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Towards an Emotion-Driven Interactive Music
System: Bridging the Gaps Between Affect,

Physiology and Sound Generation
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Abstract

Music is well known for affecting human emotional states, yet the relationship be-
tween specific musical parameters and emotional responses is still not clear. With
the advent of new human-computer interaction (HCI) technologies, it is now possible
to derive emotion-related information from physiological data and use it as an input
to interactive music systems. Providing such implicit musical HCI will be highly
relevant for a number of applications including music therapy, diagnosis, interac-
tive gaming, and physiologically-based musical instruments. A key question in such
physiology-based compositions is how sound synthesis parameters can be mapped
to emotional states of valence and arousal. We used both verbal and heart rate re-
sponses to evaluate the affective power of five musical parameters. Our results show
that a significant correlation exists between heart rate and the subjective evaluation
of well-defined musical parameters. Brightness and loudness showed to be arousing
parameters on subjective scale while harmonicity and even partial attenuation fac-
tor resulted in heart rate changes typically associated to valence. This demonstrates
that a rational approach to designing emotion-driven music systems for our public
installations and music therapy applications is possible.
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1 Introduction

In the context of a mixed-reality environment called the eXperience Induc-
tion Machine (XIM) (2), we developed a real-world interactive composition
and performance system which can produce musical structures and sonic tex-
tures in real-time, as a result of the interaction between the system and its
human and non-human environment. In XIM the musical output results from
the interaction between the users and the environment and is thought as a
communication channel that can reflect, express in some way, the sensory,
behavioral and internal state of the interactive system itself.

It is generally acknowledged that music is a powerful carrier of emotions and
the effect of music on emotional states has been established using many differ-
ent self-report, physiological and observational means (10; 21). Nevertheless,
the precise relationship between musical parameters and emotional response
is not firmly established.

In order to generate original affective music, we investigate the mapping be-
tween emotions and the musical output of our real-time composition and per-
formance system. Although several methods are available to assess the emo-
tional state of listeners, time-varying physiological measurements seems to be
particularly adequate for real-time interactive applications. Here, we focus on
the correlations between the implicit, physiological measure of the emotional
state of the listener, their subjective responses, and a set of specific musical
parameters used to generate music.

1.1 Interactive Sonification

Sonification is a relatively new field of research that has developed rapidly in
the recent years. It has been used for various purposes, and some standard
techniques and applications have emerged . For instance, Auditory Icons and
Earcons models are commonly used to signal specific events to the users.
Audification models convert data series into sound samples for scientific data
mining. Furthermore, model-based sonification allows a better understanding
of the structure of data by using plausible physical sound synthesis algorithms
driven by the data itself (9).

Our work relates to yet another type of sonification, we call emotional map-
ping. The general idea is that data from the environment and the affective
state of agents (human and/or machines) are mapped to acoustic and musical
attributes.

In this paper we investigate emotional responses to music and propose an
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original framework for adaptive sonification of the emotional state of a sub-
ject as measured by physiology. In contrast with many data sonification ap-
proaches, we do not sonify directly the physiological data. We want to extract
higher-level information about a specific emotional state induced by specific
properties of a musical stimulus. This information is then used to modulate
our Interactive Music Composition System (IMCS).

Analysis of physiological responses to musical stimuli is particularly interesting
for our purpose as it is not subject to voluntary control and can serve as an
objective measure of emotional state.

1.2 Interactive Music Systems Driven by Physiology

Recent advances in human computer interaction have provided researchers
and musicians with easy access to physiology sensing technologies. Although
the idea is not new (11; 26), the past few years have witnessed a growing
interest from the computer music community in using physiological data to
generate or transform sound and music. In the literature, we distinguish three
main trends: the use of physiology to modulate pre-recorded samples, to di-
rectly map physiological data to synthesis parameters, or to control higher
level musical structures with parameters extracted from the physiology. A
popular example of the first category is the Fraunhofer StepMan sensing and
music playback device (3) that adapts the tempo of the music to the speed
and rhythm of joggers’ step, calculated from biosensoric data. While this ap-
proach appears efficient and successful, it allows control over only one simple
musical parameter. The creative possibilities are somewhat limited. In other
work (1), the emphasis is put on the signal processing chain for analyzing the
physiological data, which in turn is sonified, using adhoc experimental map-
pings. Although raw data sonification can lead to engaging artistic results,
these approaches do not use higher-level interpretation of the data to control
musical parameters. Finally, musicians and researchers have used physiolog-
ical data to modulate the activity of groups of predefined musical cells (8)
containing pitch, meter, rhythm and instrumentation material. This approach
allows for interesting and original musical results, but the relation between the
emotional information contained in the physiological data and the composer’s
intention is usually not explicit.

