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ABSTRACT 

 
The Hypertension Singing Bowl is an Acoustic Sonification 
shaped by a year of blood pressure data that has been 3D printed 
in stainless steel so that it rings. The design of the bowl was a 
response to a medical diagnosis of hypertension that required 
regular self-tracking of blood pressure. The culture of self-
tracking, known as the Quantified Self movement, has the motto 
“self knowledge through numbers”. This paper describes the 
process of designing and digitally fabricating a singing bowl 
shaped from this blood pressure data. An iterative design  
research method is used to identify important stages of the 
process that include the choice of a sonic metaphor, the 
prototyping of a CAD baseline, the mapping of data to shape, 
and the acoustics of the mapping. The resulting Hypertension 
singing bowl is a meditative contemplation on the dataset that is 
a reminder to live a healthy lifestyle, and a poetic alternative to 
generic graphic plots of the Quantified Self.  

1. INTRODUCTION  

The increasing availability of low cost wearable sensor products 
has led to a growing interest in self-tracking in sports, health and 
fitness. The Quantified Self (QS) movement advocates “self-
knowledge through numbers” [1] through the analysis of this 
data. Participants in QS meet-ups are invited to “share what you 
are doing, and learn from others” by showing visualizations, 
and telling stories about datasets, self improvements, 
technologies and other aspects of self-tracking culture [2]. 
 Mark Carrigan observes that stories about self-
tracking often include personal context and a qualitative 
interpretation of the numbers. He introduced the term “qualified 
self” to refer to “self-knowledge through words” that comes 
from telling stories about the data. He goes on to define the term 
“qualitative self-tracking” as “using mobile technology to 
recurrently record qualities of experience or environment, as 
well as reflections upon them, with the intention of archiving 
aspects of personal life that would otherwise be lost, in a way 
susceptible to future review and revision of concerns, 
commitments and practices in light of such a review” [3]. 
 Jenny Davis makes the point that telling stories about 
self-tracking data can also be a mechanism for constructing self-
identity.“Self-quantifiers don’t just use data to learn about 
themselves, but rather, use data to construct the stories that they 
tell themselves about themselves” [4]. She also observes that 

personal reflections on the data can go beyond words to include 
artistic constructions such as a poem, or a collage. Deborah 
Lupton expands on the kinds of data that are collected by self-
trackers in her analysis of cultures of self-reflexion. “Many self-
trackers record non-quantifiable data as part of their practice, 
including journaling accounts of their daily activities, emotional 
states and relationships, collecting audio data or visual images 
and producing visualisations that centre on their aesthetic or 
explanatory properties rather than their representation of 
numbers. [5] 

In a recent post on the Quantified Self site, Enrico 
Remirez showed images of physical visualizations that included 
a 3D bar chart made from children’s playing blocks, and a 
sculpture made from graphs cut out of cardboard and bound 
around a spine [6]. Physical visualizations like these are usually 
considered to be educational props, or artistic interpretations of 
the data. However, a recent study by Yvonne Jansen and 
colleagues found that a 3D print of a 3D dataset can be more 
effective for 3D information retrieval tasks than a screen-based 
version [7]. In another study, Rajit Khot and colleagues found 
that participants were more conscious of their daily physical 
activity when heart rate data was presented as a 3D printed 
object than when it was shown on a screen [8]. 

These studies support the proposal in this paper that 
stories about self-tracking may not necessarily have to be told in 
words to enable the personal reflection that may transform 
numbers into identity. Stories can be told non-verbally through 
paintings, sculptures, and music. Stories about numbers may be 
told non-verbally through graphic visualizations, physical 
visualizations, and data sonifications. Building on these 
techniques, this paper introduces a new technique, known as 
acoustic sonification, as a medium for telling stories about 
numbers.  Acoustic sonifications are physical visualizations that 
also make sounds [9]. Could an acoustic sonification be 
constructed from self-tracking data? Would this sonic object 
also facilitate story telling and promote reflection on personal 
health and fitness? Could the sound increase the curiosity to 
explore, or enable alternative perceptions and interpretations of 
the dataset?  

These questions motivated the experiments described 
in the rest of this paper. The background section presents a brief 
history of acoustic sonification, along with some early 
examples. The body of the paper describes the design and 
realization of a prototype of an acoustic sonification designed 
for a dataset consisting of blood pressure readings taken over a 
one-year period. The discussion reflects on the experiment in the 
context of the questions raised by theories of the quantified and 
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qualified self. The paper concludes with a summary of the 
process of designing an acoustic sonification that includes stages 
for further research and development. 

2. BACKGROUN D 

In 2009 a CAD model of a whistle was uploaded to the 
Thingiverse.com 3D printing community site. The whistle 
generated considerable attention, because it did something no 
other 3D printed object had done before, it produced a sound. 
But what generated most attention was the difficulty of 3D 
printing a version that actually whistled. The variability in the 
results produced by different printers and different settings 
highlighted the intimacy of the coupling between shape, 
material and sound. 

In 2011 Arvid Jense documented 40 experiments with 
the 3D printing of CAD designed musical instruments. The 
experiments included whistles, blown tubes (e.g. pan pipes), 
Helmholz resonators (e.g. a blown bottle), percussive temple 
blocks, and “impossible” instruments of a complexity that is 
made possible with digital fabrication processes [10]. Most of 
the instruments did not produce any sound at all, and Jense 
observed that the precision of edges, angles, holes, and surfaces 
was critical. He also noted that instruments printed in plastic 
did not generally produce sounds of a musical quality, with the 
exception of one particular temple block that had an infill 
pattern that produced a more wood like timbre. 

In 2013 the Stanford University Centre for Computer 
Research into Music and Acoustics (CCRMA) organised a 
workshop titled 3D printing for Acoustics to introduce product 
designers to 3D printing with “music making in mind”. The 
participants modelled acoustic objects with Computer Aided 
Design tools, parametric equations, and 3d scans of pre-existing 
objects, to produce a slide flute, a pretzel shaped flute, and a 
percussive washboard  [11].  

In 2013 the online 3D printing service, 
Shapeways.com, announced the dawning of a “New Bronze 
Age” with the introduction of the capability to 3D print CAD 
models in bronze and brass. Online 3D printing services, like 
Shapeways, provide access to the latest developments in digital 
fabrication technologies that can print a growing range of 
materials. The development of 3D printing in ceramics and 
glass has been driven by home-wares, and jewellery is driving 
printing in stainless steel, brass, bronze, silver, and gold.  The 
range of materials continues to expand, and there are almost 
daily announcements of new printers capable of fabricating 
rubber, concrete, carbon fibre, bone structures, arteries, organs 
and even food. The size of the objects is increasing, and there 
are now even 3D printers at an architectural scale. High 
resolution printers can produce mechanisms with moving parts, 
and the capability to print in multiple materials allows 
electronic circuitry to be embedded. Examples of 3D printed 
acoustics include gramophone records [12], speakers [13], 
music boxes [14], and noise mufflers [15]. Researchers in the 
Creative Machines Lab at Cornell University recently 3D 
printed a fully functioning loudspeaker with plastic, conductive 
and magnetic parts [16]. 

The discovery of the resonant properties of metals in 
the Bronze Age let to the invention of instruments such as 
gongs, bells and bowls. The musical properties of brass makes 
it the material of choice for tubas, horns, trombones, trumpets 

and other instruments. The capability to 3D print in these 
metals expands the range of potential 3D printed instruments. 
In 2011, I 3D printed a bell in stainless steel to test that it would 
ring, which it did [9]. The modulation of the shape of the bell 
by a digital dataset caused it to ring with a different pitch and 
timbre, and the effect of the dataset on the acoustics of the bell 
was visible in a spectral analysis [9].  This experiment 
supported the hypothesis that information about a dataset could 
be heard in an acoustic sonification. However, it also raised 
many questions. What effects do different mappings of the data 
onto the shape have on the acoustics? What is the relationship 
between physical acoustics, and the auditory perception of 
informative relations in the data? What kinds of information 
can be understood from different mappings of data into shape 
and acoustics? What other shapes beside a bell could be used in 
acoustic sonification? What effects do other instrument shapes 
have on the interpretation of meaning from the sounds of 
interacting with the object? 

3. HYPERTENSION 

Hypertension, or high blood pressure, is a common disorder of 
the circulatory system, affecting around one in seven adult 
Australians. It is also known as “the silent killer” because there 
are no symptoms, and many people are unaware that they have 
this potentially lethal condition. Experts recommend that 
everyone should have their blood pressure checked regularly.  

A medical diagnosis of hypertension led me to begin 
self-tracking my blood pressure with a cuff that sends the 
readings to an App on a mobile phone. The cuff measures 
systolic pressure, which is the maximum pressure on the arteries 
when the heart beats, and diastolic pressure, which is the 
minimum pressure when the heart relaxes. This data is typically 
plotted in a time series graph, as shown in the screenshot from 
the App in Figure 1. 

 
Figure 1. Plot of blood pressure readings 

4. DESIGN PROCESS 

The plots of my blood pressure are generic and could have been 
share prices or CO2 emissions. Surely there was a way to make 
this personal dataset more personal, and more engaging. Could 
an acoustic sonification provide an antidote to the silent killer? 
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In previous experiments the choice of a bell provided 
a metaphor for interaction, and set up the expectations of how 
the sonification should sound. Other 3D printed instruments 
could also be sonic metaphors e.g. the pan-pipe, whistle, flute 
percussion block, washboard, rattle and gramophone record. 
However, after some consideration, I selected the Tibetan 
Singing Bowl, because it is associated with meditation and other 
relaxation therapies that can lower blood pressure. Antique 
singing bowls are sought out for their unique sounds which are 
the result of hand crafting from alloys that include gold, silver, 
mercury, copper, iron, tin, lead, zinc, nickel and other trace 
elements. Today singing bowls manufactured by casting in 
bronze are more uniform in shape, material and the sounds they 
produce. The modulation of the shape of a 3D printed singing 
bowl by a personal health dataset might also reintroduce a 
unique sonic character to each bowl. 

The simple shape of a singing bowl, shown in Figure 
2, makes it straight forward to model as a CAD mesh as shown 
in Figure 3.  

 
Figure 2. Tibetan singing bowl. 
 
The mesh was constructed from 3D graphic primitives in the 
Processing 3D graphics programming environment [17].  
 

 
Figure 3. CAD mesh of a Tibetan singing bowl 
 

The next stage was to map blood pressure data onto 
the CAD mesh. In the previous experiment polar HRTF data 
was mapped in a circle around the bell shape. The profile of the 
bell wall was then modulated by the HRTF parameters at that 
angle. The mapping from data to shape was informed by a study 
of the relationship between the acoustics and shape of bells by 

Neale McLachlan, who found that wall thickness and profile 
affect pitch and timbre [18].  

The blood pressure dataset consists of pairs of 
systolic/diastolic measurements recorded over the period of a 
year. This dataset does not have a polar spatial dimension that 
maps directly to the circular shape of the bowl. As a first 
experiment, the time axis was mapped radially outward from the 
top centre of the bowl to the outer edge. The circumference of 
the outer wall was modulated with the systolic data, and the 
circumference of the inner wall with the diastolic data. The 
minimum thickness for 3D printing in stainless steel is 1.5mm.  
The modulations of thickness were added to this core, resulting 
in walls up to 5mm in thickness, as shown in the CAD model in 
Figure 4. 

 
Figure 4. Blood Pressure Singing Bowl 0.0 – CAD mesh. 
 

The size of the CAD mesh was reduced by removing 
overlapping vertices with Meshlab [19]. The mesh was then 
checked for holes and repaired with netfabb [20]. The cleaned 
mesh was then uploaded to Shapeways and 3D printed in 
stainless steel. The resulting bowl, shown in Figure 5, is 64mm 
in diameter, with volume 37.3 cm3, and weighs 275g.  

 
Figure 5. BP Singing Bowl 0.0, 3D printed in stainless steel. 
 

Striking the side of the bowl with the Puja stick 
produces a ringing tone at 3628 Hz that lasts for 3 seconds. 
Rubbing the stick around the rim produces a metallic sound but 
the bowl does not resonate and sing like a traditional bowl. The 
failure of this first experiment to produce a bowl that could sing 
led to the re-examination of a traditional bowl which had walls 
that were only 2mm thick, and the observation that the walls 
were twice as thick. Upon reflection on this process, it would 
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have been more efficient to begin by 3D printing baseline bowl 
as a test before moving on to the mapping stage.  

This observation led to an iteration in the design of the 
form with the specification that the thickness should be 2mm. 
This constraint required a redesign of the mapping of the data 
onto the shape. Rather than mapping the timeline along a radius, 
it was mapped around the circumference. The pairs of 
systolic/diastolic data were assigned to radial spokes that 
connect the rim to the base, as shown in Figure 6. The systolic 
pressure moderates the radius of the upper half of the spoke, and 
the diastolic data moderates the radius of the lower half. 
Variations in the data move the upper and lower parts of each 
spoke inward and outward to produce an individual acoustic 
effect at each spoke. In theory, rubbing the rim with the stick 
should activate the spokes to additively synthesise an acoustic 
sonification of the entire dataset. 

 
Figure 6. BP Singing Bowl 1.0 – CAD mesh. 

 
As before, the CAD mesh was reduced, repaired and 

uploaded to be 3D printed in stainless steel. The resulting bowl, 
shown in Figure 7, is 100mm in diameter, with volume 18.7 
cm3, and weighs 162g.  

