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The development of western music throughout history successively emphasized separate acoustical characteristics of sound. Early music (pre-9 th century), then medieval and renaissance (12-15 th century) experienced harmonic and melodic development. Baroque music (17-18 th century) evolved towards tonality change, but above all, beheld the birth of complex rhythms and phrasing. It is also a period characterized by freedom in bodily expression, contrasting with the former period where music had to stem from the brain. The concept of key only appeared in the 18 th century, a concept inherited from the classical period of music. The French composer and music theorist Jean-Philippe Rameau (1683-1764) is commonly accepted to have coherently established the rules of tonal system and harmony in 1722 with the book Treatise on Harmony -Rameau [1722]. Rameau introduced a theory of music based on universal harmonic principles, while drawing theories from mathematics and physics. The romantic music era (18 th -19 th ) was characterized by sudden and expressive changes of dynamics, also known as nuances. The invention of the pianoforte (end of 18 th century) embodies this evolution, progressively replacing the harpsichord in romantic music works thanks to its wide dynamics range capacities. Finally, the 20 th century was marked by spectral exploration, by means of orchestration at first, but above all by the rise of electronically generated sounds and the beginning of computer music. Composers, once outside the rules of harmony, tried to master the laws of acoustics and signal processing in order to make them the mode of production of a new sound matter.

If every culture and period has developed its forms of music, where could we situate so-called "electronic music" ? Most musical genres (pop, rock, hip-hop, jazz, movie music) are merging with "electronic music" nowadays. New sub-genres such as dream pop, synthpop, nu-gaze, vaporwave and post-digital music 1 , to name but a few, are being given forth every day and are aesthetically nurtured by the web. However, electronic music should not be considered as a genre but as a means of making music. Computers are useful in the creation of music that cannot be realized in any other practical way. These considerations lead us to many questions on what should be done next in order to renew music. Should we invent new musical practices ? Should we create new types of interactions ? CHAPTER 1. INTRODUCTION In 2001, Holmes and Holmes [2002] wrote that "All music today is electronic music". This statement can be observed in at least one -if not all -parts of the musical production chain (composition, organisation, recording, mixing, mastering, performance and distribution). Technology has changed the way we compose music, breaking down aural and structural bounds. It has also changed the way audiences experience music, presenting music through live performances or various communication media. However, even if audio technology and interactive systems are interesting, only the resulting music is important. Development of cutting edge musical systems and audio developments should be accompanied by new thinking in terms of sound manipulation and composition.

Imagine for a moment that a composer could manipulate every sounds -natural and synthetic ones -with his/her hands. One could slice a bass line with the edge of the hand, stretch a kick while pinching its transient parts, muffle or reveal a synthesizer layer lifting or lowering one's palm. One could act on higher level sound features: making voices ethereal by pulling them in space, distorting sound processes by scratching a surface, making sounds shimmer by shaking fingertips. One could twist sound objects by grabbing them, hence varying the sound phase shifts (an effect commonly know to musicians as flanger). A fast punch in the sound space and all musical grains would spread after a sonic boom. One could make the sound distant by stepping back from the sound space and conversely, make it dry and intimate by getting closer to it.

These intimate controls over the sounds would occur naturally and be close to our perceptions and intentions. Furthermore, in the case of musical composition and performance, perceptions and intentions should not slump due to an interface complexity. On the contrary, musicians should make one with their musical instruments. Embodiment with musical interfaces and human-computer interfaces has one advantage: it can draw inspiration from what instrument makers have been doing for centuries. A new technology is based on a need but also creates new practices; therefore designing a musical instrument is surely an iterative process and cannot be fully functional at its first release. The designer can only do his or her best to create what (s)he thinks is important, but the users -with time -will define the use of the object.

However, even if the potential directions of such avenues of research are endless, they are fascinating: they put into fresh perspective our bodies and music. Additionally, research merging music and gesture recognition can potentially result in new technologies designed for the human body, since these newly born applications, interfaces or instruments will be focused on bodily motions. Finally, incorporating gesture in HCI should not lock the body with rigid targets, but conversely, for creative uses, it should leave room for physical expression, and space for exploration and surprises while retaining enough constraints to allow repeatability. We propose in this thesis a perspective which is meaningful for us while attempting to find a synergy between technology -the computer, the sensors -and what we find important in music, based on aesthetics and philosophical concerns, which hopefully are not only personal.

For this thesis we developed a instrument in which the musicians' expert gestures are captured and hence trigger and manipulate digital sounds. The surface and the space above our instrument react to gesture as if the hands and upper body were seen, hence tracking their trajectories in 3D. The creation of this instrument incorporates three years of experimentation. Beginning with studies of musical gestures, we focused on pianolike finger gestures. By developing our own computer vision algorithms and gradually building on our past errors, we developed the seed of a musical instrument of its own kind.

Chapter 2 Context, problematic & objectives

Bodily responses to music are among the core experiences of music. They are hugely complex, with a myriad of response types interwoven into the fabric of thoughts, feelings, and social context. 

Context, problematic

Why study musical gesture ?

The broad term of musical gesture primarily refers to the traditional gestural know-hows that musicians acquire through years of instrumental practice but also to the informal and spontaneous gestures, which convey expression and emotion. There is now a growing interest in this second aspect as music-related gestures characterize performers, music genres, create bounds between people, and in the context of dematerialized -or disembodied -music, help visualizing the musical processes. The origin of music is fundamentally about mastering instruments (including vocal chords) with the help of our bodies in order to express musically some feelings. For this very reason, decades of research in the domain of gestural studies have lead to many definitions and theories attempting to characterize different aspects of this body language. However, following closely recent evolution of music, it has become essential -for us researchers -to enlarge our vision and cover all musical activities. Characterizing music activities by the term "musicking", Christopher Small refers to musical performance, "whether by performing, by listening, by rehearsing or practicing, by providing material for performance (what is called composing), or by dancing" -Small [2011].

As technology caused dematerialization -and disembodiment -our mores are changing: twofold aspects of gestures in musical trends tend to make a traditional form of expertise fade out and a recent form, such as musical mimicking, informal dancing, new practices with instruments or musical interfaces, appear in popular practices. Nowadays, it seems that people are more and more keen on interacting with musical media directly -through gestures -and technology is making this new activity possible. Recent motion capture systems developments enable body and finger tracking in 3D with relatively good precision and fluidity. The domain of computer vision, in particular, has tremendously evolved in the past few years, allowing us to track 3D body movements with a precision near the millimeter and with latencies approaching real-time conditions. Therefore, new tools for capturing and analysis enable researchers to study musical gestures, but also and above all, to create new ways of interacting with devices and instruments.

The experience of music is fundamentally physical and even if it is produced by digital means, the outcome will be at least making the air and some membranes (e.g. speakers, eardrums or skin) to vibrate. We share through this thesis the common opinion (discussed in [START_REF] Hodges | Bodily responses to music[END_REF]), that musical gestures are inseparable from the musical experience and must be a priority in musical research, creation and innovation. As technology is responsible for diversification in music and enables new practices, it is not surprising that gestural studies are crucial in the digital realm too.

As we shall see, the fields of music and gesture analysis are very broad and span from the domain of human-computer interfaces to sociology, going through notions of signal processing, computer vision, but also psychology, neuroscience, ergonomics and design, aesthetics and cultural heritage. Some notions associated with gestures are obviously well beyond our areas of expertise. However, we found it important to be as open and aware as possible with these other fields as the domain of "gesture" is interdisciplinary by essence. Studying "gesture" within the scope of music does not really prune the problematics since music itself opens up to so many other aesthetic concerns such as mental and physical imagery, artistic creation, singularity of expression and therefore collects all the problematics of art.

Dematerialization and disembodiment

Audio recording, arguably invented by Thomas Edison around 1877 with the phonograph, popularised music. Prior to this invention, music was not accessible anytime, and more, it was inevitably embodied. Only after a few years, people overcame the wizardry of this "ghostbox" -which was sometimes accused of being a hoax -and got used to hearing music emanating from a different place and time by people not physically present. However, more than a century after this invention, audiences going to musical performances still want to see both the performers and understand what it is they are doing. In our age of dematerialisation and disembodiment of cultural goods, music -in the form of recorded sounds distributed through various media -is consumed anytime and anywhere. On one hand, dematerialisation allowed us to widely share music, enjoy it in places were it was not meant to be heard. Among new customs, people use music to get stimulated while doing sports or studying, to relax, and even to mask other disturbances coming from their sonic environment1 . One the other hand, dematerialization masks physical aspects which are key to the human and emotional part of music. Furthermore, excessive use of music in various contexts tends to "blind" the listeners and veil the artist intentions, by making everything sound the same.

In the book Acoustic communication [START_REF] Truax | Acoustic communication[END_REF], Barry Truax reminds that before the 20 th century, people never heard exactly the same sound twice. Computer technology has even more profoundly modified the real-world environment: we are now often incapable of showing how sounds produced by the performers, this having the effect of making audiences with little enthusiasm towards computer music feeling alienated. Disembodiment surely brings a certain opacity to the music since one cannot see physical movements nor how the ensemble is put together. "From the gramophone, radio, cassette and CD, through to portable devices and shared through social media, music is in constant flux." [START_REF] Leguina | Musical preferences and technologies: Contemporary material and symbolic distinctions criticized[END_REF]) However, the incontestable benefits of unmaterialized sound -from production to reproduction and distribution -is indeed here to stay. As Liikkanen and Salovaara [2015] points out, watching videos has become one of the most popular activities in the Internet. According to ComScore, 1.3 billion people watched online videos in 2013, viewing on average 162 videos every month ComScore [2013]. Furthermore, 38.4 % of YouTube's traffic relates to music. Lastly, dematerialization and disembodiment of music has lead to drastic changes in terms of composition, production and performance. This last aspect, especially, is specified in the next section.

The modern musician

So-called musical expertise, in the long tradition of academic music research usually refers to cognitive-perceptual skills "ontogenetically acquired through formal musical training, or by playing an instrument" [START_REF] Lepa | Sound, materiality and embodiment challenges for the concept of 'musical expertise'in the age of digital mediatization[END_REF]. However, as we discussed above, disembodiment of the musical chain (production, distribution and diffusion) have become a whole new kind of musical expertise, which is embraced in the term musicking, coined in [START_REF] Small | Musicking: The meanings of performing and listening[END_REF].

CHAPTER 2. CONTEXT, PROBLEMATIC & OBJECTIVES "Implicitly drawing on the paradigm of the Western classical live concert, this ignores that for most people nowadays, the term 'music' refers to electroacoustically generated sound waves rendered by audio or multimedia electronic devices." [START_REF] Lepa | Sound, materiality and embodiment challenges for the concept of 'musical expertise'in the age of digital mediatization[END_REF] From recording studio to the stage The recording studio originated from the twentieth century sound technologies. From then on, a chain of composers, producers, engineers and musicians all took part in a meta-musical process occurring in a laboratory-like environment. In the studio, one can (arguably) enhance the best parts of a recording repeating as many takes as necessary and mixing them in order to get the sound right or to give it a particular aesthetic. [START_REF] Cascone | Laptop music-counterfeiting aura in the age of infinite reproduction[END_REF] writes: "this technological wizardry afforded the artist a larger than-life aura/presence through the studio-produced record". One way for this industry to equal the spectacular effect level of studio-quality in live concerts was to create scenery inspired by theatrical productions. Modern scenery included interesting costumes, pyrotechnics, lightning, strobe lights, fog machines, projections and VJying2 . However, the tradition of spectacular modern scenery in western music started with the Baroque era. As [START_REF] Cascone | Laptop music-counterfeiting aura in the age of infinite reproduction[END_REF] pointed out, "music as experienced in the concert hall became a performing art, borrowing presentation codes from the theater arts of seventeenth century France, in which costume dance and clever scenery ans scene change were from emphasized than acting and plot".

New musical expertises

As we discussed in previously, there exist an extensive literature about musical expert gestures, which takes as a reference traditional musical instruments. However, traditional views in academic music research tend to acknowledge mostly for traditional acoustic instrument musical expertise. Furthermore, academic music research is biased by the paradigm of western classical live concerts, which are taken as reference while "live concerts attendances form a minority of musical experiences in Western countries" -Lepa et al. [2015].

Furthermore, new music genres such as Electronic Dance Music (EDM) and Electro-Acoustic music (EAM) have changed musical expertise by adding basic signal processing and software prerequisites. Generation of synthetic sounds manipulation of sound recordings -o rsampling -has become a required skill for any EDM and EAM composers. From sampling voices and instruments to field recordings, noises, glitches, sound effects and any sound curiosities one can get a hand on, the new musician is also sound designer and understands technologies developed by audio engineers. Cobbling together influences from Witch house to Baroque music or from Chopped and Screwed to Abstract Hip-Hop is a potential concern for modern musicians. Through novel technologies, (s)he is finally able to follow elements from various music repertoires and sonic environments in order to craft a unique sonic aesthetic.

Interaction with an audience, interaction with musicians

The very start of music originated as an inter-individual communication mean through singing and dancing. Gesture can be as communicative as language itself and therefore, adds to spoken language information about the attitude, intention and mental state of the CHAPTER 2. CONTEXT, PROBLEMATIC & OBJECTIVES speaker or listener. Similarly, musical gestures prepare listeners and show an intention even before a note is being played. Electronic music and is mostly performed with the help of laptops nowadays: it changes the way people approach the performance. Looking at a laptop performance, audiences are sometimes confused about what they are meant to look at. Associating the music with real time visual performance (VJying) is a common alternative. An other interesting approach to interact with the audience is through aural performativity. Performers then attempt to provoke psycho-acoustic effects by taking into account both the venue's acoustics and positioning of speakers. Phill Niblock, Dion Workman, Kim Cascone among others, are such composers using aural performativity by activating the space and immersing the audience with textures, clicks and glitches - [START_REF] Stuart | The object of performance: Aural performativity in contemporary laptop music[END_REF]. The listener, interacts with the sound by moving his/her head, hence changing its orientation with respect to incoming sound waves and thus hears different sounds.

In its most basic form, computer-based music faces a problematic situation: most musical interfaces do not contribute to spectacular aspects of performances. Live computer music showcases performers basically pushing buttons, which are triggering recorded sound events. Laptop performances -term often use to define computer music concerts - [START_REF] Collins | Generative music and laptop performance[END_REF] -have replaced bands in most music venues and clubs. Perhaps this change has increases thanks to logistic reasons -it is in deed cheaper to hire one person with a computer than a full band. This fact irritates crowds, and as [START_REF] Cascone | Laptop music-counterfeiting aura in the age of infinite reproduction[END_REF] formulates "the laptop's signifier as a business tool is so ingrained in the public consciousness that its use as a musical instrument is considered a violation of the codes of musical performance. Audiences lose interest in live computer music as these performances are predictable and are considered as counterfeit. Furthermore, as explained by [START_REF] Stuart | The object of performance: Aural performativity in contemporary laptop music[END_REF], the use of laptop instruments in musical performance may cause various negative responses from the audience due to a loss of theatrical spectacle and the lack of performativity, arising from the performer's lack of gesture and communicative information.

That being said, the necessity of computers in music can be asserted: computer music offers an enormous diversity of possible sound textures and arrangements. However, producing music with it is obviously a computer job and is therefore keeping away musicians from social aspects of making music. When classical composers are writing music, they have one or several people to perform it. The fact that a composer has musicians playing his/her score has a strong impact on the composition process. Many questions arise from this relationship, such as: can one play this part ? What instrument should play this part ? Is it technically possible, is it elegant ? The computer musician, in contrast is often taking every decisions by himself while doing an important technical job, which might wipe out spontaneity and expressiveness.

Preservation and renewal of the intangible cultural heritage: musical gestures

This thesis has been supported and founded by the European project i-Treasures. The ambitious aim of this project and to a lesser extent, this thesis, is to capture and analyze the intangible cultural heritage in order to save it for dissemination and renewal with cutting-edge technological means.

CHAPTER 2. CONTEXT, PROBLEMATIC & OBJECTIVES

Intangible Cultural Heritage

Cultural expression is not limited to architecture, monuments or collections of artifacts. It also includes fragile intangible live expressions, which involve knowledge and skills. Such expressions include music, dance, singing, theater, human skills and craftsmanship. These manifestations of human intelligence and creativeness constitute our Intangible Cultural Heritage (ICH). ICH is at the same time traditional, contemporary and living, because it does not only refer to inherited knowledge but also to the renewal of contemporary cultural expressions. It refers to the past, to the present, and, certainly to the future as it is the mainspring of humanity's cultural diversity.

Objectives in the i-Treasures' project

The main objective of i-Treasures is to develop an open platform to provide access to ICH resources, enable knowledge exchange between researchers and contribute to the transmission of rare know-how from Living Human Treasures to apprentices. To this end, the project aims to go beyond the mere digitization of cultural content. Its main contribution is the creation of new knowledge by proposing novel methodologies and new technological paradigms for the analysis and modeling of ICH. One of the main objectives of the proposal is the development of an appropriate methodology based on multisensory technology for the creation of information (intangible treasures) that has never been analyzed or studied before. Human action or gesture recognition is a challenging problem that has has brought a lot of attention to both the academic and industrial world recently, with the explosion of natural user interfaces (NUI). However this problem is still far from being solved, and can be subdivided into three successive issues:

• capture and recording of the human subject

• feature extraction from raw motion capture data

• classification of poses or sequences

A usable gesture and action recognition system would ideally be accurate, flexible, easy to extend, real-time, independent from subject identity, robust to occlusions, requiring minimal effort for capturing the data (e.g. markerless and affordable equipment), capable of discriminating between large set of gestures, etc. Since no ideal solution exists, the constraints and mandatory requirements that have to be taken into account in the design of a solution will depend on the considered application, and different custom approaches will be built for different problems. To that extend, the efficiency of a gesture/action recognizer tightly rely on how the given problem has been scoped and understood, and how this understanding has inferred the appropriate choices in the three above-mentioned categories of issues. A wide range of applications require gesture or action recognition, in fields like e.g. security, health and medicine, games and entertainment, education, culture, sports, etc. The gesture recognition tasks envisioned in the i-Treasures project are particularly challenging. Depending on the use cases, motion recognition modules will be needed for full body, upper body or hand motion analysis, like the segmentation of continuous sequences into meaningful gestures. Both for the full/upper body and the hand motion use cases, the motion is extracted and presented as the motion of simplified skeleton models. The gesture recognition tasks encountered in i-Treasures should be robust to different performers, very precise and accurate, as the results have to be stored in the reference database. Moreover, we expect not only the high-level gestures to be CHAPTER 2. CONTEXT, PROBLEMATIC & OBJECTIVES recognised, put possibly the style of the performed gesture. In some cases, a different style will mean different basic gestures (the limb trajectories are different, for instance the arms are going up instead of going down), and the gesture recognition problem is the same. But in other cases, the motion styles lies in the variability of the motion: the functional motion (the limb trajectories) is the same, but the way it is performed is different (for instance brisker, smoother, etc.). In that case, more precise models are needed and features must represent all of the motion. Indeed arbitrary simplifications must be possibly avoided in order to avoid the loss of the information that could become meaningful to categorize the gesture style. In addition to this analysis task, gesture recognition must also be performed in the learning scenarios. Indeed, if we want to include some real-time feedback to the student while he/she is learning the expert's gestures, the student's motion must be recognized in real-time in order to assess his/her performance. This requirement brings the current research at the very edge of the available technology. Indeed the following and recognition of on-going activities and gestures is still vastly an open and challenging problem, and existing tools address it for very limited use cases.

At the origins of gestural studies

Sensors

Historical inventions, such as the microphone and the camera, along with artistic practices, witness the importance of capturing human data. In 1830, the Belgium physicist Joseph Plateau and the Austrian inventor Simon von Stampfler invented similar devices -respectively called Phenakistiscope and Stroboscope. Their principle is as follows: rotating wheels turning at high speed create optical illusions hence enabling to visualize movements by tricking our perception. In 1889, physiologist and photographer Etienne-Jules Maray invents the chronophotography technique, which is a set of photographs of a moving object, taken for the purpose of recording and exhibiting successive phases of motion. Coming near the development of cinema, Maray's only interest through this invention was to decompose and analyze fast phenomena that could not been observed with naked eye, such as horses full gallop or birds's wings flapping. If all three inventors have claims to be considered as founders of cinema, it is in 1880's with the Kinescope by Edison and the Cinématographe by the Lumiéres brothers that moving pictures appeared in theaters.

Through this chronology of technical developments, one can observe that cultural heritage -from various art's forms -has been fundamentally based on capturing, recording and reproducing what our senses perceive. Sight (ophthalmoception), hearing (audioception) are being captured by cameras and microphones. Similarly to the eye, cameras fixe series of images and similarly to the ear, microphones transduce acoustical vibrations into electrical signals. Touch (tactioception) can be sensed with capacitive devices and digital scent technologies such as olfactometers are developing odors capture systems (olfacoception). The ability to detect kinesthetic sense (proprioception) however, was not possible before the apparition of inertial sensors, motion capture systems and 3D vision tracking solutions. To conclude, sensors, emerging from different technological fields allow us to capture human information, and help creating bridges between different research fields such as computer vision and music.

Early studies on perceptions

In 1912, the psychologist [START_REF] Wertheimer | Laws of organization in perceptual forms. A source book of Gestalt psychology[END_REF] published his first experiments on body movement perception, which are considered as a starting point for the development of the gestalt CHAPTER 2. CONTEXT, PROBLEMATIC & OBJECTIVES theory. Later, in the mid-nineteenth century, Hermann von Helmholtz made important contributions in several fields of modern science such as physiology and psychology. Known for his "mathematics of the eye", theories of vision, ideas on the visual perception of space, on the sensation of tone and sound, he revolutionized the science of acoustics by combining his understanding of both physical principles and perception and hence, contributed to the discovery of the encoding principles in the cochlea as well as the phenomenon of air resonance in cavities -known as "Helmoltz resonance". Through his empirical approach, Helmholtz turned out to discover a physiological interpretation and realization of Fourier's analysis (1805). Among the most prominent works, he invented a resonator -named Helmholtz resonator -that recognizes various frequencies from pure sine wave components of complex sounds. In 1863, he had a strong impact on the field of musicology and music theory with his research in physics of perception. One of his publication, entitled "On the Sensations of Tone", Von [START_REF] Helmholtz | On the Sensations of Tone as a Physiological Basis for the Theory of Music[END_REF] digs into the contribution of physics, anatomy and physiology in the construction of a physical theory of music.

Concomitantly, Ernst Weber -known as the father of psychophysics -explored some aspects of physiology and psychology. His studies on sensation and touch, along with his attention on experimental techniques gave way to new instructions and areas of study for future psychologists, physiologists, and anatomists. He notably defined the "Just Noticable Difference" (JND), which enables us to distinguish the relative difference, not the absolute difference between items, but above all he is known for the "Weber's law", which formulates the fact that psychological events can be studied in conjunction with measurable physical stimulus values. Later, Gustav Fechner pursued Weber's experimental approach and completed his strategies while coining the term psychophysics to refer to this growing experimental science. In order to gather experimental data and understand connections between the body and the mind, he identified three methods, respectively named threshold of detection, consistency tests and reproduction method.

Embodied interaction in computer music

At the origins of embodied interactions

Phenomenology "Phenomenology is the study of structures of consciousness as experienced from the first-person point of view" -Smith [2008]. It is the science of phenomena, as appearing to our conscience through our perception of direct experiences. Phenomenology has been discussed in various ways for centuries, but it is in the 20th century, with works from Husserl, Heidegger, Sartre, Merleau-Ponty and others that this philosophy has been mainly established. Phenomenological concerns are intentionality, consciousness and first-person perspectives.

Inspired by Emmanuel Kant' interpretation of phenomena, phenomenologists do not judge things as they are, but as they appear to us. Furthermore, they adopt Kant's belief that our knowledge cannot transcend experience. Merleau-Ponty's philosophy is a constant argument for the underlying role perception presents in interpreting the world as well as engaging with it. Merleau-Ponty emphasized the body as the primary place of activity in the world, contrasting with the long heritage of placing consciousness as the source of intelligence and knowledge. He formulates in 1945 the concept of body-subject as an alternative to the Cartesian cogito in Merleau-Ponty [2013]. Phenomenology, is about communicating with elements through our senses. The body as embodied subjectivity CHAPTER 2. CONTEXT, PROBLEMATIC & OBJECTIVES continuously analyzes things within an "ever-present world-frame, through use of preconscious, pre-predicative understanding of the world's makeup" -Merleau-Ponty [2013].

To conclude, phenomenological ideas reveal very straight-forwardly defaults in symbolic music and HCI systems, where interaction paradigms do often not involve direct experiences nor bodily actions. Phenomenological background, as we will discuss later, influences a whole new type of interaction with machines, which at first were to close too symbolic and cerebral.

Enactivism

Based upon phenomenological writings by Maurice Merleau-Ponty and Martin Heidegger, neurologist Francisco Varela uses the term "enactivism" to characterize the cognitive process arising through a dynamic interaction between an acting organism and its environment. In continuity with this approach, [START_REF] Hodges | Bodily responses to music[END_REF] explores and catalogs all physiological (internal bodily processes) and physical (external bodily processes) responses to music. The authors discuss music affects physiological responses such as skin conductivity, heart rate, blood pressure, biochemical responses, skin or body temperature and muscular tension to name a few.

It is known to anthropologists that music and movement can connect people from all over the world -Blacking et al. [1995]. For instance, physical activities, such as dancing, marching, exercising, and working to music "exhibit a synchronization and entrainment between auditory input and motor output" -Brown et al. [2006]. Furthermore, [START_REF] Koepchen | Physiological rhythmicity and music in medicine[END_REF] elucidate how our brains and bodies are connected to react to sound and to rhythmic sounds in particular. Finally, moving to musical rhythms induces pleasure - [START_REF] Levitin | This is your brain on music: Understanding a human obsession[END_REF]. On a physical level, music provokes natural bodily responses with voluntary or even sometimes spontaneous gestures, such as head nodding and foot tapping. Studies show how audio motor systems are linked together such that musical patterns elicit and entrain strong motor responses (e.g. finger tapping synchronously with heard rhythms Baumann et al. [2007], making adjustments even when changes in tempo are below the threshold of detection [START_REF] Tecchio | Conscious and preconscious adaptation to rhythmic auditory stimuli: a magnetoencephalographic study of human brain responses[END_REF]).

