placed) on it, the canvas turns to be called a patch. If the patch requires a big 
implementation, it is appropriate to use subpatches and abstractions. These are new 
canvases which the parent canvas uses to order different tasks. The difference between them 
is that a subpatch is a patch nested in the parent canvas, while an abstraction calls an external 
patch (separate Pd file).  

The following step is to explain which are the main components used in Pd to implement a 
program. Table 1includes the ones which will be used in further explanations. 

TABLE 1: PURE DATA MAIN ELEMENTS 

Type Definition Representation 

Object 

Modules which represent functions to be carried out by 
the program. Graphical interpretation with m inlets and n 
outlets, each receiving and sending different variables 
depending on the purpose of the object. If there are 
various inlets, the leftmost inlet is used to handle the main 
actions 

[name_of_object] 

Message Used to send actions to other objects or messages. Useful 
to store constants [message sent ( 

Table 2 includes those to which the next sections will refer to more frequently. 

TABLE 2: ELEMENTS REFERENCED IN THE TEXT 

Element Definition 

Bang: Sends a bang message. This is a primordial element used in Pd, mainly to 
communicate and excite the different elements in the patch. 

Subpatches:  Object box which, through the special initial pd, includes a subpatch. To 
develop this application many subpatches are used, and from now on they 
will be referred to as [pd name_of_subpatch] 

Abstractions Same principle as subpatches, although no pd initial syntax is written. To 
not confuse abstractions with objects, they will be referenced in the text. 

This knowledge will enable the reader to easily follow the flow of the program. 

4.1.3 MIDI piano 
A MIDI piano keyboard was selected as the link between the user and interface as it provides 
multimodal representation of the information, by relating pitch perception with the movement 
of hands. In addition, MIDI keyboards are found at low prices and are easy to store.  

The following step is to introduce the interface which the user will follow to complete the 
exercise. 
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4.2 Interface 
The interface is implemented to follow the workflow seen in Figure 1, and for this reason it 
was decided to divide it in the two following views:  

• Exercise selection menu: to handle the selection and load of the desired exercise 
• Playing Interface: composed by the main elements which the user must follow to 

complete the exercises 

 
• FIGURE 1: MAIN STRUCTURE OF THE APPLICATION 

The reason for which it is designed this way is to provide easiness to the user, following a 
gaming experience, by creating one interface to select all the exercises and giving the ability 
to play various exercises in the same session. Figure 2 shows the first view of the application, 
where the selection menu can be found under the title Exercise Selection.  

4.2.1 Exercise Selection 
The program is composed by six modules which are mainly focused on rhythm perception 
and implicitly enhance pitch perception. The modules are ordered by difficulty of completion 
and ordered in the following way:  

• Module folder: titled WeekX, where X represents the week number. Each module is 
focused on training a rhythm. The modules are divided in submodules 

• Submodules: file which must be selected by the user. The difference between 
submodules is the stream of notes which the user plays, offering different melodic 
lines based on the module’s rhythm. As the difficulty rises, the intervals are smaller. 
This design is used for the user to practice pitch perception. The submodules are 
divided in exercises.  

• Exercises: the user will train each submodule with a variable number of exercises. 
All the exercises are based on the module’s rhythm and submodule’s melody. As the 
exercise increases, the difficulty rises. 

The objective of this design is to gradually improve the player’s auditory memory, The first 
exercise serves as a reference to learn the beat and notes which will be trained along the 
submodule. For such purpose, the program reproduces all the notes to act as a guide on how 
the submodule should sound. The difference of the posterior exercises is that only some notes 
of the stream must be played, and only the beats which are not target notes will be reproduced 
by the program. The last exercise serves as a review for the whole submodule. 

This way, the player not only learns to play a rhythm, but also to follow it by fulfilling the 
task of completing it.  

Taking as an example the first exercise which is trained, the nomenclature used to name the 
exercise is: Module111. The first number stands for the selected module, the second one for 
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the submodule and the last one for the exercise. As a special case, the revision exercises are 
distinguished by the suffix revX, where X stands for the submodule number. 

4.2.2 Difficulty Selection 
The exercises can be played with different speeds to help the user adapt to the rhythm and 
offer flexibility to encourage the completion of the modules. The exercises can be completed 
using three different tempos: Slow, Medium, and Fast. These are equivalent to 25, 50 and 100 
beats per minute (bpm). The exercise is ready to be loaded and proceed to  

 
FIGURE 2: FIRST VIEW WHEN THE APPLICATION IS OPENED 

Figure 2 turns out to show the selection menu and part of the playing interface, which will be 
presented in the upcoming paragraphs. This aspect of design was not one of the objectives, 
and will be discussed in section 6.4 Conclusions. 

4.2.3 Playing Interface 
The playing interface is loaded once the exercise is selected. This view is used to play the 
exercise and can be studied in Figure 3. It includes the primordial element of the exercise, the 
“beats circle” (square a) in Figure 3), which is the spatial representation of the rhythm [13]. 
It is composed by a circle array of notes with an inner figure which represents the rhythm to 
be trained. And updated for each exercise with a specific inner figure and set of notes. There 
are two types of beats circles: 16 notes and 12 notes, depending on the rhythm under study. 
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FIGURE 3: PLAYING INTERFACE - MODULE111 USED AS EXAMPLE 

Figure 3 is divided in the following sections: 

a) Visual cue composed by the “beats circle”, notes to be played and maker which 
indicates which note must be played. The green circle in the middle will flash when 
the correct note is hit. 

b) Controls to play and stop the exercise 
c) Feedback and reference section, in which the Information box includes the selected 

parameters in the menu and the Progress box information on the current result and 
and trial. The piano is used as reference for the user to know the relation between 
numbers and keys. Furthermore, feedback sent as messages appears over the piano 
indicating the progress for each note. 