 
Figure 7. BP Singing Bowl 1.0, 3D printed in stainless steel 
 

Striking the side of the bowl with the stick produces a 
dominant partial at 609 Hz that rings for 10 seconds. The 
ringing tail has a tremolo effect at 2Hz visible in the waveform 
in Figure 8.  

Figure 8. Audio waveform of BP Singing Bowl 1.0 when struck. 
 
As well as the bell tone, the strike also produces an 

unusual hissing sound that lasts 2-3 seconds, as can be seen as a 
grey band between 1500 and 2000 Hz in the spectrogram in 
Figure 9. The tremolo and hissing effects, which are not heard 
in a traditional bowl, may be caused by the data spokes. 

 

 
Figure 9. Audio spectrum of BP Singing Bowl 1.0 when struck. 

 
When the rim was rubbed with the stick the bowl 

began to hum, and then sing like a traditional bowl. The audio 
waveform in Figure 10. shows the bowl continues ringing for 16 
seconds after rubbing ceases. 

 
Figure 10. Audio waveform of BP Singing Bowl v1.0 when 
rubbed and left to ring. 
 

The frequency analysis in Figure 11. shows 
broadband low frequencies from the rubbing motion, a 
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dominant partial at 609 Hz, and higher partials due to other 
resonances that may include the data spokes.  

 
Figure 11. Frequency analysis of BP Singing Bowl v1.0 when 
rubbed and ringing. 

5. DISCUSSION 

The singing bowl provides a metaphor for interaction and 
engagement with the data embedded in its shape. The tangibility 
of the object invites handling, and the sounds that it produces 
spark curiosity to explore it further. The bowl can be tapped, or 
rubbed with different rates and forces to produce different 
sounds, and could even be used in a musical performance. The 
association with meditation and relaxation therapies contributes 
to a narrative of contemplation and reflection on the dataset as a 
means of self-discovery and self-improvement. 

The non numeric and non verbal nature of the singing 
bowl raises the question of whether someone could really 
understand information about a dataset from this object. Data 
visualisation theorist Jaques Bertin defined structural 
interrelationships that emerge from a dataset as a whole as a 
higher level of information than the data values in isolation [21]. 
From this perspective, the capability to listen to the way the 
entire dataset affects the sound, rather than listening to 
individual points, could provide an understanding of higher-
level structure. However, there is much more work required to 
understand the perceptions of a dataset that can be obtained by 
interacting with an acoustic sonification. An initial step would 
be to 3D print a “baseline” bowl that does not have a dataset 
embedded in it. The acoustics of this baseline could be 
compared with bowls constructed from datasets that vary in 
systematic ways. It should be noted that sonification depends 
critically on a human listener. Perceptually based evaluation will 
involve listening for specific features in a constructed dataset. 
User-centred evaluations will involve testing the usefulness of 
the acoustic sonification in specific tasks. 

6. CONCLUSION 

These experiments with the acoustic sonification of blood 
pressure data have identified important stages of the design 
process that can guide future designs and further research : 

1. Sonic Metaphor: guide interaction, establish sonic 
expectations, provide a context for interpretation. 

2. Baseline Prototype: a CAD model of the Sonic 
Metaphor, which is 3D printed to test that it works and 
makes a sound. 

3. Data to Shape Mapping: the mapping of data axes 
onto geometric axes of the Sonic Metaphor, and data 
values onto geometric variations of the shape. 

4. Acoustic Sound Design: an analysis of the acoustics 
and auditory effects of the Data to Shape mapping 

5. Digital Fabrication : the implementation of the Data to 
Shape mapping in a CAD mesh which is 3D printed. 

6. Acoustic Evaluation: comparison of the Acoustic 
Sonification with the Baseline Prototype. 

7. Perceptual Evaluation: a listening test to evaluate the 
perception of known features in the dataset from the 
Acoustic Sonification. 

8. User-centred Evaluation: testing the usefulness of the 
acoustic sonification in specific tasks. 
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ABSTRACT 

In this paper, we describe the design of a sonification device 
using an electromyography (EMG) sensor and Mircosoft Kinect 
motion tracking camera to extract muscular and kinematic data 
while undertaking biceps curl exercise. A software platform has 
been developed using Max/MSP to convert acquired data into 
sonic feedback.  

The system has been tested in a comparative user trial, with 
22 participants being split into two groups. One group had the 
auditory feedback and the other did not. All participants 
completed a 3-session experiment on different days. We 
investigated whether the extra sonic feedback provides positive 
influence on both the exercise quality and training outcome.  

Three parameters were analysed: movement speed, range of 
movement and total repetition effort. The results indicate that 
the sonification group performed consistently better than the 
other group except the movement range, which shows no 
improvement in both groups. They also indicate that 
sonification contributed the most to keeping a good steady pace 
of movement. Subjects in the sonification group also gave 
positive comments on the presence of sound, especially about 
distracting them from feeling fatigue. 

This study underlines the potential of developing sonic 
interaction programmes for both general exercise and 
physiotherapy.  
 

1. INTRODUCTION 

In recent years, we have been seeing an increase in the variety 
of ways for presenting and interacting with computer data. This 
trend is seen in the increasing popularity of mobile computing 
devices and the newly introduced wearable devices. Companies 
such as Apple, Samsung, Nike, Microsoft have released fitness 
products incorporating body sensory devices. Still more 
products are under development and we assume that a new age 
of wearable devices is imminent. 

Researchers have noticed a strong connection between the 
use of sound and the quality and extent of human body 
movement [1]. The most commonly used example is the use of 
music to assist rhythmically critical actions such as figure 
skating, dancing, etc. Sonification, serving as a method to 
objectively convey and interact with data through the use of 
sound [2, 3], has some advantages when used in assisting sport 
activities. Firstly, sound allows a screen-free situation, which 

enables users to focus more on their intended physical task, such 
as rowing [4] and jogging [5]. 

Secondly, music or sound can provide useful information 
for maintaining good rhythmic motor coordination and 
relaxation, and can lead to a positive mood and a raising of 
confidence and motivation [6]. In [7], researchers found the 
volume and tempo of music had effects on running speed, heart 
rate, and exercising arousal levels under a treadmill running 
condition. 

Thirdly, sound is more attention grabbing than visual alerts 
when it comes to notification. This makes it superior in alarm 
situations [8]. In the same way, sound can be useful in 
improving sports movement that by notifying users if any 
changes needed to be made.  

The structure of this paper is as follows: Section 2 gives an 
overview of the research hypothesis. Section 3 provides a 
description of the sonification system we developed. In Section 
4, full details of the experiment are presented with the results 
and analysis. Section 5 covers the analysis of subjects’ 
comments. Sections 6 & 7 draw conclusions and discuss the 
next stage of the research and its prospective as a commercial 
product in the future.  

2. RESEARCH OVERVIEW 

In this study, we hypothesized that by listening to real-time 
auditory feedback of healthy adult’s muscle activity (during 
biceps curls) along with kinesiological data, subjects will have 
better exercise performance and progress than those who do the 
same exercise without real-time audio feedback.  

We envisaged that sonification could serve as a virtual 
training supervisor that provides instant feedback on the 
movement itself as well as notification sounds to correct any 
movement deficiencies.  

The criteria of the sonification are: 
¥ Reflective: The sonification should directly reflect the 

movement being performed. 
¥ Suggestive: The sound should be capable of 

reminding the user about the quality of the exercise. It 
should also suggest where the user could make 
changes if necessary.   

¥ Listening experience: the sound also should be 
interesting to listen to or at least have sufficient 
variation to prevent boredom. 
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3. SYSTEM DESCRIPTION 

Based on the research hypothesis, a sonification system has 
been developed featuring both sensory devices (hardware) and a 
software platform. This section presents the design of the 
sonification system. 

3.1. Hardware 

The muscle’s activity and the kinematic data of hand 
movements are chosen as inputs to the sonification mapping. 
Two types sensors are used accordingly. 

For muscular activity, a surface EMG (electromyogram) 
sensor is used to extract myoelectric signals directly from the 
active muscle. The EMG signal is a direct reflection of the 
muscle current level of activation. EMG is widely used in the 
study of postural tasks, functional movements and training 
regimes [9].  

A wearable EMG belt was designed (see Figure.1a), 
consisting of an EMG sensor 1 , an Arduino Duemilanove 
microprocessor and a Bluetooth modem. The EMG signal is 
sent to computer via the Arduino at 9600 baud.   

 
Figure 1 a) EMG Belt (Left), b) Kinect Camera (Right) 

 
For limb position extraction, a Microsoft Kinect (Figure.1b) 

camera was placed in front of user. A tracking program named 
Synapse2 was used to acquire 2D coordinates relative to the 
center of the subject’s torso and to transmit the coordinates via 
Open Sound Control (OSC). The reason for using relative 
coordinates is to provide consistency regardless of the position 
that the user stands within the visual frame.  

3.2. Software 

The software platform (see Figure 2) was developed using 
Max/Msp, and has 3 main functionalities.  

 
Figure 2: Main interface of the sonification software 

(1) Data management: This section handles bio-signal 
acquisition. The sampling rate for the data recorder is set at 

                                                             
1 Purchased from http://www.advancertechnologies.com/ 
2 http://synapsekinect.tumblr.com/ 

50Hz, because biceps curls are relatively slow action exercises 
(typically less than 1Hz). Therefore, being able to output 50 sets 
of data (coordinates, EMG, speed, etc.) per second is more than 
enough for both sonification and analysis purposes. This part of 
the program also handles basic analysis of the data, such as 
finding the rate of change (v) of the y-coordinate and the 
dynamic range of the movement (difference between the lowest 
and highest y-coordinates of the hand).  

(2) Sound engine featuring a subtractive/FM synthesizer 
and an audio sampler. In order for the sound to distinctively 
represent the movement and muscular activities, the following 5 
parameters are controlled by the bio-signal in different 
combinations. They are: loudness, pitch, filter cut-off frequency 
(brightness), noise level and sample playback speed.  

To avoid boredom in long-term use, four types of sounds 
are available to choose from: 
¥ Linear frequency synthesis 

This preset produces a synthesised sound with a linear pitch 
variation during the biceps curl. The sound itself comprises a 
sawtooth waveform and a triangular waveform, resulting in a 
rich spectral content. The pitch is linearly controlled by the 
current vertical position of the hand with a valid frequency 
range from 0Hz (lowest hand position) to 620Hz (highest 
position). The amplitude of the EMG signal shapes the 
brightness of the sound through a linear mapping to the cut-off 
frequency of a band-pass filter. The overall sound characteristic 
was described as ‘sci-fi’ by some of the users. In additions, a 
white noise will be triggered if the movement velocity is over a 
threshold value, thus encouraging the exercise to be taken at a 
slower pace.  
¥ Discrete bell-like sound 

In terms of the timbre, this preset is spectrally simple. The 
vertical hand position triggers a range of notes between C4 and 
E5. The vertical range is divided into 10 equidistant sections. 
When the y coordinates moves from one section to another a 
new note will be triggered. To avoid boredom, the note 
selection varies each time based on two Markov chain 
probability matrices. One is used in biceps contraction (moving 
up) with an ascending note progression and the other is used in 
biceps extension (moving down) with a descending note 
progression. The same white noise as above is used as a 
warning to slow down. 
¥ Music player 

This mode allows users to upload their own music files and 
have them played back during exercise. The EMG signal is used 
to control the brightness of the sound via a low-pass filter. Thus 
the more activity generated from the muscle the greater the 
clarity in the music. This is to encourage users to work hard to 
hear good quality music. If the user moves his/her arm too 
quickly, the pitch of the right channel is altered so that the 
music does not sound ‘correct’. This is used as a warning or a 
penalty if the user is moving too quickly. The incorrect effect 
only lasts for one repetition and will then be reset to normal 
pitch.  
¥ Ambient sound 

This also uses the sampler as above, but triggers the sound 
of a soft breeze blowing during the exercise. It aims to create a 
relaxing sensation for the user rather than giving precise 
feedback on the movement. The EMG signal is mapped to 
control the cut-off frequency of a low-pass filter so that wind 
sounds ‘harsher’ when more effort is put in. The speed warning 
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is replaced by a sine wave beep instead of white noise, which 
would be hard to hear in the noise-based soundscape.  

(3) Mapping engine: manages the data connection between 
the bio-signal and the sonic parameters. The sound presets are 
stored and changed in this patch. Parameter mapping [2, 3] is 
used as the main mapping method.  

If more hardware details are required, please refer to the 
previous paper of this research, which focused on the user 
experience of different types of auditory feedback [10]. 

4. EXPERIMENTATION & DATA ANALYSIS 

The sonification system was applied in the comparative trial. 
Full details are described in the following sections. 

4.1. Experimental Setup 

The experiment was carried out in the Audio Lab, University of 
York, U.K. 22 people participated: 19 males, 3 females. A 
laptop was used with the sonification software installed. 
Auditory display is via a pair of speakers.  

Subjects were randomly assigned to one for the two groups: 
sonification group and control group. Auditory feedback during 
the exercise was given only to the sonification group.  

The experiment involved three sessions on different dates. 
In each session, participants were asked to select a dumbbell, 
whose weight was challenging for the subject’s own standard. 
All three sessions involved the same type of exercise. Yet 
participants had control of the quantity of repetitions and sets as 
a factor of studying progression and participants’ motivation of 
exercise.  

 
Figure 3. Demonstration of the exercise  

 
Prior to the exercise, subjects were briefed (and shown a 

demonstration) that there are three quality criteria: 
(1) Aiming for a large movement range, which means trying to 

lift the dumbbell as high as possible and when lowering the 
dumbbell trying to return to the natural straight-arm 
position.  

(2) Aiming for a slower pace. The ideal speed for each direction 
(up or down) of movement is at least 2 second.  