Embodiment in musical interfaces

Musical embodiment

Many works about embodied cognition have been lead since the 1990's. Although this is a rather disparate topic, the common element for our context is that of seeing human mental activity as intimately linked with sensations of movement. One assumption of embodied cognition is that anything we perceive or think is connected with mental imitation of personal or others' body movements - [START_REF] Wilson | The case for motor involvement in perceiving conspecifics[END_REF], as well as simulations of what we believe are the cause, such as tactile or kinematic features of what we perceive - [START_REF] Berthoz | Sens du mouvement[END_REF]. Analyzing, countless verbal reports people make about movement sensations in musical experience, [START_REF] Eitan | How music moves[END_REF]; [START_REF] Godøy | Motor-mimetic music cognition[END_REF] have come to believe that images of body movements are fundamental to musical experience. [START_REF] Leman | Embodied music cognition and mediation technology[END_REF] points out that the association of body movement with music is universal and independent of levels of musical training, as most people have deep-rooted experiences of sound and movements. Godøy et al. [2010a] refers to the various instances of air-instruments' performances such as air-guitar, air-drums and air-piano, which demonstrate that people with no musical training can have relative knowledge of how sounds are produced -that is, of the working principles and spatial layout of musical instruments, and of the kinematics as well as the CHAPTER 2. CONTEXT, PROBLEMATIC & OBJECTIVES dynamics of sound-producing gestures. Furthermore, Demos et al. [2012] explicit that embodiment in music also acts as a "social glue" on the participants of a common musical experience, synchronizing and connecting them physically and mentally.

Embodiment in Social and Tangible Computing

Embodiment is not a new idea. It is a common theme running through a great deal of the philosophy of the last hundred years. [START_REF] Dourish | Where the action is: the foundations of embodied interaction[END_REF] Let's start with definitions of the word embodiment:

1. Embodiment means possessing and acting through a physical manifestation of the world [START_REF] Dourish | Where the action is: the foundations of embodied interaction[END_REF]). However, according to the author, this definition does not account for all the relations of the body presence in the world such as "conversations, mutually engaged actions and so".

2. Embodied phenomena are those that by their very nature in real time and real space [START_REF] Dourish | Where the action is: the foundations of embodied interaction[END_REF])

3. A tangible or visible form of an idea, feeling -Oxford Dictionnary

Even though the perspectives offered by these definitions are interesting, especially from a HCI point of view, readers might suffer from their vagueness and can rightly ask themselves if the term embodied interaction is really purposeful. The field of embodied cognition states that the way we think is fundamentally influenced by the fact that we have a body and move in the physical reality. Again, how this statement can actually be put in practice -through an embodied interactive system ? Ideally, tangible computing should make the most out of physical capabilities, while social computing should incorporate social behaviors in the context of software and technology uses. However, both tangible and social computing are based on our knowledge of the everyday world. Using our natural "familiarity" with objects, common experiences, social and tangible computing meet through embodiment.

Gestural control for computer music

One of the main problem in electro-acoustic and electronic music is the distance between composers and the composing medium, which later became the computer and the interface. As Pierre Shaeffer wrote: 'The lack of intentional control over musical affect, together with the fact that compositions emanating from such a wide range of compositional aesthetics all produced the same impressions, implicate the common rudimentary sound manipulation technologies'. This inadequacy for sound manipulation prevents the spontaneity and the emotional intention of the musician. Later in the 80's, improvements over computers CPU capacities allowed for real time control of sound synthesis. This way, the composer had access to a very wide range of sounds and could trigger them spontaneously with the help of keyboards, cursors, mixing desks, buttons and track pads. As [START_REF] Emmerson | Computers and Live Electronic Music: Some Solutions, Many Problems[END_REF], illustrates, "in the 1980s, two types of computer composition emerged from the studio to the performance space, one more interested in event processing, the other in signal processing". [START_REF] Ryan | Some remarks on musical instrument design at steim[END_REF] adds: "In order to narrow this relationship between technology and musicians, it is as much the problem in collaboration to get technologists to respect the thinking of the artists as it is to educate the artists in the methods of the technology". Signal CHAPTER 2. CONTEXT, PROBLEMATIC & OBJECTIVES processing as it is taught to engineers is guided by such goals as optimum linearity, low distortion and noise. This goals may not be in accordance with musicians wishes. The temptation of programmers is to concentrate on the machine logic rather than the idea of the artist. New suggestions of sound techniques that fit musical expressivity are needed. Several research groups such as the IRCAM in Paris, the STEIM in Amsterdam, the CCRMA in Stanford, and the MTG of Pompei Fabra-Barcelona to name a few, have started a couple of decades ago to focus on system designs, for the purpose of easing interactive manipulation of sounds. This includes thinking about intuitive interfaces, gestural controllers, communications protocols, network designs and an understanding of how they can all be interconnected.

Drawing on HCI experiences, signal processing as well as musical research, new musical instruments explore ways of expression through tangible computing interactions. At last, New Interfaces for Musical Expression (NIME) are designed in order to explore the musicians' actions in novel ways, and often through physical movements. Started as a workshop at the ACM Conference on Human Factors in Computing Systems (CHI) in 2001, the conference NIME gathers knowledge and late-breaking work on new musical interface design from researchers from all over the world.

Objectives

Objective 1: Capturing finger and upper-body musical gestures with 3D vision sensors

The first objective, meeting with the i-Treasures ambitions discussed in 2.1.4, is to create a solution for gesture tracking and recognition, which would enable to access, analyze and study ICH resources. Ideally, this system would be accurate, flexible, sensitive to the variability of motion, easy to extend to new gestures, working in real-time, independent from subject identity, robust to occlusions, requiring minimal effort for capturing the data and affordable.

Capturing musical gestures can be of numerous benefits: understanding stylistics between different musicians or music schools and using such information for pedagogical use are the first ones that come to our mind. In terms of digital heritage, a gesture database would allow us to have a precise trace of some interprets characteristics. As mentioned before, modeling and recognition of human expert gestures seems almost a natural step in art evolution. Saving musical gestures as a meta data, extending traditional musical scores content, would constitute our contribution for the intangible cultural heritage (ICH).

Objective 2: A digital instrument for musical embodiment

The second objective of the EMI is the development of a gestural interface in the realm of computer music. Ultimately, we wish the musical interactions with the EMI to be as natural as with traditional instruments. Gesture tracking is a modality that can potentially deliver more natural, creative and intuitive methods for communicating with our computers. Building on such a technology, one can imagine a gestural control for computer music, that embodies musical ideas, while allowing sophisticated sound manipulations.

Such a system -or instrument -should propose a new way of composing and performing computer music, which puts forward spontaneity and bodily expressiveness. The aim of the EMI is not to replace the piano nor to propose a new MIDI interface, but rather to draw inspiration from the piano and transfer it to the domain of digital interfaces in order to create a new digital instrument. 

Objective 3: 3D interactive spaces for Human-Computer Interaction

Our last objective, is related to Human-Computer-Interaction and more particularly, to the question of how to apprehend gestural interaction in a 3D space. Mid-air gestures, which represent a new trend within the domain of HCI, allow many possibilities and in contrast, very little precision and repeatability to the user. Therefore, gestural interaction is often to simplistic, or too unreliable.

Our perspective in order to solve this issue, is to create different levels of interactions, which can ensure seamless and lossless transitions from one space to the other. Each space would be well defined, enabling the user to find a frame a reference, hence improving users control. This last goal, goes beyond musical applications and would be of interest for HCI, gaming and virtual reality. The success of such mid-air interactions would be verified by measuring the users flow while manipulating the device.

Chapter 3

Gestures in Music Human-Computer Interfaces

Observation and reasoning show that psychics abilities can be considered as movements, which have been -or will be -similar to virtual movements.

Henry [1889] CHAPTER 3. GESTURES IN MUSIC HUMAN-COMPUTER INTERFACES

State of the art of gestural studies

Gestures are expressive and communicate information, with or without explicit intentions. They may be performed naturally, unconsciously, or may be learned. As we shall see in this section, there are different perspectives, for analyzing and looking at gestures, depending on one's goals and interests. Various perspectives will be discussed here, converging towards musical gesture, and more particularly towards the case of hand's gestures. While movements relates to motion of objects in general, a gesture is a movement of part of the body, especially a hand or the head, which expresses an idea or meaning. In order to differentiate movements from gestures, one can see the movement of an object such as a satellite rotating around the earth and gestures as the painter's hands while s/he is drawing. Heartbeats, body tremors, respiration and motility cannot be considered as gestures in their primary function. Definitions of gesture are complex and pervasive; however, different research fields corroborate certain taxonomies. Musical gestures in particular are tricky to define as they cover a broad spectrum of intentions.

Recent research in both cognitive science and human-computer interaction have demonstrated many interests in human movements. Embodiment and enactment, are now key concepts in these fields of research and naturally extend the case of music through developments of digital musical instruments (DMIs) as gesture is a self-contained part of music. A musical performance is a sequence of expressive gestures that contain both theoretical knowledge and practical motor skills. Each musical performance is unique due to the performer(s) expressiveness, since for a given musical score, they are many different interpretations. It is necessary to approach gesture holistically, in view of implementing a program for capturing, modeling and recognizing such gestures.

Gesture taxonomies

Gesture and psycholinguistics

In a general scenario, gestures are a form of non-verbal communication, destined to express messages. They may be articulated with one or many of the body parts. Having a major role in non-verbal human communication, for example, in sign language, where each gesture represents a word or phrase. According to [START_REF] Hall | the silent language[END_REF], 35% of human communication consists of verbal communication and 65% is non-verbal gesture based communication.

McNeill [1992] study gestures in relation to the way we think, which he classifies into six gesture types, similar to the ones [START_REF] Zhao | Synthesis and acquisition of laban movement analysis qualitative parameters for communicative gestures[END_REF] uses to correlate gesture with speech:

• Iconic gestures underline the semantic content of speech • Metaphoric gestures underline an abstract idea rather than a concrete object or event

• Beat gestures mark the rhythm and pace of speech

• Symbolic gestures are self-sufficient gestures, which do not require association with speech to communicate an idea.

• Deictic gestures point at directions, people or objects

• Cohesive gestures emphasize continuities, which might consist of iconic, metaphoric or beat gestures
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For [START_REF] Zhao | The communicative functions of gestures in l2 speech[END_REF], this taxonomy is related to psycholinguistics and used to explain how speaking and gesturing are two products from the same cognitive process. The gestures and their interpretations are often culture dependent. When sociologists talk about social interactions, they usually refer to all interdependent actions, such as meaningful gestures and language, which are meant to be understood by humans communicating together Henry [1889]. Additionally, a characteristic of gesture is its intention to mean something and to convey this meaning with someone. For instance, gymnastic movements are not gestures unless they are used to mean something. A footballer makes a gesture to his/her teammates as s/he is calling for the ball, but is doing a movement when s/he shoots. Semiotic gestures, in particular, are body gestures intended to communicate meaningful information. [START_REF] Feldman | Fundamentals of nonverbal behavior[END_REF] segmented them into four categories:

• Symbolic: These are gestures that, within each culture, have come to have a single meaning. For example, an approving hand gesture or the ones that constitute the sign language.

• Deictic: These are the types of gestures most generally seen throughout HCI and consist of pointing gestures or gestures otherwise directing attention to specific events or objects from the environment.

• Iconic: These gestures are used to bring information concerning the size, shape or orientation of an object or idea. For example, iconic gesture can be hand gestures accompanying the phrase, "the fish was this big".

• Pantomimic: These gestures mime an action using some invisible tool or object in the speaker's hand. For example, when a speaker says "I turned the steering wheel hard to the left", while at the same time performs the action of turning an imaginary wheel with both hands.

Ottenheimer [2008] categorizes gestures into five types, namely, emblems, affect displays, regulators, adaptors and illustrators. Emblems are direct translations of short verbal communications like waving hand for good bye or nodding for assurance. They are culture specific. Gestures conveying emotion or intentions are assimilated to affect displays. [START_REF] Lakoff | Conceptual metaphor in everyday language[END_REF], developed a conceptual metaphor theory, explaining how linguistic metaphors (e.g., a high grade, a deep thought) refer to abstract ideas, which are grounded in perceptuomotor experience, hence involving physical motion, force, and space. This theory, covered by an extensive body of linguistic theory [START_REF] Clark | Space, time, semantics, and the child[END_REF]; [START_REF] Gibbs | The poetics of mind[END_REF]; [START_REF] Sweetser | From etymology to pragmatics: The mind-body metaphor in semantic structure and semantic change[END_REF]), reveals the role of gestural embodiment in underlying speech and ideas in general.

As [START_REF] Jensenius | Musical gestures: Concepts and methods in research[END_REF] explains, the term gesture is difficult to define; highlighting, from examples across a range of disciplines, the contrasting and sometimes contradictory use of the term gesture. [START_REF] Jensenius | Musical gestures: Concepts and methods in research[END_REF], following [START_REF] Zhao | Synthesis and acquisition of laban movement analysis qualitative parameters for communicative gestures[END_REF] and [START_REF] Mcneill | Gesture and thought[END_REF] works, have tried to define a general framework that considers gestures from the viewpoints of communication, control and metaphor.

• Communication is involved when gestures work as a communicative mean in social interactions. This use of the term is common in linguistics, behavioural psychology and social anthropology.

• Control is involved when gestures constitute elements of a system, such as in the control of computational and interactive systems. This is common in the fields of human-computer interaction, computer music and similar areas.
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• Metaphor is involved when a physical movement acts directly on the perception to evoke a sound . This use of the term is common in cognitive science, psychology, musicology and other fields.

Body-syntonicity

Syntonicity refers to things that move or oscillate in harmony (e.g., piano strings, electrical circuits). [START_REF] Papert | Mindstorms: Children, computers, and powerful ideas[END_REF] coined the term body-syntonic in 1980 to specify experiences that are connected to one's knowledge and sense about one's body. In instrumental practice, but also in musical mimicking, seeing musical gesture elicits spontaneous elicitation. [2016], builds upon body-synchronicity and proposes a set of three interfaces on a piano keyboard, to visualize the hand gestures of a remote collaborator, hence guiding the beginner's gestures. This multi-modal body-syntonic interactive system, is used to teach children to play the piano beyond the classic reading-repeating score paradigm. This work draws from Dalcroze Eurhythmics, a method of music pedagogy which exploits a body-rooted understanding of music.

Aesthetic aspects of gesture

In the book "When gesture makes sense"1 Angelino et al. [2015], the authors highlight the duality between gestures and their traces. From the strong dynamics characterizing ancient Greek sculptures to the gestural traces left in Gestural Abstractionism (also know as Action Painting), plastic arts are often about dynamics, energies, movements and gestures. Gestural Abstraction, for instance focuses mainly on the trace left on the canvas by an action and a gesture. Illustrating this idea, the serigraphs by Pierre Soulages, for instance, are all about energy and gestures, which have been materialized with the help of a brush and blue paint. If there is no symbolic explanation (in the traditional sense) to be read through shapes and colors, there is a trace of a human action as well as its temporality left in this abstraction.

In "The Creative interpretation"2 [START_REF] Brelet | L'interprétation Créatrice Essai Sur l'Exécution Musicale[END_REF], Gisèle Brelet puts forward the aesthetic aspects of gesture with its double facets: performative and communicative. Particularly emphasizing on dance and music -that she calls "arts of gesture and time"3 , she attributes the creative process of movement to the essence of the art. Expressive gestures, focus on aesthetically aspect of gesture, transfer implicit messages [START_REF] Cowie | Emotion recognition in human-computer interaction[END_REF], unlike highly communicative semiotic gestures. Expressive gestures, unlike semiotic gestures, bring as much attention to the purpose of the gesture to how it is performed.

CHAPTER 3. GESTURES IN MUSIC HUMAN-COMPUTER INTERFACES

Gestures for Human Computer Interaction

In the scope of Human Computer Interaction (HCI), where hand gestures can be used to control processes, it is necessary to break down gestures and interpret body movements. One has to classify them according to common properties and understanding of messages they may express. For example, in sign language, a gesture represents a word or phrase, in music conducting, a gesture indicate informations concerning the score and in gestural interfaces design, gestures such as taps, swipes, drags, have simple and essential functions. [START_REF] Quek | Toward a vision-based hand gesture interface[END_REF] proposes a taxonomy for Human-Computer Interaction, which formalises several interactive gesture types, into manipulative, semaphoric and conversational gestures, reminding of the control, metaphor and communication taxonomy by [START_REF] Jensenius | Musical gestures: Concepts and methods in research[END_REF]; [START_REF] Mcneill | Gesture and thought[END_REF]; [START_REF] Zhao | Synthesis and acquisition of laban movement analysis qualitative parameters for communicative gestures[END_REF] presented in 3.1.1. [START_REF] Feldman | Fundamentals of nonverbal behavior[END_REF] characterizes such gestures as deictic since they point at specific events or objects.

Within the context of computer vision hand tracking algorithms, Rautaray and Agrawal [2015a] classifies hand gestures into two type's: namely static and dynamic gestures. Static hand gestures -or postures -correspond to the momentary configuration of hands in space. Dynamic hand gestures include gestures involving moving body parts, such as when waving hands. [START_REF] Karam | A taxonomy of gestures in human computer interactions[END_REF] HCI-oriented gesture taxonomy focuses on the context of the gesture such as the specific computer application and control modalities in which the gestures are performed. In describing the different types of gestures, they use partly the same terminology as [START_REF] Zhao | Synthesis and acquisition of laban movement analysis qualitative parameters for communicative gestures[END_REF], but additionally, the gestures are placed in a HCI context.

• Deictic gesture involves pointing in order to identify directions, objects, actions, and have been used on 2-dimensional screens as long as there has bean a mouse and is still used on touch screen devices as well as in 3-dimensional applications.

• Gesticulation, which Zhao and Badler [2001] calls iconic gestures, does not mean anything on its own. It can refer to hand gestures people make during verbal communication and should be analyzed in association with speech recognition Quek et al. [2002].

• Manipulative gestures involves object (tangible or intangible) handling. These gestures are independent from verbal language. Manipulative gestures, for instance, can drag or rotate objects on touch screens or on tangible interfaces can require with virtual object.

• Semaphoric (or symbolic) gestures, not to be mistake with to manipulative gestures, are gestural with symbolic forms. Swipe, pinch, scroll, rotate, wave, pinch, stretch, etc. are such gestures, available on touch screen devices.

Many interaction designers have constituted lexicons of hand gesture deitic, manipulative and semaphoric gestures for touch-screen based applications. The Touch gesture reference guide by [START_REF] Villamor | Touch gesture reference guide[END_REF], for instance, is useful to any software designers or developers working on touch-based user interfaces.

Gestures in musical performances

Musical gestures often forward different types of gestures described above, such as communication, control and metaphor (3.1.1). For instance, a musician can use his/her body gestures to communicate with other performers. A musician could use a particular hand gesture to control an effect or to trigger a sound event. Moreover, musicians also use gestures
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to communicate metaphors to their audience, such as pianists' upper-body movement following a chord resolution. Within the context of musical performance, Jensenius et al.

[2010] distinguishes two main types of gestures: the ones produced by musicians in order to generate sounds and the ones perceived by listeners or dancers. This separation is not exclusive: musicians also listen to each others sounds and act accordingly, and in the case of an interactive gesture-to-sound mapping dance performance, dancers' movements are producing sounds. Dance movements with its correspondence to music have been extensively studied [START_REF] Haga | Correspondences between music and body movement[END_REF]; [START_REF] Hodgins | Relationships between score and choreography in twentieth-century dance music, movement, and metaphor[END_REF]. Conductor's gestures are communicative gestures, and hence belong to their own category, although [START_REF] Jensenius | Musical gestures: Concepts and methods in research[END_REF] assigns them to musician's gestures.

The following categorization of musical gestures into four groups has been extensively defined, used and shared among by Cadoz and Wanderley [2000]; Delalande [1988]; [START_REF] Gibet | Gesture analysis: Invariant laws in movement[END_REF]; Godøy et al. [2010a]; [START_REF] Wanderley | Gestural control of sound synthesis[END_REF].

• Sound-producing gestures, also called instrumental gestures Cadoz and Wanderley [2000] and effective gestures Delalande [1988], physically produce sound, by entering in contact directly with a mechanism. They can be further subdivided into excitation, the process of triggering a sound, such as hitting a piano key, and modification, the process of changing the qualities of sound, such as changing the pitch of a stringed instrument.

• Sound-facilitating gestures, also referred to as accompanying gestures Delalande [1988] or ancillary gestures [START_REF] Wanderley | Gestural control of sound synthesis[END_REF], support the sound-producing gestures in various ways. They can be further divided into support, phrasing and entrained gestures.

• Communicative gestures, also called semiotic gestures Cadoz and Wanderley [2000], are principally destined for communication [START_REF] Kendon | Gesture: Visible action as utterance[END_REF]; [START_REF] Mcneill | Hand and mind: What gestures reveal about thought[END_REF]. Communicative gestures can be further subdivided into performer-performer and performer-perceiver types of communication.

Jensenius [2015] refers to three different spatial levels when describing music-related motion.

• Micro gestures correspond to the smallest controllable and perceivable actions, happening at a millimeter scale (or smaller)

• Meso gestures correspond to most sound-producing and sound-modifying actions on musical instruments, such as moving the fingers on a keyboard or MIDI controller, happening at a centimetre scale

• Macro: larger actions, such as moving the hands, arms and full body, happening at a decimetre to metre scale

As explained by the author, acoustic instruments involve many examples of microlevel gestures, such as tongue-mouthpiece interactions of wind performers, or fingering of string and keyboard instruments. Macro-interaction, on the contrary, involves largescale, and comparably slow, instrumental interaction of full-body motion bridging over to dance. An extensive body of literature examines pianistic schools. [START_REF] Lourenço | Do pianists play with their teeth[END_REF]; [START_REF] Rink | The practice of performance: Studies in musical interpretation[END_REF], have studied the aesthetic, technicality, tradition, of piano repertoire. At last, [START_REF] Lourenço | European piano schools: Russian, german and french classical piano interpretation and technique[END_REF] attempts to determine influential trends derived from traditional piano practices referred to as National Piano Schools, hence identifying three essential branches: the Russian school, the German school and the French school.

Gesture, embodiment and affordance

As mentioned before, in 3.1.1, linguistic metaphors are often embodied with the help of physical actions and/or tangible objects. Iconic, metaphoric, symbolic, cohesive gestures, defined by [START_REF] Mcneill | Hand and mind: What gestures reveal about thought[END_REF], are used to underline natural language. Iconic gestures, for instance, are gestures that resemble concrete objects or actions (e.g., pantomiming a spherical shape to represent a ball), whereas metaphoric gestures resemble something concrete in order to represent something abstract (e.g., representing a spherical shape to represent the idea of wholeness). [START_REF] Feldman | Fundamentals of nonverbal behavior[END_REF] refers to pantomimic gestures, as an imitative action achieved with the help of an invisible tool or object. HCI-oriented gestures are very much inspired by real gestures, acting on real objects, of which the affordance 4 in real and virtual contexts would lead to similar results (e.g. swiping a page, dragging a file, etc.). For Casasanto and Lozano [2007], metaphorical gestures are connected to abstract concepts through their similarity to some concrete object or action.

Sound objects and affordances

For most gestures depicted above, we associate an object representations, which has an affordance and furthermore, we associate an idea of a sound to the manipulation of such objects. The concept of sound objects was born officially in the 1960's with the Traité des objets Musicaux Schaeffer [1966]. Pierre Shaeffer initiated a form of electro-acoustic music, called musique concrète, or acousmatic music5 which suggests the listener to identify the sounds individually and to value their sound morphology equally as rules of melody, harmony, rhythm, metre, etc. By the means of new recording and broadcasting technologies,
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research, from screen interfaces [START_REF] Magnusson | Affordances and constraints in screen-based musical instruments[END_REF], to network music collaboration [START_REF] Gurevich | Jamspace: a networked real-time collaborative music environment[END_REF], to mobile music [START_REF] Tanaka | Mapping out instruments, affordances, and mobiles[END_REF].

As an extension of Schaeffer's sound object, [START_REF] Godøy | Gestural-sonorous objects: embodied extensions of schaeffer's conceptual apparatus[END_REF] proposes the gestural-sonorous object, which consists of an augmented musical sound with gestural-sonorous images based on biomechanical constraints, namely images that have visually and physically felt (effort, proprioceptive, haptic, etc.). [START_REF] Bibliography | Creating tangible spatial-musical images from physical performance gestures[END_REF] relates the spatio-musical role of physical actions in relation to instrument excitation. The author sees this relation as a starting point for embodying (physically and spatially) sound-objects in the formation of tangible acousmatic images, where acousmatic images are the mental image emanating from the listening. [START_REF] Wright | The polyphonic touch: coarticulation and polyphonic expression in the performance of piano and organ music[END_REF] defines Gestural-sonic objects as perceived chunks of musical gesture based on the coupling of movement and sound and delimited by coarticulation. [START_REF] Leman | Embodied music cognition and mediation technology[END_REF] discusses the central role that body plays in all musical activities, based on the relationship between musical experiences, as experienced from a cognitive point of view and the sound energy as matter. Leman proposes that the human body is a "biologically designed mediator" that transfers physical energy to a mental level, hence engaging experiences, values, and intentions. The reverse process remains true, converting mental representations into material ones. At last, [START_REF] Altavilla | Towards gestural sonic affordances[END_REF] attempts to shift from object-centric affordances towards the investigation of embodied gestural sonic affordances by studying how participants describe sounds and gestures, via various sonic interaction mappings.