The exercise works as follows: after hitting Start, the note marker spins clockwise, following 
the tempo selected previously in the difficulty selector, indicating the note which must be 
played. Each complete spin to the circle is counted as a new trial. The first trial acts as a count 
in for the user to adapt to the rhythm, and the trial starts (and ends) in the top note.  

The user plays the note with the piano keyboard and the program compares the played note 
with the note to be played. If the note is correct and played on time, it is counted as correct 
note, and each trial is evaluated with the rate of accuracy. The user is given as a result the rate 
of accuracy of the whole exercise.  

The application does not have a limit of trials, deciding the user when to Stop. Once stopped, 
the application generates a logfile with the results for the experimenter to review. The logfile 
is titled “logfile_UserName”, in which UserName will be the name written at the beginning 
of the selection process. 

This is the general flow of an exercise completion. Knowing this process, the following step 
is to show which is the user’s objective to successfully complete the program  
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4.2.4 Task 
Each module should be completed within approximately one week. The user should be able 
to complete all the exercises in a module at medium difficulty, aiming for an accuracy of 80 
to 100% within 30 to 40 trials.  

4.3 Algorithm Implementation 
Until now, the interface for the user to interact with the program has been explained, justifying 
the use of its different sections. The objective of this section is to present the algorithm 
developed, emphasizing the most relevant aspects of implementation. The interface is 
implemented on the parent patch, and all the algorithm to implement the program is nested in 
[pd main_program]. The algorithm is explained following the workflow of the application. 

4.3.1 Exercise selection 
The logic used for such purpose is implemented in [pd load_list], which flowchart can be seen 
in Figure 4 and handles the actions of the Exercise Selection Menu previously explained. 

This algorithm looks to provide the user with a menu to select the exercise from the same 
playing session, to just have one implementation of the program and facilitate the use of the 
program. Furthermore, the chain of selection only works if the previous parameters have been 
selected, to assure the correct load of the exercise.  

 
FIGURE 4: LOAD_LIST SUBPATCH FLOWCHART 

It is worth mentioning the discovery of an error in Purr Data related to opening the panel to 
select the submodule. The program should open the panel in the Module directory. However, 
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the program does not read the specified directory correctly. Such error was reported to the 
developers, which they approved of and fixed for the next Purr Data release2.  

The logic implemented for the exercise selection can be described as a performance solution. 
due to the instability of Pd handling text files and will be discussed further on.  

4.3.2 Submodule and exercise 
This section will present the structure of the submodule. The submodule is a plain text dile 
divided into rows, where each row represents an exercise. These rows are divided in fields 
which represent the parameters used to load the exercises, as seen in Figure 5.  

 
FIGURE 5: SUBMODULE STRUCTURE (IN THIS CASE SUBMODULE 1 OF MODULE 1) 

The contents of the exercise, following Figure 5, are: 

a) Name of exercise: representing the selected exercise and is used to inform the user 
during the selection. 

b) Beats Circle image: used to load the image on the program. As it will be explained 
in 4.3.3, the images are rendered using the Graphics Environment for Mulitmedia 
(GEM) external library. In Purr Data, GEM only supports SGI image files Annex I 
includes all the beats circles trained. 

c) Sound Guide notes: this array represents the notes which will serve as sound 
reference.  

d) Target notes: this is the array which appears on screen and represents the notes meant 
to be played by the user.  

Figure 5 shows how the notes are numbered from 0 to 18, where every note different from 0 
represents the note meant to be played in the exercise. Each number represents a key of the 
piano, which means that the user will train within one and a half octave. 

Numbers are used instead of note names to avoid overwhelming the user. Furthermore, these 
numbers are the base to reproduce the sound guide notes and to evaluate the exercise, based 
on MIDI note values and corresponding frequencies. The implementation of the sound engine 
is studied and note comparison is explained further on. 

4.3.3 Play Algorithm  
Once the exercise and difficulty are selected, the next step is to load and play the exercise. 
The algorithm to this section will be referenced to the playing interface studied previously in 
Figure 3.  

The playing process depends primarily on [pd play_circle]. This subpatch acts as a manager 
to handle two main tasks: send target notes to evaluate played notes and synchronize the 

                                                      
2 The discussion can be found in: https://git.purrdata.net/jwilkes/purr-data/issues/323 
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audiovisual cues with the notes to be played. The main process of the exercise functioning is 
explained in the flowchart in Figure 6.  

 
FIGURE 6: PD PLAY_CIRCLE FLOWCHART 

Therefore, the next milestone is to create the logic which evaluates the performance of the 
user during the exercise. However, before explaining this section, the reference elements 
which the user follows to complete the exercises are presented. 