(3) Subjects are free to do whatever amount of exercise they 
feel comfortable with but the more the better.  
Participants in the sonification groups were also 
demonstrated the four different sound presets and they are 
allowed to choose any of the presets based on their own 
preferences. After each session, all subjects were asked to 
fill in a survey to express their tiredness and comment on 
their experience.  
The following data were recorded 

(1) Normalised EMG: Due to differences between 
different subjects’ biceps, some might have a larger 
range while others might have smaller. Therefore, in 
order for all users to be able to achieve a full control 
range, calibration is required based on subject’s rest-
stage EMG and the maximum contraction EMG then 
scale this range to a control range of 0 to 1023.  

(2) Active hand y coordinate: This parameter reflects the 
vertical movement (relative height) of the active hand.  

(3) Velocity of y coordinate: The rate of change of the y-
axis coordinate. Positive velocity indicates biceps 
contraction whilst negative velocity indicates biceps 
extension.  

(4) Dynamic of y coordinate: The difference between the 
highest y coordinate and lowest y coordinate in each 
repetition. 

4.2. Experimental Results and Analysis 

Three dependent variables were collected in the experiment. 
They are movement range, movement velocity and effort. This 
section presents discussion on each variable then follows with 
an influential statistics section.  

4.2.1. Movement Range 

The movement range is the distance completed in a repetition. 
The distance is the vertical coordinate difference between 
straight-arm hand position and peak-hand position when lifting 
the dumbbell. The coordinate is ranged from 0 (straight-arm 
position) and 0.8 (shoulder position) and 1.0 (top of the head). 
Referring to the quality criteria in 4.1, subjects should aim for a 
large movement range. Figure 4 demonstrates the average 
dynamic per repetition of each participant from all three sessions 
(the sonification group being shown at the top and below that the 
control group). 
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Figure 4. Movement range comparison (blue crosses are the 

mean movement ranges, error bars are the standard deviations) 
 

For the group performance, the mean movement range for 
the sonification group and control group are 0.67 and 0.66 
respectively. According to the graph, surprisingly, the control 
group performed more stably than the sonification group. The 
standard deviations of the mean movement range between 
groups are 0.07 (sonification) and 0.04 (control).  

Although the sonification provided reference to the vertical 
position of the subject’s hand, it did not contribute to any 
variation in exercise quality. During the experiment, the 
researcher observed that 3 participants in the sonification group 
did not achieve a good movement range. They either started 
another repetition without completely lowering the forearm or 
did not reach the top possible position. It appears that tired 
subjects do not use the sound to maximize their movement 
range. This may be because they are not explicitly warned that 
their movement is falling short of the maximum.  

4.2.2. Movement Velocity 

This data represents the average velocity (vertical coordinate 
change per second) per repetition in a session. Based on the 
quality criteria in 4.1, a lower velocity value is considered to be 
better quality.  

 
Figure 5. Average velocity comparison 

 

This is the most influential attribute out of the three 
dependent variables as sonification showed its superiority in 
maintaining a slow pace of the exercise (see Figure 5). The 
boxplot suggests that, overall the sonification group had a lower 
velocity value. The sonification group also improved 
consistently throughout the three sessions. Yet without audio 
feedback, subjects in the control group tended to exercise much 
quicker even though a demonstration was shown at the 
beginning of the first session about the criteria of exercise. The 
extra sonic cue seems to have served as an active reminder of the 
speed of movement.  

4.2.3. Total effort 

Prior to the experiment, we compared the mean weights of the 
dumbbell selection. They are 5.0kg (sonification group) and 
4.7kg (control group). Therefore, we treated the initial mean 
dumbbell weights as approximately equal (6% in difference). 
The total effort is a combination of the weight of dumbbell and 
the amount of repetitions. It is calculated as the equation below, 

effort = w !r  
where w is the weight, r is the repetitions. The results in three 
sessions are shown in Figure 6. There is an increase in the 
medians of the sonification group. In all sessions, the 
sonification group is noted with both higher upper quartiles and 
median values although the lower quartiles are very similar.  

 
Figure 6. Total effort comparison 

 
However, it should be noted that the experiment only lasted 

for 3 sessions whereas generally weight training requires a 
longer time to show clear improvement in muscle strength. The 
difference between two groups is not significant enough to make 
a judgment that sonification can definitely lead to a quicker 
improvement in exercise quality than the control group. Yet, the 
results underline a possibility that if subjects enjoyed listening to 
the sonic feedback the motivation improved, which caused a 
better improvement in the amount of repetitions completed.  

4.2.4. Influential Statistics 

A one-way multivariate analysis of variance (MANOVA) was 
conducted using the abovementioned three dependent variables 
for the final session between two groups. It aims to investigate 
the difference in the overall exercise quality between two 
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groups. No serious violations were found in the preliminary 
assumption testings, including normality, linearity, univariate 
and multivariate outliers, homogencity of variance-covariance 
matric es. There is no statistically significant difference between 
sonification group and control group on the combined 
dependent variables, F(3, 18), p = .161 (Wilk’s Lambda), partial 
eta squared = .244.  

When the dependent variables results were considered 
seprately, we found a significant difference of the velocity, F(1, 
20) = 4.934, p = .038 and partial eta squared = .198. This 
dependent variable has a large effect size (19.8%) . The results 
show that sonification group has a slower movement velocity 
(M = .191) than control group (M = .279). The results indicate 
the sonic feedback serves best at reminding the speed of 
movement in order to achieve slow and steady exercise 
movements.  

5. QUALITATIVE RESULTS 

Comments have been gathered from the sonification group 
about the use of sonification. 8 out of the 11 subjects expressed 
that the sounds they received had a positive effect on their 
exercise. 2 participants in the same group did not make any 
comments of the sonic feedback and one expressed that he did 
not enjoy it.  

The following is some of the comments made by the 
participants: 

“I enjoyed the sound” 
“I tried to avoid the over-speeding sound”  
“The sound distracted me from feeling tired” – Three 

participants expressed that the sound served as a distraction 
from fatigue. This is also supported by [11].  

“It felt annoying at first but later it kept me going.” 
“I think the sound is getting clearer comparing to the last 

session.” 
“Personally I wouldn’t listen to this while I was 

exercising.” – Two participants mentioned that they did not 
enjoy the sound at all and felt it sound very noisy to them (both 
used the linear synthesis sound preset).  

“I just felt very tired” 
These comments indicate that the sonification feedback 

provided a mostly positive effect on both providing training 
guidance and general experience. It is reasonable that some 
people may find the sound uncomfortable to listen to. It 
pinpoints a fact that the current sound design consideration is 
still biased to being informative and not enough effort was put 
into accommodating different aesthetic preference. We believe 
with careful fine-tuning the sound aesthetic can be improved in 
order to provide a better experience.  

6. CONCLUSION 

In this research, a sonification system was designed for 
providing real-time feedback of subject’s physical exercise. A 
latitudinal experiment was conducted to compare the exercising 
quality between a sonification group and a control group (no 
sound feedback) over a three-sessions period. The exercise 
quality was monitored regarding participants’ movement speed, 
range and the total effort.  

The study shows that sonification group performed 
consistently better in terms of movement velocity and effort, but 

there is no difference in the movement range. Although 
MANOVA analysis shows there is no significant difference 
between two groups in session 3 considering the combined 
dependent variables, significant result was found in movement 
velocity with a large effect size, indicating that the sonification 
a strong influence on maintaining a slow biceps curl speed. 
Although there is no significant result in the total effort, the 
post-session survey concluded that most participants in the 
sonification group found the auditory feedback to have positive 
effect on their actions.  

We believe that the sonification device has the potential to 
be further improved and eventually developed into a 
sophisticated product to improve the general quality of physical 
exercise.  

7. FUTURE WORK 

At the time of submitting this paper, a crossover experiment has 
been carried out to study the difference between doing biceps 
curl with and without sonification feedback in different phases.  

With the new age of wearable device and the technology 
focus on fitness and health, an exciting period is waiting ahead. 
This project has the potential to contribute to the field of fitness 
assistive devices and thus to encourage more people to do 
regular physical exercise to a relatively good standard. As for 
the system, although it is still in its prototype stage, it can be 
developed into a smartphone add-on, offering convenient 
accessibility to users.  

Another possible extension of the project is to facilitate the 
sonification system in rehabilitation training. In this context 
sonified bio-feedback could be used to monitor and correct the 
patient’s prescribed exercise.   
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ABSTRACT  

We experimented with acoustic feedback designs to explore 
intuitive mappings used to guide stepping movements of 
walking in healthy subjects. The accuracy with which subjects 
reproduced a target movement based on alternative pre-
programmed movement to sound mappings was compared. The 
most effective mapping produced a mean percentage error in 
either step distance or duration of approximately 12%. In 
additional experiments, we measured the relative accuracy of 
such movements based on visual feedback as compared to 
auditory feedback. Mean percentage errors (±std) in visual and 
auditory feedback cues were: Vision 11.5 ± 7.0; Audition 12.9 
± 11.8. Results indicate that, when played to their respective 
sensory strengths, visual and auditory feedback can be 
comparably effective in entraining for stepping movements. 

1. INTRODUCTION 

Disruption to normal multisensory and motor processes 
following a neurological accident, such as a stroke, may lead to 
sensory and physical impairment including the loss of normal 
proprioceptive feedback from muscles and joints. 
Rehabilitation can be aided through augmented visual and/or 
auditory biofeedback that stimulates neuro-plasticity [1], but 
the design and effectiveness of feedback, particularly in the 
auditory domain, are non-trivial issues. 

Design of acoustic feedback to help in the rehabilitation of 
gait and movement in general could take several forms. 
Rhythmic cuing is effective in improving gait training for 
stroke patients [2], [3] to help synchronise steps and improve 
frequency. Another approach is to provide acoustic spatial clues 
to help navigate 3-D environments [4] or distance to objects in 
obstacle based tasks [5]. Shea et al [6] showed that acoustic 
models could be effective in training timed key-pressing tasks, 
compared with a group that received only visual feedback. 
Ghez et al. [7] designed auditory feedback based on musical 
principles to investigate whether sonifying hand position or 
joint motion could provide a substitute for the loss of natural 
feedback from joint and muscle receptors. An initial spatial 
target matching exercise found that trying to use acoustic 
feedback to provide accurate location information for the hand 
could be learnt but required training and did not achieve the 
accuracy of vision. It was noted that visual feedback can only 
partially compensate for proprioceptive loss and, while the 
primary source for positional information, it is not as effective 
at capturing dynamic information such as velocity and 
acceleration. These, it was suggested, might be expressed more 

effectively with sound because of differences in neural 
processing between vision and audition - speed of processing 
for example - and its role in movement timing and 
synchronization for activities such as music and dance. 

1.1. StroMoHab  

StroMoHab (Stroke Mobility Rehabilitation), was developed as 
an aid for gait rehabilitation following stroke. At its core is an 
OptiTrack passive optical motion capture system (eight V100 
cameras) used to track the position of reflective markers 
attached to a subject. A treadmill sited in front of the cameras 
�D�O�O�R�Z�V���D���X�V�H�U�¶�V���P�R�Y�H�P�H�Q�W���W�R���E�H���F�D�S�W�X�U�H�G���Z�K�L�O�H���Z�D�O�N�L�Q�J���R�Q���W�K�H��
�V�S�R�W�����)�H�H�G�E�D�F�N���R�I���W�K�H���X�V�H�U�¶�V���P�R�Y�H�P�H�Q�W�V���L�V���E�\���Z�D�\���R�I���D�Q���D�Y�D�W�D�U��
displayed on a TV monitor. The system as used in these 
experiments, without treadmill is shown in figure 1. 
Besides providing visual feedback of actual movements, it was 
anticipated that the avatar could present target movements for 
the patient to follow. This suggested the idea of an acoustic 
avatar to provide complementary acoustic feedback and/or 
movement training cues. It was the latter the experiments set 
out to test. 

By converting a particular movement into a structured 
sound, how well could a listener recreate the (unseen) 
movement by listening to the generated sound and then 
attempting to reproduce the sound? 

 

 

Figure 1: StroMoHab as used in the current experiments, 
showing motion capture cameras and screen (temporarily 
covered). 
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Initial attempts to find appropriate ways that sound might 
help guide movement were somewhat arbitrary. Discussion in 
[7] on representing velocity and acceleration in the auditory 
domain provided ideas for a way forward. Also, comparisons 
by Hunt and Kirk [8] on the pros and cons of simple one-to-one 
versus complex, multi-parametric mappings suggested that, for 
training test subjects in a novel task, a simple approach would 
probably work best. It was decided to take an elementary 
approach, examining principles by paring down the various 
components into simple representations. For example: using a 
simple gait related movement �± just a single step; examining the 
step motion in one plane only (sagittal), tracked using a single 
toe mounted marker; and using a small subset of parameters for 
motion (velocity and acceleration) and sound (gain and pitch). 

 

!"  #$%&'()*+,-./,/00/#- )1/*/22,$0,
'3-/(*'-)1/,%'&&)*+2 ,$0,2-/&,1/3$#)-4,'*5 ,
'##/3/('-)$*,-$,+')* ,'*5,&)-#.,0$(,62/,)* ,',

2)%&3/,'#$62-)#,%$5/ 3,$0,',2-/& ,

2.1. Methods 

Alternative ways of mapping movement to sound were 
compared using a training paradigm. Participants (n=7) were 
asked to listen to a model sound played over headphones and 
then attempt to recreate, as closely as possible, the sound they 
had heard by making a simple step movement. The model 
sounds were generated by mapping the velocity and/or 
acceleration of an emulated step to the amplitude and/or 
frequency of a sine wave. The distance and duration of each 
step attempt was recorded for comparison to the distance and 
duration of the emulated step. If they succeeded in recreating 
the sound then the distance and duration of the step taken 
matches the emulated step. 