Sound-gesture ecology

The notion of sound-gesture ecology takes roots in ecological knowledge through listening, where the listener is capable of identifying sound sources, which are present in the environment. This notion of ecological listening, originates from Schaeffer's theories of acousmatic sound, where the listener hears sounds without seeing the originating cause. Observing people's reaction to music, we see similar patterns such as tapping with the foot or shaking the head to the same beat. However, beyond these common patterns in observed gestures, we can deduce particularities about a listener's aesthetics through his/her singular body reactions to music. Perhaps different people focus on different aspect of the music (beat, offbeat, melodic line, bass, etc.), but it is remarkable that "listeners seem to be able to spontaneously render often complex musical sounds into body movements regardless of their level of musical training" [START_REF] Godøy | Gestural affordances of musical sound. Musical gestures: Sound, movement, and meaning[END_REF]. From an analytical perspective, most people are able to extract high level sound features from dense music streams and turn them into movements, adding their own personal interpretive touch to the music.

This implicit knowledge, that Godoy calls ecological knowledge (himself using Gibson's terminology) is based on the assumption that sounds are conveying information about their sources and/or method of production. Humans naturally understand the actions originating the production of the sounds. Our auditory system evolved naturally to adapt to our environment. Recorded music replaced instruments, voices, real-world sounding objects with a more or less high fidelity reproduction apparatus. However, it is clear to the listener that what they hear are instruments, voices or sounding objects, but not a vibrating loudspeaker. Using Fontana's sentence in [START_REF] Rocchesso | The sounding object[END_REF]" w e do not hear the source, but we represent it." The fact that we can represent mentally the orchestras, the soloists, the sound of the seas or the winds being played through a sound system demonstrates this faculty.

The sound-gesture ecology is the environment in which a performer manipulates sounds, using an instrument's affordance, as well as the associated sonic affordance, provided
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by the generated sounds. [START_REF] Graham | Managing musical complexity with embodied metaphors[END_REF] refers to a "performance gesture ecology" to characterize a space that conveys spatial-relational dynamics of performance gestures, resulting mapping-strategies, and resulting sound structure. These conceptual metaphors combine physical performance gestures and figurative gestures in a shared gestural space (a performance gesture ecology), which also encompasses the relational dynamics of a mapping strategy and overall creative output. Interestingly, [START_REF] Schacher | Investigating gestural electronic music[END_REF] also enquires on the audience perception of performers' use of sonic affordances in interactive sound-gesture installations. Additionally, [START_REF] Eitan | Musical parameters and images of motion[END_REF] studied how musical parameters affect motion imagery, and how parameters of imagined motion is affected by music parameters. Drawing from both music theory and psychological experiments, the author states that motive pace reflects timing and velocity; pitch contour is related to verticality and aspects of loudness to distance and energy. Other interesting observations such as psychological Doppler-like relationship relationship of pitch and distance, sound dynamics evolution in correlation with active and passive motions are established.

Sound-gesture symbolic notation

Common notation systems

Various symbolic notation systems for communicating musical ideas exist. Let's however recall that the very start of music originated as an inter-individual communication mean through singing and dancing. Written notation appeared later (Medieval songs with nouns, ancient Japanese notation). Musical notation gradually became more and more symbolic to convey more information. Modern classical western music notation corresponds to a list of instructions such as pitch, duration, tempo -or temporal relations, dynamics, articulation and indications on how series of notes should be executed. An almost complete list of conventional symbols found in musical scores in depicted on figure 3.3. An other radically opposed approach is algorithmic composition. Various programming languages such as Common Lisp Music (CLM), ChucK, SuperCollider to name a few, enable in theory to control and process sound synthesis parameters in any desired ways, and to combine random parameter generation with arbitrarily complex compositional structures. It is possible to create music in innovative ways using particular models. These models or algorithms may take their roots from some physical properties, mathematic functions and/or any patterns that one can imagine. With algorithmic procedures, it is possible to manipulate sounds and to insert them as objects in some original structures, reversing time, shuffling tracks, hence leave the algorithm a considerable part in the compositional process. Additionally, some audio programming language, such as ChucK and SuperCollider work for real-time synthesis, with ability to code dynamically (live code), hence allowing to add, remove, and modify code on the fly, while the program is running, without stopping or restarting. If algorithmic composition has a symbolic notation -the algorithm itself -it is however not interpretable by a human and therefore interrogates whether the musical ideas can be shared and conveyed in order to exist in a musical repertoire.

Spectro-morphology

The bonding of instrumental music activity to human gesture is somewhat ignored by musical theory and analysis since classic musical notation, voluntarily distances the music from the gestural activity associated to it through performance. As a result, classical notation is unable to represent electro-acoustic music ties existing between sound objects, sonic affordances, source-sounds, spatial and spectral composition.

The term "spectro-morphology", coined by Denis Smalley in 1986 [START_REF] Smalley | Spectro-morphology and structuring processes[END_REF] is an approach to musical structure and sound material, equivalent to a sound spectrum, focusing on its shaping over time. The two parts of the term refer to the interaction between sound spectra and the ways they change of shapes over time. This term is also inherited from Pierre Shaeffer's Traité des Objets musicaux [START_REF] Schaeffer | Traité des objets musicaux[END_REF]. Taking inspiration from acoustic music, where relationships between the sounding body and the soundproducing source provides an intuitive knowledge of the man physical gesture involved with the musical activity, spectro-morphology thinking disregards on purpose the computer technology used in the music' process. This approach arises from a change in perceiving and conceiving sound evolutions, born with electro-acoustic music and its manipulation of sound objects or sound matter. The following quote by Denis Smalley illustrates well this necessity for a compositional, conceptual and notational tool. A similar work by [START_REF] Thoresen | Spectromorphological analysis of sound objects: an adaptation of pierre schaeffer's typomorphology[END_REF] introduced a set of graphical symbols apt for transcribing electro-acoustic music in a concise score, simplifying the sometimes overwhelming complexity of Shaeffer' Typo-Morphology. "In the confusing, wide-open sound-world, composers need criteria for selecting sound materials and understanding structural relationships. Therefore, descriptive and conceptual tools which classify and relate sounds and structures can be valuable compositional aids". [START_REF] Smalley | Spectro-morphology and structuring processes[END_REF] The spectrogram (figure 3.5), is a graphical spectral analysis (here computed via a Fast Fourier Transform), hence constituting a useful representation for electro-acoustic and computer music. A Fourier analysis converts an acoustic or any signal from its original domain (e.g. time or space) to a representation in the frequency domain. A spectrogram view, which supports the irreducibility of perception, to any implementation. As a result, he deducts from his researches three levels of perception: namely the physics of perception (physical), the physiology of perception (neural) and the psychology of perception (perceptual). This categorization sets as an objective to pass from the representation of physical stimuli (e.g. spectrum, spectrogram) to a representation of perceptual facts.

In a similar way,Godøy et al.

[2010a] distinguishes among music imageries images of acoustic signals, images associated with the performance, images associated with the perception and images associated with the emotive experience. He tackles the problem of understanding the nature of these sound images in our mind by drawing sketches of gestural and sonic features in a top-down manner, tracing features and sub-features of sound-morphologies and correlating them with acoustic features of sound objects.

The problem of notation in the scope of electro-acoustic and computer music concerns the composition and performative scenarios as it poses a number of questions regarding the physical presence and actions of the musician. Contrary to traditional instrumental playing, technological instruments do not provide a trace for an intuitive and direct understanding of the musician's actions and expressions. Physical presence, awareness and embodiment behind such music is hidden, and leaves to the listener only his/her imagination to mediate the relationship between the composers's thoughts and the sound. Furthermore, an interpretative feedback is fundamental to free perceptions of the physical domain of action as well as the feedback enabling the musician to continuously adapt and form the music.

Conclusion on gesture taxonomies

Figure 3.7 summarizes the gesture taxonomies discussed above in this section. Some gestures belonging to different taxonomies can be associated due to their respective functions. They appear in the illustration with the same color code. For instance, lingustic from Lakoff and Johnson [1980] can be assimilated to communicative gestures, which appear in other studies. Similarly, metaphoric is redundant in many other gesture studies, while manipulative shares the idea of sound producing (or effective gestures), as well as the function of affordance. 
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Musician-Computer Interaction

As a preamble, we include a brief overview of the 20 th century musical evolution -both in terms of technology and musical ideas -including novel instruments, following novel notations and concepts discussed in the section above. The incorporation of electronic sound production into compositional practice has been possible thanks to the discoveries and experimentations of talented composers/engineers who could assimilated music with newest technologies, at first from electrical engineering and later supplemented with computer sciences.

Starting in the 1980's with the democratization of computer music and the standardization of the MIDI technology, which established a basic and powerful description of a musician's gestures [START_REF] Letz | Les normes MIDI et MIDIFiles[END_REF]), new musical interfaces have not ceased to evolve. Offering live interaction between musicians and computers, they appeared as computer's processors efficiency enabled to process sound synthesis in real-time. The research done in this field is multidisciplinary and extremely large, covering computer sciences, electronics, signal processing, mechanics, computer vision and even natural sciences such as biology and neurology. All these scientific communities developed singular technologies and systems, motivated by a common desire to create new and exciting ways to control, manipulate and perform sounds and music.

Musician Computer Interaction (MCI) is a sub-field of the larger research area of humancomputer interaction (HCI), which focuses specifically on technology that can enable musicians to interact with computers. Music brings numerous research challenges to HCI, such as real-time -or low-latency -processing needs as well as robust and user-
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friendly systems. Conventional HCI devices, such as the knobs, sliders, keyboards and mouse, offer only limited controls for musician to interact with audio softwares. This is particularly detrimental to real-time performance scenarios, where several discrete and continuous audio parameters required to be handled simultaneously. A performer, for example, might need to trigger on/off a number of samples (discrete control), while at the same time continually modulating the cut-off frequencies of a number of filters (continuous control). MCI is surely enriching for HCI, pushing usuals control paradigms to subtle and simultaneous multi-parametric ones.

Classical electronic music

Pre-electronic music instruments

In 1906, the American engineer Thaddeus Cahill invented the Telharmonium, which is considered as the first instrument ever to synthesize sound, using tone wheels to generate musical sounds as electrical signals by additive synthesis. It is a big and heavy instrument, weighting 200 tons and measuring 60 feet in length. This instrument was commercially unsuccessful since it was extremely expensive, bulky and used to interfere with telephone calls. The same year, Lee de Forest invented the vacuum-tube triode amplifier valve. By the end of the war, engineers started using this technology to build new electronic devices and instruments.

In 1924, Russian engineer and musician Leon Theremin (also known as Lev Termen) invented the (eponymous) touch-less instrument. Originally produced for Soviet governmentsponsored research into proximity sensors, this instrument, based on heterodyne principle, generates a monophonic audio signal. The working principle consists of two metal antennas that sense the relative position of the performer's hands and control oscillators for frequency with one hand, and amplitude (volume) with the other, and hence without any physical contact. The Ondes Martenot, created in 1928 by cellist and radio telegrapher Maurice Martenot is well known for controlling pitch either from a sliding ring worn on the finger or from a keyboard, which slides from side to side to allow vibrato (see figure 3.8). In fact, the first version of the instrument only had a ring controller; the keyboard was a later addition [START_REF] Paradiso | Electronic music: new ways to play[END_REF].

The Spharophon by Jörg Mager (1927) and the Dynaphone by René Bertrand (1927) are keyboard-based equivalent of the Theremin and Martenot electrical instruments, offering a five octave discrete pitch range, enabled to play legatto/staccato articulations and wide dynamics change, from pianissimo to forte. At last, the Trautonium (1930) by Friedrich Trautwein, replaced the keyboard with its two manuals made of resistor wires over metal plates, which is pressed to create a sound. Expressive playing was possible with this wire by gliding on it, creating vibrato with small movements. Volume was controlled by the pressure of the finger on the wire and board. During 1933 and1935, 200 Trautoniums were produced and sold by Telefunken (see figure 3.9).

The first artistic movement to be enthusiastic about the use of machines and electronic devices in music were the italian Futurist Movement. In 1912, Luigi Russolo wrote the manifest 'The Art of Noises [START_REF] Russolo | The art of noises: Futurist manifesto. Audio culture: Readings in modern music[END_REF], which was very much precursor of the Concrete Music since he proposed the use of any environmental sound sources as a musical material. The Futurist Movement made a connection between the science of acoustics and music. In the 1930's artists from the Bauhaus school in Germany tried to investigate physical shapes of recorded sounds using optical sound-track (method for films) and realized that physical alterations of the contours could modify the sounds. Already, technology (tape, electronic circuits), were diverted from their original purposes and composers were making "We composers are force to use, in the realization of our works, instruments that have not changed for two centuries... Personally, for my conceptions, I need an entirely new medium of expression: a sound-producing machine (not a sound re-producing one)... And here are the advantages I anticipates from such a machine. Liberation from the arbitrary, paralyzing tempered system; the possibility of obtaining any number of cycles or if still desired subdivisions of the octave, consequently the formation of any desired scale; unsuspected range in low and high registers, new harmonic splendors obtainable from the use of sub-harmonic combinations now impossible, new dynamics far beyond the present human power orchestra; a sense of sound projection in space by means of the emission of sound in any part or in as many parts of the hall as may be required by the score." -Edgard Varèse Even though Varèse did not have access to any electronic instrument until almost the end of his life, he was already attempting to modify the spectral content of sounds, playing with transients of instruments, overlapping instrument's attacks and decays and varying densities of 'sound masses'. He was always frustrated by the lack of communication between himself and musicians and always thought an orchestra could not play what the composer had in mind.

After the war, mentalities radically changed. John cage composed music using chance and choice as a composition strategy, while influenced by East and South Asian cultures music. This post-war period is also characterized by development of new plastic art technics such as collages, drippings, which directly influences composers since their composing medium (tapes, additive synthesis), is analogous in many ways to overlapping materials on top of each others, punctuating "classical" musical structures with novel sound materials, finding new timbre mixtures etc. In 1948, Musique concrète was officially born when Pierre Schaeffer started making music with recorded sounds that he manipulated with the help of tape recorders. These experiments were following the evolution of Serialism7 initiated by Schoenberg and were leading to new musical directions taken by many composers such as Babbitt, Boulez, Berio, Nono and Ligetti.

Elektronische music resulted in the 50's in Cologne's radio studios from the research of composers such as Stockhausen, Eimert, Beyer and Eppler's on sound synthesis. It was a radically different approach to Musique concrète, as it was entirely produced by electronic means. Relatively advanced oscillators could produce different wave shapes, white noise and a better understanding of Fourier analysis lead to note mixtures and the synthesis of complex sounds. For sound effects such as echoes, delays and reverberations, Cologne's studios had rooms with highly reflective surfaces, loudspeakers and an understanding of the acoustic phenomenon. German firm EMT concomitantly started developing an other way of producing reverberation, using a reverberation plate (elec signals are converted into mech vibrations which travel through a metal sheet). Later, commercial models mainly used springs instead of plates, which sounded apparently better. Engineers in Cologne worked on multi-phonic systems like the quadraphonics, as they wanted to get wider angles of sonic distributions. Development of panning systems were made to accompany these four channels systems. It was at the end of the 50's that Stockhausen wrote one of the most first important electronic music piece: 'Kontakte', incorporating acoustic instruments (piano, percussion) and electronic sounds.
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At this point of the history , techniques of musique concrète and Electronische musik are both used and complete each others in Cologne's studios (breaking down of dogmatic barriers between Paris and Cologne studios). In Milan, composer Berio also mixed real instruments, whole pieces, suh as "Visage", containing only speeches manipulated with tapes, filters, oscillators and modulatory processes. Throughout the 1960's Paris, Cologne and Milan were the most influential studios in terms of technological and artistic development.

In the US, Cage was also making use of techniques taken from both concrete music and electronic music, rendering sometimes extremely experimental works (e.g. Imaginary Landscape 1). [START_REF] Cowell | Current chronicle[END_REF] wrote a review about some avant-garde music works: "People who work experimentally with new sounds seem to have trouble in distinguishing between the material of musical composition and the compositions themselves. For a little period of time, the movement called Tape music, lead by Ussachevsky and Luening had an approach similar to concrete music but their aims were different: they wanted to extend traditional ideas of tonality and instrumentation using tapes as a tool. Tape music inspired many studios but most of its success was in activities related to films, radio and television. By making Musique Concrete less dogmatic and experimental (instead of aiming to new sonic worlds), tape music reached more people and was commercially more successful. In the mid 1950's prestigious universities Columbia and Princeton, created impressive facilities for electronic music researches: the Columbia Princeton Electronic Music Center. This environment, free from commercial pressures along with some major improvements in synthesizers such as the RCA-mark 1 and 2 (see figure 3.10) was very promising as collaborations with Babbitt and Ussachevsky among others, are considered as the starting point of computer music. 

Commercial controllers & Digital Audio Workstations

In order to achieve a fine level of multiple parameter real-time control, a large number of specifically designed commercial pieces of hardware and software have been developed. [1997] -enable to map the status value of a button or continuous value of a slider to any audio setting or parameter. This is a key factor in the design methodology behind both hardware devices and software programs for MCI as a performer may desire the functionality to customize both hardware and software for his/her musical requirements. This degree of customisation could range from basic buttons and sliders mappings to control corresponding controls in a DAW, to more elaborated mappings between a device and a real time audio program environment such as Max, SuperCollider, Chuck or Usine. This level of user customisation that occurs in MCI is one of the main aspects that distinguish hardware/software design in MCI from HCI applications, where users usually do not modify the mappings, meaning the way they interact.

New Interfaces for Musical Expression and Live interfaces

Beyond commercial controllers, a large body of musicians regularly experiment with both designing and developing new Digital Musical Interfaces (DMIs). Annual international conferences, such as the New Interfaces for Musical Expression (NIME) conference, the International Computer Music Conference (ICMC) and the Sound and Music Computing (SMC) conference, feature every year dozens of new MCI developments in both hardware and software.

Real-time programming environment for music, such as Max, Pure Data, SuperCollider or Chuck, allow performers to create their own audio softwares. In addition to this, accessible electronic solutions, like the Arduino or Bela8 audio and sensor environment hardware allow to create custom-built sensor interfaces. The combination of the ever-decreasing cost of sensor devices along with the hacking of existing motion controllers, such as the Leap Motion or Microsoft Kinect, have now made it possible for a large number of composers, performers and researchers to use the data from these sensors as controllers for their music software. Sensors make accessible gestural interaction, enabling amateurs, students, performers, composers and sound engineers to design and build their own DMIs.

Emerging technologies in the field of musical interfaces and instruments have changed the way modern music is produced. Computer music is mostly performed with the help of laptops nowadays. Extremely static and unexpressive by nature, laptop performances do not substitute for real artistic performances. The lack of performativity, often criticized
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as the motionless performer behind the laptop - [START_REF] Stuart | The object of performance: Aural performativity in contemporary laptop music[END_REF] -does not allow for any representation of how the sounds are being created. To allow musical concreteness in computer music, for both the audience and musicians, interprets need some kind of physical intermediate in order to have control over what they want to manipulate. New technologies such as devices, sensors or controllers, allow connections between physical movements and parameters in the sound synthesis.

There are many ways to present the state of the art of new musical interfaces and interactive music systems. It can be done chronologically, grouped by scientific branch, grouped by the type of technology that is used or classified by artistic fields (electronic music, performances, sound installations, etc...). If we consider by "new", inventions of the last two decades, we can cut short into six (sometimes overlapping) types of NIMEs, namely: systems reacting to physiological signals, wearable instruments, hyper-instruments, augmented keyboards, tangible screen-based instruments and 3D-vision based systems for musical interaction. Note that this last category includes sound installations, mobile applications games, but no proper instruments, which leaves us the field clear with the EMI.

Augmented musical instruments and hyper-instruments

The word hyper means that more components are integrated to an original acoustic instrument, in order for an instrument to monitor how sound is generated. This approach is based on the physical structure of vibrators and how sound is generated whether the instrument belongs to the wind, percussion, string or Lamellaphones class. Therefore, such hyperinstruments can be augmented guitars and keyboards, percussion and strings, and even conducting. In these terms, the prepared piano by John Cage can be considered as an hyper-instrument. The prepared piano is a piano that has had its sound altered by placing objects (called preparations) on or between the strings. So-called "hyperinstrument" project started in 1986 at the MIT Media Lab, aiming at bringing "extra power and finesse to augmented musical instruments"9 using technology. Director of the MIT Media Lab'Opera of the Future group Tod Machover, is widely recognized for designing hyperinstruments. He originated the design of the Hyperviolin, Hypercello, and Hyperkeyboard -Machover and Chung [1989]. The Hyperviolin and hypercello for instance, which audio output provides raw material for real-time timbre analysis and synthesis technique is coupled with a hyperbow, measuring bowing parameters such as speed, force, position. The whole setup allows both computer and violonist/cellist's playing to control electronic transformations. What the audience hears is the acoustic violin/cello combined with synthesized sound generated from different sensed parameters.

Later in the 90's, Machover developed sophisticated interactive musical instruments for non-professional musicians and the general public, such as the Sensor Chair. He also imagined the technology behind the video-game Guitar Hero originally for the diagnosis of specific medical problems, such as Alzheimer's disease. Various prototypes of the augmented bows have been developed at IRCAM by Emmanuel Flety, Nicolas Leroy and Matthias Demoucron -Leroy et al. [2006]. The data captured by the prototype include bow acceleration, angular velocity and bow pressure, just like on previous hyperstrings instruments. However, this one works with a reflective optical pickups, which is less intrusive than inertial sensors. Furthermore, [START_REF] Rasamimanana | Gesture analysis of violin bow strokes[END_REF] developed an augmented violin for analysing gesture analysis we performed on three different bow strokes, namely Détaché, Martelé and Spiccato. On the opposite, [START_REF] Bowers | Not hyper, not meta, not cyber but infra-instruments[END_REF] defines as infra-instrument, Figure 3.17: The Manta has touch sensitive control key-pads enabling to modulate the frequency and amplitude of notes. devices of restricted interactive potential, with little sensor enhancement, which generates simple music with weak opportunity for conventional virtuosity.

Augmented keyboards

One can consider keyboard instruments were the first machines in the music realm. They were the first interfaces to trigger mechanisms hence producing sounds. The benefits of this interface is the high degree of complexity it allows such as playing different parts at the same time, but also the high degree of expressiveness such as the dynamics, articulation, etc. The harpsichord, created near the 15 th -18 th century had a complex mechanism allowing to play polyphonic sounds and allowed after touch effects. The Piano Forte, invented in the 18th century, being velocity-sensitive, responds to the speed of the keypress, which in turn changes the tone and volume of the sound. The Piano offers a high ceiling and relatively low floor in musical expertise. Today, the keyboard is most closely associated with the acoustic piano and the electronic keyboards inspired by it, which share the essential feature of offering discrete pitch controls.

Pressure sensitivity occurring during the attack and after the key is pressed, as found on harpsichord, is a key feature for expressive control on electronic keyboards. Aftertouch sensors detect whether the musician is continuing to exert pressure after the initial strike of the key. Some high-end synthesizers constructed by many synthesizers manufacturers (e.g. Yamaha, Roland, Nord) have polyphonic after-touch, meaning that each individual note has its own sensor for pressure that enables differing usage of after touch for different notes. Even-though the piano has discrete pitch controls, after-touch can be added with modern synthesizers and controlled via keyboard where the keys are turned into fully continuous controllers. The manta by Jeff Sneider Snyder [2011] followed up by the keyboard equivalent, the Snyderphonics Manta Controller [START_REF] Snyder | The jd-1: an implementation of a hybrid keyboard/sequencer controller for analog synthesizers[END_REF] uses touch capacitive sensing pads reacting to area of the fingertips in contact. These pads (see figure 3.17) allow touch sensitive controls (during and after the attack) such as frequency and amplitude modulations while, the Snyderphonics presents similar control over traditional keys (see figure 3.18).

In the continuity with the Snyderphonics, the Touchkeys by [START_REF] Mcpherson | Touchkeys: Capacitive multi-touch sensing on a physical keyboard[END_REF] is an extended keyboard making use of the longitudinal space of the keys (with embedded capacitive sensors) enabling to slide up and down the length of the key, hence bending the pitch. The fingertips position on the keys is used to modify sound synthesis parameters having an effect on the timbre or the pitch for instance. The player is free to choose one
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sound parameter to control with this mapping: either a vertical glissando or a spectral change can be applied on key individually. Demonstrations of the instrument puts forward "classical" keyboards sounds and playing technics with this augmented technique. These two works finally inspired to create a the commercial product Seaboard by Roli 10 . The creators, [START_REF] Lamb | Seaboard: a new piano keyboard-related interface combining discrete and continuous control[END_REF], wanted to enhance capabilities of the piano, combining the capacity for real-time polyphonic expression with the ability to bend the pitch of every note independently. The instrument has a rubberized surface that allows the user to bend and twist the keys as s/he plays (see figure 3 

Tangible objects and touch screens

The ReacTable by [START_REF] Jordà | The reacTable Exploring the Synergy between Live Music Performance and Tabletop Tangible Interfaces[END_REF] is a multi-player tangible interaction of a unprecedented kind with tangible objects "communicating" with a multi-touch tabletop (figure 3.20). The ReacTable' connects displayed images, named TUIO objects (depicted on figre 3.21), that are recognized by an infrared camera placed below the screen of the instrument, sending information about the type of sound to be generated to the system (e.g. LFO, square wave, filter, etc.). It is striking how an instrument like the Reactable reminds of the concept of sketches and shapes of sonic objects described in Schaeffer. Computer vision and music can also meet in the shape of tangible objects. The TUIO objects and the Reactable Kaltenbrunner et al. [2005], have been awarded with the Prix Ars Electronia (prestigious price that honors creativity and innovativeness in the use of digital media").

Microsoft Research has also developed similar technologies enabling 3D virtual objects manipulation on and above a tabletop surface with finger gestures -Hilliges Lately, a global vision on this scene reveals that the Kinect and the Leap Motion, have already been popular choices among musicians and sound artists for live performances.