In this paper we assess the relationship between physiological response and
music generation parameters. If specific musical parameters produce specific
physiological responses (thus certain affective states), then those sound pa-
rameters can be used as a compositional tool to induce emotional states in
the listener.
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2 Real-time Interactive and Adaptive Music Generation

2.1 Situated Music Composition

Our music generation, interaction and composition tools are inspired by our
previous work on synthetic composition engine and the psychoacoustics of
emotional sonic expression (16; 19).

The paradigm for musical interaction is grounded in our work on large-scale
interactive multi-media systems (6). The overall aim is to integrate sensory
data from the environment in real time and interface this interpreted sensor
data to a composition engine. In this way unique emergent musical structures
can be generated.

The music composition process relates to the algorithmic concepts employed,
for instance, in Mozart’s dice game, the pieces HPSCD, by John Cage and
Lejaren Hiller, “in C” by Terry Riley, or John Cage’s I-Ching principle used in
works such as “Music of Changes”. The basic idea is to have the external world
act as a input that modulates preprepared musical cells. This simple paradigm
is quite powerful and allows for the creation of continuously varying, rich and
complex musical structures. In (19), we have shown how the dynamics of a real-
world robot connected to such a cell-based musical system, called RoBoser,
induced novelty in the micro-fluctuations of a MIDI sequence generator.

With these considerations in mind, we designed a more versatile Interactive
Music System that follows the sensing, processing, and response paradigm
(27), goes beyond the MIDI paradigm, and is based on modern audio pro-
gramming practices (24). We constantly refined its design and functionalities,
to adapt to different contexts of use. For instance, in one project the sensory
inputs (motion, color, distance, ...) from a 3D virtual khepera robot living in
a game-like environment were modulating musical parameters in real-time(7).
We also developed an automatic soundscape and music generator for a mixed
reality space in Barcelona called the eXperience Induction Machine (2). Finally
our system was used to manage audio and music generation in re(PER)curso
(22), an interactive mixed reality performance involving dance, percussion and
video presented at the ArtFutura Festival 07 in Barcelona .

Here we propose to use sensory data provided by the listener’s physiology to
generate musical structures and validate the choice of adequate parameters
for inducing specific emotional states.
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Figure 1. In the context of XIM, the mixed reality environment we built in Barcelona,
music is used as a channel to express emotions. XIM is provided with a set of sensors
and effectors. Effectors such as musical output are used to influence the emotions
and behavior of the visitors.

2.2 Parameterizing Music Generation for the Study of Emotions

From the beginning we have chosen a set of standard musical parameters
for controlling the generation of music based on the requirement that their
modulation should have a clear perceptual effect. We kept a list of parameters
that has been extensively studied, and which effect on emotional expression is
widely acknowledged, as described in (10) (cf Figure 3).

In order to synchronize musical composition with external sensors, we rep-
resent the music as a parameterized structure, which values are dynamically
controlled over time. We classify the musical parameters into two main cat-
egories. On the one hand are the macro-level structural parameters such as
tonality, rhythm, tempo, mode, register, etc. On the other hand are the micro-
level parameters related to the synthesis of sound (instrumentation, brightness,
harmonicity, noisiness, spectral complexity. . . )

2.3 Musical Structure Generation

The generation of music is based on the situated music paradigm where pre-
pared musical cells are dynamically modulated as the users’ physiology varies.
The application was built using Pure Data (24), a data-flow programming
language specifically designed for real-time audio-visual interactive projects.
It is possible to recall different musical cells, or to change musical cells on-the-
fly by sending appropriate Open Sound Control messages (OSC) (31) (OSC
is a protocol for communication among computers, sound synthesizers, and
other multimedia devices optimized for modern networking technology). For
instance the OSC message ’/voice1/scale 0 4 6 8 10’ would feed the musical
cell called voice1 with the corresponding pitch-class scale. When the interac-
tion between people and the system takes place, these basic musical events are
dynamically modified. The initial musical material is amplified, transformed,
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Figure 2. A group of related musical cells defines a certain context, which specific
structural and musical parameters are associated with a mode of interaction. The
content of these musical cells can be modulated in real-time via OSC control mes-
sages.

nuanced, as the interaction between the system and the users evolves (Figure
2).