A target step involved keeping one foot rooted and moving 
the other forwards (Figure 2). When looking at the motion only 
in the sagittal plane i.e the forwards motion, the pattern of 
acceleration is approximately sinusoidal. A sine wave of peak 
2.5 m/s2 and period 0.9 seconds was used as the basis of the 
emulated step. Position data was calculated from the 
acceleration so that in generating the model sounds the data 
would follow the same processing path as motion capture data 
generated by the participants. The length of the resulting 
emulated step was 0.322 meters. 

 

 
 
Figure 2: Example of a single step and marker attached to foot 
 

 

 
 
Figure 3: Motion of real step recorded as basis for emulation 
model (top); and bottom, the corresponding traces for the 
emulated step. 
 

Velocity and acceleration were calculated by numerical 
differentiation of position data for both the motion capture and 
emulated data (Figure 3). 

Position data were sampled by motion capture at 64 Hz and 
fed through a 4th order Butterworth IIR filter prior to 
numerically deriving velocity and acceleration. Values of 
velocity and acceleration were used to change gain and pitch 
parameters in OpenAL (Open Audio Library Application 
Programming Interface) which was used to render sound 
through a PC sound card. Gain and pitch are adjusted using a 
float value: 

�‡ gain = 0 (source is muted) to 1.0 (max volume permitted) 
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�‡ gain = 0.5 (6dB attenuation) 

�‡ pitch = 1.0 (base frequency) 

�‡ doubling the pitch value raises the frequency by an 
octave, halving the pitch value lowers the frequency by an 
octave. 

�‡ the source was a sine-wave oscillator, base frequency = 
250Hz, with a peak equal to the maximum PCM value 
(±32767, 16-bit mono samples) 

 

Five different model sounds were created by mapping the 
velocity and/or acceleration of an emulated step to amplitude 
and/or frequency of the 250 Hz sine wave: 

1. velocity to gain 

2. velocity to gain and pitch 

3. acceleration to gain 

4. acceleration to gain and pitch 

5. velocity to gain 

6. velocity to gain, acceleration to pitch 

These gain and pitch values were calculated for each of the 
mappings as follows:  

1. gain = velocity (i.e. no scaling) 

2. gain = velocity; pitch = velocity + 0.5  (i.e. f = 125 Hz as 
the foot just starts to move) 

3. gain = |acceleration|*0.25 

4. gain = |acceleration|*0.25; pitch = (acceleration*0.25) + 1.5 

5. gain = velocity 

6. gain = velocity; pitch = (acceleration * 0.25) + 1.5 

 

Participants were presented with six model sounds (velocity 
to gain was repeated). Each sound was listened to twice before 
�I�L�Y�H���µ�R�Q���W�K�H���V�S�R�W�¶���V�W�H�S�V were made whilst listening to concurrent 
acoustic feedback through the headphones. This two-five 
pattern was repeated 10-times for each of the model sounds, by 
each participant. They were not given any information about 
the basis of the sounds and were simply presented with sounds 
and asked to recreate them by making a step-like movement. 

2.2. Results  

Statistical significance was not achieved with the small sample 
size. None of the motion to sound mappings tried showed any 
particular advantage in helping to reproduce the distance of the 
step. However, consistent with the temporal nature of sound, 
some of the mappings appeared to have the potential to 
modulate step duration more than others with velocity to gain 
appearing the best (Figure 4). 

One subject appeared to find the tests difficult, which is 
borne out by looking at normalised scatter plots comparing 
performances across subjects where subject C appears as an 
outlier in both temporal and spatial domains (Figure 5). 
Removing subject C reduces overall errors across all tests by 
around 30 per cent. 

 

 

Figure 4: Bar chart showing percentage absolute errors for step 
distance and duration achieved using alternative mappings 

 

 

Figure 5: Normalised scatter plots for distance and duration 
illustrating outlier subject C. 

The pilot experiment was run to compare alternative 
mappings to provide a guide to which might be useful to work 
on. As such a control was not included, so it is not possible to 
judge how good performance at the task was and how much 
benefit acoustic feedback provided. 

A second experiment was therefore designed in order to 
provide some measure of the effectiveness of acoustic feedback 
as a training tool. 
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3.1. Method  

 
Again, a single step was used as the target movement: keeping 
one foot rooted; moving the other forward; ending the step with 
the foot flat before returning to the start position. Each test 
subject (n = 20) was asked to make 20 such movements, one 
after the other, and to try to keep the steps consistent. The 
duration and distance of the forward part of the step were 
recorded using motion capture and formed a baseline 
measure�P�H�Q�W�� �R�I�� �W�K�H�� �V�X�E�M�H�F�W�¶�V�� �S�U�H�I�H�U�U�H�G�� �V�W�H�S�� �G�L�V�W�D�Q�F�H�� �D�Q�G��
duration. 

The volunteers then trained either a target step length or a 
step duration, which consisted of taking 20 steps based on their 
baseline measurement plus or minus 25 per cent. Whether 
subjects trained to a lengthened or shortened step measurement 
was done at random. 

  
Figure 6: Visual/spatial step training using a target marked on 
the floor 

 Step length training used measured visual marks on the 
floor (Figure 6). 

The auditory feedback for duration training was designed to 
provide roughly equivalent cues available implicitly in the 
visual condition (Figure 7). It used a tone (950 Hz sine wave) 
based on the velocity-to-gain mapping used in the first set of 
tests (but of fixed length equal to the target duration). It started 
playing when the subject started to move, with the bell-shaped 
envelop providing an indication of the progression of the target 
step. This approximated to being able to see the whole task in 
the visual condition. The visual training also provided implicit 
feedback of results - participants could judge how close to the 
target they were for every step. This was mirrored in the 
�D�X�G�L�W�R�U�\�� �G�R�P�D�L�Q�� �E�\�� �L�Q�V�H�U�W�L�Q�J�� �µ�F�O�L�F�N�V�¶��- one when the target 
duration had elapsed and another when the participant had 
finished the step. Coincident clicks indicated a step of the 
correct duration. 

The training phase was immediately followed by the 
attempt to replicate the target step (with no visual or auditory 
cues) again, with 20 step attempts. 

 

 
Figure 7: Graphical representation of the auditory training cue 
 
 

 

Figure 8: Comparison of mean absolute errors 

3.2. Results  

A graphic summarizing the results is shown in Figure 8 
Auditory temporal cues and feedback are at least half as 

good as visual spatial cues for a simple step-like task. The ratio 
of mean error rate, spatial/temporal, = 0.75.  95% confidence 
interval = 0.51 to 1.11, P = 0.15.   

Hence there is no evidence that the spatial and temporal 
differ, and the important thing is that the ratio of the means is 
between 0.5 and 1.1. 

3.3. Implications  

Motor learning is often considered to be dominated by visual 
feedback [9] during self-guided movements in combination 
with proprioception.  Contrary to expectations, the result of the 
experiment suggests that under comparable conditions auditory 
feedback can be at least half as effective, in terms of percentage 
error, in the temporal domain as visual feedback is in the spatial 
domain. This offers the possibility that auditory cues to motor 
learning can be effective to enhance rehabilitation in mobility 
in addition to visual feedback, or in situations where visual 
inputs may be limited (such as stepping under foot), restricted 
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or entirely absent (such as for the visually impaired). The 
comparable levels of error between the visual (spatial) and 
auditory (temporal) modalities may indicate a shared or similar 
neural mechanism, or alternatively that motor learning in the 
two conditions may be bounded by similar sets of constraints. 
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ABSTRACT 

Unfolding | Clusters is a music and visual media installation 
modeled from published scientific data related to the 
pathophysiology of amyotrophic lateral sclerosis (ALS). The 
work aims to create an engaging multimodal experience useful 
for raising awareness in the greater public about the disease and 
its scientific process. This paper describes the motivation 
behind the adoption of a musification approach and the musical 
criteria applied to the data mapping process. Details regarding 
the mapping structure are illustrated in relation to the different 
phases of the progress of the disease. The results are then 
discussed, noting that adopting a musification approach not 
only helped in obtaining a more engaging audience experience 
but also in providing expressive solutions that would be useful 
for modeling other complex biomedical data and processes. 

1. INTRODUCTION AND BACKGROUND 

This project explores the use of combined sonification and 
visualization in a multi-modal installation for the purpose of 
illustrating the condition and progress of degenerative 
amyotrophic lateral sclerosis (ALS). The use of sonification in 
biomedical applications is a growing and progressive field, with 
many such applications in existence.  
ÒSonification conveys information by using non-speech sounds. 
To listen to data as sound and noise can be a surprising new 
experience with diverse applications ranging from novel 
interfaces for visually impaired people to data analysis 
problems in many scientific fields.Ó [1]. 
We consider the sonification in this project a musification – in a 
musification the data is not just auralized but various 
constraints are created and applied in order to create a musical 
performance of the data (see section 4 for full details of this 
process). For this project, the advantage of using a musification 
to display this data is threefold. Firstly, the data involved in the 
unfolding process is extremely complex, and some of the 
mutation processes involve minute changes that would be 
difficult to illustrate meaningfully using either a visual modality 
or a direct sonification (see section 4. Method).  
Secondly, one of the aims of this project was to generate and 
raise further awareness of the condition, in line with existing 
MND/ALS charity core aims. Thus, a musical installation 
which could engage the audience both visually and in an aurally 

engaging manner was a useful prospect. Thirdly, the kind of 
numerical data which represents the amino acid structures and 
the process of cluster formation as ALS progresses is not easily 
represented in a manner which can be readily analyzed by the 
casual viewer – musifying this data by first sonifying it, and 
then applying a set of musical constraints to the sonified data 
offers the possibility of engaging the listener with this complex 
data by allowing them to engage and analyze the music, a 
process which listeners do automatically and intuitively as part 
of their everyday listening process in the real world. These 
reasons are common to many auditory display projects making 
use of multimodal techniques in the biomedical arena. “The 
idea behind sonification is that synthetic non-verbal sounds can 
represent numerical data and provide support for information 
processing activities of many different kinds.Ó [2]. 
Combining the musification with a visual representation of the 
datastream further targets one of these functions; that of 
increased audience engagement through a multimodal 
experience. Multimodality is a complimentary human 
perceptual process which has also been exploited by the bio-
medical world, e.g., [3]–[5]. "The human auditory system is 
very good at detecting minute changes in audio signals and can 
also monitor several parallel audio streams at one time. This 
means hearing offers an exciting opportunity for parallel 
information interpretation tasks to complement existing visual 
representational techniques.Ó [6]. 
Thus, the criteria for this project include creating the maximum 
engagement for audience members whilst accurately 
representing, to a high level of detail, the changes involved in 
the data in a combined musification and visualization.  
 

2. ABOUT ALS 

ALS is generally fatal within 5 years of onset and “has a 
prevalence of 2–3 per 100.000 people” [7]. It is classified as 
familiar (FALS), if associated to inherited mutations, or 
sporadic (SALS) if not. SALS represents the majority (about 
80%) of cases [8]. The disease is characterized by progressive 
degeneration of the upper and lower motor neurons of the 
spinal cord. This causes muscle weakness and atrophy 
throughout the body, leading gradually to paralysis and death 
by respiratory failure. Several factors contribute to neuronal 
death including Ribonucleic Acid (RNA) and protein 
dysfunctions and immunity [9]. Due to its high complexity, the 
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pathophysiology of the disease is yet to be completely clarified, 
however a shared theory is that the involvement of protein 
aggregation and deposit in neurons is a factor linked to the 
neuronal toxicity of the disease. Superoxide Dismutase-1 
(SOD1) is a ubiquitous enzyme involved in the anti-oxidant 
processes of the cell. Numerous studies indicate that loss of 
function of SOD1 is not linked to ALS onset and progression, 
but rather to the toxic property acquired with its structural 
changings. SOD1 as a normal form (wild-type) is a homodimer 
of two identical aminoacidic sequences linked by a disulfide 
bond formed by cysteine 57 and 146 of the sequence. Zn++ ions 
allow for stability of the proteic structure, together with the 
Cu++ ions of the catalytic site – these portions are referred to as 
metal binding sites (MBS). About 140 different genetic 
mutations of SOD1 sequence were detected during the last 
twenty years of study, some of which were associated with a 
more aggressive form of the pathology. In this study we 
considered the most common pathology, that is, the substitution 
of Alanine with Valine in position 4 of the aminoacidic 
sequence  (A4V). Both genetic mutations and biochemical 
reactions (oxidation) are associated with loss of ions and the 
consequent dimer loosening (i.e. apoprotein). This structure is 
more reactive than the wild-type to the association process of 
different dimers (oligomerisation) in chain-like structures. Note 
that a more aggressive ALS form is associated to wild-type and 
apoprotein aggregates [10]. A recent study by Banci and 
colleagues showed the specific sites indicated as single amino 
acids of the new-formed bonds in mutated forms SOD1 and the 
geometrical characteristics of the oligomerisation [11]. Finally, 
the chain-like structures form clusters associated with 
neurotoxicity, although a proof of concept of this mechanicistic 
event has yet to be verified [7]. 
Today, gene therapy seems to be the most promising strategy 
for intervention of FALS, and recent findings, depicting a deep 
heterogeneity of the disease, are paving the way for a multi-
targeted therapeutic strategy [12]. 