The Airpiano17 enables an intuitive and simple touch-free interaction thanks to 8 infrared proximity sensors, creating 24 virtual keys and 8 virtual faders. The performer uses both proprioception (or kinesthetic sense) in order to play in air, guided by a matrix of LED displaying keys and faders on the surface of the instrument. If this instrument does not actually use 3D vision cameras, the infrared proximity sensors can be viewed as a lowdefinition depth sensor, providing the global 3D coordinates of the hand as opposed as matrices of pixels.

Recent advances based on the Leap Motion show its abilities to control high-level music control thanks to a 3D touch-like gesture. GECO is a Leap Motion app (available on the Leap Motion' market space AirSpace) which controls MIDI, OSC or CopperLan protocols with a simple 3D-gesture vocabulary. citeHan2014 use the Leap Motion to create an air-key piano and an air-pad drum machine while making use of the third dimension to control the sound intensity via the hand's velocity computation. [2013] in order to grasp finger movements occurring prior to the touch with the sheet. They both drew keys on the sheet in order to trigger the keyboard's notes, using the 2D coordinates of the fingertips while touching the surface. It is worth noticing that this last example bears a resemblance with multi-touch tablets and tabletops since the paradigm is based on a finger-screen contact. Additionally, MRLeap is a Max external, that enables to select and apply data streams from the Leap Motion to any musical, visual, or other parameters Ritter and Aska [2014]. More recently, [START_REF] Brown | Gesturechords: Transparency in gesturally controlled digital musical instruments through iconicity and conceptual metaphor[END_REF] used the Leap Motion to explore in finger gesture controls through iconicity and conceptual metaphor based on the American Sign Language to make play musical chords.

Systems reacting to physiological signals

Experimentations with sensors capturing physiological signals, originally developed for biological or neuro-science research, are connected to laptops and transduce human electrical activity into sounds. Various biofeedback, such as muscle contraction, heartbeat rate, skin conductivity, and even brain waves can be detected and transformed into sound with some signal processing. Due to their technological complexity and sensitivity, they are no easy to set up. Moreover, they are very experimental, and whoever wants to use them should better have some computing skills and some physical training. The first sonification of electroencephalography is credited to Avin Lucier in 1965 (Music for Solo Performer) -Mumma [1968]. For instance, in the musical piece Suspensions by Atau Tanaka, the interpret Sarah Nicolls plays the piano with some surface electrodes, called electromyography (EMG), taped to her skin. The EMG records the electrical activity in her muscles and transduces parameters such as speed of contraction and strength into the computer. Atau Tanaka receives these parameters, and through some live electronics, modifies the natural sound of the piano, adding effects matching with the theatrical performance given by Sarah Nicolls. The "EMG performance" is intriguing to see since you do not see 

Wearable Instruments

Interactive systems allowing performing with body gestures have appeared in the 80's. In 1984, one year after the release of the MIDI protocol, Michel Waisvisz was the first artist to build an experimental, gestural interface to control digital synthesizers. The Hands Krefeld and [START_REF] Krefeld | The hand in the web: An interview with michel waisvisz[END_REF]; [START_REF] Waisvisz | Gestural round table[END_REF] are wooden frames that can be handled, with sensors for finger positions, rotation and proximity (see figure 3.23). The first glove transforming finger gestures into sounds were created for a performance at the Ars Electronica Festival 1991. Ironically called "the Lady's Glove" -Sonami [1991] (shown on figure 3.24), it was made of a pair of rubber kitchen gloves with five Hall effect transducers glued at the tip of fingers and a magnet on the right hand, varying voltages were fed to a Forth board and converted into MIDI signals. More recently, the Remidi-T8 gloves 18 , allow users to quickly map the MIDI signal triggered with the fingertips thanks to eight pressure sensitive spots.

The Digital Baton made at the MIT Media Lab in 1996 by [START_REF] Marrin | The digital baton: a versatile performance instrument[END_REF], imitates the feel of a traditional conducting baton while retaining the maximum number of intuitive control parameters for the user. The baton tracks the horizontal/vertical position of the baton tip with an IR LED, uses a 3-axis 5G accelerometer array for fast detection of The distribution in figure 3.27 express that wearable instruments are very easy to learn or to use, but do not offer a great musical potential in terms of expressiveness and diversity of sounds. On the opposite diagonal, the augmented instruments possess all the criteria of acoustic instruments, plus some features that are added thanks to added sensors and technology. Additionally, their high-end design meets with the richness of sounds and as a result, represent is the end of the flow channel.

Conclusion from the state of the art

Gestural Interaction

Gestural interaction in digital musical interfaces or instruments is essential to musicians, who seek to control synthesis parameters and effects expressively, which is of great interest in a live performance scenario. Gestural interaction for MCI can extends performers' bodily actions. The interaction does not only involve, say, finger-tips in the case of a keyboard player, since the whole-body conveys expressive informations. Insofar as possible, MCI can enable simultaneous control of multiple parameters of sounds, such as pitch, timbre dynamics, and effects (e.g. echoes, filters, reverb, etc.). This real-time control over multiple degrees of freedom is not possible with current commercial MCI devices, therefore making gestural control a rewarding research area, which also concerns HCI.

Gestural interaction can facilitate a musician to augment their own acoustic instrument with additional sensors, enabling them to control a synthesis program in real-time by performing a number of musical gestures, creating what Cadoz and Wanderley [2000] named a Digital Musical Instrument (DMI). It could also enable a performer to control the synthesis program on a machine without using any physical instrument at all, hence allowing the musician to play what [START_REF] Mulder | Virtual musical instruments: Accessing the sound synthesis universe as a performer[END_REF] calls a Virtual Musical Instrument (VMI). Imaginably, a performer could use musical conducting gestures to simultaneously trigger
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several processes on a musical software, as s/he would interact with a number of performers in an orchestra.

Digital musical instruments (DMIs) designers in the past few years have assimilated the concept of affordance as that which an object or environment is offering as potential for actions or resources to a performer. Expressive use of affordance with DMIs and concepts for the expressive use of their affordances involves looking at body gestures, both from the point of view of the musician and audience. This work on gestural affordances, meets with important musical concepts of sound-objects and spectro-morpholgies, which still await to emerge on a larger scale.

Limits of NIMEs

As discussed in Elblaus et al. [2014], there is a certain alienation concerning new interfaces with regards to researcher's engagement in real musical context . Many new interfaces are produced every year by research groups affiliated to the NIME community, but it seems that DMIs develops at a very slow pace outside of this circle. According to many actors of the NIME community, this is a lack of "longitudinal effects of new interfaces in contemporary music practice". [START_REF] Dobrian | The'e'in nime: musical expression with new computer interfaces[END_REF] distinguish interfaces for musical expression and new interfaces for controlling sound. [START_REF] Jordà | Digital instruments and players: part i-efficiency and apprenticeship[END_REF] adds that many new instruments are being invented but " too little striking music is being made with them". [START_REF] Elblaus | Nime design and contemporary music practice: Benefits and challenges[END_REF] reproach thet fact that new interfaces are often "proofs of concept of a mode of interaction that is explored, or an exploration of some underlying mechanisms of instrument-making, such as mapping". With the example of the JD-1 capacitive touch keyboard by [START_REF] Snyder | The jd-1: an implementation of a hybrid keyboard/sequencer controller for analog synthesizers[END_REF], they illustrate a system which demonstrates an interesting piece of engineering and mapping but does not seem to lead to new musical horizons. Other examples such as DJ scratching on the Reactable -Elblaus et al. [2014] -or the Continuum by Lipoid Haken20 can nicely demonstrate the capacity of an interface to mimic other pre-existent musical devices, but they do not engage musicians in new directions in terms of musical practice, genres and compositional approach. To conclude, research in NIMEs should focus more in creating new musics, and new musical trends following closely engineering and algorithmic achievements.

While the hardware for the BodySynth 21 , cousin of the Conductor's jacket, described in section 3.2.3 shows a considerable amount of thought and design, there is no sign that dancer and orchestra are in sync or that the music is moving to the beat of the performance of cyber-dancing". As one of the reviewer of the a cyber-dancing performance by Van Raalte ironizes,"it'll be a long time before any group using body synthesizers can challenge the New York Philharmonic Orchestra in concert".

State of the art on capture, modeling and gesture recognition

There are numerous ways to obtain motion data using mechanical, magnetic, or visionbased systems. We present here the three main types of motion capture systems, namely: inertial systems, optical-systems with markers and optical-systems without markers. Markerless and affordable systems, which are used for the purpose of this thesis' works, are consequently more detailed. This decision is mainly motivated from the necessity to record musicians hand and upper-body gestures without interfering with their ability to move freely. It also aligns with the i-Treasures requirements and objectives of capturing fine hand and fingers gestures in order to save an intangible heritage at relatively low cost an allow apprentices to learn them latter.

Motion Capture systems

We outline in this section different motion capture systems, followed by an overview on skeleton extraction techniques from vision data. As capturing tools and skeleton extraction are principally made for the purpose of gesture recognition, we discuss the former inseparably from the latter.

Recognizing hands' postures has been extensively studied in the past few years as its applications are numerous in the field of human-computer interfaces. The finger's velocity and preciseness are of benefit to any HCI systems including gaming, entertainment, multimedia navigation and music to name a few.

Inertial sensors

Inertial sensors -or inertial measurement unit (IMU) -are sensors based on inertia. These electronic device can measure body's acceleration, angular rate, and orientation using a combination of accelerometers, gyroscopes and magnetometers. An inertial measurement unit can detect acceleration using one or more accelerometers, and changes in euler angles (e.g. pitch, roll and yaw) using one or more gyroscopes. Commercially available IMUs (e.g. InvenSense1 , Xsens2 , Sparkfun, ASC GmbH3 ) range from simple 3-axis accelerometer providing pitch, roll and yaw (figure 4.1) to 9-Axis devices fusing 3-axis gyroscope, 3-axis accelerometer and 3-axis compass together. A 3-axis accelerometer costs approxiamtly 3 euros, and a 9-Axis 5 euros.

Various types of wireless and wearable motion sensors have been used for interactive dance performances. [START_REF] Aylward | Sensemble: a wireless, compact, multi-user sensor system for interactive dance[END_REF], [START_REF] Todoroff | Wireless digital/analog sensors for music and dance performances[END_REF] for instance, use 3axes fused accelerometers, magnetometers and gyroscopes, called MARGs (Magnetic, Angular Rate, and Gravity) sensors. Inertial sensors can be embedded in motion capture suits, containing up to eighteen inertial sensors (e.g. IGS Cobra4 ) dispatched on body's joints. Global position of the skeleton is inferred, based on the angle values. Joints angles can be interesting, comparably with Cartesian (x,y,z) coordinates, as they make the models robust to skeleton size variations between different subjects. The standard price for an inertial suit and full software solution are usually very high (e.g. Cobra suit IGS-150formerly Animazoo -costs $20000); Data gloves can provide the position and rotation of the hands using magnetic and/or inertial tracking devices. Some models can also detect finger bending with a high degree Full-body or finger tracking, however is difficult to sense using only 2D representations that do not include known 3D models of objects that they identify. The PianOrasis system -Manitsaris [2010] for instance, uses a RGB webcam to record finger motions in two dimensions. Extraction of feature vectors from the video frame enables to install the camera in front of a piano or on a table and track the hand's centroid as well fingertip positions in 2D, as can be seen on 4.2. Feature vectors are extracted from each frame allowing to get the distance between the centroid and each fingers, as well as distances between respective abscissas of adjacent fingers. However, such processing are computationally expensive due to the extensive image operations, which are necessary in order to retrieve data. Furthermore, the missing depth information makes RGB cameras outmoded compared with the depth cameras capabilities.

In contrast, depth cameras are much more robust to lighting changes than RGB cameras. Depth sensors such as the Microsoft Kinect, DepthSense Softkinetic or PMD Nano camera CHAPTER 4. CREATION OF A FRAMEWORK FOR CAPTURING, MODELING AND RECORDING OF MUSICAL GESTURES tree classifiers. Testing data is also selected randomly in order to make the system more robust. The main draw back of this method is that it requires huge labeled databases (several thousands of images) for training. [START_REF] Bibliography | Human skeleton tracking from depth data using geodesic distances and optical flow[END_REF] presents a method for estimating posture and plotting of the human body from depth data. This appearance-based based approach consists in detecting anatomical reference points on the basis of the 3D data obtained with an RGB-D camera and then plotting a skeleton model using inverse kinematics. Positions and rotations of articulations of the model can be determined in order to obtain a posture. They thus construct a representation of the depth data in the form of a graph which makes it possible to measure the geodesic distance between the different parts of the body. As these distances do not change with the movements of the body, they are able to locate anatomical references independently from body position. In order to differentiate occluded body parts, they use information derived from motion, obtained from the optical flux between the intensity of successive images.

The method proposed by Jiu et al. [2014] allows to estimate articulations from depth images in real time using spatially-constrained deep learning. Whereas RDFs classifiers in [START_REF] Shotton | Real-time human pose recognition in parts from single depth images[END_REF] ignore relationships between joints, making the task of pixel-by-pixel classification more difficult, this method applies a spatial constraint in feature vectors, reflecting the spatial arrangement of labels. Integration of spatial constraints is done through a supervised learning type of deep neural networks called Conv-Net (convolutional neural networks). To sum up, the spatial relations between the different members are exploited during the learning process and also in the decision function used in the classification. users to interact with a computer by waving a finger or hand. The Leap Motion is one of the best ready-for-use 3D hand skeleton tracking solution, capturing small and rapid finger gestures. This camera works with two monochromatic cameras and three infrared LEDs. The Leap Motion algorithm is not communicated, but from the few publicly available data, we know that it interprets the 3D data and infers the positions of occluded objects [START_REF] Colgan | How does the leap motion controller work? Leap Motion Blog[END_REF]. It provides an accurate 3D tracking of the hand skeleton, with more than 20 joints positions and velocities per hand. The Leap Motion has a 150 ± lateral field of view and a 120 ± vertical field. Its effective range extends from approximately 25 to 600 mm above the camera center (the camera is oriented upwards). However, after intensive use of the device, it is clear that the tracking loses both robustness and precision as the hands go apart from the center.

Hand pose estimation using depth cameras

Statistical approach for gesture recognition

Many approaches for gesture recognition can be found in the literature, but all strategies have to deal with temporality. As body motion can be seen as an evolution of body poses over time. Time variability of gestures implies that several executions of a same gesture correspond to a series of poses coming one after the other at different speeds. Machine learning algorithms, such as those based on Hidden Markov Models (HMMs), Dynamic Time Warping (DTW), Hierarchical Hidden Markov Models (H-HMMs), Sequential Monte Carlo technique etc., are widely used for gesture recognition systems for continuous interaction. We will present in the following section the state of the art of machine learning techniques for gesture recognition. Machine learning algorithms are usually trained using some set of training data corresponding to exemplary situations for which the desired output are known. The aim is that the algorithm will predict the output of a testing set that was not encountered during its training.

Recognizing gestures with DTWs

In order to deal with the issue of time variability in gestures, one can consider the gesture not as a continuous sequence of poses, but as a sequence of a fixed number of pose. A popular approach starting with this idea is the dynamic time warping (DTW) for comparing time series in the presence of nonlinear time deformations. Distance measures (e.g. Euclidian, Mahalanobis distance) between time series, enable to determine the similarity between the elements (frames) of the two sequences to be aligned. DTW as been widely used for gesture recogntion procedures (e.g. 

Recognizing gestures with Hidden Markov Models

The third approach consists in modeling time series with statistical models taking into account the time variability. The most popular models for such a task are the Hidden Markov Models (HMMs). HMMs are widely used for the modeling of time series, and have been used for motion modeling and recognition since the nineties Bobick and Wilson [1995]. A HMM consists of a finite set of states, with transitions between the states governed by a set of probabilistic distributions called transition probabilities. Each state is associated with an outcome (more generally called observation) probability distribution. Only this observation is visible, the state is called hidden: at each time frame, the external observer sees one observation, but does not know from which state it comes from. The complete characterisation of a HMM requires the specification of the number of states, and the definition of two probability measures: the state transition probabilities between each states pair and the probability density functions the observations in each state. In continuous HMMs, these probability density functions are often modeled by a mixture of Gaussians, or single Gaussians. HMMs can integrate directly in their model both time and stylistic variability of the motion, thanks to their statistical nature. In Takeda et al. [2007], hidden Markov models are utilized for estimating the dance step intended by a human for a dance partner robot. [START_REF] Bevilacqua | Continuous realtime gesture following and recognition[END_REF] compute continuously HMM parameters by comparing performed gesture with stored reference gestures in real-time. In addition to the recognition applications, the last decade has seen a rising interest for the use of HMMs, especially with the development of tools such as the HTS toolkit developed for speech synthesis [START_REF] Tokuda | The hmm-based speech synthesis system (hts)[END_REF]. This learning process is usually supported by three types of feedback: a feedback on the training data set, the results of the training process (e.g. cross-validation accuracy), and the results of direct interaction with a trained model (direct evaluation). Often, however, the underlying techniques and models are perceived as black-box processes where users only get feedback once gesture is completed. In most machine learning approaches, a parameter is implemented, measuring how much the performance is allowed to be different from template gestures. As seen in [START_REF] Caramiaux | Adaptive gesture recognition with variation estimation for interactive systems[END_REF], [START_REF] Françoise | Motion-Sound Mapping by Demonstration[END_REF], the users can control the degree of generalization of a model via the tolerance bounds -or variance offset -, which is a direct influence of the number of hidden states in HMM-based movement modeling. This overfitting issue is common in machine learning, where too many adjustable parameters prevents the system to generalize the training data and create too many template classes. Typically, if the number of states is too high, it may overfit the gesture description, hence precisely taking account of the time profile of the gesture, at the detriment of the generalization of the task as the model overlaps between classes.

Hybrid models

Bevilacqua

The adaptive nature of machine learning algorithm for gesture recognition works well for recognizing distinctive template gestures, even though many efforts are put in adjusting adaptive -or comprehensive -tolerance bounds in order to capture expressive gesture variations of expert musicians [START_REF] Volioti | x2gesture: how machines could learn expressive gesture variations of expert musicians[END_REF]).

Continuous recognition for the design of modern gestural interfaces

Recent trends in machine learning tend to make black-box processes accessible and userfriendly for end-users. While traditional models recognize gestures only after they have been entirely completed, a new trend of gesture interaction systems -named "fluid gesture interaction design" Zamborlin et al. 

Conclusions from the state of the art and motivation

In chapter 3, we have introduced what type of gestures we were interested in, namely pianistic gestures. Such gestures are complex multi-layered movements, with some joints (e.g. fingertips) providing essential information at great velocities and small range while other body parts (e.g. shoulders, head) move at slower paces, wider ranges and provide information which are left open to interpretation. However, difficulties encountered with 3D cameras upper-body and finger tracking and time processing lead us to set aside machine learning algorithms for gesture recognition.

Our main concern with machine learning algorithms is that users have to precise what gestures they are about to perform, and how they are about to perform them. Known problems with time alignment between template gesture and performed gesture as well as classification over fitting are important but, according to us, must be preceded by the creation of a capture framework that set rules, just like on any musical instrument. From these constraints only, the detection and recognition problem can be laid. Fundamentally, among the number of possible ways and complex alternatives of performing musical gestures, creating a training set of template gestures may almost seem absurd unless the when designing an experiment with it. In our experiments, spatial and temporal precision are of high priority for finger gestures whereas these conditions are more loose for upperbody gestures. As a consequence, reflexions from our musical gestures topologies aside with sensors selection lead us to use the Kinect for wide gestures operated by the upperbody and the Leap Motion for small and fast finger gestures. As we will see in this chapter, an off-the-shelf solution, such as using the Leap Motion and Kinect, requires considerable customization and compromises, but building a complete solution from scratch would increase cost, risk even more.

To get a big picture, we want to retrieve both hands including fingers and upper-body joints from the Leap Motion and Microsoft Kinect. From there, we will model piano-like gestures and use these features for gesture recognition. The basic workflow from sensor stream to gesture recognition is depicted in figure 4.9 

Kinect data

The first version of the Kinect, along with the OpenNI skeleton tracking middleware can deliver a tracking of the head, shoulders, elbows and the palm of the hands. The Kinect has a 43 ± vertical field of view, 57 ± lateral field of view and a ranging limit varying from 0.8 to 3.5 m. Its latency, around 100 ms -Balester and Pheatt [2013] -and its spatial resolution (640x480 pixels) makes it unpractical for fast and millimeter-length gestures at close range such as hand gestures. Kinect can see people standing between 0.8 meters and 4.0 meters away, with a 1cm spatial resolution at 2 meters from the camera. More specifically, as a matter of integrating OpenNI and NITE in Max, our working environment, we use the open-source jit.openni external for Jitter/Max12 , which allows usage of sensors like the Microsoft Kinect. It can provide many information such as skeleton joints with optional orientations, user events (e.g. user seen, user lost, etc.). We indicate on table 4.1 the joints 3D coordinates that we use from OpenNI. The reason why we use such a minimal set of point is is twofold. First, only the head and the hands tracking are robust enough with the OpenNI tracking for Kinect v1, due to the fact that they are always foremost in our context, and hence, are less deteriorated by occlusion issues. Additionally, movements made with the neck, shoulders and elbows, in the context of pianistic gestures, correspond to what Cadoz and Wanderley [2000] calls the accompanist gestures (discussed in section 3.1.1), which are not in our first concerns. The joints and their respective coordinates are depicted in table 4.1.

The other alternative to such max externals, being to stream Leap Motion from Python or C++ scripts via OSC, involves opening a subscript before the Max patch. As one can see on 4.12, the object has separate outlets for gestures, hands, fingers, and frame information. However, among the available data, we will only keep fingertips and palm spacial coordinates. We derive joints velocities from each dimension individually (e.g. ẋt , ẏt , żt ) ) by simply computing the difference between the two latest positions within the last two time frames. This method, saving us from dividing spatial difference (e.g.∆x) by the equivalent time difference ∆t, reduces down Max processing time, assuming that the values are streamed at a constant time frame. As a matter of keeping ∆t constant, we have added a metronome which outputs values at 1ms regular intervals. The calculus is as follows:

ẋt =( ∆x ∆t )=( x t n °xt n°1 t n °tn°1 ) / x t n °xt n°1 (4.1)

Fingering detection setup

The whole instrument is articulated around an acrylic sheet, which serves as a frame of reference for the hands. The sheet -or surface -also constitutes a threshold of detection for the fingers: one triggers notes by fingering the surface. The table's surface provides the user a frame of reference hence facilitating gesture repetition. As hands are not very precise when floating through space, difficulties rise when attempting to repeat a gesture with free-hand gestures, where the movement is done in an environment with no tangible frame of reference. This sheet is a tangible limit enabling the user to intuitively place his/her hands at the right place and helps repeating similar gestures while avoiding the Gorilla arm side-effect, occurring with free-gestures hin [2014]. Furthermore, adding this tangible surface enable users' hands to feel something, and thus overcomes the lack of tactile feedback, which is widely reported as an inherent weakness in all touch-less interaction devices 15 . Additionally, the surface facilitates sensors calibration and quickens the set-up as the distance y sh between the sensors and the sheet where hands lay at rest is known. In CHAPTER 4. CREATION OF A FRAMEWORK FOR CAPTURING, MODELING AND RECORDING OF MUSICAL GESTURES order to optimise the Leap Motion tracking field of view and robustness, we placed it 146 millimeter below the center of the board. Section 4.2.2 describes the process of finding the threshold y-axis position. The board is a 45 by 45cm square, hence reducing the 150 ± by 120 ± advertised Leap Motion field of view to a 114 ± by 114 ± inversed pyramid, within which the tracking is the most robust. As a matter of detecting the hand contact with the table, we place the Leap Motion underneath the acrylic sheet. The infrareds go through the acrylic sheet without any interferences, thus not affecting the Leap'tracking performances. Contact with the table is said to be reached when the hands lay at rest on the board, which constitutes a detection threshold. However, due to the sensors imperfection, which supposedly provides a 1 millimeter precision, we place a "virtual" threshold 10mm above and parallel to the board so that fingers cross the detection threshold at y thresh = y sh + 1cm . This way, any time a finger crosses the virtual threshold above the table, contact is said to be made. The distance between the real and virtual threshold has been found experimentally, after trying many variations (from 5 to 15mm). A threshold inferior to 5mm causes too many missed detection, while a threshold greater than 15mm causes too many false detections due to non-wanted fingers crossing the threshold. Therefore, the space in between the real and virtual thresholds can be referred to as the y-detection zone, as it corresponds to a detection space delimited along the Leap Motion y-axis. This y-detection zone is represented in red on figure 4.13. 

Semi-automated threshold calibration

For ease of use and quick set-ups, it was essential to find the simplest way to calibrate the cameras with respect to the surface. As the framework is used in many different contexts (practice, recording, onstage), it is often moved around. Even though the distance between the board and the camera is set at 160 millimeter, the detection threshold is often subjected to small shifts as the Leap Motion underneath the surface moves slightly or lighting conditions and individual skin reflection change from one experience to the other. Therefore, we preferred to allow a simple and fast calibration process that one could reiterate at the beginning of each experience.

Before each recording, we ask the performer to touch the surface with one or two hands' fingertips, except the thumb fingertips which are not exactly in contact with the board while tapping. Then, the performer is asked to slide his/her fingers gently on the surface during a 10 second lapse of time in order to collect a sufficient amount of points. This laps of time is indicated by the sound of an ascending scale and a graphical countdown. Once the countdown is over, the 4 fingers (one hand) or 8 fingers (two hands) y-axis
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Any gestures initiate and terminate outside the micro bounding volume. Within the fingering, we can distinguish four segments, namely preparation, attack, sustain and rest (abbreviated PASR). In preparation state, one or several fingers lift upwards. In attack state, one or several finger go down and in sustain state, one or several finger remain in contact with the acrylic sheet's surface. In rest position, the hand and fingertips are relaxed and in contact with the table surface. At last, the gesture terminate outside the micro bounding box. To sum up, the PASR fingering segmentation enables us to model the gesture in details, providing us information on durations, trajectories and velocities for every gesture's phases.