The relation between structural levels of music generation and emotional have
been extensively studied elsewhere (10)(Figure 3), and we decided to limit the
scope of this work to the quantitative study of a less-studied and well-defined
set of specific sound features.

2.4 Sound Generation

We designed various Pure Data modules interfacing MIDI synthesizers and
custom MIDI and OSC-enabled software synthesizers for our Interactive Music
System. Here, we put the emphasis on studying a tristimulus synthesizer that
allows the modulation of subtle timbral features that are perceptually relevant
(10).

We implemented a polyphonic synthesizer with both a GUI-based and OSC-
based interface (5) in Pure Data which relies on the tristimulus model of
timbre (23; 25). It provides us with a simple and intuitive interface to modu-
late relevant perceptual features such as brightness, noisiness, harmonicity, or
odd/even ratio of an additive plus noise synthesis model.

The tristimulus analysis of timbre proposes to quantify timbre in terms of three
coordinates (x, y, z) associated with band-loudness values. Inspired from the
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Figure 3. The relation between structural music parameters and the corresponding
expressed emotion as described in (10).

X

Y

0
1

1

Fundamental
High-

Frequency

Mid-
Frequency

Figure 4. An intuitive representation of the tristimulus timbre space is a triangle.
The arrow represents a specific time-varying trajectory of a sound in the tristimulus
timbre space (23).

tristimulus theory of colour perception, it associates high values of x to domi-
nant high-frequencies, high values of y to dominant mid-frequency components
and high values of z to dominant fundamental frequency. The coordinates are
normalized so that x + y + z = 1.
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For synthesis, the sound is represented as a sum of weighted sinusoids at
frequencies multiple of the fundamental frequency plus a noise factor. Let’s
first consider the additive model. If we neglect the effect of phase, a quasi-
periodic tone can be decomposed in a sum of sine waves with time-varying
amplitudes and frequencies as such (20):

y(n) '
N−1∑
k=0

ak(n) sin(2πfk(n)) (1)

where n is the time index, N is the number of harmonics in the synthetic
signal, ak(n) is the time-varying amplitude of the kth partial, fk(n) is the
time-varying frequency of the kth partial. with fk = k.f0 where f0 is the
fundamental frequency (harmonicity hypothesis) and ak(t) and fk(t) are slowly
varying.

In the synthesis model, the harmonics partials belong to three distinct fre-
quency bands or tristimulus bands: f0(n) belongs to the first low frequency
band, frequencies f2...4(n) belong to the second mid-frequency band, and the
remaining partials f5...N(n) belong to the high-frequency band.

The relative intensities in the three bands can be visualized on a tristimulus
triangular diagram where each corner represents a specific frequency band.
We use this representation as an intuitive spatial interface for timbral control
of the synthesized sounds.

The noisy part of the sound was generated following the substractive synthesis
paradigm. We filtered a random noise generator with a bank of three passband
filters centered at f0, 3f0 and 9f0 respectively as suggested in (25) so that the
noisy portion of the sound follows a tristimulus spectral distribution.

With this model the brightness can be modulated by the position of a cursor
in the tristimulus timbre space (cf. Figure 5), where the lower left corner of the
triangle corresponds to the darkest class of sounds whereas lower right corner
correspond to the brightest. Noisiness is defined as the relative amplitude
of the filetered noise generator. Inharmonicity relates to the factor by which
successive partials deviate from the harmonic spectrum. Finally, we define the
even partial attenuation factor as the relative amplitude level of even partials
in the spectrum of the signal.

2.5 Interactive Music Score

With our system, all the macro-level (musical structure) and micro-level (syn-
thesis) parameters of the interactive music system can be modified on the fly.
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Figure 5. The tristimulus synthesizer GUI: it allows for intuitive control over
even/odd ratio, harmonicity, noisiness, and brightness. All the energy of the spec-
trum is in the low tristimulus spectral band if the red cursor is in bottom left part
of the control grid, respectively the medium tristrimulus at the top left and high
tristimulus at the bottom right. The total energy in the three tristimulus spectral
bands stay constant.

Figure 6. An OSC-enabled ’poly-temporal’ graphical sequencer such as Iannix
(5)allows to write scores and is easily interfaced to our Interactive Music System.