3. UNFOLDING | CLUSTERS: THE MODEL 

Unfolding | Clusters is an installation that maps scientific data 
from ALS pathophysiology to sonic timbres and melodic 
patterns in a video-synchronous spatial speaker array that 
represents the nervous system. The accompanying video 
presents cues showing neural pathways as they are activated, 
whilst the associated neuromuscular junction is sounded on 
corresponding speakers in the array. Over time, the timbre, 
rhythm, and spatialization of these sonic patterns gradually 
changes to reflect the progress of the protein unfolding and 
aggregation. Melodic sequences change according to the 
mutation of the amino-acidic sequence. As the amino acids 
aggregate into clusters, timbres become noisier to create 
additional spectral harmonics and, ultimately, introduce 
inharmonic distortion and dissonance. Video synchronicity 
gradually degrades as the nervous system loses control over the 
muscles and sclerosis hardens the affected nerves of the spinal 
cord. The spatialization in the 3D speaker array, initially a fully 
immersive sound world, eventually shrinks completely, 
reflecting the patients’ loss of movement and motor function. 
The work aims to create an engaging experience that can appeal 
to the greater public and raise awareness about the complex 
scientific findings regarding ALS. Therefore, the criteria 

adopted for the musification of the data are designed to go 
beyond direct sonification and include elements of tonality and 
the use of modal scales to create musical auralizations. The 
resulting musical structures take advantage of higher-level 
musical features such as polyphony and tonal modulation in 
order to engage the audience and at the same time find 
alternative ways to model the complex processes which occur 
during the progress of the disease. 
 

 
Figure 1: 3D structure of SOD1 protein. 

4. METHOD 

The installation presented in this research utilizes published 
data obtained from Nuclear Magnetic Resonance (NMR) 
studies of SOD1 protein [13]. In NMR spectroscopy the 
chemical shift is the resonant frequency of a nucleus compared 
to a standard [14]. This analysis was chosen from the 
qualitative protein assays as it exhibited a range of frequency 
values which were not unlike an audio signal when evaluated 
with NMR analysis. Chemical shifts of amino acid structures 
change slightly depending on the whole protein molecular 
structure in which they are arranged. Since the chemical shifts 
of each single amino acid (AA) composing SOD1 protein 
sequence are not published, these were obtained from the 
Biological Magnetic Resonance Data Bank  (BMRBD) [13]. 
These data represent averages of 6486124 chemical shifts of the 
same AAs in different molecular contexts published to date and 
are expressed in parts per million (ppm)1 and approximated to 
the second decimal figure. 

4.1. Mapping layer 1: basic melodic features 

Data mapping to musical features is organized in a layered 
framework (see Table 4). In the first layer, data resulting from 
NMR analysis [13] is used to assign basic musical features – 
such as pitch, duration and velocity – to each of the 20 classic 
amino acids. The main melodic material is defined by the 

                                                             
1 ppm = (sample value in Hz - standard in Hz) / spectrometer frequency in MHz. 
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amino acidic sequence of the wild-type SOD1 protein, which 
comprises 154 instances of the classic amino acids. The 
molecular structure of an amino acid consists of amine (-NH2), 
carboxylic acid (-COOH) and a side-chain (R) specific to each 
amino acid (Fig. 2). 
 

 

Figure 2: generic structure of an amino acid consisting 
of amine (-NH2), carboxylic acid (-COOH) and the R 
group, which is a side-chain that varies for each type of 
amino acid [15]. 

The pitch value of each amino acid was defined by mapping the 
average chemical shift of the respective R group to a note of the 
chromatic scale. By doing so, the 20 classic amino acids are 
indexed by increasing R group chemical shift and each one is 
associated to a note of an ascending chromatic scale, therefore 
covering a total note range of an octave and a fifth. 
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Table 1: pitch mapping for each amino acid. 

To determine the duration of each note, the average chemical 
shift of the hydrogen atoms in the molecular structure of the 
amino acid is used. A set of five discreet durations was defined 
in order to obtain more consistent rhythmic patterns. The values 
for each amino acid are calculated and then mapped to the five 
durations in milliseconds, which correspond to the following 
note values at 120 beats per minute: sixteenth note, eighth note, 
quarter note, half note and whole note, as shown in Table 2. 
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Table 2: duration mapping for each amino acid. 

The note MIDI velocity (i.e. the intensity and resultant volume 
of each note) is determined from NMR data of the nucleotide 
nitrogen atoms. The four main nucleobases are ordered 
according to the increasing value of the respective nitrogen 
group chemical shift and are then associated with four MIDI 
velocity values (1, 43, 85, 127). The velocity corresponding to 
each amino acid is determined by taking the value of the first 
nucleotide of the respective nucleotide triplet. 
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Table 3: velocity mapping for each nucleotide. 

A custom Max1 patch was designed to translate the numeric 
data taken from spreadsheets into MIDI values, which then can 
be used to control electronic musical instruments and music 
production software. Each one of the 154 amino acids in the 

                                                             
1 http://cycling74.com/products/max/ 
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sequence is played as a note and the resulting melody 
represents a musical translation of the wild-type superoxide 
dismutase amino acidic sequence. The melody is then fed 
through a ‘tonalizer’ algorithm, which maps the incoming notes 
to various modal scales. During the mutation, the fourth amino 
acid of the sequence changes from A to V [10]. To render this 
event musically, the note corresponding to the mutating amino 
acid is considered the root of the scale in which the whole 
melody is played. The mutation therefore causes the melody to 
change key, modulating from F# to D#, which correspond to 
the amino acids A and V respectively. As the mutation affects 
the protein as a whole, a tonal modulation has an impact on the 
entire melody and is thus clearly delineated to the audience. 
To model the process of fibrillization, the SOD1 melodies are 
transposed to different registers in order to express the 
formation of different layers of fibrils which occur after the 
protein unfolding. This eventually leads to the formation of 
clusters, conveyed through an increasing saturation of the 
soundscape due to the high number of dissonant voices playing 
at the same time. 

4.2. Mapping layer 2: polyphony and arrangement 

The second layer of the mapping framework contains higher 
concept level mappings related to the development of the 
musical piece, such as polyphony and arrangement. All the 
different steps that lead to SOD1 structural changes involve 
specific amino acids of the sequence. Other voices and parts of 
the piece are in fact determined by structural features of the 
SOD1 protein and processes occurring along the development 
of ALS. To represent the structure of the SOD1 protein – a 
dimer consisting of two identical amino acidic sequences 
displaced in symmetrical fashion (see Fig. 1) – the original 
melody extracted from the amino acidic sequence was inverted 
and added as a second voice. The symmetrical structure of the 
resulting 2-voice counterpoint deliberately reflects the shape of 
the SOD1 dimer. Other timbres and parts are introduced along 

the piece to denote various further processes. The first step 
leading to protein unfolding involves the breakage of the 
disulfide bonds and the loss of metal ions [16]. To represent 
this musically, the disulfide bonds are located in the protein 
sequence and the corresponding notes are then used to define a 
new melodic line played by a synthesized bass. In addition to 
the disulfide bonds, another important step that leads to the 
unfolding of the protein structure is the detachment of the Zn++ 
ions associated to specific portions of the protein sequence, also 
known as metal binding sites [17]. Once again, the 
corresponding notes in the sequence are employed to determine 
the part played by a new voice in the composition. The same 
approach is used to model the new bonds between protein 
monomers which form during the oligomerization process [11]. 

 

Figure 3: 3D structure of the SOD1 protein. The grey 
spheres represent the metal ions while the segments in 
yellow the metal binding sites. 
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visuals

Correspondance between 
speakers and visuals.

New voices correspond to new 
instances of the visuals.

Correspondance between 
speakers and visuals.

Correspondance between 
speakers and visuals.

5. Oligomerization 6. Fibrillization 7. Clusters 8. End

Layer 1: basic melodic features Both the original and the “mu-
tated” melodies are present.

! e melodies are trasposed to 
di#erent registers.

! e melodies are trasposed to 
many registers of the whole 
audio spectrum.

! e melodies are trasposed to 
many registers of the whole 
audio spectrum.

Layer 2: polyphony and 
arrangement

! e original melody is stacked 
with the mutated inverse and 
vice-versa.

Voices playing the melody in 
di#erent registers are layered.

Phasing, increasing dissonance 
and saturation of the audio 
spectrum, more and more 
layered voices.

Gradually less saturation.

Layer 3: spatialization and 
visuals

Increased speed, multiple 
voices moving.

Increased noise in the visuals 
and asynchronicity between 
visuals and sound.

Gaps and sudden movements 
in the sound spatialization, 
saturation towards white in the 
visuals.

Some speakers/neurons stop 
working. ! e soundscape 
converges to one speaker and 
one instance of the visuals.

Table 4: table displaying the phases of the development of the piece across the three mapping layers. 
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4.3. Mapping layer 3: spatialization and visuals 

The third mapping layer consists of high-level features in the 
installation, such as sound spatialization and visualization. The 
speaker array is arranged around a cylindrical projection screen 
on which the visuals are projected (see Fig. 4). This is a 
representation of a neural structure, where the central cylinder, 
acting as the central neural system, sends impulses (the visual 
cues) to cells of the peripheral nervous system, represented by 
the speakers (Fig. 5). There is an instance of the visuals 
projected in front of each speaker in the array. As long as the 
system is “healthy”, the speakers respond with sound to the 
impulses sent by the central system. As the disease advances, 
communication between central and peripheral systems 
becomes increasingly asynchronous to reflect the death of 
motor neurons. The visuals are designed to avoid gratuitous 
decorative effects, which would violate the criteria laid out for 
the design of the model. There is a projected vector line that 
corresponds to each speaker which vibrates according to the 
frequency emitted by the latter. Increasing noise and distortion 
are reflected in the visuals – the vibrating line becomes more 
jagged and as the soundscape becomes more saturated the 
luminosity of the visuals increases towards white. As some 
speakers (and the neurons they represent) stop working, the 
corresponding line ceases to vibrate and the multimedia 
environment converges to one speaker and one instance of the 
visual. 

4.4. Apparatus 

The installation is designed to adapt to different room sizes, 
from approximately 25 m2 to 50 m2 and over. The speaker array 
consists of 6 or 8 speakers (depending on room size) connected 
to a multi-channel audio interface. The cylindrical projection 
screen is made of highly reflective, opaque fabric mounted on a 
fiberglass ring. To cover the whole projection surface, two or 
three (depending on room size) projectors are arranged around 
the cylinder and operated simultaneously via a video expansion 
module. The audio interface and the video module are both 
stored inside the cylinder and controlled by a laptop, which 
streams the multi-channel audio and video data (Fig. 5). 

 

Figure 4: installation layout, front view. 
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Figure 5: installation layout, floor plan. 

 

Figure 6: Unfolding | Clusters installed in the UCLA 
Art|Sci Gallery, Los Angeles, California, United States. 

 
Figure 7: Unfolding | Clusters in progress, installed in 
the UCLA Art|Sci Gallery, Los Angeles, California, 
United States, June 2014. 

5. CONCLUSION AND FUTURE WORK 

This paper described the design and development of a 
multimedia installation which models ALS pathophysiology 
using music and visuals. The work was aimed at the greater 
public in order to rise awareness about the disease and its 
workings, therefore the criteria and constraints for the mapping 
of the NMR data were adopted in order to control the 
‘musicality’ of the final result and make the piece accessible to 
a wider audience while, at the same time, remain faithful to the 
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source data without trivializing the seriousness of the condition. 
The resulting musification employed modal scales, discreet 
durations and a rhythmic grid to create a surprisingly musical 
mapping that still retained the complexity of the source data. 
The sequences of the piece would be relatively difficult to 
perform for a human musician, even though they sound ‘easy’ 
and listenable to a non-musical audience. 
Adopting a musification approach not only allowed for a more 
accessible musical result but also provided expressive solutions 
for modeling complex events critical for the development of the 
disease, such as the protein mutation which was represented by 
a tonal modulation. 
Overall, the approach proved to satisfy the initial aim of 
designing an immersive installation to raise awareness about 
scientific facts related to ALS and engaging a casual audience. 
At the premiere no attempt was made to gather formal feedback 
from the audience. However there are three planned 
performances in the UK at the time of writing. These 
performances will be filmed and audience members will be 
interviewed in collaboration with UK-based MND charities to 
collect feedback about the work. Future work could usefully be 
directed towards enriching the timbral variety of the 
installation, possibly by gathering new data for mapping sound 
synthesis parameters or timbre morphing. 
Additional data mapping could also be useful to further develop 
the visualisation, which was purposely kept minimalistic in 
order to avoid unjustifiable decorative effects. A sensible use of 
colours, for example, might be helpful to further aid the 
communication of the underlying complex events in a 
multimodal fashion. 
Also, it has been observed that ALS may have many different 
causes and SOD1 may not be the only protein involved in the 
progress of the disease [12]. Therefore, it would be interesting 
to model other possible forms of ALS and develop a stochastic 
system that determines different progressions of the piece based 
on the probability of different forms of ALS to occur. 
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ABSTRACT 

 
Sonification designs have been increasingly used to 
complement data presentation and exploration in various 
disciplines. In medical research they have been applied as 
an aid for analysis and diagnosis, disease treatment, to 
assist visually impaired patients, and in physiotherapy. 
Interactive sonification as a communication channel has the 
potential to be used to describe health risk data to a range of 
audiences. The novelty of this approach, its interactive 
nature and ability to be combined with music may provide 
an effective alternative to the more dominant visual 
strategies (i.e. graphs, pie charts etc.), particularly when 
communicating with young people. In this project Using 
Sonification to COmmunicate public health Risk data 
(SCORe) we plan to test the role of sound, music and 
interactive sonification to communicate vital health risk 
information associated with alcohol consumption to young 
people. 
 