4.3.4 Audiovisual Guides 
This section explains the implementation of the components which will help the user to learn 
and complete the exercises, as it provides the primordial elements for the user to complete the 
exercises successfully.  

As introduced in 4.3.2, the visual cue is implemented with the GEM external library [16] [17]. 
The reason for choosing GEM was to take advantage of a graphics environment programmed 
with Pd, to synchronize the real-time events and the audiovisual cues. Figure 7 shows the 
process to correctly load the parameters to create the reference visual window to follow during 
the exercise, managed by the [beats_circle] abstraction.  

The most significant processes are the animation of the note marker and the distribution of 
notes: 

• The marker spin is controlled by the metronome studied in Figure 6. The angle of 
spin is calculated by dividing 360º in the number of subdivisions the exercise has, 
obtaining the correct angle of spin. 

• To set the notes around the circle, each note number is independently loaded in the 
window and positioned using trigonometry principles.  
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From this implementation, it can be discussed that GEM does not offer appropriate modelling 
tools for interface designing.  

When the note value on the screen is different from 0, the correspondent note sound will be 
reproduced, for which the sound engine is implemented.  

 
FIGURE 7: [BEATS_CIRCLE] FLOWCHART 

During the exercise, the user listens two different sounds, the note played from the keyboard 
and the reference notes. The notes received from the keyboard are handled by 
[note_from_keyboard], while the reference notes by [pd produce_note].  

To create the audio cue, two individual synthesizers were programmed, one for the keyboard 
and one for the guide notes. The idea is to generate different sounds so that the user can 
differentiate played note from guide note and avoid possible phase cancellations between 
them. Another objective of using synthesizers instead of MIDI samples is the possibility to 
vary waves and experiment with different sounds. 

Both patches implement a synthesizer. The main difference between them is that 
[note_from_keyboard] is a two-note polyphonic synthesizer, while [pd produce_note] is 
monophonic, both based on [18]. The reason for this is to provide flexibility to the user when 
playing the exercise, preventing notes from not sounding due to midi note conversion delays. 
Furthermore, using a monophonic synthesizer as reference saves CPU usage, optimizing the 
application. 

The selected guide notes which are listened by the user are C4 to F5 (MIDI notes 60 to 77 
respectively), as this range includes what is considered the reference octave in music. To 
listen these notes, only Reference notes greater than 0 are added with 59, obtaining the MIDI 
notes from 60 to77.  

This way, 0 acts as a visual cue, indicating the subdivisions. The MIDI note value is sent to 
the synthesizer, where the [mtof] object converts the MIDI number to the corresponding 
frequency value and sends it to the oscillator.  
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4.3.5 Exercise evaluation and score 
Knowing the structure of the exercises and the way to play, the next milestone in the 
application is the study of the exercise evaluation and resulting score calculation. This task is 
included in the subpatches [pd compare] and [pd results].  

The comparison of target notes with the played notes is the base of the evaluation. Correct 
notes are counted when the player plays the target note inside a time window set to 150 ms3. 
Any note different from the expected or played outside the time window will be counted as 
incorrect. The result is the rate of accuracy given as an average, calculated following equation 
(1). The result is given in this way rather than the results of each trial as it shows the progress 
of the user. How the results are interpreted is studied further on in the task section. This 
calculus is done each time a trial is completed.   

 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =  
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑅𝑅𝐶𝐶𝑅𝑅 𝑁𝑁𝐶𝐶𝑅𝑅𝑅𝑅𝑅𝑅
𝑇𝑇𝐶𝐶𝑅𝑅𝑇𝑇𝑅𝑅 𝑁𝑁𝐶𝐶𝑅𝑅𝑅𝑅𝑅𝑅

∗ 100 % (1) 

The exercise evaluation represents one of the most sensible aspects of implementation, as it 
involves the codification of C external objects. Therefore, a deeper view into the algorithm is 
taken.  

This process needs to consider the following situations:  

• The moment in which the user plays the note 
• Compare the value of the notes, considering any octave correct to play the note 
• Consider the time elapsed between the notes 
• In addition, evaluate if the user doesn’t play a note or if more than one note is played 

before receiving a target note. 

To solve the previous design matters, three external C objects were implemented: [firstNote], 
[compareEF] and [comparePF]. The algorithm was divided in three objects to manage the 
task more easily.  

[firstNote] evaluates the order of the note arrival, monitoring it with the use of flags, sets the 
timing elapsed between notes and counts the total number of target notes. Furthermore, it 
manages if no note is played or if more than one is. Figure 8 represents the flowchart of the 
algorithm. 

                                                      
3 After carrying out experiments, this time span turned out to be too big. The modifications are 
discussed in the section 6.3: Enhancements.  
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FIGURE 8: FIRSTNOTE FLOWCHART 

Depending on the order of arrival, the notes and time are sent to [compareEF] or 
[comparePF], which will compare the note values and count the correct notes. EF stands for 
Expected First, and it evaluates the note values when the user plays the note after the target 
note, while PF represents Played First, fulfilling the same task when user plays note before 
expected one. 

Figure 9. represents the flowchart with the logic used to compare notes4.The main difference 
between them is to give feedback to the user if the note is played before or after target one.  

The reason for comparing the modulus of the notes is to not consider the octave in which the 
user plays the note. This will compare the notes without considering in which octave the note 
is played. The time condition is set to 150 ms to give flexibility, as more strict time limits 
would be discouraging. 