OPASR model

Drawing on the PASR segmentation, we formalize all transitions in a finite state machine. In order to disambiguate the rest and release states -which originally were considered to be the same, we use letter "R" for rest and letter "O" for "release" or "outside". (reminding that in this case, the finger is out of the micro bounding box). The OPASR segmentation is listed below:

• O: any gesture starts and terminates outside the micro bounding volume y r pl , y l th , y r i , y r m , y r r and y r p › [micro]

• P: preparation is an elevation of one or several fingertips y r pl > y thresh and/or ẏ r th > 0 and/or ẏr i > 0 or ẏ r m > 0 and/or ẏr r > 0 and/or ẏr pk > 0 and similarly for the left hand.

• A: attack is a descent above the threshold level y r pl > y thresh or ẏ r th < 0 and/or ẏr i < 0 and/or ẏ r m < 0 and/or ẏr r < 0 and/or ẏr pk < 0 and similarly for the left hand.

• S: sustain occurs when one or several fingertips are in contact with the table surface y r th and/or y r i = y thresh and/or y r m = y thresh and/or y r r = y thresh and/or y r pk y thresh and similarly for the left hand.

• R: rest occurs when the palm is at contact and static on the surface y palm = y thresh In order to formulate every possible transitions, we consider the OPASR model as a finite state machine, which state diagram is drawn figure 4.21. As mentioned before, we consider the initial and final state to be at release (O) state, which means that the process initiates and terminates when the fingers are outside the micro bounding box (as depicted with the dashed arrow). Starting from the release state, the fingers can forward to any other states but the rest one. All possible transitions are indicated on the state diagram 4.21. 

Hand position and surface zones

The second heuristic for the recognition of piano-like gestures is the division of the table's surface in several zones, (represented by the three different colors in figure 4.20). The key idea here is to cover a range of notes, using one's proprioception in order to access different note ranges. A zone (respectively cyan, magenta and yellow) corresponds to a set of fives notes, (respectively FCABC, CDEFG and FGABC), where each note corresponds to one finger (see colored areas on figure 4.22). In a zone, one finger can play only one note as its ID is associated to a note. Therefore, when the player touches a zone with one finger, say right index in central zone, s/he will play the note D. If the same finger is in the right zone, it would play the note G. Each hand covers three zones so one can cover six zones in total, assuming the player is two-handed.

The EMI keyboard consequently ranges three octaves, from C2 (36 in midi notation) up to C5 (72 in midi notation). While the hand's global position is being associated with a 15 cm wide zone (left, centered, right), it offers position flexibility, hence making proprioception robust enough to switch from one zone to the other. Note that the three zones are 15cm wide (corresponding to an average hand width in spread position), hence spanning the 45cm wide surface. Having such a system allows the player not to worry too much about fingertip positions on the surface of the table but to focus on other fingering components such as velocity and trajectory prior to contact, which constitute the gesture expressiveness.

Classic and secondary fingerings

Secondary fingerings are alternative fingerings that one can use instead of classic fingering (in classical piano technique) to play the same note.. Therefore, in classic fingering, C4 should be played with right thumb in centered position, but it can also be played with 

Alternative tonalities

Fingering sequence described for the C Maj Ionian (C is the tonic) mode remains the same for every other tonalities. In other words, the right thumb in center position will always play a C, except in D Maj and A Maj where it plays a C]. In musical theory, a D Maj scale with C as a tonic means it is is played in Locrian mode. Similarily, playing A Maj with C as a tonic corresponds to Phrygian mode. 

Macro level control paradigm

Although the Kinect in the macro bounding volume provides an orthonormal frame of reference, we are not looking at its absolute values, but rather relative ones such as distances between joints, relative rotation angles. In this section, gesture models are based on two main object affordances (refer to section 3.1.3), namely the elastic and the kite. Distinctive from effective piano-like gestures, these pantomimic gestures (terms coined by [START_REF] Feldman | Fundamentals of nonverbal behavior[END_REF] and explained in 3.1.1) are naturally performed and convey meanings by miming an action using some invisible tool. The elastic rubber affords to be stretched, the kite to be directed. In both cases, these gestures can induce musical ideas, especially to control sound effects. We discuss here only the feature extraction and will discuss their musical potential in section 5.2.3.

Elastic rubber gesture

This elastic control gesture is a metaphor for stretching and releasing a rubber cable. This gestural metaphor is depicted in figure 4.24 with the red arrow. We compute the threedimensional euclidean distance between left and right hands' joints. The calculus is as follows: 

d = q ((x R °xL ) 2 + (y R °yL ) 2 + (z R °zL ) 2 ) (4.2)

Kite flying gesture

Inspired by the affordance of a kite (figure 4.25), we imagine a gesture articulated around the three-dimensional rotations of a plane defined by the three joints Head -Left Hand -Right Hand (HLR). For any rotation in three dimensions, there is always a fixed axis, the axis of rotation. The rotation can be described by providing this axis, with the angle through which the rotation turns about it. The plane of rotation is the plane orthogonal to this axis, so the axis is a surface normal of the plane. Hence, the HLR plane rotates about one axis of rotation with respect to the Kinect axis. From the three joints, that we consider as apexes of the triangle (HLR), a plane equation is computed. We compute two vectors, that being HL, the vector connecting the head with the left hand and HR, the vector connecting the head with the right hand. Within the CHAPTER 4. CREATION OF A FRAMEWORK FOR CAPTURING, MODELING AND RECORDING OF MUSICAL GESTURES Kinect frame of reference, we can compute the normal vector n to the plane originating from the head joint with the following cross product:

n = HL £ HR = ai + bj + ck (4.3)
where a = (HR y § HL z °HL y § HR z ), b = (HR z § HL x °HR x § HL z ) and c = (HR x § HL y °HL x § HR y ). In order to find a relative value to the rotation angle θ between the triangle HLR and one Kinect axis, we simply compute the scalar product between its normal vector n with respect to the respective Kinect axis.

n.i = n § cosθ / θ (4.4)
n.i =(ai + bj + ck).i = a (4.5) Equations 4.4 and 4.5 imply that rotation angle is proportional to the normal coefficient a. We can extend the same reasoning to the two other Kinect axis y and z and conclude that the normal n coefficients a, b, c are respectively proportional to the x,y,z Kinect axis, hence a / x-axis, b / y-axis, c / z-axis.

Two rotations examples are shown on diagram 5.11, where the triangle tilts about the z-axis (red arrow) and x-axis (red arrow). The z-axis plane rotation provides a sense of how much left or right hands are pulling the wires of a kite or turning a wheel. The x-axis plane rotation reacts accordingly if the body is going backward or forward and/or the hands are going higher or lower. 

Recording and visualization

The approach for recording all the gesture features described above is to gather them with temporal information all in one matrix. This workflow is depicted in figure 4.28.

Gesture recording

As a matter of recording all gesture features described in the micro and macro bounding space, we use MuBu (Multi-BUffer), a set of Max objects developed at IRCAM17 enabling to record and model both sound and motion data. The Mubu "library" provides a structured memory for real-time processing of recorded gestures and sounds together with graphical interfaces (imubu) and operators (e.g. mubu.track, mubu.knn, mubu.concat, etc.) as a set of complementary Max externals.

The buffers of a MuBu container associate multiple tracks of aligned data to complex data structures such as annotated motion capture data and segmented audio data. Each track of a MuBu buffer represents a regularly sampled data stream or a sequence of timetagged events such as audio samples, audio descriptors, motion capture data, markers, In order to record our gesture features in the most compact form inside the mubu container, we gather the OPASR features with velocity and zone data for each finger. The release state "O" is not represented as a separate mubu track for consistency matters as it has no velocity nor zone correspondence. We deduce it from the other channels: if the finger is in none of the PASR states, then it is in release (O). However, it would be useful to have a visual cue for the release state in subsequent versions. Hence, we record for each finger the PASR states, the velocity, zone and affixed 3D coordinates (x,y,z). Figure 4.29 illustrates the Max patch gathering all nine features (coming from 9 mubu.track objects) into a mubu.record object (Max object enabling to record data streams and sequences).

The resulting feature matrix for each finger is hence composed of nine feature vectors, as represented on figure 4.30. As one can see on the figure, the 3D coordinates, OPASR segments as well as velocities and zones for each finger, are displayed in the 9 columns, after the timestamps column. In order to picture each joint, one can select the different tabs, each displaying the joint OPASRVZ feature (x, y, z coordinates + OPASR + velocity + zone). At last, we have added the three upper-body joints, the euclidean distance value (rubber elastic control) and the three coefficients of the HLR plane detection in the MuBu recorder.

Visual Feedback

We designed a few visual cues for gesture feedbacks on the Max patch. Even if the performer is not supposed to be constantly looking at the screen while playing, they are times (especially for calibration and for beginners) when it is necessary to know if the fingering is correctly detected and each phase is recognized. Furthermore, it is essential to know if the hands and upper-body tracking is correct and if the system is well calibrated. Therefore, we have added a few visual cues for gesture feedbacks, as can be see in figure 4.31.

If this matrix representation discussed in section 4.5.1 enables us to save the gesture features, one need to be able to visualize the latter. It is important to visualize precisely how long each segment last, how long a fingertip spends in a zone, what velocity it has when it enters an attack phase, and so on. Based on the MuBu sequence of time-tagged 

Conclusion

From the necessity of using a specific camera for capturing upper-body gestures and a different one for capturing finger gestures, we have shaped a capture framework around two bounding volumes, respectively named micro and macro bounding volumes. Both spaces respectively correspond to micro gestures performed with the hands, especially focusing on fingerings and macro gestures, corresponding to the upper-body wide gestures.

We have segmented the fingering with the OPASR model, derived from a general gesture representation, to focus on each essential phases of this specific gesture. This model is articulated around the acrylic surface, which constitutes a tangible threshold for finger detection. Furthermore, adding a velocity information to each segment, as well as measuring the time spent in each phase provides us with enough data to model piano-like expressive fingerings with articulation and intensity.

Building upon the traditional keyboard representation, and making use of our awareness to know our hands' position and movement in space (kinesthetic sense), we established a zone system, enabling to play three full scales (from C2 to C5) with our two hands. Each finger is identified and can only play one note per zone. In order to access a different note range, it just takes to shift laterally the hand by 15cm either on the left or right (coming from the central zone). The hand hence moves aside at distinctive enough places in order for the player to be aware of his/her fingerings without having to look precisely at his/her fingertips.

Chapter 5

Gesture-to-sound mappings on the Embodied Musical Instrument

Embodied Interaction is interaction with computer systems that occupy our world and society reality, and that exploit this fact in how they interact with us Paul Dourish

State of the art of Gesture-to-sound mappings

Sound generation mechanisms of common acoustic musical instruments are unified with sensory-motor control mechanisms, and this brings in complex relationships between human performers and their instruments. However, in the case of electronic musical instruments, the interaction between the input device is independent from the sound synthesis device. Computer music and prior electronic music experimentations (discussed in 3.2.1) suffered from the crudest control over the sound, undertaken via interfaces often designed for office tasks or scientific research.

During this past decade, a new generation of gesture-based systems for musical interaction raised, following new theoretical and technological progress. The availability of affordable sensors and interfaces, initiated a broad development of new musical digital instruments, which are regularly presented at the NIME conference, which began as a workshop at the ACM Conference on Human Factors in Computing Systems (CHI) in 2001 and at the annual Georgia Tech competition for musical instrument1 among other places. Carried by theories such as enaction or embodied cognition - [START_REF] Dourish | Where the action is: the foundations of embodied interaction[END_REF] -HCI embraced the development of gesture recognition, as introduced in section 2.2.2. [START_REF] Jensenius | Musical gestures. Musical gestures: Sound, movement, and meaning[END_REF]; [START_REF] Leman | Embodied music cognition and mediation technology[END_REF], specifically outlined an embodied cognition approach to music.

The bottom line with controlling musical systems from physical gestures, as well as more general concerns about embodiment in HCI, is to conceive a "mapping" strategy between different input-output parameters. The task of mapping consists in formulating interactions between an input device and sound synthesis engines is left to the instrument builder, who must think on several layers, including system design, product design, specific sensor knowledge, signal processing, while following compositional directions. This delicate exercise gets proportionally complex as the input data and/or output data parameters are highly dimensional. Furthermore, a designer might be interested in refining the mapping, in a way this latter becomes as intuitive and natural as possible to the user. As we are about to review, the literature includes several criteria, such as expressiveness and ergonomics, .

Mapping strategies

An extensive literature on gesture-to-sound mapping attempted to formalize various particular approaches. An expressive mapping often involves inter-related input variables in both complex and non-linear ways. Different types of mappings have been identified, such as explicit or implicit mapping -Bevilacqua et al. [2011]; Van Nort [2010]. The art of explicit mapping is often guided by the richness of acoustic instruments, where both the control space and the synthesis space are linear and complex, whereas implicit mappings involves machine learning algorithms where the task of extracting expressive features from gestural data and the way it generates the sounds act is supervised by the user but mostly controlled by the program.

As reviewed by [START_REF] Bevilacqua | Online gesture analysis and control of audio processing[END_REF] several approaches of gesture-sound mapping can be described for low-level parameters (raw data coming from gestural sensors), or for high-level descriptors that can be comprehended from a perceptual point of view (modified sensor data fitting sensory perception) [START_REF] Hoffman | Feature-based synthesis: Mapping acoustic and perceptual features onto synthesis parameters[END_REF]; [START_REF] Hunt | The importance of parameter mapping in electronic instrument design[END_REF]; [START_REF] Volpe | Expressive gesture in performing arts and new media: The present and the future[END_REF]. A body of works focus on the use of emotional characteristics to be applied on both gesture and sound. For instance, [START_REF] Camurri | Communicating expressiveness and affect in multimodal interactive systems[END_REF] aims at communicating expressiveness and affect via a multi modal (e.g. several sensors ) mappings while Castellano CHAPTER 5. GESTURE-TO-SOUND MAPPINGS ON THE EMBODIED MUSICAL INSTRUMENT et al. [2007] uses full-body gestures in order to do so. From a different -but not excluding -perspective, [START_REF] Bevilacqua | Wireless sensor interface and gesture-follower for music pedagogy[END_REF] uses simple wireless sensors for music pedagogy applications.

Explicit mappings

Considering the control (e.g gesture) and sound synthesis (e.g. additive, granular, etc.), three basic strategies relating those parameters can be devised: one-to-one, one-tomany or many-to-one and many-to-many. From an instrument design enabling a single control device corresponding to a single musical parameter -a "one-to-one" mappingto multi-dimensional input parameters controlling several sound parameters -a "manyto-many" mapping -the art of making connections between the two space parameters (input/output) has been thoroughly studied and discussed. Rovan et al. [1997] use the words convergent (many-to-one) and divergent (one-tomany), hence providing an way to think about the mapping problem, focusing on the input and output dimensions. "One" can also be in some cases be replaced with "few" as long as few is smaller than "many". [START_REF] Ryan | Some remarks on musical instrument design at steim[END_REF] has represented convergent and divergent mappings using Euclidean analogies (points, lines and curves). Therefore, a divergent mapping between one or several control parameters to a set of musical parameters would be between one or several points to a curve. Conversely, converging sets of control parameters to one or several musical parameter would be considered as a curve to one or several points. Other possible relationships could then be between lines, curves, and so on. [START_REF] Garnett | Performance factors in control of high-dimensional spaces[END_REF] also considered the general case with three strategies (many-to-one, one-to-many, many-to-many) and define them as "direct mapping". The term "direct" specifies the controls are direct whether they act on individual or several sound parameters or if one sound parameter is being driven by several controls. Whether a mapping is direct or indirect can be however ambiguous in the case where an input parameter (e.g. point variations along the x-axis) is transformed by non-linear functions (e.g. logarithmic or exponential functions) before it is acting on sound parameters, or if input parameters are influencing each others.

Acoustic musical instruments have evolved over many hundreds of years into systems with interaction capabilities, which still surpass today's digital interfaces: they enable, through in-depth learning and years of practice, musicians to control expressively and simultaneously multi-variate parameters by coordinating several organs (e.g. mouth, fingers and ears). Inspired from complex and non-linear relationships inherent in acoustical instruments, It is therefore primordial for the study of mapping strategies, to analyze complex and non-linear relationships inherent in acoustical instruments, in order to craft expressive digital instruments. However, as [START_REF] Cook | Principles for designing computer music controllers[END_REF] points out, "copying an instrument is dumb, leveraging expert technique is smart".

Implicit mappings

An important implicit approach discussed by [START_REF] Bevilacqua | Continuous realtime gesture following and recognition[END_REF]; Van Nort [2010] called temporal mapping, has been developed by the Sound Music Movement Interaction (ISMM) team at IRCAM. A temporal mapping focuses on temporal profiles as opposed to spatial mapping. Established with the influential Gesture Follower system, continuous time sequence of gesture features can be modeled with a combination of Hidden Markov Models (HMMs) and Dynamic Time Warping (DTW), where the system continuously outputs parameters relative to the gesture time progression and its likelihood. Continuous parameters are computed by comparing a performed gesture with one or several stored reference MUSICAL INSTRUMENT gesture(s), which is(are) recorded during a training phase. The method relies on a detailed modeling of multidimensional temporal curves. A single shot learning phase (one example per class) is rendered possible thanks to prior knowledge, which simplifies the training phase. Numerous applications have been developed using this system in various context: music, education, music and dance performances and interactive installation. In terms of sonification, the DTW stretching/compressing of the performed gesture to fit a stored one stretches/compresses audio buffers as a result. The gesture continuous profile progression is often associated to a granular synthesis or concatenative [START_REF] Schwarz | Concatenative sound synthesis: The early years[END_REF] sound synthesis sound engine.

A major trend in gesture-to-sound mapping is based on machine learning algorithms. Following IRCAM' ISMM team approach, Françoise et al. [2012b] pushed ahead the Gesture Follower system, and developed, as part of the MuBu library2 many modeling algorithms (discussed in 4.1.3) to improve fluidity in temporal recognition and therefore in sound processing. This approach is efficient with a single point trajectory provided by an inertial sensor (providing 3D coordinate) that the user holds in his/her hand. Therefore, the gesture features support a minimal set of 3D characteristics. Not comparing with system an expressive musical instrument, one can understand how machine learning algorithms (HMMs) can be used to manipulate sounds in a supervised training paradigm. [START_REF] Fiebrink | A meta-instrument for interactive, on-the-fly machine learning[END_REF] proposed a "meta-instrument", called the Wekinator, which enables users to create training databases using arbitrary control modalities (e.g. joystick, Wii Remote, Leap Motion, etc.) and map the latter with complex machine learning algorithms to any sound synthesis environments via a simple graphical user interface. The Wekinator allows various manipulations of sounds using linear interpolation, un/supervised learning and outputs continuous data or discrete classification. Furthermore, Wekinator allows one to train an arbitrary number of inputs and output an arbitrary of data streams. The force of Wekinator rests on its ability to take an arbitrary number of input/output data and to apply a wide range of machine-learning algorithms on it, hence allowing to create either simple predictable "explicit-like" mappings through linear extrapolation or on the contrary, highly unpredictable and non-linear mappings (e.g. provide 20 sound sample classes and ask Wekinator to output 80).

Designing musical interactions

We distinct in this section two types of mapping, following two different -but non excluding -trends in designing musical interactions. One relates to expert control, with and instrumentlike mapping. It could be associated to what [START_REF] Wanderley | Gestural control of sound synthesis[END_REF] analytical cognitive mode. The other type is explorative, more accessible for non-expert users. It could be associated to what [START_REF] Wanderley | Gestural control of sound synthesis[END_REF] holistic cognitive mode.

Instrumental mapping

Wanderley and Depalle [2004] described a Digital Musical Instrument (DMI) as composed of an interface or gestural controller unit and a sound generation unit. The mapping process is a central point in the digital instrument design, which covers both technical and artistic aspects. Rovan et al. [1997] consider different mapping strategies in order to achieve fine control of additive synthesis from a wind controller. Van Nort et al. [2004] discusses geometric representation underlying continuous mappings, with the aim of achieving an "appropriate match" between mapping and musical performance context.
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Hunt et al. [2000] discuss a general model for instrumental mapping, which allows the "expressive use" of different input data within a unique architecture, or conversely, the use of different sound synthesis engines, by only changing one part of the mapping layer. As mentioned by Rovan et al. [1997], simple mapping strategies acting in isolation do not usually allow an expert performer to simultaneously control multiple parameters in an expressive way. The richness of physical control with traditional acoustic musical instruments takes time to learn. In most computer interfaces, however, it is often replaced by selections of various processes that the user must continuously think about. As a result, building a DMI can benefit a lot from traditional musical instruments operating method, which are well understood and have been used in so many ways.If the MIDI protocol, which prevails on most digital musical interfaces, is inspired by the actions related to keyboard playing, many gesture-to-sound mappings are borrowed from other instruments.

Rovan et al. [1997] approach consists in considering different mapping strategies in order to achieve "fine" control of additive synthesis by coupling originally independent outputs from the wind controller. [START_REF] Rasamimanana | Perspectives on gesture-sound relationships informed from acoustic instrument studies[END_REF] draws gesture-sound relationships from bowed string instruments. [START_REF] Leroy | Reflective optical pickup for violin[END_REF] present the augmented violin developed at IRCAM, where added sensing capabilities, enable to measure bow acceleration in real-time. Recognized bowing style are used in an electro-acoustic music composition, called Bogenlied. An improved version, extends this system to a string quartet where bow gestures drive sound processes -Bevilacqua et al. [2012]. As formalized by [START_REF] Rasamimanana | Towards a conceptual framework for exploring and modelling expressive musical gestures[END_REF], these can be described as action-sound units, which are constrained by the instrument acoustics, biomechanics and the musician skills.

Hunt and [START_REF] Wanderley | Mapping strategies in real-time computer music[END_REF] study the designed link between an instrument's playing interface and its sound source, and provides a framework on what makes an effective mapping. In [START_REF] Hunt | Towards a model for instrumental mapping in expert musical interaction[END_REF], the criteria for successful instrumental real-time control are:

• no fixed ordering to the human-computer dialogue

• system reactivity to human control • continuous controls -no single permitted set of options • instantaneous response to the user's movements • similar movements produce similar results

• overall control of the system by human agent • control mechanism is physical and multi-parameteric (multi gestures) and must be learned by the user

• further practice develops increased skills and intimacy

Exploratory mapping

An exploratory mapping, conversely with an instrumental mapping, does not require expert gestures nor intensive learning in order to master the desired control and to obtain a positive feedback or reach the state of flow Nakamura and Csikszentmihalyi [2009]. [START_REF] Wanderley | Mapping strategies in real-time computer music[END_REF] illustrate two modes of thought, namely analytical (attention is directed towards the decoding of information) and holistic (where individual details are less important than the overall effect.). It then distinguishes an explorative mode of interaction -performance mode -to distinct from "choice-based" approaches. In an exploratory mapping, both cognitive modes interplay; however, analytical challenges have a relatively low threshold task and focus more on enjoyable and user-friendly systems.

In line with Natural User Interfaces (NUIs), developed mostly for virtual reality, gaming or more generally for Human Computer Interaction systems, this type of mapping manifests rapidly ideas, while minimizing the effort to achieve it. Different primitive tasks may be performed, such as selection or editing for HCI, and manipulation in virtual reality [START_REF] Card | The psychology of human-computer interaction[END_REF]; [START_REF] Fuchs | Le traité de la réalité virtuelle[END_REF]; [START_REF] Lee | In search of a natural gesture[END_REF], aiming attention on natural modalities of sensory-motor coupling. Such natural modalities are often either intuitive or cultural, often based on the ecological constraints and resources that we have previously seen, as in the "Theory of action" in reference to the ecological approach of [START_REF] Gibson | Perceiving, acting, and knowing: Toward an ecological psychology. The Theory of Affordances[END_REF].

Explorative mapping are guided by learning and exploration in action-perception loops through natural gestures. While the controller or interface plays a major role in such gesture to sound mapping, the user is also guided by listening, affordances, playing techniques and metaphors. Additionally, concepts from embodied cognition, applied in both listening and performing situation, reveal to be fruitful for designing and modeling musical interactions. Using natural gestures based on affordances, enables the user to exploit his/her knowledge of the world. hence simplifying the learning process of the interface. As noted by [START_REF] Norman | The design of everyday things: Revised and expanded edition[END_REF], the system status must be visible at all times with features visible before and through the action. A natural mapping favors a direct correspondence between the action and the result. At last, feedback is used guide the user's behavior and facilitate use. If this feedback is continuous, the user can perceive the state of the system anytime. [START_REF] Caramiaux | Mapping through listening[END_REF] propose the mapping through listening approach, bringing forward the perception-action loop as a fundamental design principle for gesture-sound mapping in digital music instrument. In this method, the user first listens and then design an action-sound relationship, derived from actions that can be perceived in the sound. [START_REF] Caramiaux | Mapping through listening[END_REF] distinguishes three mapping strategies: instantaneous, temporal, and metaphorical, from user's strategies. In the same vein, [START_REF] Zamborlin | Fluid gesture interaction design: Applications of continuous recognition for the design of modern gestural interfaces[END_REF] developed a fluid gesture interaction designs, called GIDE (Gesture Interaction DEsigner), which suggests simple, responsive and intuitive mappings, enabling users to become fully engaged, immersed and involved with the success of their activity, as characterized in the state of flow Nakamura and Csikszentmihalyi [2009]. The qualities to the design of such fluid gesture interactions designs, demand continuous and synchronous controls over time, user personalisation, knowledge of the environment and context in which an activity is taking place, meaningful feedback as to how the system is currently interpreting their gestures; and easy to use. As an example, the Mogees by Bruno Zamborlin 3 , demonstrate the power of such simple, efficient exploratory mappings, requiring no pre-knowledge in order to "Play the World". An other example, the Phonotonics musical balls by Nicolas Rasaminana, immediately provides the user with the sensation of controlling high-level musical processes with extremely simple gestures. The ease with which one gets initiated with the system inspires users to explore interesting body movements and, with a continuously positive feedback.
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Mapping formalisms

Mathematical formalisms

Van Nort et al. [2014] nicely explain how mapping can be seen from a functional point of view, associating an n-dimensional input data space pointwise with an m-dimensional. Mapping corresponds to the process of extracting musical parameters from compositional gestures or structures, so that one set of data is mapped onto another. It can be generally seen as intermediate layer(s) in between an input space and an output space, as depicted by the figure 5.1. Furthermore, [START_REF] Goudeseune | Interpolated mappings for musical instruments[END_REF]; Van Nort et al. [2014] formulated mathematically the regression, extrapolation and interpolation cases within a mapping problem.