1. INTRODUCTION  
 

1.1. Alcohol misuse prevention 
Health education programmes to fight alcohol misuse 

have proliferated in the last decades [1, 2]. This, however, 
has not significantly reduced alcohol consumption behaviors 
in young people [3, 4]. In fact, studies have indicated that 
those young people who drink alcohol, consume more than 
in previous years [5], which is likely to increase the 
incidence of serious consequences for individuals and 
society as a whole [6-8]. One of the major public health 
concerns regarding the misuse of alcohol in young people is 
binge drinking [9]. Binge drinking, which refers to 
consumption of eight or more units of alcohol in a single 
session for men and six or more for women [10], may lead 
to alcohol dependence [9], other substance abuse [11], 
crime, violence [12, 13], school problems [14], risky sexual 
behaviors [15, 16], as well as serious long-term health 
consequences, e.g. cancer [17], cardiovascular [18] or 
mental disorders [13]. Given the inadequacy of the presently 
available prevention measures, new ways of alcohol misuse 
prevention in young people need to be proposed urgently to  
remedy the problem. Communication through sound may be 
one such strategy.  

 
1.2. Challenges of risk communication 
The primary goal of any communication strategy for 

health risk situations (situations which are likely to be 
unusual and to have a considerable potential for both short  

 
and long-term damage) is to provide people with 
meaningful, accurate and timely information in order to 
influence decision-making and to promote behavioral 
changes. Effective communication of risk relies on clearly 
stated objectives (which are continuously monitored and 
reviewed); accessible general assessment of the risk; a 
message that is clear and understandable by the public; as 
well as an explanation of the complexities and uncertainties 
of a particular risk [19]. Research has indicated that even in 
ideal conditions a significant proportion of the 
communicated information is not remembered, can be 
misremembered, or even misinterpreted [20]. 

 
There are a number of factors that affect risk 

communication. One of them is risk perception [21]. 
People’s risk perception is usually conditioned by their 
beliefs about antecedents of an issue, whether it is voluntary 
or involuntary, and its consequences [20]. Considering their 
options, people usually employ heuristics and biases [22], 
such as optimistic bias (or unrealistic optimism) which 
causes the person to believe that they are not at risk, or that 
the probability of a particular threat is low [21, 23]. 
Understanding the risk depends also on people’s ability to 
foresee or imagine the situation in which they experience 
the problem [20]. 

 
Another challenge in communication of risk is the way 

people react to it. Quite often people’s reaction towards risk 
messages is defensive. Gerrard, Gibbons, Reis-Bergen [24] 
indicated that this scenario of reaction to the risk 
communication is particularly true if the message implies 
people’s past or present unhealthy or unwise behavior. 
Moreover, decisions influenced by the risk communication 
are not only calculated rationally as there are also emotional 
and social components that influence them [25]. 

 
Effective communication of health risk information also 

depends on a degree of people’s numeracy necessary to 
understand risk messages. It has been indicated that 
individuals with a low level of numeracy have difficulties 
with comprehension of risk comparison information [26]. 
For instance, the experiment conducted by Yamagishi [27] 
showed that death rates of 1,289 out of 10,000 were 
perceived as higher than rates of 24.14 out of 100. However, 
even though the use of qualitative expressions for the 
quantitative values in communication (i.e. frequencies and 
rates of occurrence) may carry the risk of underestimation 
and potential misinterpretation [28], the use of qualitative 
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expressions can improve understanding of quantitative 
statements in health communication, particularly by people 
with low numeracy skills [22] and thus, opting for 
qualitative messages or a combination of quantitative and 
qualitative messages may make communication more 
effective.  One of the integral approaches to effective health 
risk communication is based on the assumption that an 
audience is not a homogenous group (i.e. people have 
different interests, values, levels of education, intelligence, 
understanding and culture) [29]. Consequently, information 
as well as communication channels should be adjusted to the 
particular audience’s characteristics and when a specific 
subgroup of the audience has been identified (i.e. audience 
segmentation), a comprehensive communication strategy 
can be developed [29, 30].  

 
1.3. Channels of communication 
A body of research on communication strategies has 

indicated that mass media interventions (such as television, 
radio, newspapers, outdoor media) alone or in combination 
with other preventive programs can significantly influence 
the health behavior of mass populations [31]. Entertainment 
education, through different forms of entertainment such as 
pre-developed programs (e.g. soap operas, popular music, 
theatre performances and books) or inclusion of health 
messages into existing programs, can influence people’s 
awareness and behavior [31]. Visual aids (i.e. billboards, 
posters, leaflets) are another channel of health risk 
communication. The literature review of the effects of visual 
and graphical displays conducted by Lipkus and Hollands 
[32] indicated that this method of communication has a 
potential to affect perception of a risk and to eventually 
influence audience’s behavior. Garcia-Retamero and Cokely 
[33], however, indicated that not all visual solutions are 
equally effective in conveying the risk information. In fact, 
the effectiveness of the visual displays depends on the 
accuracy and clarity of the portrayed information. Given 
that visual communication relies heavily on numeracy (as 
indicated earlier), it is not accessible to all members of the 
society and, thus, other channels of communication need to 
be explored. 

 
1.4. Communication through sound 
1.4.1. Sonification 
Visual methods (i.e. graphs, pie charts etc.) have largely 

dominated presentation of numerical data. However, one of 
the novel approaches used in communication of data has 
been through the use of sonification design. Sonification is a 
subtype of the auditory display that uses non-speech audio 
to convey information [34]. 

 
Sonification designs have been increasingly used to 

complement data presentation and exploration in various 
disciplines. In medical research, they have been applied as 
an aid for analysis and diagnosis [35], potential disease 
treatment [36], help for visually impairment patients [37], 
and in physiotherapy [38]. A systematic search has 
identified no studies on the use of sonification design to 
communicate health risks data. 

 
As a communication medium, in portraying health risks 

particularly to young people, interactive sonification 

features several potential advantages over the dominating 
visual strategies (i.e. graphs, pie charts etc.). These include 
its novelty, which can attract attention of young people; 
interactivity, which allows for exploration of the messages 
related to alcohol consumption; reliability on technology, 
which is heavily used and favored by young people [39]; 
ability to combine it with music (supporting sound design of 
sonification), which many young people are interested in 
[40, 41]; and finally, lack of reliance on numeracy, which 
often is necessary to comprehend at least some risk 
messages. Therefore, studies exploring sound 
communication interventions may be an important step 
forward in designing future prevention campaigns to 
manage risk in young people. 
 

1.4.2. Film music 
Despite its inherent ambiguity, music as well as 

sonification can serve as a powerful communication 
channel, allowing people to share emotions, intentions and 
meanings [42, 43]. Film music can work particularly well in 
this respect, because it is designed not only to support film 
narration, providing an emotional amplification, but also to 
communicate messages vital for the narration [44, 45]. For 
instance, music informs the audience about the genre of the 
film (i.e. whether it is an action adventure or a psychological 
drama), and the general mood of the production (i.e. 
whether the on-screen events are supposed to be perceived 
as disturbing or comforting) [45]. Music can also provide 
insights of the characters’ internal feelings, direct the 
audiences’ attention to the specific event on the screen while 
acting as an agent of continuity for the whole story [46-49].  

 
Even though the overall sound design of a film 

soundtrack may add an additional layer of narrative 
articulation to a story, of all the film soundtrack 
components, music has perhaps the greatest power of 
influencing perception of a film. This influence is often 
assumed and taken for granted [50], however, in the recent 
decades, experimental research in film music has shown 
music’s significant role in supporting the narration as a 
communication channel and emotional signifier. For 
instance, experiments have confirmed that music has a 
stronger influence on the overall mood of the film than 
behavior of the film characters [51]; that music helps to 
interpret film character’s emotions and whether the audience 
like or dislike them [52]; that music can alter the meaning of 
the film directly [53]; that the musical soundtrack influences 
whether we recall the events portrayed in the film [54].The 
examples of the experimental research done on the influence 
of music on the understanding and interpretation of film 
content point to the conclusion that film music does indeed 
have the ability to impact and modify visual information and 
may act as a communication channel.  
 

2. THE PROPOSED EXPERIMENT 
 

In our project, we plan to compare the effectiveness of a 
traditional visual display of health risk communication (a 
slide presentation with text, images and various graphs) to a 
presentation augmented by sound (music and sonification) 
and interaction. 
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As it is unlikely that the sound will substitute visual 
representation of data as a universal mode of data 
representation, we decided to first explore the augmentation 
of a visual display rather than compare a visual-only to a 
sound-only display. It is hypothesized that a combination of 
sound design (sonification) and film music methods within 
an interactive sonification design will increase the 
effectiveness, accuracy and attractiveness of the overall 
presentation. 

 
The experiment will take place at the Theatre, Film and 

Television Department at the University of York, in 
October-November 2014. The experiment will be built 
around a visual presentation, which contains selected data 
related to alcohol consumption by young people in the 
European Union and in the UK, and alcohol-related risks.  

Participants will be randomly allocated to three groups: 
1) Group 1 will receive visual presentation of the selected 
data; 2) Group 2 will receive the same visual presentation 
supported by sonification (i.e. sonification of selected data 
variables) and music composed to support communication 
of selected variables; 3) Group 3 will receive the same 
visual presentation as the pervious groups, augmented by 
sonification, music and interaction.  

 
2.1. Sonification component 
The sound design of the sonification will be created to 

best complement the content of the slides on alcohol health 
risks. A variety of sonification techniques will be utilized 
such as parameter mapping, in which data points directly 
drive selected sound synthesis parameters [55], model-based 
sonification, in which a data set is seen as a ‘material’ or 
‘object’ that can produce digital sound when the user 
interacts with it [56], auditory icons and earcons, in which 
sound samples are associated to particular data points 
through a metaphorical or abstract association [57, 58]. For 
example, the slide dedicated to short-term consequences of 
alcohol use may be illustrated by sounds emphasizing the 
impact of alcohol on different organs and senses, while a 
traditional two-dimensional graph could be illustrated using 
a parameter-mapping approach. 

 
Special attention will be paid to integrate the 

sonification sound design with the music so that, like in a 
film, music and sound design can communicate 
simultaneously complementary messages (i.e. the emotional 
and metaphorical content as well as the more literal 
information).  

 
2.2. Music component 
Due to the exposure of young people to media music 

(i.e. theatre, film, TV, video games), the language of film 
music used in this experiment is widely accepted and 
understood and lends itself well for application in 
communication strategies. The music component of the 
display (or intervention) will thus be based on functions of 
film/media music, which were experimentally tested and 
confirmed by cognitive psychology and musicology 
researchers as effective in communicating information and 
improving the interpretation of the message [50, 51, 53, 54]. 

 

It is assumed that the music will be used in two 
distinctive ways: 1) as an overall support for the 
sonification, creating an emotional context; and 2) an 
interactive accompaniment linked to sonification responding 
to participants’ actions. 

 
In order to support the interactive design of the 

sonification, the flexibility of the musical structure will be 
an essential component. In film, in which non-linear editing 
practices often collide with the linearity of the music, 
application of modular structures has provided the flexibility 
needed during composition (fitting music to the film 
structure) and music editing [59]. For this reason, in our 
experiment, the music, supported by computer technology, 
will feature non-linear structures built from interchangeable 
modular components. Modular components will be created 
and edited in Logic Pro and Pro Tools musical applications 
whereas the final form of the musical accompaniment and 
the sonifications will be executed through areal-time 
processing software such as Max/MSP and Ableton Live 9. 

 
In terms of the music style, it has been agreed, that the 

music will explore subtler sound-design approaches to 
music rather than the mainstream Hollywood approach. 
There are several reasons to pursue this particular creative 
direction. Firstly, it will allow for a comprehensive blend of 
the musical accompaniment with the sound design of the 
sonification (i.e. minimizing the danger that sonic elements 
will compete for the participants’ attention). Secondly, 
Hollywood musical idiom, in particular the pompous 
action/adventure style, which is ubiquitous in countless 
films, TV programs, and video games, has significantly lost 
its impact, becoming sometimes too clichéd for the 
contemporary audiences. Additionally, complex 
orchestration, and emphasis on certain instruments, e.g. 
brass instruments or percussion instruments, frequent key 
changes, and complex rhythms may negatively impact 
attention of the user and, consequently, their comprehension 
of the portrayed messages. However, we intend to vary the 
musical stylistic approaches during the presentation in order 
to investigate which one is the most effective in supporting 
communication of the intended messages. Thirdly, this 
presentation, although it has storytelling elements, is 
radically different from a film-like narration, and therefore 
the narrative coding, which is characteristic of the 
mainstream approach, cannot be applied in the same way 
here as in film. Nevertheless, the overall approach will be 
“cinematic”, i.e. the visual presentation will provide the 
main layer of information, and the sonified data will be 
almost treated as dialogue in a film, i.e. directly 
communicating specific messages, whereas the musical 
component will provide emotional commentary and support 
for the “image” (visuals) and “dialogue” (sonification). 
Finally, similarly to the film scenario, music in this 
experiment should remain in the background and be 
absorbed by the participants of the experiment on the 
subconscious level. 