The interactive music system behaves as a sound server, and we use the Open
Sound Control (OSC) protocol (31) for remote or local access to its parame-
ters. This gives us a great flexibility and we have tested a variety of text-based,
physical or graphical interface (Figure 6) to interact with the system.
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3 Testing Emotional Salience of Musical Features

A comparative review of literature on music and emotion (10) provided us with
a set of different musical parameters that have been reported to elicit specific
emotional responses . We decided to focus on a subset of parameters such as
Loudness, Brightness, Harmonicity, Noisiness and Even Partial Attenuation
(EPA) factor that can be easily produced by our synthesis engine.

There is an abundant diversity of methodologies to measure emotional re-
sponses. They can be broadly classified into three categories depending on
the extent to which they access subjective experience, alterations on behavior
or the impact on physiologal states (18). Self-reports of emotional experience
measure the participant’s “subjective feeling” of emotions, i.e. “the consciously
felt experience of emotions as expressed by the individual” (29). Self-reports
can be subcategorized into verbal (30) and visual self-reports (28). We decided
to use visual reports during experiments since these are more universal than
the verbal measures.

We followed the well established bi-polar dimensional theory of emotions: he-
donic valence or pleasantness and intensity of activation or arousal (28). Emo-
tions can then be placed in a two-dimensional emotional space, where the
valence scale ranges from pleasantness (happy, pleased, hopeful, positive, etc.)
to unpleasantness (unhappy, annoyed, despairing, negative, etc.), and the acti-
vation scale extends from calmness (relaxed, sleepy or peaceful) to high arousal
(excited, stimulated, energized or alert).

Subtle affective reactions can be measured at the physiological level including:
muscle activity, voice, autonomic nervous system and endocrine activity (18).
Measurements in this group include video recordings of facial expressions (cry,
smile, laugh, contract the eyebrows) and facial electromyography (EMG), pos-
ture activity (showing interest for a certain stimulus), measuring hand tension
(higher during frustrating tasks), recording of vocal expression (prediction of
arousal), register electrodermal activity (EDA), electroencephalogram (EEG)
or heart activity. In this study we decided to do measurements of heart rate
(HR) since it implies the use of simple, noninvasive techniques. Moreover,
wireless technology developments make these techniques very attractive when
the conditions closely mimicking real life conditions have to be assessed.
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Figure 7. In the Russell cicumplex model of affects, emotion concepts are organized
according to a circular structure in a two-dimensional space of pleasure-displeasure
and degree of arousal (28).

4 Method

4.1 Participants

Thirteen participants (1 female; mean age 27 years) took part in the experi-
ment. The experiment was conducted in accordance with the ethical standards
laid down in the 1964 Declaration of Helsinki.

4.2 Apparatus, materials and data collection

The experiment was conducted in a dark room. Sound was delivered to par-
ticipants using circumaural headphones (AKG K271). Eight sound samples of
10 s duration each were used as acoustic stimuli. These samples formed 5 pairs
(one reference sound was used in 3 of the pairs).

• Brightness: low and high brightness corresponding to bottom left corner and
bottom right corner of the tristimulus diagram 4.
• Loudness: intensity difference between two samples of 12 dB.
• Noisiness: stimuli with low (reference, -12db) and high (0db) noise compo-

nent.
• Harmonicity: harmonic stimuli (reference) and inharmonic stimuli.
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Figure 8. An instrumented subject is seated in a dark room where he/she is viewing
a computer controlled display and exposed to computer generated sound stimuli via
headphones. The subject is instrumented with sensors for heart rate.

• Even Partial Attenuation factor (EPA): stimulus with no attenuation of
even partials (reference, all the partials are present) and stimuli only with
odd partials present.

Heart activity measurement has long tradition in emotion and media research,
where it has been shown to be a valid real-time measure for attention and
arousal (12). Attention evokes short-term (phasic component) deceleration of
heart rate, while arousing stimuli accelerates heart rate in longer term (tonic
component). Heart rate change has been also shown to reflect stimuli valence.
While the heart rate drops initially after presentation of the stimuli due to
attention shift, the negative stimuli result in a larger decrease of a longer dura-
tion (4). We recorded electrocardiogram (ECG) at a sampling frequency of 256
Hz using MOBIlab hardware (g.tec – Guger Technologies OEG, Graz, Aus-
tria). Heartbeat was extracted from ECG using a real-time analysis software
based on SIMULINK by Mathworks.

4.3 Experimental design and procedure

Each of eight samples was presented to participants twice. The samples were
presented in the randomized order using the following presentation sequence:
0.5 s. signaling tone, 7 s. pre-stimulus silence period, 10 s. stimulus presen-
tation, 10.5 s. post-stimulus silence period. Participants were instructed to
close their eyes once hearing the signaling tone and concentrate on the sound
sample. After a sound sample offset, participants opened their eyes and had
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Figure 9. The SAM pictorial scale allows the subjects to rate each sound sample on
a valence / arousal scale (13).