Figure 5.1: System-oriented view of mapping from gesture control to sound parameters Using matrices, [START_REF] Bevilacqua | Mnm: a max/msp mapping toolbox[END_REF] propose a mathematical formalism to describe mapping, where matrices transform any input space -the real-world data provided by sensors -into a two dimensional matrices corresponding to a sound. Therefore, say X is a vector of size n representing the control parameter space and Y is a vector of size m representing the sound parameter space, then a mapping operation could be written as such:

Y = A § X (5.1)
where A is a n-to-m linear mapping. This formulation can present all explicit mapping cases: n > m (many-to-few) or n < m (few-to-many). Note that A can be defined as timedependent, i.e. A(t), and could itself be the result of matrices multiplication:

Y =(A § B § C) § X (5.2)
with A a n-to-m intermediate mapping layer B can operate in a space of different dimension than n or m, hence allowing to use several gestural inputs of various data dimensions. As a result, mapping using matrices is concerned with the dimensionality and structural properties of the set of input/output parameters that the mapping acts on. At last, [START_REF] Bevilacqua | Mnm: a max/msp mapping toolbox[END_REF] add that mapping procedures can be seen as a pattern recognition problem where many-to-few mappings can be associated with neural networks.
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Mapping protocols

Besides conceptual advances, musical interaction needs a technical protocol standard for various electronic musical instruments, computers and other related devices to connect and communicate with one another. Released in the 80's, the MIDI (Musical Instrument Digital Interface) protocol successfully enabled musicians to control synthetic sounds. This communication protocol, inspired from keyboard instrument functioning, naturally fits keyboards but also many other instrument forms (as discussed in 3.2.2). The popularity of MIDI standard is due to its flexibility: it allows to separate a musical instrument into a control unit and a sound unit. [START_REF] Wanderley | Gestural control of sound synthesis[END_REF] [2002]), among which the Open Soud Control (OSC) protocol, developed at the CNMAT-Berkeley, ease continuous gesture control, increase bandwidth (limited to 127 discrete values in MIDI), hence providing more precision in the creation of DMI and mapping tools. Furthermore, OSC "events" provides time-tags, which is essential for gesture following (e.g. temporal mapping with DTW), with picosecond-resolution, whereas MIDI beatclock has a precision on the order of several milliseconds at best. Last not the least, OSC can be broadcast through Ethernet, USB, WIFI, and even bluetooth 4 .

Gesture to sound mapping for music

Sonification or musical composition ?

The instrument designer is confronted with endless possibilities in terms of mapping: any gesture feature can be mapped to any sound parameter. Furthermore, both gestures and sounds are highly multi-dimensional phenomenons. Subjectivity, perception and logic are our only guides in such a task as mapping gestures to sounds. Correlating energetic gestures and energetic sounds together, discrete/continuous sound changes with discrete/continuous gestures, showcasing both sounds and gestures articulation as part of a same comprehensible process: these are the instrument designers concerns and priority. At last, we believe the instrument designer cannot imagine a gesture-to-sound mapping without having compositional ideals. [START_REF] Jordà | The reacTable Exploring the Synergy between Live Music Performance and Tabletop Tangible Interfaces[END_REF] acknowledge that creating DMIs is similar to creating music in many ways, while [START_REF] Cook | Principles for designing computer music controllers[END_REF] wrote than "musical interface construction proceeds as more art than science, and possibly this is the only way it can be done." An instrument, as opposed to a media player, produces sounds, which are proportionally as complex as they are several layers of gestural features put into play. The concepts lying behind algorithmic composition and gestural composition influences directions in crafting mappings: simple gestural elements control simple compositional parameters, and ideally, a coherent and expressive gesture should producing a complex and coherent sound. [START_REF] Doornbusch | A brief survey of mapping in algorithmic composition[END_REF] describes mapping in the context of algorithmic composition as a connection between structures (e.g. Markov chains, finite-state machines, fractals and space grammars) and audible results in a musical performance or composition. Algorithmic composition, similarly to gestural music composition, connects input and output spaces of varying dimensions together (e.g. joint coordinates sound synthesis parameters). In algorithmic composition, sound synthesis processes correspond to micro elements, which assembled together, constitute the macro scale, which is the structural model of the piece. Gesture-to-sound mapping as well as algorithmic compositions can be multi-layered, acting on low-level parameters, which are barely perceived by beginners and high-level parameters, that are perceptually comprehended by both users and listeners.

CHAPTER 5. GESTURE-TO-SOUND MAPPINGS ON THE EMBODIED MUSICAL INSTRUMENT

Algorithmic composition point of view

Interestingly, the methods of mapping in algorithmic composition and the mappings used in gestural music composition have lots in common. That is, mapping one compositional parameter to many musical parameters, mapping many compositional parameters to one musical parameter and mapping many compositional parameters to many musical parameters. In gestural music composition, compositional parameters are gesture features. The art of the right gesture-to-sound mapping certainly consists in finding a coherent correspondence between sound processing and embodiment. Thinking via a more compositional point of view, enables us to think of how gestural features should "sound", on which musical scale they should take place and so on.

Conclusion from machine learning approach

But how can a performer control a machine through the medium of musical gestures ? To facilitate a performer to interact with a computer using musical gestures, the computer must be able to first sense the gestures, secondly recognise the gestures and finally know how to respond to the gestures. Thankfully, due to the ever-decreasing cost of sensor devices along with the hacking of existing motion controllers, performers now have access to the technology required to sense the vast majority of musical gestures. The task of instructing a computer how to respond to the recognition of a gesture has also been greatly simplified, thanks to the inherent flexibility of the existing pieces of real-time composition and performance software, as the computer just needs to know which process to trigger or manipulate when gesture x has been recognised. This leaves the task of teaching a computer how to recognise a gesture. As discussed in this section, the task of instructing a computer how to respond to a gesture recognition gesture requires an additional training phase.

Gesture-to-Sound mappings on the Embodied Musical Instrument

Godøy et al.

[2010a] distinguishes among music imageries images of acoustic signals, images associated with the performance, images associated with the perception and images associated with the emotive experience. He tackles the problem of understanding the nature of these sound images in our mind by drawing sketches of gestural and sonic features in a topdown manner, tracing features and sub-features of sound-morphologies and correlating them with acoustic features of sound objects. We went through a similar thought process, breaking down gestural features in effective, accompanist and symbolic gestures (based on Delalande [1988] gestural typology) to some lower-level gestural features enabling very CHAPTER 5. GESTURE-TO-SOUND MAPPINGS ON THE EMBODIED MUSICAL INSTRUMENT specific sound controls over the articulation, intensity, after-touch and so on. Hence, the interactive space created above the instrument can be seen as a shared gestural space including the effective, accompanist and symbolic gestures. In that respect, the EMI inspires an environment analogous to what [START_REF] Tanaka | Musical performance practice on sensor-based instruments[END_REF] and [START_REF] Graham | Managing musical complexity with embodied metaphors[END_REF] designate as a performance gesture ecology. Basically, we aim with the EMI at capturing the three categories of gestures discussed above and make use of them altogether in order to generate expressive sounds.

Breaking down piano-like gestural features in effective, accompanist and symbolic gestures (based on gesture typology by Delalande [1988]), we extracted low-level gestural features enabling very specific sound controls over the articulation, intensity, after-touch with the OPASR model discussed in 4.3.1 and built a finger-note correspondence based on the surface's zone division for playing notes, section 4.3.2. Drawing on [START_REF] Schaeffer | Traité des objets musicaux[END_REF]'s sound objects, Godoy's music imageries Godøy et al. [2010a], and associated concepts, we intend to extend gestural control of sonic affordances in the context of the Embodied Musical Instrument. As depicted on 4.28 in 4.5.3,w e include physically-inspired metaphors such as the manipulation elastic cable or a kite. The object metaphor connects to the affordance of a simple object in the mind of the user and thus, leads intuitively to the gesture to be done. As mentioned by [START_REF] Wessel | Problems and prospects for intimate musical control of computers[END_REF], the metaphor that are used must be expressive and intuitive in order to reach an intimate musical control.

Micro gestures mappings

We discuss here an instumental mapping, taking place within the micro bounding volume (section 4.2.3), making use of the ORPAS model (section 4.3.1) and surface' zone (section 4.3.2). As gestures taking place in the micro bounding box are very much inspired by fingerings in piano-playing, it only made sense to start off our first mapping using a Piano physically-based model, using the Pianoteq pluggin, as a proof of concept. Then, we implement the Karplus Strong algorythm, in order to synthesize virtual stringed instruments and explore various sound morphologies, while keeping physical behaviours plausible (if one hits hard, the sound is louder, brighter and percussive. Touch gently and the sound will be soft and purer). At last, we use an extended version of the Karplus-Strong algorythm, named the Blotar, which enables a wide spectrum of sound textures, ranging from flute-sounds to the electric guitar, with many plucked-instrument caracteristics in between. We concentrate mostly upon this last algorythm, which is used to demonstrate a large potential of the gestural interactions of the Embodied Musical Instrument.

Physical modeling is a type of sound synthesis based on the actual physics and mechanisms of musical instruments. Such models consists of (possibly simplified) laws of physics that govern the sound production, and will usually have several parameters, some of which are constants (e.g. physical materials and dimensions of the instrument), while others are time-dependent functions that describe the player's interaction with it (e.g. plucking a string, or pressing a key). All of the models here are digital wave guides (DWG) models, which use delay lines and reflection coefficients to reproduce the waveguide properties of flute bores and strings. Our enthusiasm in using such models lies in varying the synthesis parameters with gestures and explore new soundings, while paying attention to the physical plausibility of such mappings.
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The feedback control, responsible for a acts on parameter (i), its pseudo-code:

initial feedback = 1.0; if S=1, ramp to 0.6 in 100ms; else 1

Distortion control acts on parameter (j), its pseudo-code:

initial distortion = 1.0; if S=1, ramp to 0.6 in 300ms; else 1.0

Friggin filter control acts on parameter (k), its pseudo-code:

initial filter coef = 0.6; if S=1, ramp to 0.0 in 100ms; else 0.6

Making all three parameters ramp in 100 or 300ms creates a much more natural and interesting sound than if the parameters were already at their target values. These value transformations are analogous to fade-in/fade-out effects with spectral contents, hence creating a richer sound evolution overtime, as with an acoustic instrument.

Echo-Feedback control

Following our piano-like fingering mappings on the instrument surface, we wondered how we could use the micro bounding volume above the surface, and sculpt the sounds with fingers gestures along the third dimension (y-axis), while keeping an instrumental type of control over the synthesis. An important criteria was to preserve all previous mappings, and build upon some controls that would extend but not interfere with the formers. Inspired by the filter echo effect, which is almost inevitable in electronic music compositions, we mapped the fingertips height inversely proportionally with the time delay. In other words, the higher the fingertip, the faster the note will be re-triggered, hence imitating a delay line. The mapping between the y-axis and the sound event trigger is linear, the y-axis interval [0, 350] millimeter is linearly mapped to trigger events in the interval [1000, 1] milliseconds. When the fingertip approaches the ceiling of the micro bounding box, the sound events gets too close (every 1 milliseconds) to discern events and becomes a feedback, whereas at the bottom, they repeat slowly (every seconds). This effect allows to explore different layers of the space, which get continuously denser as fingers go higher. As each fingertip trigger a pitched note (corresponding to the finger-ID) when it moves, there is still a correspondence between the chords which are played on the surface and the notes that echo in the space above. As a result, one can play melodies and chords on the surface and then pull the notes, which start echoing faster and faster as the fingers moves energetically towards the ceiling of the micro bounding box.

Filter control

At last, we have added a filter control, simply mapping the left-hand y-axis position to the cutoff or center frequency of a Biquad filter, implemented in Max 9 . One can specify coefficients a 0 , a 1 , a 2 , b 1 , and b 2 as signals or floats for this two-pole, two-zero filter. Coefficients are controlled via the Filtergraph object 10 , which generates filter coefficients for the Biquad filter with a graphical interface, allowing intuitive control of the filter with higher-level parameters such as frequency, amplitude and resonance (Q). The filter acts on the sound that is played with the right hand (e.g. chords, echoing notes) and is controlled as the player moves the left hand up or down within the bounding volume.

Macro gestures mappings

We describe in this section the mappings created for the macro bounding box described in section 4.2.3. This bounding box, which dimensions are adjustable, offers a sufficiently large interaction space to cover the full upper-body with arms wide open and moving in all directions. Taking account of these dimensions and the absence of surface haptic interaction, this space is suited for a more explorative type of mapping. As presented in section ??, explorative mappings are guided by the action-perception loops through natural gestures, based on affordances, hence enabling the user to exploit his/her knowledge of the world. Using J-M Pelletier' external object for Max, we uses the head and hands joints in order to create gestural features, based on the Elastic-rubber and Kite-flying metaphorical gestures, respectively detailed in sections 4.4.1 and 4.4.2.

Explorative gesture-to-sound mappings, as opposed to instrumental control, can almost be viewed as movement sonification. High-level gestural features, such as the Elasticrubber and Kite-flying opens the way for many possibilities in terms of mapping strategies and choice of sound synthesis engines. As a result, we propose in this section several mappings, based on different sound-synthesis engines. The first one, complements the instrumental control described in the previous section, and is used to control stereo panning and reverberation effect. The second mapping makes use of the Elastic-rubber to replay sound samples and at last, the Kite-flying metaphor is used to navigate in a sound space filled with sound grains (corpus-based concatenative sound synthesis).

Stereo panning and reverberation

While playing, instrumentalists often tend to move their heads spontaneously to accompany (referring to Delalande's accompanying gestures) the sound, hence adding expressivity in the performance. If this type of gesture has no direct effect on the sound, we envisaged a mapping that would incorporate this natural gesture in the synthesis without adding much complexity to the already complex fingering taking place in the micro bounding box. In this perspective, this mapping does not produce sound, but enables to control very simply the stereo panning and the amount of reverberation of any sound that is produced with the hands in the micro bounding volume. The first mappings is as follows: the head position with respect to the x-axis controls the stereo panning. When the head is centered, the sound is centered in the stereo image (an equal amount of sound intensity comes out from both speakers). When the head moves to the right (respectively to the left), the sound image moves accordingly. This gestural metaphor is depicted on figure 9 The Max implementation if the Biquad filter is accessible online: https://docs.cycling74.com/ max5/refpages/msp-ref/biquad~.html 10 https://docs.cycling74.com/max5/refpages/msp-ref/filtergraph~.html When centered in the area in front of the instrument, there is a balanced panning and the mild reverberation. No effect prevails with a conscious move (either right/left, back/front and combinations) from the musician. These natural moves are based on our perception: as one gets further from the instrument, the increase of reverberation evokes the notion of distance, and conversely, as one gets closer, the sound gets dryer so as to evoke proximity. The stereo panning effect gets even more noticeable as the sound image moves according the head displacements.

Exploration in a corpus-based sound synthesis space

Stepping-up the abstraction ladder, we imagined a gesture-to-sound mapping exploiting the corpus-based concatenative sound synthesis with either the hand-grab or kite-flying metaphorical gestures. The corpus-based concatenative sound synthesis engine CataRT provided as a library for Max/MSP by the STMS team of the Ircam - [START_REF] Schwarz | Concatenative sound synthesis: The early years[END_REF]; [START_REF] Schwarz | Principles and applications of interactive corpusbased concatenative synthesis[END_REF] -is an excellent application to make use of a gestural performance as it offers a representation of a 3D sound space. The principle of Corpus-based sound synthesis is the following: one creates a corpus of source sounds, picked up from sound samples of different durations. The engine segments the sound samples into short units of 1 to 50 ms, as in granular synthesis, in order to compute some audio descriptors such as the fundamental frequency, energy, periodicity and the first-order autocorrelation coefficient that describes the spectral tilt. Note that the duration of each sound unit -or grain -can be changed. The CataRT GUI displays a two dimensional matrix in which one can place the sound units according to any combination of the four sound features mentioned above. Once the features have been assigned to the x-and y-axis one can see the sound units scattered as colored circles in a graphical interface.

CatarRT allows to retrieve these sound units by navigating in the descriptor space. A nearest neighbor algorithm finds the closest grains -or target position -that is in close proximity to the cursor and trigger the corresponding sound unit, either once, or in loops as long as the cursor stays close to it. As the primary tool to navigate in the descriptor space is the mouse, the xy coordinates of the cursor are mapped onto the xy-axis of the matrix. However, CataRT input coordinates can be changed and gestural control can be easily implemented: the xy position of the body joint can be directly mapped to the xy axis of the matrix while the z-axis value is mapped to the grain duration. Hence, this fist 

Manipulating sounds, controlling effects and sampling

Our first approach is to build from the keyboard scheme, augment it with the z-dimension, and make use of the upper-body metaphorical gestures to control high-level sound parameters such as reverberation and stereo panning.

Sampling and Elastic control

The principle of the EMI sampler is to continuously record the last 5000 ms of sounds played in the micro space and to use the buffer content as a sound material that can be looped, then stretched, compressed and pitched with a descendant of the phase vocoder, called the Spectral Toolbox, which allows spectral mapping [START_REF] Sethares | Spectral tools for dynamic tonality and audio morphing[END_REF]. The pitch of the note is controlled with the fingers, as described in section 4.3.2, while the spectral content is recorded on the fly using the synthesizers' sounds generated within the micro bounding box. The length of the sample playback is controlled by the stretching of the elastic cable metaphor depicted in section 4.2.3, figure 5.12.

The portion of the sample being replayed by the elastic control is proportional to the distance between the hands. If the player has his/her hands close to each others, the cable being not stretched, the sample portion being replay is very short; however, as the hands are moving further away from each others, the sample portion is getting larger. This results in interesting texture materials and rhythmic loops. As mentioned before, the average pitch can be controlled by the finger-keyboard paradigm. While stretching the elastic, the player can play notes and stretch the elastic simultaneously. In the scenario where the player focuses on stretching the elastic, without touching the surface, the sample pitch corresponds the last finger-ID note, which had been in contact with the table.

The Spectral Toolbox, analyze relevant partials of a recorded sounds and allow them to be resynthesized at specified frequencies. This enables what the authors (Sethares Figure 5.12: Elastic rubber gesture: metaphorical gesture for lengthening/shortening sound samples et al. [2009]) call spectral mapping. By changing pitch/partials of a source sound to fixed destination frequencies, determined with the finger-ID paradigm, while stretching sample durations with the elastic cable metaphor, the EMI playing strategies get very complex.

An interface and an object

The micro and macro mappings discussed in this chapter take place on and above the Embodied Musical Instrument. We provide in this section a summary of the system architecture and a few details on the product aspect of the instrument.

System architecture

The pipeline from gesture capture to outgoing sound is outlined on figure 5.13. First the gesture is captured and high-level features are computed. The gestural features from the micro bounding box gestures, accountable for the instrumental controls, and the macro bounding box gestures, accountable for the explorative controls.

Synthesis engines, presets and effects selection

Many actions are required on the laptop, along the instrument in order to choose modes, parameters, presets, etc. In order to ease calibration process, preset selection (as presented in section 5.2.1), plucky/sustained mode (5.2.1), echoe (5.2.1) , filter (5.2.1), activating reverb and panning head control, synth selection (Piano, Karplus-Strong, Blotar, Sampler), etc., we have mapped the computer keyboard with 27 shortcuts, allowing to free from the cumbersome cursor selection during practice. Only the key selection, presented in section 4.3.4 has to be set with the mouse' cursor. Furthermore, the program GUI illustrates the parameters state on screen. We use simple sliders to indicate reverb and panning dynamic parameters, as depicted on figure 5.10 changing during the gestural performance, such as fingering states, 5.10 Figure 5.15: The Embodied Musical Instrument prototype as of today Figure 5.16: The Embodied Musical Instrument in use. Tight gloves can be worn so as to leave no marks on the acrylic sheet with the questionnaire, tags and comments about the projects were also collected. For analysis purposes, the sample was divided in two groups: High Music Knowledge (HMK, 15 participants) and Low Music Knowledge (LMK, 7 participants), and in two stages (1st and 2nd Performances). A Pearson Correlation analysis was applied to test the coherence and strength of the two Categories of variables (System and Performance properties). An analysis of Variance (ANOVA) was applied to find significant differences between 1st and 2nd Performances. The ANOVA, showed that the methods presented are sensitive to participants' music knowledge.

Assessment criteria for real-world DMI experience

Elblaus et al. [2014] deals with the question of how the development of new musical artifacts can benefit from deeply engaging with contemporary musical practice. The authors list the essence of the challenges that a designer faces while building a DMI.

• Based on real practice rather than laboratory setting. "Postponing a laboratory session is low penalty whereas an on-stage failure is high penalty".

• Create a documentation, technical support, dissemination knowledge

• Encourage wide use -and artistic functionalities

• Find trade-off between evolutive system with few limitations and conceptual rigidity allowing the instrument to keep its identity and allow long-term musical practice.

• Compatibility of the new instrument with "the structures and institutions that finance and produce the education and performance of contemporary music". Create research and artistic common goals. New instruments require more practice in real artistic contexts, with real artistic ideologies.

Assessment criteria in embodied musical interaction

According to Deweppe et al. [2009], the process of creating an embodied musical interaction is about finding a balance "between the inspiration and the technical resources and limitations of the research team working on it". The usual process is that the researchers decide upon every constituents (mappings, feedback, etc.) until the system is decent enough to be used by the public. Then, user-related information and feedback is used to make the necessary changes [START_REF] Stowell | Discourse analysis evaluation method for expressive musical interfaces[END_REF]. However, the collected feedback is only important to make minor alterations to the already existing design. The objectives of this experience were the following:

• Affordance [START_REF] Gibson | The ecological approach to visual perception: classic edition[END_REF] • Flow [START_REF] Csikszentmihalyi | Flow and the psychology of discovery and invention[END_REF] • Usability [START_REF] Lewis | Ibm computer usability satisfaction questionnaires: psychometric evaluation and instructions for use[END_REF] • Elements of goal composition [START_REF] Nielsen | Usability inspection methods[END_REF] • Game enjoyment De Kort and Ijsselsteijn [2008]

Flow as an evaluation criteria for DMIs

Reinforcing theories on embodied interaction as well as phenomenological notions of experiments, flow occurs mostly during actions engaging both mental and body, such as arts and sports. Music, in our case, shows all mental and physical challenges required for flow experiences to happen. [START_REF] Custodero | Seeking challenge, finding skill: Flow experience and music education[END_REF] and [START_REF] Lamont | Toward a comparative sociology of valuation and evaluation[END_REF], among other researchers, have previously discussed how musical activities are perfectly fitted to verify flow as it engages intensively the mind and the body. Although research on flow in the context of computer music performance is infrequent, it may offer new insights to question why musicians engage in musical activities for extensive periods of time with more or less difficulties according to the design of an interface or instrument. Flow requires that the activity be neither too easy nor too difficult relative to our level of skill. The constant tension coupled with continual progress and success can be an engaging, immersive experience sometimes lasting for hours.

System assessment

For this system assessment, we focus on the fingertip mapping since it is the main element for modeling gesture and synthesizing sounds on the EMI. The upper-body is mostly used to control higher-level parameters which have less direct repercussion on the sound quality. This decision, which made sense in terms of body expression, was also compensating for the lack of spacial tracking precision in the macro space. Furthermore, we use the Blotar sound synthesis engine (presented in section 5.2.1) as example in the following system assessment as it is the available sound synthesis engine, which has the widest sound palette.

Fingering detection assessment

The first criteria in order to assess then note repeatability. This assessment is simply operated by counting the amount of missed detection -or false negative -and false positives when the finger taps the surface of the instrument in order to play a note. In order to do so, we simply record finger gesture features while tapping sets of notes on the surface and count the missed detection and false positives after plotting the data and observing the feature states. The feature recording is done with the mubu recorder as presented in 4.5.1.

The results can easily be observed: if the fingertip that is supposed to play a note is on sustain phase, then detection has occurred, if not, it is a missed detection. Reversely, if a sustain phase is observed for a finger when it is not meant to be, then it is a false positive.

Experimental protocol

As seen in 4.2.2, we place a virtual threshold 10mm above and parallel to the board so that fingers cross the detection threshold at y thresh = y sh +1 cm. When the fingertip crosses this virtual threshold, which is a parallel surface situated one centimeter above the surface, it enters the sustain phase; this is the detection that we are looking at in this section. In this test, the system is calibrated at y thresh = 145mm, therefore y sh = 135 mm.

As we shall see, the detection can be trivial if the gesture is basic, such as straight vertical fingering. However, as the musical passage gets more technical, multiple fingerings occur simultaneously and fingerings are oblique, it gets harder to loosen up fingers. Therefore we are interested in capturing finger onset detection for three different dynamic ranges, 

Threshold planar assessment Experimental protocol

In 6.2.1, we assume the surface of the instrument is perfectly planar -or flat -and the virtual threshold perfectly parallel to it. Therefore, we also assume that when the fingertip crosses this virtual plane, which is situated one centimeter above the surface, it enters a sustain phase. Additionally, if the finger remains in contact with the surface, it should remain in sustain and its y-axis position must be constant.