                                                      
4 As both objects fulfil the same task, only one flowchart is included, to avoid redundancy.  
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FIGURE 9: COMPAREEF AND COMPAREPF FLOWCHART 

All the events and results are then stored in a logfile. 

4.3.6 Exercise Evaluation Storage 
The outcome of the exercises is registered in a logfile for the experimenter to obtain the 
patients’ progress at the end of the program. The logfile is designed to include all the events 
occurred during the exercise to justify the results obtained by the user. To record the results, 
an external C object called [logfile] has been developed. The algorithm which implements 
this object is explained in the flowchart seen in Figure 10. 

 
FIGURE 10: LOGFILE OBJECT FLOWCHART 
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The structure of the generated file 5can be seen in Figure 11.  

 
FIGURE 11: RESULTING LOGFILE STRUCTURE 

This is the end of the explanation of the proposed solution. Based on the design objectives, 
an application was successfully implemented. To prove if the program worked correctly, it 
was subjected to a series of tests, which are presented in the following chapter. 

  

                                                      
5 Chapter 5: Results includes examples of files obtained from experiments to discuss results and 
enhancements.  
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5 Results 
The application was tested by a group of adults with and without music experience. This 
chapter presents the results obtained from the tests. The main objectives of the experiment 
were the following: 

1. Test the usefulness of the application and verify its easiness to follow, focusing on 
the impact of the audiovisual cues, to prove if it helps the user in the task of 
developing auditory memory, 

2. Find any possible errors which the algorithm could contain to fix them. For such 
purpose, the exercises were supervised by the experimenter taking notes of possible 
anomalies, 

3. Obtain a constructive feedback from the users for future enhancements of the 
application 

The experiment was performed by a group of 18 adult users, out of which 11 had received 
musical training and practiced music instruments regularly, and 7 had not practiced music. 
Out of this group, 16 considered themselves NH listeners and 2 reported hearing disabilities. 

The test consisted on the following parts:  

• The users were first presented the objectives of the program and given a short 
introduction of the state-of-the-art research. 

• Then they played the two first exercises of the program, Module111 and Module112, 
to experience the concept of the exercise design. The exercises were completed in 
Medium difficulty. For users with no musical experience, there was a first exercise 
completion in Slow difficulty for them to adapt to the workflow of the program. This 
first round encouraged them to complete the exercises in Medium difficulty. 

• To complete the exercises, users without music experience and those who did not 
adapt to the exercise correctly in the first trials were asked to play at least 20 trials6. 

• After completing the exercises, each user filled in a survey to gather experimental 
information, in which they indicated if they had previously trained music, had any 
hearing disabilities and if they found the program useful and easy to follow, adding 
comments on what they thought could enhance the application. 

The results of both exercises for every user are included in Figure 12 and Figure 13 7. These 
results are very positive, as they demonstrate how, after repeating a certain amount of trials, 
all the users tend to adapt to the rhythm and complete the proposed task. However, the tests 
were useful to discover programming errors which affected the application’s performance 
during the first trials. These results are discussed in section 6.1. 

                                                      
6  Those users who kept an average of 100% accuracy were told to stop playing when they felt 
comfortable with the application 
7 All the logfiles with the results can be found in the attached CD-ROM, in the folder titled Experiment.. 
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FIGURE 12: MODULE111 EXPERIMENT RESULTS  

 
FIGURE 13: MODULE112 EXPERIMENT RESULTS 
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6 Discussion and Conclusions  
The aims of this project were to design and implement a music training program using a 
multimodal representation of the information to enhance the auditory acuity of the user, in 
the form of an easy-to-use application to keep the user highly encouraged.  

6.1 Results Discussion 
The results studied in Figure 12 and Figure 13, supported by the supervision of the 
experimenter to see the correct completion of the task and the comparison of notes included 
in the logfiles prove the correct functioning of the application’s purpose to help the user train 
rhythm perception. However, as it was mentioned previously, the tests were useful to discover 
performance errors in the code, which were annotated during the completion of the exercises.  

6.1.1 Discovered errors 
The following errors were discovered 

• Incorrect results, over 100%, during complete exercises, as seen in Figure 14 and 
during first trials of certain exercises, included in Figure 15. These last values 
represent the first values missing in some users in Figure 12 and Figure 13. 

• Inefficient constraints in Trial 0, counting the notes played in this trial. Such error 
was discovered during User 10 completion of Module111. 

• Issues with first note compared and timing between notes in the first trials, first 
studied in User 10 results for Module111. Furthermore, abnormal times registered. 
These can be seen in Figure 16. 

• Between exercises, last note counted in the previous exercise is counted as the first 
one in the next exercise. This can be seen from the time stamp comparison between 
notes in Figure 16. 

 
FIGURE 14: MODULE111 RESULTS FOR USERS 2 AND 10 AND MODULE112 RESULTS FOR USER 12 
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FIGURE 15: CONFLICTIVE RESULTS IN FIRST TRIALS 

 
FIGURE 16: INCORRECT TIMINGS, TRIAL 0 AND FIRST NOTE ISSUES - MODULE111 USER10 

The errors presented in Figures 14, 15 and 16 affected the performance of the application, 
mainly on the feedback given to the user and the interpretation of the results stored in the 
logfiles. The diagnosis of this error is the incorrect reinitalization between exercises of 
variables on which the results and timers depend. 