 
2.3 Interaction component 
Interaction plays an important role in facilitating users’ 

engagement with presentations of data [60]. Sound and 
music have their own intrinsic relationship with time 
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therefore, in order to put the user in control of this 
relationship, we need to allow them the possibility of 
interacting with the way in which sound and music are 
played back. In this project we will provide different ways 
of interacting with music and sonifications which will 
include: 1) repeated listening, 2) single and simultaneous 
listening of data streams, 3) single data point listening, 4) 
choice of listening order, and 5) variation of speed (e.g. the 
user will be able to slow a sonification down). 

 
During the SoniHED conference we will present an 

example of the visual presentation augmented by the 
sonification of the data and musical underscore. 

 
3. CONCLUSION 

 
To conclude, taking into account the potential 

advantages of interactive sonification in facilitating 
communication, our group has proposed to experimentally 
test the role of sound and music within interactive 
sonification to portray vital health risk data associated with 
alcohol consumption in young people. Film music was 
selected as an addition to interactive sonification as it may 
support communication but also because it is widely 
accepted and understood by young people. In addition, as 
sonification and music are both elements of the presentation 
’soundtrack’, they can complement each other influencing 
the overall aesthetics of the design, which in turn may 
increase enjoybility and reduce fatigue of the potential user. 
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ABSTRACT 

In order to support drivers in adopting a more fuel efficient 
driving style, there currently exists a range of fuel economy 
displays, providing drivers feedback on instantaneous and long-
term fuel consumption. While these displays rely almost 
completely on visual components for conveying relevant 
information, we argue that there are significant benefits in using 
auditory interfaces for providing feedback while driving,. 
We review existing literature and discuss various design 
strategies for auditory displays that are applicable for supporting 
a fuel-efficient driving style. Exploring one of these design 
strategies, we furthermore introduce several prototypical 
sonification designs. 

1. INTRODUCTION 

Greenhouse house gas emissions resulting from the energy 
consumption and pollution from conventional and electric cars 
is still a major global issue in spite of attempts to curb such 
emissions through technological improvements and regulation. 
 
Based on the observation that an aggressive driving style can 
effectively cancel out the positive effects of an efficient engine, 
manufacturers install vehicles with visual fuel efficiency 
displays designed to give feedback on instantaneous and long-
term fuel economy in order to influence or support drivers to 
adopt a more fuel efficient driving style.  
A visual display, however, is prone to distracting a driver from 
their main task, i.e. safely operating and steering the car. This is 
particularly true for a fuel efficiency display: It is precisely in 
those situations, when drivers should keep their eyes on the 
road (e.g. when quickly accelerating) that the information from 
such a display becomes most relevant. 
Nevertheless, eco-driving is a highly promising way for car 
drivers to reduce both fuel consumption and carbon dioxide 
(CO2) emission: Vandenbergh et al. have estimated that 32% to 
41% of the total CO2emissions of the United States are directly 
caused by individual behavior, including household energy use 
and, most prominently, personal transportation [1]. Based on 
these findings, Barkenbus recently surveyed a range of possible 
measures to reduce greenhouse gas emissions for individual 
transportation, including the use of public transportation, 
carpooling, and the purchase of more fuel efficient vehicles [2]. 

Apart from these measures he argues that a more efficient 
operation of vehicles is an often overlooked opportunity with a 
potentially large impact on CO2 emissions. Among a range of 
interventions to support eco-driving �± including public 
education policies, economic incentives, and regulatory 
initiatives �± Barkenbus specifically recommends the use of 
feedback systems to help drivers gain an awareness of their fuel 
consumption and eco-driving performance in dependence of 
their respective driving behavior [2]. 
With the uptake of hybrid and electric cars, this aspect is 
becoming increasingly important, as these cars are far more 
sensitive to driving behavior than those with a combustion 
engine. While there are several studies showing that eco-
driving has the potential to reduce CO2 emissions by 
approximately 10% already for conventional cars [3,4], 
aggressive driving can cause the fuel efficiency of hybrid 
vehicles to decrease by more than 30% [5]. 
Furthermore, it has been shown that eco-driving contributes to 
a safer driving style as it encourages a steady and moderate 
speed as well as gentle acceleration. On the other hand, first 
research results indicate that (visual) fuel economy driver 
interfaces may lead to a distraction that has a negative impact 
not only in terms of driving performance [6], but also relating 
to safety issues [7].  

In this paper, we first review existing eco-driving systems, 
which leads us to propose sonification-based systems as solving 

Figure 1: Feedback loop. The driver controls the 
(acceleration of the) car, which in turn controls the feedback 
display. The feedback is perceived by the driver and gives 
supports in improving driving behavior. 
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major problems in Section 2.4. We propose various design 
strategies for auditory-based eco-driving-systems in Section 3 
and present several prototypical sonification designs in Section 
4. 

2. OVERVIEW OF EXISTING ECO-DRIVING 
SYSTEMS 

Driven partly by developments in the hybrid-sector, there 
currently exists a number of commercially available eco-driving 
systems, which help the driver in achieving a fuel-economic 
driving style. 

2.1. Visual Online Feedback of fuel consumption 

The majority of the available eco-driving systems provide 
feedback to the driver on the vehicle's fuel economy and thus 
allow the driver to gain an awareness of how this variable is 
affected by a specific driving behavior. The devices are usually 
mounted in the dashboard, allowing the driver to get immediate 
feedback while driving. 
A very basic example for a fuel economy display can be seen in 
Figure 2(a), which shows the current consumption as a plain 
number, typically in terms of MPG for the United States, and 
either L/100km or km/L for other parts of the world, depending 
on cultural preference. A slightly more advanced display is 
shown in Figure 2(b), which differentiates between three levels 
of fuel economy: Normal, Inefficient, and Eco-Friendly. This 
simplified way of displaying levels of consumption allows the 
driver to more easily perceive this information, but obviously 
lacks in precision, which is also something that was criticized 
by study participants who were asked about such a display in a 
recent study of Lee et al. [6]. 
In addition to the instantaneous consumption, there are displays 
showing accumulated consumption, where information is 
aggregated over a longer period of time. This can either be a 
couple of minutes, one whole trip, or the time between fuel 
stops. Typically, consumption is averaged over the time period 
and displayed in a similar way to instantaneous consumption. A 
more complex form can be seen in Figure 3(a), which displays a 
quite detailed (but at the same time also more difficult to 
perceive) history of the consumption. 
 

 

2.2. Offline Feedback 

A second type of feedback can be seen in Figure 4. Here, 
driving behavior and consumption data is first being monitored 
and logged during operation of the car and recorded onto a 
flash drive. Later, the driver can download the data to a PC, 
where it is analyzed and presented to the user with an additional 
piece of software. An example of such a system is Fiat's 
eco:drive [11]. 

The analysis of the gathered data is somewhat more 
sophisticated than for online feedback systems, as the software 
takes into account not only fuel consumption and emissions, 
but also acceleration, breaking and gear shifting patterns and is 
able to suggest specific changes to the driving behavior [12]. 

The obvious disadvantages, however, are that the user is 
required (a) to dedicate extra time, and (b) to do it outside the 
vehicle for this feedback system to have any effect, i.e. the 
feedback is decontextualized, in time and place, from the act of 
driving the car. 

Thus, while it may not be ideal for private use, it can be a great 
review tool for professional transport companies.  

2.3. Haptic Feedback (Eco Pedal) 

A third type of feedback exists in form of an active acceleration 
pedal (cp. Figure 3(b)). When being pressed down, the pedal 
can actively increase its resistance, which might either be 
related to the current speed limit [14] or the fuel consumption 
in order to avoid excessive and wasteful acceleration [15]. 

This form of feedback is certainly a promising direction of 
research and it seems to be effective in increasing the 
compliance with speed limits [16]. However, in a recent study 
that compared different types of feedback systems designed to 
support a fuel-efficient driving style, the concept of an eco 
pedal was rated significantly lower than other systems �± both in 
terms of user acceptance and perceived usefulness [10]. 

Figure 2: (a) Basic display of instantaneous fuel 
consumption, measured in L/100km [8]. (b) Eco-driving 
indicator, which is integrated into the speedometer and can 
differentiate between three levels of fuel economy [6]. 

Figure 3 (a) Consumption monitor of the Toyota Prius [9]. 
This display offers a detailed view on the fuel consumption 
over the last 15 minutes. (b) Active acceleration pedal (Eco 
Pedal). When pressing the pedal beyond the dotted red line, 
the pedal actively exerts counter-pressure [10]. 
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2.4. The use of auditory feedback 

To our best knowledge, there currently exists no system that 
uses auditory feedback as means to support the user in 
achieving an improved fuel economy. 
We argue, however, that especially for the scenario of 
providing feedback while driving, there are significant and 
considerable benefits in using this modality: 
 
 Research has suggested that in order to be most effective, 

feedback should be given as "close" to the respective action 
as possible [17]. The auditory channel is perfectly suited to 
make this possible, as the driver can actually perform the 
act of driving (with the hands on the steering wheel and the 
eyes on the road), and at the same time attend to the given 
feedback. 

 Looking at specific driving behavior, it has been shown that 
braking and acceleration processes are crucial for 
determining fuel economy, which is also why feedback on 
fuel consumption would become of increased relevance in 
these situations. On the other hand, drivers would be ill-
advised to shift their focus from what is happening on the 
street to a visual indicator of fuel consumption in the 
dashboard, as those situations are also highly critical in 
terms of safe driving. With auditory feedback, a driver can 
be "in the loop" concerning fuel consumption (cp. Figure 1), 
while at the same time keeping the eyes on the road. 

 Finally, an auditory feedback system would be 
comparatively easy to install and implement, as it would 
basically require no additional hardware and can utilize the 
loudspeakers that are already installed in the vast majority 
of cars anyway. 

3. Related work 

By now, a multitude of studies clearly show a positive effect of 
eco-driving on fuel economy: Johansson et al., for example, 
evaluated, how the recommendations of eco-driving instructors 
influenced the driving behavior of 16 driving school teachers 

and found that both fuel consumption and the emission of 
carbon dioxide were reduced by an average of 10.9% as a result 
of the instructions [4]. Vangi et al. developed a method for 
automatically assessing driving behavior of bus drivers and 
found that economical driving can provide direct savings in fuel 
consumption of up to 25% [18]. 
Although the variance of found fuel efficiency improvements 
are rather large, they are in the majority of cases highly 
significant and warrant the effort to support eco-driving 
behavior for a broad range of people. 

Manser et al. compared a broad selection of "fuel economy 
driver interface concepts" (FEDICs) in three different stages, 
including a usability study and a driving simulation evaluation 
[19]. Among other results, the authors found out that simple 
representations of fuel economy information were generally the 
most usable and that study participants also had a preference for 
those types of feedback, as compared to textual representations. 
Also, they observed that, when using a (visual) FEDIC display, 
drivers made more glances away from the road, indicating that 
there are "potential safety implications due to FEDIC use". 

While the majority of feedback displays use rather conventional 
methods of displaying fuel consumption, there are also more 
creative propositions, like for example in [29] (cp. Figure 5) 
where the curve of the speedometer needle displays the 
deviation from the most fuel efficient driving speed. 

3.1. The importance of unobtrusiveness 

 

Tulusan et al. analyzed, which aspects of eco-feedback systems 
are beneficial for drivers to accept them as meaningful support 
for achieving an efficient driving behavior [20]. 

They found that unobtrusive feedback systems were most 
preferable for the users and state that the car industry should 
"enhance and promote the notion of interaction cultivated 
between feedback technologies and drivers, firstly by 
developing unobtrusive systems, not posing additional 
workload and frustration to drivers and being seamlessly 
interweaved into driving". 

In another study, Lee et al. evaluated a commercial eco-driving 
system [21] and found that the increased cognitive load might 
even lead to an increased fuel consumption in some 
circumstances [6]. 

3.2. Auditory displays 

While auditory fuel economy displays are virtually non-existent 
in the commercial sector, there already has been (albeit very 
little) work within the sonification community: 

Nees and Walker included the topic of energy conservation 
systems in a survey paper on auditory displays for in-vehicle 
technologies [22], and very recently Nees et al. reported on 
planned research on how to best use auditory displays in a fuel 
efficiency driver interface [23].  

Figure 4: Screenshot of the Fiat eco:drive software [13]. The 
software uses data that was captured while in the car and 
assesses various aspects of driving behavior. 
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4. DESIGN STRATEGIES FOR AN AUDITORY 
DISPLAY TO SUPPORT ECO-DRIVING 

4.1. Direct sonification of current fuel consumption 

This first conceptual approach to creating auditory displays to 
influence driver behavior is similar to the one for visual 
displays, i.e. to directly sonify the data on current fuel 
consumption. The design is based on a number of decisions, 
which are important for the system to be accepted. First, the 
sonification can be either continuous or event-based: For an 
event-based sonification, one then would have to decide, how 
and when a sound is triggered. This might simply be on each 
kilometer driven or on the expenditure of a specific amount of 
fuel. Another possibility could be the occurrence of a peak in 
fuel consumption or when the driver manages to achieve a 
comparatively good fuel economy. Ultimately, it must be 
decided, which sound is produced; if one should use, for 
example, auditory icons [30] or earcons [31] �± and which ones 
would be appropriate. 

For a continuous sonification, it must be decided, how the input 
data is mapped onto a specific characteristic, e.g. pitch, 
loudness, or brightness of a sound. This also introduces the 
question of polarity [25], i.e. if a rising fuel consumption 
should, for example, go along with a rising or falling pitch of a 
sound. 

Finally, as it has been shown in user studies, it is crucial for the 
acceptance of a fuel economy display that it is rather 
unobtrusive. We propose to make use of the concept of blended 
sonification [26] in order to achieve this, i.e. to create a 
sonification that blends into the user's environment by working 
with pre-existing sounds �± e.g. the sound of the engine �± and 
manipulate (e.g. augment) this sound in a way that it conveys 
additional (fuel consumption) information. 