At first, we wish to find the optimal y-axis position for the threshold with respect to the Leap Motion. For this matter, we have successively calibrated the virtual threshold placing the surface at various heights (e.g. y thresh =140, 144, 146, 148, 150mm, equivalent to y sh = 130, 134, 136, 138, 140mm) and found empirically that y thresh =146mm (y sh =136mm) was the best trade-off between reducing the tracking cone to get a high tracking robustness and opening the cone to have a larger field of view, thus a larger interaction volume. We then recorded the fingertip trajectories of all five fingers sliding in spirals, vertically and horizontally on the surface in order to verify that the "seen" xz-surface is flat. In principle, the y-axis finger positions should remain the same, but as we may see, it is not the case. Imperfections caused by the acrylic sheet, added up to the Leap Motion internal distortions. The purpose of this test is to find out whether these errors are systematic or random.

Results and analysis

The top-view and front-view trajectories for the small and large spiral displacements on the instrument's surface are depicted on figures 6.8, 6.9 and 6.10, 6.11. Similarly, vertical and horizontal displacement are depicted on figures 6.12, 6.13 and 6.14, 6.15.

Results, displayed on figure 6.16, show a clear trend for each finger. The thumb average is y th 0 =139.02, index average y i 0 =139.2, middle average y m 0 =136.35, ring average y r 0 =133.5, pinkie average y p 0 =132.9; which corresponds to a progressive descent towards the rims of the surface. The overall average y all 0 =136.12mm, however is consistent with the calibrated value y sh =136mm. Another interesting observation is that the standard deviation is large for vertical displacement and small for horizontal ones. Therefore, the tracking is more robust for horizontal displacements (along the x-axis), which is the pitch dimension, than for vertical ones (along the z-axis), which is the timbre dimension. Figure 6.18: The blue highlighted segment, corresponds to the length from the tapping bump to the attack of the actual note (zoomed in from figure 6.17), corresponding to the latency of the system. Each vertical graduation corresponds to 2ms 1. Single note repetition with index fingertip -10 times 2. Arpeggio (thumb-middle-index-index) -4 times These two sets of gestures are repeated at various beat-per-minute (BPMs) ranging from lento (60 bpm) to Presto (180 bpm) and above. For each recording sessions, we compute the average latency in millisecond.

Results

The latencies for both repeated notes and arpeggio are displayed on the table 6.5. The average latency value is 160ms for slow BPMs.

Single Note Arpeggio

Tempo Avg (ms) From the results, displayed on table 6.5, we can see one trend: the average latency increases linearly as the BPM increases. A second observation is that the average latency difference between the arpeggio and single note repetition is about 10ms. These results are well above what is considered as acceptable for the computer's audible reaction to gesture fixed at 10 milliseconds (ms) by [START_REF] Freed | Operating systems latency measurement and analysis for sound synthesis and processing applications[END_REF]. The Leap motion processing time per frame being 1 ms, this high audio output latency can only be explained by the processing scheduling delays of Max and the limit of our current OS configuration (Mid 2012 MacBook Pro Yosemite, 2.3 GHz Intel Cored i7 with 8 GB 1000 MHz DDR3 RAM). CHAPTER 6. EVALUATION OF THE EMBODIED MUSICAL INSTRUMENT of art, music and technologies. Therefore, apart from two people, everyone (ten people) had high musical knowledge. From all users who played with the EMI, 10 men and 2 women (average age was about 29 years old) completed the survey after a practicing properly with the instrument. While typical experiments have a specific protocol, we decided to not give any instructions to the participants, hence allowing subjects to feel free to experiment by themselves, naturally and intuitively. The experience lasted approximately half an hour long and the subject was free to do whatever s/he wanted They were free to ask questions to the expert, and the expert to provide answers, clues, directions, etc. During the experiment, people would enter the art gallery, watch the subjects out of curiosity and ask additional questions or simply commenting on the instrument. A major source of feedback comes from these very useful and spontaneous comments. , we built a similar evaluation method, based on interviews and open questionnaires. Hence, we have sent a questionnaire online to the subjects after the experiment. This questionnaire, containing 22 assertions, is built around key concepts: namely learnability and richness. These concepts encompass other ideas which are represented by the following labels (see table 6.7). Hence, similarly to Jorda and Mealla [2014], we create a 5-point Likert scale questionnaire to assess both the system (the instrument) and the performance (related to the use of the DMI and the quality of the musical output), however, we emphasize not on these two aspects, which are more implicit in this questionnaire, but instead, we emphasize on the notions of learnability and richness. Together with the questionnaire, tags and comments about the EMI, we reduce the user experience feedback into eight labels, namely easiness, intuitiveness, exploration, potential, reactivity, satisfaction, expressiveness, immersiveness. Intuitiveness also accounts for the concept of naturalness. Similarly, exploration also encompasses the idea of diversity, reactiveness for fluidity, satisfaction includes robustness, consistency and frustration (it is the opposite value on a Likert-scale), while potential also accounts for innovation and novelty. The Likert scale answers are as such:

1. Strongly disagree 

Survey analysis

Within the survey, some questions are voluntarily evoking redundant aspects, so as to get more confidence in our results. As mentioned before, we compacted the ideas conveyed through the assertions into eight labels and two categories: learnability and richness. The "category" corresponds to an objective raised by the assertion, while each assertion can refer to one or two labels, while belonging to one category. For instance, assertions 1,2,3 and 6 refer to the notion of simplicity of use of the instrument by the user. Assertion Chapter 7

Conclusion

Reality has always been too small for the human imagination. We're always trying to transcend.

Brenda Laurel

Summary and contributions

Embodied cognition for musical interaction design draws upon existing literature that emphasises the function of the body in sound perception and cognition. Incorporating gestures in musical computer interaction is a growing research area that borrows from HCI, musical research, signal processing and in our case, also computer vision. The Embodied Musical Instrument is a framework for controlling sound synthesis engines with expressive and expert gestures. Starting from a gesture study, we build a gesture-to-sound mapping that owns its rules from finger and upper-body piano-like gestures. Furthermore, proposed metaphorical gestures allow novel and creative ways to control sound effects.

Thanks to 3D cameras, the Embodied Musical Instrument combines the design principle of a multi-touch interface with an interactive space above it, where the player can extend usual keyboard paradigms to the second and third dimension, adding control over the timbre and sound effects. The sound synthesis parameters are controlled by the fingertips in a micro bounding volume, as well as the hands and the head 3D coordinates in a macro bounding volume. The high dimensionality of the gestural inputs (13 joints moving along the 3 spatial dimensions) elicits a highly sensitive control of sound synthesis parameters. The EMI stands out from other musical interfaces for its sensitivity, enabling performers to improve their playing technique through embodied practice.

A tool for gestural capture, analysis and heritage

First of all, the Embodied Musical Instrument is a framework for piano-like gestures tracking and recognition, enabling to constitute Intangible Cultural Heritage resources. The EMI is not a replacement for the piano nor any keyboard interfaces; however, it enables to record, analyze and study its own gestural paradigms. It is a fundamental tool for studying the mechanics of performance from the point of the view of the instrument, the physiology of the instrumentalist, the finger dynamics and simple upper-body movement efficiency.

Gesture recognition has been in the last decade at the origin of a an enormous amount of consumer devices for capturing and tracking algorithms for user-centered applications. Yet, challenges remain in capturing expressivity of musical expert gestures. Researchers, designers or musicians willing to analyze movement, systematically face issues concerning choice of sensors, specific set-ups for specific gestures (deitic gestures, manipulative gestures, etc.), contexts (live concert, instrumental practice, laboratory studies), and have to cope with the fact that sensors affect musicians' performances.

Even-though 3D vision cameras, in conjunction with computer-vision algorithms are much less intrusive than inertial or marker-based sensors, they add numerous constrains to the performer. Real-world scenarios (such as musical performances) are subjects to numerous challenges such as joints and segments occlusion, change of camera position, lighting changes, complex backgrounds, etc. In addition, vision-based approaches are applicable to a limited field of view or constrained spaces defined by the camera position. Within the frame of possibilities, we found a trade-off between the type of gestures we wanted to study, the context in which they ought to be performed and the sensors capacities. Hence, the acrylic surface creates a frame of reference for the user, allowing ease of use, repeatability and precision. Tangible and intangible at once, the EMI as a gesture capture framework proposes a simple but efficient haptic feedback for effective gestures and a large interactive volume for exploratory air-gestures.

Even-though machine learning-based gesture recognition has been set aside in this work, it can be seen as a top-down approach, where classification parameters are derived from "any gesture". The framework we propose, however, has set of rules, inspired by piano playing techniques, and hence can be seen as a bottom-up approach, where detection of several elementary gestures, grouped together, constitute an expressive performance. Additionally, we believe that if this approach proves to be successful, it could lay basis for further exploration using statistical methods.

A 3D gesture tracking based musical instrument

While conventional MCI devices, such as the knobs, sliders, keyboards and mouse, offer only limited controls for musician to interact with audio softwares or sound synthesis engines, the possibilities arising with an expert gesture capture system can be overwhelming. Performances and experiments not only puts forward the expressiveness of the body, it also reveals the unexpected richness potential of even simple sound synthesis algorithms, when they are controlled from 39 continuous input parameters coming from 10 finger joints and 3 upper-body joints coordinates. Sound production and sound perception become one, which is fundamental for electro-acoustic or computer-music performers, in order to have an intimate control over their music as well as to regain the audience interest in seeing live performances.

Secondly, we showed that the EMI gesture-to-sound mappings are simple to learn, as they are inspired by long-established musical gestures. Building upon wide-spread and intuitive knowledge, people can become autodidacts with this instrument. Furthermore, the transition between the two interactive spaces (micro and macro) is smooth and transparent as they deal with different aspects of sound production. Micro gestures are used for instrumental gestures (playing notes) and macro gestures for exploratory ones (controlling sound effects and exploratory sound mappings). At last, aser experience has shown that self-regulated practice behaviors and flow dispositions have naturally appeared. Several subjects have be observed in a state of deep concentration and time-forgetting, which are criteria of the flow state described by [START_REF] Csikszentmihalyi | Flow and the psychology of discovery and invention[END_REF].

Limitations and Open Questions

Creating a successful digital musical instrument involves meeting with several engineering quality criteria such as low-latency (below 10 milliseconds), reactiveness (sensitive and continuous feedback), high-resolution audio). It also calls for innovative yet intuitive interaction design, which makes the affordance and functionalities explicit to the user. At last, it fundamentally questions the craftsman whether and how the instrument will have long term potential for virtuosity and engender new practices and new musics. In the time-span of this PhD, we have approached all these questions, but yet, could not fulfill our long-term goals.

Robustness

The EMI suffers from a lack of tracking robustness, which results in false positive note detections. This lack of robustness, due to vision-based tracking issues suggests that 3D cameras robustness and tracking algorithms need to improve in order to develop relevant HCI applications. A more robust gesture tracking would also tolerate more flexibility in the playing styles, which would bring richness to the instrument. From the detection assessement, we have observed that detection problems occur at small velocities (hence small dynamics). Therefore, special care should be take in this dynamic range, such as changing thresholds, additional filters, etc. Additionally, the velocity vs. intensity assessment shows that the velocity computation could be adapted to the dynamics range.

Latency

The second major flaw in the instrument is the latency. It currently takes approximately 60 millisecond for the sound to be synthesized and output after the finger sends a note-on. In order to get under 10 milliseconds, which is the value above which two sound events are perceptually distinguishable, we need to use a more efficient programming language and system architecture. A sound-synthesis specific microprocessor, such as the Bela1 single board, which has an ultra-low latency audio and sensor processing would serves to meet this objective.

Perspectives

Sound morphology manipulation

So far, low-level gestural features have been used to control the articulation, intensity, after-touch and sound-effect parameters. In the future, we wish to go towards the manipulation of sound morphologies, by correlating the higher-level gesture features, based on common perceptions of sonic affordances. This could be done only by defining a concise and consistent performance gesture ecology, which would make sense to the majority of users.

Graphical representation

Adding graphics of zones, points, lines, objects and textures that would form a visual milieu on the EMI's surface, would be beneficial to the instrument. It would guide the user's gestures to specific target zones, leave continuous traces of gesture trajectories, hence ensuring the latter of the correct functioning of the system. Furthermore, this visual feedback would improve gesture repeatability by adding a third modality in the overall experience (the first and second being sound and proprioception). On top of that, we could see ahead of a mere graphical feedback, and constitute a gestural score out of it. Traditionally, information such as note, rhythm, dynamics and articulation are transmitted to musicians through a score. This symbolic notation -the score -would be automatically written and saved for further uses, such as re-accessing a previous session parameters and learning purposes.

Graphical and user experience design would also serve to make the instrument more comprehensive to beginners and would allow them to be independent during the learning phase. However, the addition of embedded visuals on the instrument's surface should not substitute for auditory and proprioceptive awareness and therefore, should be extremely minimalist. As [START_REF] Norman | The design of everyday things: Revised and expanded edition[END_REF] points out, "Feedback is critical to managing expectations, and good design provides this". Lack of continuous feedback is often assimilated to lack of control which can be disturbing for the user. Furthermore, feedback balances expectations and is fundamental to learning and development of skills.

Improving the User Experience

In most system designs, one must think the ontology, which is the internal representation structure of the software system. This structures what elements are present, visible or not, how they are distinguished, and so on. This interrogates the designer about the user's practices, the types of relationships they have with the interface and how the program's functions and objects "line up with the real world to which they refer' - [START_REF] Dourish | Where the action is: the foundations of embodied interaction[END_REF]. An ontology for the EMI should make sure that different groups of people will understand the gesture ecology and this is precisely what the feedback and visual signifiers in the UX must allow. [START_REF] Norman | The design of everyday things: Revised and expanded edition[END_REF] proposes the "Theory of action" in reference to the ecological approach of [START_REF] Gibson | Perceiving, acting, and knowing: Toward an ecological psychology. The Theory of Affordances[END_REF]. This theory defines interaction as a dynamic process that can be described in seven phases of accomplishment of an activity starting from the goal from the definition of a goal to the evaluation of the system from the point of view of goals and intentions. This theory puts forward the role of a feedback and a good conceptual model firstly to help the user figuring out how a device operates and secondly, how his/her efforts meet his/her expectations with his/her intentions.

A Musical Interactive Fantasy Machine

New technologies such as 3D sensing systems could allow us to experience any constructed stories in virtual reality with our bodies. If video gaming has elicited our engagement with virtual worlds, true embodiment has not happened yet. The merge of engaging stories both physically and mentally would be a step to making dream-like worlds and situations come true. Making fantasies palpable has come in the digital realm since the 1980's, at the start of the HCI. For Laurel [1986], Interactive storytelling with computers is necessary as human imagination is a "laboratory for virtual experiences". Lauren's thesis studied dramatic theory in the design of an interactive computer-based system that she names "Interactive Fantasy Machine". This idea emerged from the intersection of dramatic theory and computer science. An Interactive Fantasy System is intended to allow a human user to enter into an imaginary world and to move through it as an active character, participating in an experience that is dramatic in nature.

The author stipulates that if the fantasy world is depicted in graphical displays and animation, for instance, the system should not require the user to interact in a textual mode. The medium of communication has to be the fantasy itself. If the world of the fantasy includes speech from the user, then the system must employ speech recognition and natural-language-understanding techniques. Furthermore, the system should have the ability to sense and interpret the actions of the user. Taking this concept literally, we can imagine the EMI to be a fantasy world with interactive sonorous objects and textures, where the user would interact physically and where the system senses and interprets the user's actions. Such a system would be responsible for creating and animating sound morphologies that would interact dynamically with the user's gestures. At last, providing the EMI with such reactive abilities would interest the domain of performing arts by adding a sense of narration to compose music interactively with computer music generation systems and hence, elicit new musical experiences.

A.2 Chapitre 2

En musique -comme dans bien autres domaines -la technologie provoque la dématérialisation des instruments mais aussi la désincarnation (disembodiment) des processus. Dans ce contexte, les gestes musicaux sont remplacés par des contrôles à peine visible, opérés sur des machines recouvertes de boutons et de curseurs, souvent cachés derrière un écran. Nous savons pourtant que le geste est inséparable de la pratique instrumentale car il transmet l'émotion et l'intention.

Dans nos travaux, nous utilisons la vision par ordinateur afin de capturer et modéliser le geste des doigts et du haut du corps. La vision par ordinateur permet d'étudier le geste sans enfreindre à la liberté de mouvement. L'enregistrement du geste permet d'analyser et de sauvegarder le savoir-faire gestuel du musicien et ainsi de préserver ce patrimoine culturel immatériel, ce qui constitue notre objectif premier.

Notre second objectif est d'utiliser cette technologie afin de créer des interactions naturelles dans le cadre de la musique assistée par ordinateur. Enfin, dans le cadre de l'interaction homme-machine, nous définissons les espaces micro macro à l'intérieur desquels la capture de geste est cohérente et reproductible. Egalement utilisable dans les domaines du gaming et de la réalité augmentée et/ou virtuelle, une telle interface présenterait de nombreux interêts.

I

Résumé

Cette thèse présente un nouvel instrument de musique, appelé Embodied Musical Instrument (EMI), qui a été conçu pour répondre à deux problèmes: comment pouvons-nous "capturer" et modéliser des gestes musicaux et comment utiliser ce modèle afin de contrôler des paramètres de synthèse sonore de manière expressive. L'EMI est articulé autour d'une stratégie de "mapping explicite" qui s'inspire de techniques du jeu pianistique, mais aussi du potentiel gestuel de certains objets. Le système que nous proposons utilise des caméras 3D et des algorithmes de vision par ordinateur afin de libérer le geste de dispositifs intrusifs, tout en facilitant le processus de capture et de performance.

Nous utilisons différentes caméras 3D pour le suivi de geste et exploitons pleinement leur potentiel en ajoutant une plaque transparente. Cette plaque créer un seuil de détection pour les doigtés, mais fournit aussi une rétroaction haptique, simple mais nécessaire. Nous avons examiné les gestes des doigts par rapport à la surface de l'EMI et nous avons décomposé leurs trajectoires en phases élémentaires, ce qui nous a permis de modéliser et d'analyser des gestes de type pianistique. Une étude préliminaire sur les gestes musicaux a porté notre intérêt non seulement sur les gestes "effectifs" opérés par les doigts -dans le cas des instruments à claviers -mais aussi sur les gestes "d'accompagnements" et "figuratifs", caractérisés principalement par les mouvements des bras et de la tête. Par conséquent, nous distinguons deux niveaux d'interactions, délimités par deux volumes d'interaction: un volume englobant dit "micro" inclut les micro-gestes opérés par les doigts, tandis qu'un volume englobant dit "macro" comprend des mouvements plus importants du haut du corps. À partir de cela, nous étendons notre modèle de jeu pianistique à un paradigme d'interaction 3D, où les paramètres musicaux de haut niveau, tels que les effets sonores (filtres, réverbération, spatialisation), peuvent être contrôlés en continu par des mouvements du haut du corps.

Nous avons exploré un ensemble de scénarios réels pour cet instrument, à savoir la pratique, la composition et la performance. L'EMI introduit un cadre pour la capture et l'analyse de gestes musicaux spécifiques. Une analyse hors ligne des fonctionnalités gestuelles peut révéler des tendances, des défauts et des spécificités d'une interprétation musicale. Plusieurs oeuvres musicales ont été créées pour l'EMI, réalisées en solo, accompagnées d'un quatuor à cordes, et d'autres ensembles musicaux. Un retour d'expérience montre que l'instrument peut être facilement enseigné -sinon de manière autodidactegrâce aux paradigmes gestuels intuitifs tirés de gestes pianistiques et d'autres gestes métaphoriques.

Mots Clés

Corporéité, IHM, musique, technologie, piano, vision par ordinateur, geste, mouvement, son Abstract This thesis presents a novel musical instrument, named the Embodied Musical Instrument (EMI), which has been designed to answer two problems: how can we capture and model musical gestures and how can we use this model to control sound synthesis parameters expressively. The EMI is articulated around an explicit mapping strategy, which draws inspiration from the pianoplaying techniques and other objects' affordances. The system we propose makes use of 3D cameras and computer vision algorithms in order to free the gesture from intrusive devices and ease the process of capture and performance, while enabling precise and reactive tracking of the fingertips and upper-body.

Having recourse to different 3D cameras tracking solutions, we fully exploit their potential by adding a transparent sheet, which serves as a detection threshold for fingerings as well as bringing a simple but essential haptic feedback. We examined finger movements while tapping on the surface of the EMI and decomposed their trajectories into essential phases, which enabled us to model and analyse piano-like gestures. A preliminary study of generic musical gestures directed our interest not only on the effective gestures operated by the fingers -in the case of keyboard instruments -but also on the accompanying and figurative gestures, which are mostly characterised by the arms and head movements. Consequently, we distinguish two level of interactions, delimited by two bounding volumes. The micro bounding volume includes the micro-gestures operated with the fingers, while the macro bounding volume includes larger movements with the upper-body. Building from this, we extend our piano-like model to a 3D interaction paradigm, where higher-level musical parameters, such as sound effects, can be controlled continuously by upper-body free movements.

We explored a set of real-world scenarios for this instrument, namely practice, composition and performance. The EMI introduces a framework for capture and analysis, of specific musical gestures. An off-line analysis of gesture features can reveal trends, faults and musical specificities of an interpret. Several musical works have been created and performed live; either solo or accompanied by a string quartet, revealing the body gesture specificities through the sounds it synthesises. User experience feedback shows that the instrument can be easily taught -if not self-taught -thanks to the intuitive gesture paradigms drawn from piano-like gestures and other metaphorical gestures.
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 2 CONTEXT, PROBLEMATIC & OBJECTIVES

CHAPTER 3 .

 3 GESTURES IN MUSIC HUMAN-COMPUTER INTERFACES(player's body) Ortmann[1929]. Dalla Bella and[START_REF] Bella | Rate effects on timing, key velocity, and finger kinematics in piano performance[END_REF];[START_REF] Goebl | Tactile feedback and timing accuracy in piano performance[END_REF];[START_REF] Goebl | Perception of touch quality in piano tonesa)[END_REF] have examined the correspondence between finger motion and timing accuracy. Dynamic finger forces and movement efficiency applied on piano keys has been studied[START_REF] Parlitz | Assessment of dynamic finger forces in pianists: effects of training and expertise[END_REF], as well as loudness control through keystroke force measurements[START_REF] Kinoshita | Loudness control in pianists as exemplified in keystroke force measurements on different touches[END_REF]. Other research has explored the distinct finger and hands kinematics[START_REF] Winges | Distinct digit kinematics by professional and amateur pianists[END_REF].[START_REF] Furuya | Organization of the upper limb movement for piano keydepression differs between expert pianists and novice players[END_REF] analyses the organization of the upper limb movement for piano key-depression.[START_REF] Vii | Automated analysis of body movement in emotionally expressive piano performances[END_REF];[START_REF] Thompson | Exploring relationships between pianists' body movements, their expressive intentions, and structural elements of the music[END_REF] study the emotionally expressive movements of the torso and head.Studies comparing expert pianists gestures with amateurs, puts forward better use of the interconnection between fingers Winges and Furuya [2015]. Parlitz et al. [1998] discusses effects of training and expertise and how training involves economical use of finger force. Furuya and Kinoshita [2008] extracts more efficient coordination of upper limb motion in expert players. Further review of the biomechanics of musical performance has been documented by Metcalf et al. [2014] while McPherson [2015] did a concise review of pianistic gesture studies, discussing essential parameters of the acoustic piano and how new dimensions of articulation with existing keyboards thanks to technology.
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 33 Figure 3.3: Musical symbols found in classical scores
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 37 Figure 3.7: Summary of various gesture taxonomy studies
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 3 Figure 3.8: Ondes Martenot with its sliding ring for continous pitch control
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 3 Figure 3.10: Mark II Sound Synthesizer at the Columbia Princeton Electronic Music Center
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 3 Figure 3.15: The Monome Figure 3.16: The Tenori-on
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 318 Figure 3.18: The Synderphonics has touch sensitive keys enabling to modulate the frequency and amplitude of notes.

  .19).
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 319 Figure 3.19: Seaboard by ROLI with its rubberized surface that allows the user to bend and twist the keys

  Figure 3.20: The Reactable is multitouch tabletop with tangible objects for interaction Figure 3.21: The TUIO Object ID and positions are used by the Reactable in order to send control sound synthesis parameters
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 3324 Figure 3.23: Waisvisz's hands)
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 3 Figure 3.28: Flow Channel Wave from "The Art of Game Design" by Schell [2014]
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 4 CREATION OF A FRAMEWORK FOR CAPTURING, MODELING AND RECORDING OF MUSICAL GESTURESOptical-systems with no markersMarker-less systems do not require subjects to wear special equipment for gesture tracking. The main challenge in computer vision comes from understanding scenes, by way of acquiring, processing, analysing, and understanding data from images sequences. Computer vision algorithms allow to compute objects and gesture trajectories from video streams in a non-intrusive way, which is ideal for musical performances since they allow freedom in body expression. Therefore, a musical interface -or instrument -which draws gestural data from vision sensors, feels natural from the user's experience point of view. RGB cameras are very low cost solutions for capturing 2D images. Many feature extraction methods are designed for RGB camera frame sequences, such as spatio-temporal interest point (STIP) detector -Laptev [2005] -spatio-temporal descriptor based on 3D gradients -Klaser et al. [2008] -motion-energy images (MEI) and motion-history images (MHI) Bobick and Davis [2001]. Features and classifiers for "RGB-driven" gesture capture systems have been discussed in numerous surveys -Chen et al. [2015] Rautaray and Agrawal [2015b], Poppe [2010] Ramanathan et al. [2014] -and are a basis in the science of computer vision.
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 42 Figure 4.2: Pianorasis feature vectors extraction of fingers

  [START_REF] Keskin | Hand pose estimation and hand shape classification using multi-layered randomized decision forests[END_REF] presents an algorithm for real-time hand skeleton tracing from depth images. This algorithm is based on a multi-layered RDF framework for articulated hand pose estimation. This learning is done on a database of 200 000 depth images created from a 3D synthetic hand model of 21 labels. Similarly to[START_REF] Shotton | Real-time human pose recognition in parts from single depth images[END_REF], the trees are then used to classify each pixel and assign them individually to a label. However, the more labels, the more errors and latency. Need for a custom setup for finger tracking.Oikonomidis et al.[2011] developed a 3D model based method for hand tracking, which works by minimizing the distance between the depth map of a hand seen by a Kinect and a set of geometric primitives. The hand model contains 27 parameters which are in the form of elementary geometric primitives (sphere and cylinder). A variant of particle swarm optimization or Particle Swarm Optimization is then used to best co-ordinate the observation with the model.
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 47 Figure 4.7: 3D tracking of hand articulations achieved by Oikonomidis et al. [2011]

  et al.[2007],[START_REF] Bevilacqua | Continuous realtime gesture following and recognition[END_REF] developed a system based on a hybrid model between HMMs and DTW -called Gesture Follower (GF) -for both continuous gesture recognition and following. Template gestures are used to constitute a training data set that is learned by the GF system. Performed gesture are then compared with the data base and attributed to the corresponding template. During the performance, a continuous estimation of parameters is calculated in real-time, providing information on the temporal position of the performed gesture.[START_REF] Bevilacqua | Continuous realtime gesture following and recognition[END_REF], Caramiaux et al.[2015] and[START_REF] Françoise | Probabilistic models for designing motion and sound relationships[END_REF] propose a single shot learning system based on HMMs -named Mapping by Demonstration -in which the system requires only one training example instead of large data sets. The training time is greatly reduced but significant limits are put on the variations of the same gesture, hence limiting their expressiveness.