6.2 Solutions  
The program was debugged to solve the previous mentioned errors, focusing on the note 
comparison and result algorithms. The last error explained, in which the last note stored from 
an exercise is stores as the first one could not be solved, although the research for it was done.  
The following points will introduce the cause of error and the solution applied:  

• The program calculated the results considering the number of correct hits from 
previous exercises. Following equation (1), this explains the results over 100% 
observed in figures 16, 17, 18 and 19. To solve this problem, the counters are restarted 
each time the exercise is completed. 

• The incorrect results were also related to the inefficient constraint of counted notes 
in Trial 0. If users played the correct notes during this first trial, it would be counted 
and therefore the first results would be over 100%. The solution to this error was to 
condition the count of played and target notes only when the number of trial was over 
0.  

• The timer issues were due to the incorrect restart of the timers each time an exercise 
finished. Hence, the timer kept functioning and was stopped when the next exercise 
was played, explaining the abnormally high times. Additionally, it was observed that 
the time given by Pd between notes was the CPU time to process the note events, 
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justifying the inprobable repetition of times shown in Figure 16. To solve this, a 
[timer] object was used, providing the time used in Pd to process the events.  

As mentioned in the first paragraph, the error which shows the first note corresponding to the 
last note from a previous exercise was studied. The diagnosis for this error is the inefficient 
constraint from the last trial not completed, when the player hits stop, not disposing the data 
of the last trial. Therefore, further works should focus on adding constraints to not considered 
what happens during the last not completed trial. 

Although this last error could not be solved, the program is ready for performance, as the 
logfile shows the relevant data of notes played by the user. 

6.3 Enhancements 
The previous study not only helped to solve the problem, but also to implement and improve 
certain aspects useful to provide better feedback. 

Regarding to time conditions, 150 ms was a large window. Therefore, the external objects 
were updated so that this condition depended on the tempo selected. The time constraint was 
set to count correct notes which were amongst the first subdivision. 

For instance, at the end of the exercise the user was not given any information on their results. 
Therefore, a new window with the result and number of trials played, followed by a message 
to help them know if they passed the exercise was created to appear when the exercise is 
finished. 

The logfile was modified to improve its reading. The value of the time stored did not indicate 
which was the order in which the user played the note. To solve this, the notes which are 
played before the target note are stored as negative times, whilst the ones after are stored as a 
positive value. Related to the compared note values, the played MIDI note values were being 
stored. To not consider the octave in which the note is played, the modulus of the note is 
stored to follow the syntax of notes played by the user. 

This sets the end of the development of the application, giving way to conclude if the design 
objectives were accomplished and discuss further works. 

6.4 Conclusions  
This project seeks to develop a novel music training program which will serve to cochlear 
implant users to enhance their auditory acuity by learning an instrument. The primordial 
objectives were to provide with an easy to use environment, with an interface which keeps 
the user highly encouraged to complete the exercises and enhance their music experience. 

Firstly, the application offers novelty as it trains music with the use of a piano. This technique 
is successful, as it provides the added challenge of learning how to play an instrument. This 
is directly related to provide the user with an easy to use environment and accomplish a 
multimodal representation of the information. This is an optimal solution, as it links the 
following aspects: 

• The piano displays the notes relating pitch and position visually 
• The beats circle provides spatial representation of the rhythm 
• Note syntax to easily link the interface with the piano 
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The results show the algorithm is robust, providing the user with a good display of the 
information to follow and encouraging feedback. Therefore, the application proves to be 
helpful to train rhythm perception and develop the auditory memory.  

Discussing the implementation, Pd turns out to be a powerful audio engine and DSP library, 
useful to create a robust and reliable program. However, the hindsight is that it is not an 
optimal program for application development, mainly because of the next reasons: 

• The graphic environment which it provides is optimized for artistic performance and 
still very limited for the creation of interactive applications.  

• Text file handling is poor, having to develop solutions which were not convenient 
(exercise selection) to avoid the program from crashing. 

• Pd does not offer the possibility to generate standalone applications, having to install 
Purr data to use the application. 

In conclusion, this project provides an application which offers robustness over appearance, 
accomplishing the main objective of providing a tool which will be helpful to enhance 
auditory acuity and, hopefully, introduce CI recipients to enjoy the fascinating world of 
music.  
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7 Further Work 
Taking as a starting point the conclusions and feedback gathered from the experiment, this 
section presents ideas to enhance the application for an even better experience.  

The first objective should be to enhance the graphic layout, by designing a more user-friendly 
exercise selecting menu and a single window playing interface. For such purpose, it would be 
interesting to implement the program as a standalone application for iOS and Android devices 
using libpd. This way, a powerful graphical interface could be designed to be linked with the 
Pd algorithm. 

Another improvement would be further gamification. The addition of new levels of difficulty 
for the user to complete the exercise varying the visual cues seems as a good idea to test 
auditory memory. Furthermore, greater feedback on note timing would be helpful, by 
improving the algorithm setting new time windows and developing a system to inform when 
the note hit is correct if the hit was previous or posterior to the target note. 
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Annex I: User Manual 
A.1. Introduction 

Welcome to ReTrain app. We hope you find this program useful to enhance your music 
abilities. In this manual, you will first be introduced to the program’s structure and objectives, 
to then proceed to learn how to set it up and how to play. 