Valence Arousal

Parameter level Low High Low High

Noisiness 4.9 (SE = 0.46) 4.2 (SE = 0.5) 5.46 (SE = 0.4) 5.5 (SE = 0.52)

Brightness 4.2 (SE = 0.57) 4.1 (SE = 0.49) 4.5 (SE = 0.53) 5.8 (SE = 0.44)

Even Partial 

Attenuation

4.9 (SE = 0.46) 4.5 (SE = 0.52) 5.46 (SE = 0.4) 5.3 (SE = 0.45)

Inharmonicity 4.92 (SE = 0.46) 4.37 (SE = 0.44) 5.46 (SE = 0.4) 5.46 (SE = 0.47)

Loudness 4.83 (SE = 0.51) 4.33 (SE = 0.54) 4.4 (SE = 0.63) 6.12 (SE = 0.41

Figure 10. Verbal ratings show the significance of loudness and brightness on the
arousal scale.

to rate their emotional state during the post-stimulus silence before the next
signaling tone using the 9-point valence and arousal pictorial scales of the
Self-Assessment Manikin (SAM) (13).

5 Results

5.1 Verbal Ratings

Self-reported valence and arousal were analyzed separately using paired-sample
t-tests for 5 sound parameter pairs. Loudness level reached significance on the
arousal scale, t(11) = -3.11, p <0.01 with mean ratings of 4.4 (SE = 0.6) vs.
6.1 (SE = 0.4) for louder sample. In addition, brightness level reached signifi-
cance on the arousal scale, t(11) = 2.6, p <0.03 with mean ratings of 5.9 (SE
= 0.4) vs. 4.5 (SE = 0.5) for the high brightness level. Other ratings did not
reach significant differences.
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5.2 Physiological data and corresponding subjective ratings

Heart rate was averaged offline into 1-second bins and then deviated from a
1-s baseline immediately preceding sound onset. Taking into account previous
research on physiological responses to acoustic stimuli, we decided to use the
values from the 4th second bin, since this might reflect valence differences (4).
The pair-wise comparisons for 5 sound parameters showed significant differ-
ences for even/oddness and harmonicity (p < 0.05). For Even Partial Atten-
uation parameter the reference sound resulted in 0.4 (SE = 1.2) bpm change
while high EPA showed -1.7 (SE = 0.9) bpm change. This was consistent with
the valence ratings where reference was rated as more pleasant, 4.9 (SE =
0.5), than its pair, 4.5 (SE = 0.5).

For the harmonicity, the inharmonic sound sample resulted in -3.4 (SE = 1.1)
bmp average drop suggesting its more negative valence. On the subjective
scale, similar trend could be observed where valence ratings for inharmonic
stimuli were 4.4 (SE = 0.4).

6 Conclusions

In this paper we investigated the potential of using heart rate data to extract
information about emotional states of listeners to our Interactive Music Sys-
tem. We studied a set of well-defined sound parameters and showed their cor-
respondence to valence-arousal scales. In particular, loudness and brightness
were significantly related to arousal subjective ratings, while the harmonicity
and even partial attenuation factor reflected valence level. This could be seen
both in subjective ratings and in significant changes in the heart rate. Knowl-
edge about arousal-valence potency of these sound parameters allows us to
design interactive music system based on user emotional state detection. We
plan to use this system for affective state diagnosis and its modulation (e.g.
studies using Alzheimer patients (14; 15) and autistic children ).

As a first approach, we have chosen simple synthesis techniques that allow
for direct control over timbre, for those parameters that have been shown to
have a significant impact on physiology. However a general framework that
would allow to map perceptually relevant parameters to synthesis parameters
for various, more complex and novel analysis/synthesis paradigms is still to be
found. Advanced time series processing techniques are necessary for learning
to generate appropriate low-level synthesis parameters from high-level param-
eters (17).

To investigate in more details the potential of musical parameters to induce
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Figure 11. Heart rate changes over time for brightness, EPA, inharmonicity, loudness
and noisiness parameters.

specific affective states, we also wish to expand our analysis to time-varying pa-
rameters, and to co-varying parameters. Our results however already demon-
strate that a rational approach towards the definition of interactive music
systems driven by emotion is feasible. In the future studies we plan to refine
emotional mappings of musical parameters using adaptive music synthesis and
a response evaluation loop.
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