  [2014], continuously provides users with meaningful feedback on the current state of gesture recognition. Many authors work have aimed attention on improving user interaction with machine learning systems since the first Interactive Machine Learning systms by Fails and Olsen Fails and Olsen Jr [2003]. Improved work flows and better programming environments such as the EnsembleMatrix Talbot et al. [2009], the Wekinator by Fiebrink et al. [2011] and the Gaussbox by Françoise et al. [2016] enable users to test different complex machine learning techniques. The Wekinator by Rebecca Fiebrink, allows to easily build classifiers to detect what gesture a user is performing, based on many supervised machine learning algorithms as well as recognize patterns over time with DTW. Furthermore, EnsembleMatrix by Talbot et al. [2009] provides explanatory visualizations while Kulesza et al. [2015] explain the system's decisions to users. With Gesture Interaction DEsigner (GIDE), Zamborlin et al. [2014] aims at using the full potentiality of gestural interaction by tracking gestures continuously, hence allowing users to both control a target application while performing gestures and to receive immediate and synchronous feedbacks about recognition states.The GaussBox by Françoise et al. [2016], proposes interactive visualization of a common machine learning techniques (e.g. Hidden Markov Models, Gaussian Mixture models, hybrid models), hence facilitating the prototyping of gesture recognition based interactive applications. Its fluid work flow displays on a single window (see figure 4.8) an intuitive visualisation of training examples as well as the analysis of machine learning models.
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 49 Figure 4.9: Basic workflow from sensor stream to gesture recognition
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 412 Figure 4.12: Screenshot of Leap Motion skeletal tracking in Max by Jules Françoise

Figure 4 . 13 :

 413 Figure 4.13: In red is the y-detection zone and pink is the Leap Motion field of view.
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 420 Figure 4.20: Fingering segmentation: Preparation, Attack, Sustain, Rest (PASR).
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 421 Figure 4.21: State diagram of PASR finger segmentation
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 4 Figure 4.22: EMI keyboard paradigm: 3 zones per hand, 5 notes per zone. The notes with international notation and MIDI notation are indicated below corresponding fingers

• 3

 3 Major scales G Maj (1]) (Lydian), D Maj (2]) (Locrian), A Maj (3]) (Phrygian) • 3 Minor scales F min (1[) (Mixolydian), B[min (2[) (Dorian), E[min (3[) (Aeolian)If Ionian mode is the most common mode, alternative ones allow us simplifies EMI practice. As they is no visual cues on the current version of the EMI screen, it is convenient to start every scales with the right thumb triggering a C. At last, one can change the key signature by selecting a mode on the Max patch.
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 4423 Figure 4.23: Classic and covering fingering with corresponding notes and MIDI number equivalent
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 424 Figure 4.24: Elastic rubber gesture: metaphor for lengthening/shortening the 3D euclidean between hands
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 4 Figure 4.25: Kite-flying control control basics
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 4 Figure 4.26: Kite-flying control: The xy vs. triangle plane provides a sense of how much left or right your body is rotating while the xz vs. triangle plane reacts accordingly if the body is going backward or forward and/or the hands are going higher or lower
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 4 Figure 4.27: Program's screen shot: the red curve displays the tilt of the triangle with respect to the z-axis plane, the blue curve to the x-axis the green curve to the y-axis
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 428 Figure 4.28: Workflow from gesture tracking to gesture recording
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 4 Figure 4.31: Program's screen shot: the red curve displays the tilt of the triangle with respect to the z-axis plane, the blue curve to the x-axis the green curve to the y-axis
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 4 32) represent one finger specific feature (right thumb displacements along the y-axis), while 4.33) displays all features for the right thumb on separate tracks. Each finger features are saved on individual mubu files.

Figure 5

 5 Figure 5.8: Reverberation control Figure 5.9: Stereo-panning control

Figure 5 .

 5 Figure 5.11: Kite-flying control: The xy vs. triangle plane provides a sense of how much left or right your body is rotating while the xz vs. triangle plane reacts accordingly if the body is going backward or forward and/or the hands are going higher or lower
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 622 Figure 6.22: EMI experience at the Sometimestudio art gallery Drawing influence from[START_REF] Xii | A methodological framework for teaching, evaluating and informing nime design with a focus on expressiveness and mapping[END_REF], we built a similar evaluation method, based on interviews and open questionnaires. Hence, we have sent a questionnaire online to the subjects after the experiment. This questionnaire, containing 22 assertions, is built around key concepts: namely learnability and richness. These concepts encompass other ideas which are represented by the following labels (see table 6.7). Hence, similarly to Jorda and Mealla [2014], we create a 5-point Likert scale questionnaire to assess both the system (the instrument) and the performance (related to the use of the DMI and the quality of the musical output), however, we emphasize not on these two aspects, which are more implicit in this questionnaire, but instead, we emphasize on the notions of learnability and richness. Together with the questionnaire, tags and comments about the EMI, we reduce the user experience feedback into eight labels, namely easiness, intuitiveness, exploration, potential, reactivity, satisfaction, expressiveness, immersiveness. Intuitiveness also accounts for the concept of naturalness. Similarly, exploration also encompasses the idea of diversity, reactiveness for fluidity, satisfaction includes robustness, consistency and frustration (it is the opposite value on a Likert-scale), while potential also accounts for innovation and novelty. The Likert scale answers are as such:
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 623 Figure 6.23: Experiment survey and 5-point Likert answers for 22 assertions and 12 subjects

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  Tormoen et al. [2014] couples the BigBang rubette, together with a Leap Motion to control notes, oscillators, modulators or higher level transformations of sounds and/or musical structures. Alessandro et al. [2015] and Silva 1 et al. [2013] combined respectively a Leap Motion and transparent sheet of PVC Alessandro et al. [2015] and glass Silva 1 et al.

  see this separation responsible for the MIDI standard to become one of the first unified and successful solution enabling the creation of DMIs. An other important aspect of MIDI concerns the definition of its parameters: inspired by the actions related to keyboard playing, it includes note-on, noteoff and velocity parameters. The MIDI standard allow for flexible associations between controls and sounds as well as ensuring compatibility and consistency between various keyboard models[START_REF] Rasamimanana | Towards a conceptual framework for exploring and modelling expressive musical gestures[END_REF]. However, if this protocol dating from the 80s has been acclaimed for percussive sounds (e.g. piano or glockenspiel), it is often criticized for sustained, continuous sounds like bowed strings[START_REF] Rank | A player model for MIDI control of synthetic bowed strings[END_REF];[START_REF] Rasamimanana | Towards a conceptual framework for exploring and modelling expressive musical gestures[END_REF];[START_REF] Wessel | Problems and prospects for intimate musical control of computers[END_REF].Several alternatives were proposed (e.g.[START_REF] Mcmillen | Zipi-an inexpensive, deterministic, moderate-speed computer network for music and other media[END_REF]; Wessel and Wright

  nd lowest average thumb C 5 , -12.72 dB thumb C 5 , -10.33 dB middle G 5 , -8.26 dB Lowest average thumb F 5 , -12.94 dB thumb F 5 , -11.06 dB thumb C 5 , -8.45 dB

	value	piano	mezzo-forte	fortissimo
	Highest average 2 nd highest average	middle A 5 , -11.6 dB ring B 5 , -11.60 dB	ring B 5 , -8.97 dB middle A 5 , -9.54 dB	index D 5 , -7.40 dB pinkie C 6 , -7.62 dB
	2 Highest STD 2 nd highest STD 2 nd lowest STD	middle A 5 , 1.22 dB middle E 5 , 1.12 dB index G 5 , 0.35 dB	middle A 5 , 0.77 dB middle E 5 , 0.58 dB pinkie C 6 , 0.25 dB	thumb F 5 , 1.86 dB thumb C 5 , 1.81 dB ring B 5 , 0.57 dB
	Lowest STD	pinkie C 5 , 0.10 dB	ring B 5 , 0.17 dB	middle A 5 , 0.49 dB
	Table 6.4: Highest and lowest loudnesses (in decibels) averages, standard deviations and their
	corresponding notes for three ranges of dynamics		

Post-digital is an umbrella term used by[START_REF] Cascone | The aesthetics of failure:"post-digital" tendencies in contemporary computer music[END_REF] to refer to glitch, microsound, click-house, clicks & cuts, and other computer music sub-genres

The expression "sonic environment" -or "soundscape" -is mostly used by sound designers[START_REF] Schafer | The soundscape: Our sonic environment and the tuning of the world.I n n e r Traditions[END_REF],[START_REF] Franinović | Sonic interaction design[END_REF]) to caracterize sounds coming from everyday environment

VJying corresponds to realtime visual performances through technological mediation (lasers, light and video projectors, screens, flash lights, light spots) for an audience, in synchronization to music.

"Quand le geste fait sens"-personal translation

"L'intérpretation créatrice"-personal translation

"Les arts du temps et du geste" -personal translation

An affordance is the possibility of an action on an object or environment.

Originally, the term acousmatique is used to define the listening experience of musique concrète

The Recording Angel, Evan Eisenberg(Picador, 1988) 

Serialism is technique of composition that uses series of values to manipulate different musical elements, such as pitch, rythm, intensity and timbre
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Max/MSP by Cycling 74 is visual programming language for music

Jitter is the Max/MSP part that deals with real-time video, 3D/2D vector graphics, and effects.
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Chapter 4

Creation of a framework for capturing, modeling and recording of musical gestures

The more constraints one imposes, the more one frees one's self... the arbitrariness of the constraint serves only to obtain precision of execution.

Igor Stravinsky

Chapter 6 Evaluation of the Embodied Musical Instrument 6.1 State of the art in DMIs and NIME assessment

Evaluation frameworks

The search for solid and grounded design and evaluation frameworks is one of the main trends in current NIME research. NIME design frameworks have been mostly proposed by experienced digital luthiers [START_REF] Cook | Principles for designing computer music controllers[END_REF]; [START_REF] Jorda | Digital lutherie crafting musical computers for new musics' performance and improvisation[END_REF]. For [START_REF] Jorda | Digital lutherie crafting musical computers for new musics' performance and improvisation[END_REF], DMIs most desirable properties or goals are the instrument's playability, learnability, musical efficiency, variability, reproducibility, exploration or diversity (the ability of an instrument to support diversity in musical style and performance). [START_REF] Dobrian | The'e'in nime: musical expression with new computer interfaces[END_REF] stress the importance of virtuosity, and how this can be promoted with intuitive but complex gesturesound mappings (together with obvious long-term dedicated practice).

Traditional Human-Computer Interaction evaluation methodologies inspired some authors for evaluating Digital Musical Instruments, such as [START_REF] Wanderley | Mapping strategies in real-time computer music[END_REF], while others, such as [START_REF] Bellotti | Making sense of sensing systems: five questions for designers and researchers[END_REF], assume it is unsuited to "the even more subjective evaluation of DMIs". O'modhrain [2011] presents an excellent and detailed overview of previously existing DMI evaluation frameworks. He proposes the evaluation of DMIs from the diverse and complementary perspectives of all the stakeholders involved in the process. Following these suggestions, [START_REF] Barbosa | Towards an evaluation methodology for digital music instruments considering performer's view: a case study[END_REF] deepen an evaluation methodologies from the perspective of the audience, while [START_REF] Gurevich | Digital musical interactions: Performer-system relationships and their perception by spectators[END_REF] focus on the relationship between performers and digital systems and on the spectators perception of these interactions. [START_REF] Gelineck | Longitudinal evaluation of the integration of digital musical instruments into existing compositional work processes[END_REF], insists on the importance of longitudinal studies carried along longer periods of time, in an attempt to study the development of virtuosity. Along similar lines, Marquez-Borbon et al. [2011] study the evolution of skill development interviewing and following a group of users for several months, while they also propose the conception and design of experimental DMIs for specific evaluation purposes (as opposed to artistic purposes). [START_REF] Kiefer | Multiparametric interfaces for fine-grained control of digital music[END_REF] also proposes the combination of HCI inspired methodologies and grounded theory methods for assisting the design, use and evaluation of creativity support tools with a focus on multi-parametric DMIs. Inspired by O'modhrain [2011], Jorda and Mealla [2014] assessed both the system and the performance of DMIs and NIMEs. The main objectives of this course/ study covered both pedagogical and research.

The system was assessed according to the following variables:

• Mapping richness. Statement: "I have found the control mapping rich and interesting"

• Synthesis richness. Statement: "I have found the sound synthesis rich and interesting"

• Potential. Statement: "The system shows great potential as a DMI"

The performance's aspects, on the other hand, were assessed through the following variables:

• Musicality. Statement: "I have found the performance musical".

• Expressiveness. Statement: "I have found the performance expressive".

• Virtuosity. Statement: "The performers were able to control the instrument as real virtuoso".

During each performance session, all participants (in the listeners role), completed a 5-point Likert scale questionnaire to assess both the System (the DMI itself) and the Performance (related to the use of the DMI and the quality of the musical output). Together CHAPTER 6. EVALUATION OF THE EMBODIED MUSICAL INSTRUMENT However, it is possible to improve the latency problem with this configuration by modifying advanced scheduling parameters in Max, such as increasing the Poll throttle, which sets the number of events processed per servicing of the MIDI scheduler and decreasing accordingly the Queue Throttle which sets the number of events processed per servicing of low-priority event queue such as graphical operations, interface events and reading files from disk. At last, it is possible to decrease the signal vector size and the sampling rate of the sound synthesis, even though this would worsen the sound quality.

Further experiments aiming to lower the latency, lead us to simply remove the graphical feedbacks discussed in 4.2.1 and 4.5.2, which are helpful visuals cues for the user to know whether his/her hand in detected, touching the surface, in which zone, etc. However, despite this loss, the user can still play without looking at the visual feedback and focus only on the sounds. Hence, we repeat the previous experiment, only we increase the BPM' up to 380 BPM (Adagio (80 bpm) to Prestissimo (380 bpm)). The results displayed on tables 6.6 show an overwhelming improvement with an average latency of 57 ms for repeated notes and and 51 ms for arpeggio. Furthermore, the variance is relatively low (2 ms).

Single Note Arpeggio

Tempo Avg (ms) Tempo Avg (ms) 

Timbre modification

This section focuses on assessing timbre variation, which corresponds to the spectral content of the signal, while the player hits the surface at various speed and locations along the z-axis. The spectrum analysis have been operated using a Fast Fourier Analysis, provided by the software Audacity 1 . Additionally, we only analyzed recordings using the Blotar sound synthesis engine. At last, we evaluate the Biquad Filter mapping discussed in 5.2.1.

Impact velocity spectrogram analysis

As discussed in 5.2.1, the Blotar sound synthesis engine, due to its physical modeling nature, emulates the actual physics and mechanisms of musical instruments. Therefore, depending on how strong he fingertips tap onto a keyboard key, one expects not only the sound to be more or less loud, but only the sound timbre to change. This phenomenon, well know to acousticians and musicians, is explained by the physical properties of strings 6.8 displays the same label information as table 6.7, but reshaped, so as to count the label (e.g. easiness, satisfaction, exploration etc.) ratio per category (e.g. learnability and richness). By doing so, we observed that some labels are predominant in one category, hence influencing us to attribute them to the category. For instance, with 8 vs. 1 counts, intuitiveness is more likely to belong to the learnability category than to richness. In the case of satisfaction, which respectively has 4 and 3 counts in each category, we simply assume that it is relevant to both dimensions. The label counts comfort us in the categorisation we have made (learnability vs. richness) by underlying the ratio of similar label per category.

By doing such a label categorisation, we were able to plot all the user's answers on a two dimensional representation (Learnability vs. Richness). For each subject, all 22 answers are represented by a single point on the two-dimensional representation. This is done by computing the average of each category of assertions's answer per subject. For instance, the answers from subject one (S1) in the Learnability category are averages to CHAPTER 6. EVALUATION OF THE EMBODIED MUSICAL INSTRUMENT uncontrollable.

Performance assessment

Additionally to the user experience described above, we worked towards a "real-world" assessment for the EMI, which is the live performance. A series of 5 concerts were held in the past year of development. The first representation was a short improvised duo with pianist Johan Farjot during the conference "À quoi ressemble la recherche en musique" at the Ecole Normale Superieure theater in Paris, the April 25 th 2016 (figure 6.25). The second and third concerts were the same musical piece -Ideasmos -written by Viky Tsekouropoulou for a string quartet. Two additional EMI parts were added on top, composed while rehearsing. The last two concerts were improvisations for EMI solo and lasted twice half an hour. 

Mixed music -EMI with a string quartet

Usually, mixed music experience from the audience point of view is the confrontation of two musical entities: one is real, present, physical, the other is invisible, coming from a machine, materialized with speakers. This first experience of live electronic -with the EMI -playing along a string quartet successfully demonstrated that the gestures were bringing an important information to the audience.

Improvisation for EMI solo

Through this difficult exercise for EMI solo, we aimed at communicating an intention through gestures, while filling the sound space entirely. The player naturally -through the gestures his occupation on stage -strongly attracts attention. Therefore, a solo piece for EMI unveils all the weakness and strength of the instrument, both in terms of mappings and sound synthesis. As a result, both performances (in Paris and London) received very positive feedbacks from the audience. The audience interrogations were mainly about how the instrument works technically, but the correlation on the sound and the gesture intentions seemed obvious to the listeners.

Appendix A Résumé en français

A.1 Chapitre 1

Ce chapitre introduit le contexte musical sous jacent dans les travaux de recherche présent. Observant l'évolution et les innovations dans l'histoire de la musique, nous nous intéresserons aux nouveaux moyens de création utilisés dans la musique assistée par ordinateur. L'interaction musicale entre l'artiste et les logiciels musicaux est remise en question, et la notion d'intimité musicale (intimate controls en anglais) dans le contrôle est évoquée comme objectif dans l'interaction musicale.

Les avancées dans le domaine de l'interaction homme-machine et de la capture de mouvement semblent ouvrir de nouvelles perspectives dans le domaine de la musique assistée par ordinateur. Enfin, cette thèse présente un nouvel instrument, nommé Embodied Musical Instrument, permettant de déclencher et manipuler les sons avec le mouvement des mains et du haut du corps. Les gestes effectués dans l'espace prennent alors une signification pour le musicien dans le contrôle des sons, mais aussi visuellement pour l'observateur externe, qui voit les processus mis en jeux.

A.3 Chapitre 3

Ce chapitre débute en présentant une taxonomie des différentes études sur le geste, allant de la psycholinguistique à l'interaction homme-machine en passant par des études musicologiques. Cette taxonomie est suivie d'une introduction aux concepts d'écologie sonore et gestuelle ainsi que la spectromorphologie. Nous discutons ensuite de l'évolution de la musique depuis les premiers instruments de musiques électroniques jusqu'aux nouvelles interfaces pour l'expression musicale (NIME), domaine et communauté de recherche dans laquelle nous nous situons.

Nous représentons en conclusion de ce chapitre une représentation des nouvelles interfaces musicales selon deux axes: la richesse et la courbe d'apprentissage. Cette représentation, s'appuyant sur des travaux antérieurs sur le flow en musique, nous permet de définir des critères d'évaluations.

A.4 Chapitre 4

L'état de l'art des capteurs de mouvement -inertiels et optiques -sont présentés en ce début de chapitre. Nous approfondissons ensuite les systèmes de vision 3D sans marqueurs, et présentons un état de l'art de l'extraction de squelette avec vision par ordinateur. Nous enchainons avec les approches statistiques pour la reconnaissance de geste, telles que le dynamic time warping (DTW), les modèles de Markov caché (HMM).

Enfin, nous décrivons notre système de capture avec ses capteurs, sa structures ainsi que les heuristiques de détection du doigté et les volumes d'interaction. Notre modélisation des micro gestes dans l'espace micro est expliquée, suivie de notre système de zone qui permet d'encoder les notes. On peut ainsi modéliser le jeu avec l'intensité, l'articulation et la hauteur des notes, s'inspirant du piano. Nous nous distinguons du jeu traditionnel au clavier car il n'y en a pas: nous distinguons la hauteur des notes en se basant sur d'identité du doigt et des zones globales, où un doigt peut faire qu'une seule note. Dans l'espace des geste macro, nous définissons des métaphores gestuelles, elles même inspirées de l'affordance de certains objets. Ce type de geste nous sert par la suite à controller des effets sonores de haut niveau, que l'on décrit dans le chapitre 5.

A.5 Chapitre 5

Le coeur de nos travaux figure dans les mappings, permettant de définir au niveau de notre programme la correspondance entre deux modèles de données, ici entre les données gestuelles, et les données sonores. Ainsi, nous décrivons ici différentes stratégies de mappings connues, ses formalismes, et la littérature spécialisée sur le mappings musicaux.

La pièce centrale de nos travaux, la manière dont l'instrument -Embodied Musical Instrument -répond aux gestes, les sons produits, est décrite, en distinguant les micro et macro gestes. Nous schématisons les mappings établis avec différents types de synthèse sonores différentes. Ainsi, nous utilisons la synthèse à modélisation physique type Karplus-Strong pour des contrôles instrumentaux et la synthèse à corpus concaténative (ISMM -IRCAM) pour des contrôles plus exploratifs. Le chapitre termine avec une vision de l'architecture globale de l'instrument.

A.6 Chapitre 6

Dans ce chapitre, nous évaluons l'Embodied Musical Instrument. Pour cela, nous nous appuyons sur des cadre de contrôle et d'évaluation existants dans la littérature spécialisée sur les NIMEs (New Interfaces for Musical Expression). Précisons que cette thématique est nouvelle dans la littérature et que celle-ci s'appuie sur des concepts venant de la psychologie, la pédagogie, la théorie du design, et la théorie du jeu. Ainsi nous distinguons l'évaluation du système avec ses mappings, sa richesse, son potentiel de la performance musicale, avec sa musicalité, son expressivité, et sa virtuosité.

Notre étude du système présente les évaluations quantitative de la détection des doigts au contact de l'instrument pour différentes dynamiques (pianissimo, mezzo forte, fortissimo). Ainsi, nous observons 7,5 L'évaluation de la performance, quant à elle se fait à travers une enquête basée sur un test utilisateur. La nature des questions posées et les réponses permettent d'établir une représentation matricielle de l'expérience globale de l'utilisateur sur deux dimensions: la richesse versus la capacité apprenante (learnability an anglais). La représentation permet de situer l'utilisateur par rapport à son expérience du flow, état observé durant une activité de concentration intense. Pour terminer, nous illustrons quelques cas d'usage en situation réelles, notamment lors de concerts de musique mixte et d'improvisations solos.

A.7 Chapitre 7

En conclusion, nous avons tenté d'établir des interactions musicales « incarnées » (embodied en anglais) à travers la création d'un instrument nommé the Embodied Musical Instrument. Cet instrument fonctionne à l'aide de caméras 3D et d'une dalle transparente. Ainsi, il «voit» les gestes à la surface mais aussi dans un volume au dessus. Nous définissons ainsi deux espaces de contrôles, respectivement micro pour les micro gestes des doigts et macro, pour les macros gestes du haut du corps. Cet instrument peut être utilisé comme un outil d'analyse du geste, permettant d'enregistrer les trajectoires des doigts et du haut du corps, sans avoir à porter d'équipements ni calibration. Deuxièmement, nous avons démontré en situation réelle l'usage de cet instrument, lors de différentes représentations. A travers une expérience utilisateur et des questionnaires, nous montrons des contrôles intuitifs et « intimes » (intimate controls an anglais). Nous relevons les limitations actuelles de l'instrument, telles que le manque de robustesse des capteurs, ainsi que la latence du système. Ces défauts nous empêchent encore de créer un instrument viable pour pour tous les types de musique. Les prochaines étapes consisteront donc à améliorer ces deux points fondamentaux. D'autres perspectives consisteraient à développer des représentations graphiques, permettant de guider l'utilisateur en offrant un retour visuel continu durant l'interaction. Dans la théorie du design d'expérience, en effet, le manque de retour (feedback and anglais) est souvent assimilé à un manque de contrôle. Enfin, nous terminons sur une perspective excitante; celle de créer une machine interactive de « fantaisie » (Interactive Fantasy Machine en anglais) où, le son, l'image et le geste sont intégrés dans la même interaction. Nous imaginons ici une évolution pour l'EMI, incorporant le geste, le son et le visuel dans une expérience parfaitement immersive. Cette Interactive Fantasy Machine, serait l'outil idéal permettant de créer et animer des morphologies sonores et d'éliciter de nouvelles expériences musicales.