ReTrain is a 6-week based music training program, in which the primordial objective is to 
train the auditory memory. To do so, you will practice rhythm, with the use of visual guides 
called beats circles, and relate pitch to motor movement through the repetition of melodic 
lines.  

The program consists of 6 modules, each composed by a variable number of submodules. 
Each submodule will train a rhythm and a melody that you will play with a piano. To train 
your auditory memory, the submodule is divided into exercises. The first exercise of each 
submodule will act as a reference to learn the rhythm and melody, and the posterior exercises 
will test your auditory memory.  

The exercises can be completed in three difficulties: Slow, Medium, and Fast. 

Your objective is to complete one module per week with an accuracy of 80-100% at medium 
speed. 

A.2. Setting up the environment 
The first step is to prepare the components to be able to play. You will need: 

• A computer/tablet with the program ReTrain_App.pd 
• A piano keyboard  

A.2.1. Installing Purr Data 
To open the program, you will need to install the Purr Data application. The installer for this 
app is included in the ReTrain program folder. You can double click on the installer and 
follow the instructions. 

Once the application is installed, you should be able to open the file called “ReTrain_App.pd”. 
If opened correctly, you will find a window which looks as figure 1. 
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FIGURE 17: RETRAIN APP MAIN WINDOW 

 

A.2.2. Connecting the piano to the program 
First, be sure you connect the piano to the computer BEFORE opening the application. 

When the application is running, first you must make sure the piano is connected. To do so, 
follow these steps:  

• Touch on the edit tab and click on preferences: 

 
FIGURE 18: OPENING THE PREFERENCE WINDOW 

• Click on MIDI tab: 
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FIGURE 19: PREFERENCE WINDOW - KEYBOARD SELECTION 

• Click on the “Input Devices” section and select your keyboard model.  

Now the environment is ready for you to play with the program. 

A.3. How to play 
This section will teach you how to start playing and how to follow the exercises. If the 
application is opened correctly, you should be able to see the next window:  

Once loaded the first thing to do is to select the desired submodule to train. 

A.3.1. Loading an exercise 
To load an exercise, you will use the “Exercise Selection Menu”. To use this menu, follow 
the next steps: 

1. Click on the box under “1. Insert Name”. When the box contents turn red, you can 
write your name and surname and press enter. 

2. Click the button under “2. Select Module”. This will open a window for you to select 
the desired submodule. You can find the submodule in the Module folder. Click on 
it and press open. 

3. To select the exercise in the submodule, click the button under “3. Select Exercise” 
until the desired exercise appears in the information box. 

4. Once the exercise is selected, select the desired difficulty by clicking on the box 
besides the desired difficulty. 

5. Once all these parameters are selected, the exercise is ready to be loaded. Click the 
button in “5. Load Exercise” 
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A.3.2. Playing an exercise 
When the exercise is loaded, you will see the window as Figure 2: 

 
FIGURE 20: PLAYING INTERFACE FOR EXERCISE MODULE111 

Figure 2 shows the layout of exercise Module111. Every exercise follows the same layout. 

The circle seen in the black screen is the beats circle, and the numbers around the circle 
represent the notes you must play to fulfil the exercise. Every note different from zero 
characterizes a note which you must play. You can use the keyboard in the lower left side as 
a reference to know which keys you must play. 

Each exercise works as follows:  

1 When you hit the start button, the red circle will spin around the beats circle. This acts as a 
marker which will indicate the note you must play. The first note of the exercise is always 
on the top. Each time the marker completes a whole spin, this will be counted as a Trial. 
The first spin acts as a count in for you to listen to the exercise and get ready to play. 

2 When the marker stands over a note, you will play the indicated note on your keyboard.  
3 The note evaluation is explained in table 1:  

TABLE 3: NOTE EVALUATION 

ounted as correct Note ot counted as correct note 

essed note is the same as indicated and played 
on time. 

essed note is different from indicated one 

essed note is the same as indicated but played 
slightly early or a slightly late. 

essed note too early or too late. 

4 The program is designed to stop when you decide it. To do so, press Stop. A window with 
your exercise results will appear giving you feedback on the completion. 

A.4. Recommendations 
That’s the way to use the application. Take each exercise calmly, not only having as an 
objective the result, but focusing on getting the feel of the rhythm and learning its meaning. 
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Take as many trials as needed and repeat the exercises to be able to recognize and follow the 
practiced rhythms without any visual cues.  

Good luck and have fun!  
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Annex II: Beats Circles and libpd 
A.1.  Beats Circles 

The beats circles are the primordial element of the interface which the user must follow to 
complete the exercise. These are based on the studies of Neil McLachlan [13], who analyzed 
musical structures mapped into cyclic arrays following Gestalt psychology principles, 
mathematical group theory and psychoacoustics.  

The interesting aspect of using cyclic arrays over linear arrays is that the end of a cycle and 
the beginning of the next share the same point in space. McLachlan [13] shows how 
geometrical shapes can be formed subdividing the circles in equal groups and using principles 
of mathematical grouping theory. If a circle is divided in 12 subdivisions, and groups of three 
subdivisions are formed, the resulting figure is a square. Following this principle and counting 
every possible grouping, all the geometrical figures seen in Figure 21 can be obtained. 

 

 
FIGURE 21: GENERATION OF POLYGONS THROUGH ITERATION OF GROUP SIZES OF A 12 ELEMENT CYCLIC ARRAY. 

ILLUSTRATION FROM [13] 

This is the principle followed to generate the beats circles used in the program. Each module 
trains a new rhythm, starting with the simplest rhythm, 4/4, gradually increasing the difficulty 
with the presentation of subdivisions and finishing with polyrhythms. Figure 22 and Figure 
23 show the beats circles used in order of use.  
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FIGURE 22: WEEK 1 (TOP LEFT)- WEEK 2 (TOP RIGHT)- WEEK 3 (TOP RIGHT/BOTTOM) 
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FIGURE 23: WEEK 4 (TOP LEFT), WEEK 5 (TOP RIGHT)- WEEK 6 (BOTTOM) 
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A.2. Embedding Pure Data using libpd 
Pd can be embedded in iOS and Android devices using libpd, which is a wrapper to turn Pd 
into and embeddable audio library [15]. libpd handles the exchange of MIDI, bang, float, and 
symbol messages between Pd and client code. It includes language bindings for Java, 
Processing, Objective-C, and Python. It is also possible to use Swift language, although there 
is not much documentation yet.  

In this project, research for the development of the ReTrain application for iOS devices, 
through the study of the pd-for-iOS library found in GitHub [19] and the tutorial videos done 
by Dr. Rafael Hernandez on how to embed a Pd patch in iOS using XCode [20].  

The outcome of such research gives a series of future lines to follow. First, due to the nature 
of libpd, the use of external objects and libraries makes the implementation more complex, 
having trouble to find certain externals to be used. Therefore, two possible solutions to this 
matter may be either to implement the necessary objects for libpd, or manipulate the Pd 
ReTrain patch substituting the conflicting objects with alternative logic.  
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Appendix I: Survey  
A.1. Survey questions and feedback 

This section includes the questions which were used to gather the experimental information 
to correctly interpret the results and tables with the results and feedback given by testers.  

 
FIGURE 24: QUESTIONS 1 AND 2 - MUSICAL TRAINING DATA 

 
FIGURE 25: QUESTIONS 3 AND 4 - HEARING DISABILITY DATA 
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FIGURE 26: QUESTIONS 5 AND 6 - PLAYING INTERFACE FEEDBACK 

 
FIGURE 27: QUESTIONS 7 AND 8 -  PROGRAM FEEDBACK 
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TABLE 4: USERS 1-9 ANSWERS FOR QUESTIONS 6 AND 8 

User Feedback - Question 8 Comments Question 6 

1 "Chords training as more advanced 
training (several pitches played 
together)." 

NA 

2 "Enter more musical melodies, in order 
to make it easier to follow. In advanced 
terms, harmonic structures could be 
interesting. There are some delays that 
could be improved." 

"For non-musically trained 
people (maybe cochlear 
patients enter this group) 
would be tricky to follow. The 
graphic representation of the 
rhythm is a very good idea." 

3 The notes that you have to play are the 
same during all the rounds. They might 
change. 

NA 

4 "Make it easier for non-musicians." NA 

5 "Metronome click would be a nice 
enhancement." NA 

6 "Exercises were easy to follow in 
general, however some improvements 
such as larger indicators for the notes to 
be played would help in polyrhythm 
tasks." 

NA 

7 "Put a sound with a sharper attack. That 
they would not be any delay between 
pressing the key and hearing the noise 
(avoid the "wah" sound)." 

NA 

8 "If you want the person to try and keep 
the rhythm without the visual cue maybe 
introduce a fade out of the circle while 
the person keeps playing. This way a 
person having good eye to hand 
coordination thanks to video games or 
else but who has never touched a 
keyboard before might find it more 
difficult and their good results will be 
thanks to rhythm and not eye to hand 
coordination." 

Na 

9 "The red circle is distracting if the 
rhythm is the main focus. In future 
versions or difficulties, I'd remove the 
red circle to force the patient to focus on 
the sound rhythm Instead of the red 
pattern movement, which I consider 
distracting." 

Na 
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TABLE 5: USER 10-18 ANSWERS TO QUESTIONS 6 AND 8 OF SURVEY 

User Feedback - Question 8 Comments Question 6 

10 

"Adding a metronome in the first 
trial run to give an idea of the 
tempo. Adding tags to the keys of 
the physical keyboard to match the 
numbers on the screen." 

NA 

11 

"Bit chin app needs gamification for 
motivating users to continue. Guitar 
hero seems like a good example. 
More fluent feedback on how it's 
pressed if too early or too late on 
the actual screen, where the rhythm 
is presented." 

NA 

12 

"I think the app works, but maybe 
make it more user friendly for 
people who is not used to 
electronics, maybe by making a 
username that remember your week 
and level so you don't have to find 
yourself. More automatical." 

NA 

13 

"A metronome would make it a lot 
easier. But maybe it's not supposed 
to be easy? You can always make it 
an option you can toggle on/off." 

"The notes you play yourself in the 
first exercise blends a bit in with 
the notes the computer makes, as 
it's the same sound. Maybe two 
different kinds of piano sounds 
would work better?" 

14 

"An extra keyboard that shows what 
I am actually doing would be very 
helpful." 

"In the beginning I was pressing 
the wrong key, and the program 
didn't help, but when I got 
corrected it was very easy to 
follow." 

15 NA NA 

16 Stickers on piano-keyboard. Or 
maybe a thing with fewer keys. NA 

17 NA NA 

18 

"Measure the time the note was 
pressed and compare it to a time 
stamp of when the note should be 
played. And do the same with note 
length." 

NA 
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Appendix II: Hearing Disability and Music 
A.1. . Hearing Disability 

The number of people with disabling hearing loss worldwide oscillates around 360 million, 
out of which 328 million are adults and 32 million are children. Decibels hearing level 
(dBHL) are used to measure hearing loss. Disabling hearing loss is referred to as a loss greater 
than 40 dBHL in adults and of 30 dB in children [21].  

This training application is intended for elderly people with a severe sensorineural hearing 
loss and use CIs as a treatment for it. Therefore, it is important to know which are the different 
definitions of disabling hearing loss to gain a better knowledge of the field. 

There are different types of hearing loss: sensorineural, conductive, and mixed hearing 
loss. The focus of this thesis will be on sensorineural hearing loss, which defines two 
problems, the sensory loss of the inner ear and the neural loss of the hearing nerve [22].  

Furthermore, it is important to distinguish between different degrees of disabling hearing loss, 
finding three main groups: moderate (between 40 and 69 dBHL), severe (between 70 and 89 
dBHL) and profound hearing loss (from 90 dBHL) [23]. 

The objective of such a training application is to enhance the poor musical appreciation which 
CI recipients experience. Before going further into the musical field, this section introduces 
the CI structure and its complexity of research.  

A.1.1. Cochlear Implant structure  
The focus of this section is to give an overview of the CI’s system design to further on 
understand the possible causes of the problem which is under study. To begin with, a CI is a 
bionic implant which is used to directly stimulate the hearing nerve on patients with severe 
to profound sensorineural hearing loss. Electrical stimulation is used for this purpose. Figure 
28 shows an illustration of a modern CI. 

 
FIGURE 28: ILLUSTRATION OF A MODERN CI [24] 

It is composed by two main parts, the speech processor (1) and the internal implant (3). 
The speech processor, powered by a battery, has a microphone which receives the acoustic 
waves, converts these into digital signals and encodes such digital signals into radiofrequency 
(RF) signal. The resulting signal is sent to the internal implant through an antenna attached to 
the head (2), using a RF link. The internal implant decodes the RF signal and converts it into 
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electrical impulses which are sent to the electrode array set through the cochlea. The 
electrodes excite the auditory nerve, sending the information which the brain interprets as 
sound (4). 

Figure 29 presents the functional block diagram which represents the way all modern CIs 
work. 

.  

FIGURE 29: FUNCTIONAL BLOCK DIAGRAM OF A MODERN COCHLEAR IMPLANT [4] 

The external unit represents the speech processor introduced previously. A DSP, a power 
amplifier and the RF transmitter compose it. The DSP is the first critical point of the process, 
responsible of coding the incoming acoustic waves into digital signals sent to the internal 
implant. It includes memory units, referred to as “maps”, which contain patient specific 
information, and which can be loaded via PC fitting.  

The internal unit refers to the internal implant, and it is composed by the RF receiver, 
connected to the decoder which will decode the encapsulated digital signal and to the 
stimulator which will send the proportional electrical impulses towards the electrode array. 
The power supply to feed the internal implant is derived by the RF signal, as it is not possible 
to install a power supply inside the head, and is used to feed both decoder and stimulator [1].  

A.2. Music: Normally Hearing Listeners and CI users 
It is arguable that music is one of the most practiced everyday activities amongst Normally 
Hearing (NH) listeners [4], and, although for different purposes, in the end the objective is to 
have an enjoyable experience. For such intention, it is not required to know how to play music 
or understand music theory, although having this knowledge affects the way music is 
perceived. Therefore, this section does not explain music theory, but instead two aspects 
which are important to differentiate for the interest of this document: music appreciation and 
music perception.  

A.2.1. Music Perception  
The principal psychoacoustic parameters which characterize how NH Listeners perceive 
music are studied to gain a better understanding of the problems which CI recipients 
experience with music perception. The primordial parameters which represent musical sounds 
are: pitch, loudness, duration, and timbre. A sequence of notes played with different pitch 
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creates melody and harmony, while timing and duration of such notes establish the rhythmic 
foundation.  

A.2.2. Music appreciation 
The psychoacoustic parameters introduced previously structure music. However, the 
psychological aspect of music is studied in music appreciation, which represents the 
emotional reaction to music, also known as the enjoyment of music. Although NH listeners 
perceive music following the same acoustic principles, other factors such as cultural 
background, age, listening choice or, most importantly, previous training, will drastically 
change their reaction to different music [4]. 

Research has demonstrated CI recipients can slightly improve their musical enjoyment by 
controlling their listening environment and using visual cues. Some factors included in the 
listening environment are the use of good quality audio equipment in quiet, nonreverberant 
rooms. As additional conditions, selecting familiar melodies which are simple with strong 
beats and lyrics has also been reported as an enhancement. 
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