4.2. Sonification of secondary parameters 

Another design approach for an auditory fuel economy display 
is the sonification of specific aspects of driving that are known 
to significantly affect the fuel consumption. 
One of these aspects is certainly the driver's braking behavior, 
which obviously has a direct impact on how much energy is 
wasted while driving. An auditory display could help in 
creating an awareness for the negative effects of too frequent or 
unnecessarily hard breaking, which can occur due to an 
aggressive or insufficiently anticipatory driving style. 

4.3. Gamification 

Creating an awareness for the car's fuel consumption and 
providing feedback on how it is affected by driving behavior is 
a necessary (or at least very important) part in 
achieving wide-spread adoption of eco-driving habits. 
However, we also have to think about how to motivate drivers 
in achieving this goal over a longer period of time. 

In the context of eco-driving, we propose to make use of an 
gamification-like approach in order to do so: Gamification is an 
emerging area of research, which deals with improving user 
experience and user engagement by using game elements in 
non-gaming contexts [27]. 

In contrast to a fuel economy display that neutrally conveys 
consumption data or even tries to point out situations where the 
driver is wasting energy,  

a gamification approach emphasizes and reinforces the progress 
the driver makes towards a fuel-efficient driving style, e.g. by 
using virtual rewards like badges or achievement points. 

To the best knowledge of the authors, the concepts of 
gamification have yet to be applied to an (exclusively) auditory 
display, which is most likely due to the fact that they have 
originated from a video game context and as such are naturally 
difficult to translate to an auditory display. 

We argue, however, that this is a promising research direction, 
which would contribute both to increasing the driver's 
motivation and to improving the user acceptance for a fuel 
economy display, and we are currently working on a first 
concept of such an auditory gamification display. 

4.4. Sonifying advanced support information 

Another approach for supporting a fuel economic driving style 
with the help of an auditory display is to sonify more advanced 
support information, such as hints for speed reductions or stop 
signs. 

BŠr et al., for example, have proposed a system that can 
calculate �± based on detailed information on the position of 
stop signs, speed limits and a height profile of the road �± when 
to freewheel, i.e. when the driver can completely stop 
accelerating [28]. Similarly, Raubitschek et al. examined, how a 
driver can make use of predictive traffic light information [29]. 

We argue that in those safety-critical situations �± i.e. when 
approaching a crossing or traffic lights �± an auditory display is 
the best option to convey such support information. 

Figure 5. Curvy Speedometer [29]. The tip of the needle 
indicates the current speed of the car while its curvature 
indicates, how far the current speed is from the most fuel-
efficient speed. 
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4.5. Supporting specific qualities of driving 

A final possibility for an auditory display to help to establish a 
fuel economic driving style for a broad range of people is by 
subliminally supporting a feeling of safety or calm, which in 
turn might have a positive effect on the driving style. 
The hypothesis here is that such feelings will also lead to a 
calmer way of driving �± just as for example a more sportive 
feeling would lead to a slightly more aggressive driving style. 
Although this approach comprises a wider range of aspects of 
car-design, sound could play a major role in achieving such a 
feeling. 

5. SONIFICATION DESIGN 

 
The focus of this paper is to approach eco-feedback systems 
from a conceptual side and to propose and elaborate on design 
directions for connecting different data types with auditory 
feedback. All our aforementioned approaches are subject of our 
ongoing sonification developments. Our first prototype 
illustrates the direct sonification of fuel consumption (cp. 
Section 3.1).  
For this approach, the first possibility is to make the absolute 
consumption audible. The information reflects the 
instantaneous use, which correlates (to some degree) with the 
RPM of the engine and the perceived speed of the vehicle. 
However, the sound complements the other cues as it makes the 
fuel use explicit. We present a sonification example where fuel 
consumption is represented by a sequence of grains, each grain 
signaling the expenditure of a small amount of fuel. 
Comparable with a Geiger counter, which ticks faster at higher 
radioactivity, the rate of grains here signals the instantaneous 
consumption (listen to sound example S1 on our website1).  
A second possibility, which reduces the correlation with the 
RPM and perceived speed and is also more in line with the 
majority of visual fuel economy systems is to base the direct 
sonification on the relative consumption, i.e. the instantaneous 
fuel consumption per metre. As this is a variable that does not 
integrate in the same way as fuel drops do, we propose as sonic 
representation a sharp bandpass-filtered noise signal, where the 
cutoff frequency is controlled by the input data, so that a wind-
like sound emerges. In consequence, strong accelerations, or for 
instance driving fast on low gear becomes highly salient as 
high-pitched noise (cp. sound example S2). 
As a combination of these two approaches, our third sound 
example signals the expenditure of a small amount of fuel with 
a grain, whose pitch is controlled by the relative consumption, 
providing a continuous awareness for both variables (cp. sound 
example S3). 
Obviously, these few sonification examples scratch only the 
surface of what is possible to represent the fuel economy while 
driving. More comprehensive sound designs and evaluations 
for how these sonifications affect drivers in their driving style 
will be reported in our future papers.  

                                                           
1 http://www.techfak.uni-bielefeld.de/ags/ami/publications/HTH2014-
ETA/ 

6. SUMMARY 

In this paper we presented our work in progress on auditory 
interfaces to support fuel efficient driving. We highlighted 
important design aspects such as unobtrusiveness, directness 
and gamification. Furthermore, we presented a first prototype, 
which is illustrated by examples of the sonifications. 
With the presentation of various design strategies, we hope to 
motivate diverse future work that might lead to better fuel 
economy displays and want to encourage discussions on the use 
of auditory displays for in-vehicle usage. 
As next steps, we plan to evaluate the proposed sonification 
designs and compare them to visual fuel economy displays: We 
have developed a driving simulator that reduces the complexity 
of a driving task to the aspects that are relevant in the context of 
a fuel-efficient driving style, thus allowing for a meaningful and 
reproducible evaluation of different approaches and 
sonifications. 
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ABSTRACT 

This paper reports on work in progress to develop Powerchord, 
a near-real-time sonification system for electricity use data. 
Built around a common model of UK electricity monitor, 
Powerchord plays a variety of birdsong of different intensities 
in response to the instantaneous power readings from multiple 
household appliances, providing a form of ambient feedback 
intended to fit with the soundscapes of everyday domestic life 
while still enabling a deeper understanding of the energy use of 
appliances in the home. 

We start by setting the context of the broader ‘design for 
sustainable behaviour’ and energy use feedback fields, noting 
the predominance of visual feedback displays. We then describe 
findings from a programme of design research with 
householders, which highlighted that energy’s ‘invisibility’ is a 
barrier to behaviour change. Co-creation work with 
householders led to exploring the development of sonification 
of energy data, first in summary form, and then in near real-
time. The affordances of birdsong are discussed, and future 
research possibilities outlined. 

1. INTRODUCTION: THE CHALLENGES OF 
ENERGY BEHAVIOUR CHANGE  

Design for behaviour change has grown significantly as a field 
of research in recent years [1]. It aims to reduce the undesirable 
social and environmental impacts of products and services, or 
increase the desired impacts, through design (in a broad sense) 
concentrating on understanding and influencing people’s 
interactions with technology. It is inherently multidisciplinary, 
drawing on knowledge, perspectives and models from a number 
of fields relating to human behaviour.  

‘Interventions’ largely take the form of redesign of 
products and services themselves, or the design of interfaces, 
usually digital—and usually visual—which give users 

information and feedback (and sometimes feedforward [2]) on 
use or the impacts of their actions. The digital approach builds 
on significant work in human-computer interaction (HCI) on 
persuasive technology [3] and on the effectiveness of 
behavioural feedback from other disciplinary perspectives. The 
field’s growth parallels an increased policy focus on ‘behaviour 
change’ for social and environmental benefit, drawing on 
behavioural economics and ‘choice architecture’ [4] and 
addressing everything from encouraging exercise and healthy 
eating, to compliance with tax return procedures, as well as 
sustainability issues such as water and energy use, recycling, 
and transport choices.  

A proliferation of taxonomies and models of behaviour 
change techniques, and practical guides for designers working 
on behaviour change [5,6,7], reflects this popularity: it is a 
fashionable field commercially as well as academically and 
politically.  

However, while some techniques use multisensory 
approaches, the majority of feedback-based systems are 
primarily visual [8], and often assume a particular level of 
numeracy, or data literacy, on the part of the user. There is 
currently little work exploring the potential of non-visual 
interfaces in this context; sonification could enable ambient 
comprehension of many kinds of data relevant to behaviour 
change contexts [9]. 

1.1. Energy: a domain where most feedback is numerical 

Energy use is one of the major issues on which design for 
behaviour change—more specifically, design for sustainable 
behaviour—has concentrated. Reducing our energy demand, 
and in turn our carbon dioxide (CO2) impact, through 
influencing public behaviour, is a significant research topic 
across multiple intersecting technological and social science 
disciplines. 

Aside from design work on technology or infrastructure 
change, such as retrofitting insulation to buildings (thus—
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hopefully—leading to reductions in heating use), the majority 
of work on influencing energy use through behaviour change 
concentrates on numerical, visual feedback displays for 
electricity or gas use, in both domestic and commercial 
environments. There are numerous studies and meta-analyses 
looking at the effectiveness of different kinds of feedback (real-
time, summary, normative, and so on) in this context, and the 
adoption of these kinds of displays within household life. As 
technology develops, the opportunities afforded by networked 
smart meters, which enable adaptive pricing changes (as well as 
providing energy utilities with much more detailed usage data) 
are also being explored, driven by legislation (e.g. in the UK, it 
is government policy for all homes and small businesses to 
have smart meters installed, with displays, by 2020 [31]). 

While some influence on behaviour, leading to changes in 
energy use, has been found from feedback displays [e.g. 10], 
the situation is complex: simple numerical feedback may not 
take account of the realities of household life [11, 12, 13] or 
people’s understanding of units and quantities [14], nor link 
people to wider comprehension of the energy system [15]. Most 
visual displays require the householder to look at the display—
often a small LCD, or a web dashboard—regularly, and actually 
be able to act on it, for it to have any effect, assuming a model 
of individual householders as “micro-resource managers” [14], 
and while there have been some more ambient coloured light-
based systems for displaying electricity use, such as DIY 
Kyoto’s Wattson and Ambient Devices’ Orb, and clever use of 
thermal imaging [16], these are exceptional.  

As part of SusLabNWE, a European Living Lab project 
[17], we have taken a ‘research through design’ approach to 
exploring people’s relationships with energy in everyday life. 
Initially, we worked with nine diverse households across 
London and the south-east, where possible integrating 
quantitative sensor data with qualitative insights. In this first 
phase of the project, we visited people at home, investigating 
stories of daily interactions with heating, lighting, appliances, 
and electricity monitors, and people’s understanding of energy. 
This was followed with activities exploring themes including 
metaphors for energy, narrating everyday routines, and 
addressing ‘What does energy look like?’ through drawing 
exercises with members of the public, children, teenagers and 
energy experts [18]. 

1.2. Making the invisible audible 

We ran a co-creation workshop with our householders, in 
which—working with designers—they created concepts for 
new kinds of interface or device which they felt would help 
them reduce their energy use. This was followed by a ‘Home 
Energy Hackday’ at the Science Museum’s Dana Centre, 
bringing together designers, energy experts, and the Internet of 
Things community to explore new ways of understanding and 
engaging with energy, building on the ideas from householders.  

One of the main themes that emerged was the general 
invisibility of energy in modern life, and its relation to 
behaviour. Householders’ mental models of energy itself, and 
energy-using systems such as heating [19], together with the 
relative importance of different energy-using systems in the 
home, were partly determined by what was most salient—such 
as lighting—rather than ‘hidden’ uses such as heating and 
cooling (this aligns with other research, e.g. [20]).  

By people’s own admission, much of the energy ‘wasted’ 
at home through particular behaviours, such as leaving heating 
on when going out, or leaving lights on elsewhere in the house, 
was partly due to its invisibility from the perspective of where 
they were at the time. People questioned how they could change 
how they use energy when they can’t easily see or feel it, or get 
a sense of the changing rate at which it is being used. There was 
confusion with units, for example between kilowatts as a 
measure of power and kilowatt-hours as a measure of energy. 
One householder told us: 

 

“I worked out that through gas and electricity every 
year, the average house gets the equivalent of a bit 
over three tons of coal delivered completely silently 
and without any mess.  
And go back a hundred years ago and everyone would 
have a really good quantitative understanding of how 
much energy they used because they had to physically 
shovel the stuff.” 

  

This issue suggested opportunities for visualisation beyond 
numbers, but also non-visually, for example sonification [21] of 
energy use. In the co-creation workshop with householders, one 
person suggested that being able to ‘listen’ to whether 
appliances were switched on or not, and what state they were in 
(e.g. listening to a washing machine will give a good idea as to 
where it is in its cycle), was potentially more useful for 
understanding how to reduce energy use than a visual display.  

Another householder suggested—in response to discussion 
of smart metering and demand-based pricing changes—that 
being able to ‘hear’ the load on the grid (for example, a pleasant 
background hum could become discordant as the grid’s 
frequency changes due to high demand, or the tick of a clock 
could become temporarily faster) would be less intrusive than, 
for example, a text message or a flashing light. There was 
discussion around the quality of the sound, for example whether 
a lower-pitched ‘rumbling’, like thunder, would be more 
appropriate for greater rate of energy use (i.e. power) than a 
higher pitch, and whether there could be a music system that 
somehow ‘distorted’ what it played when the house’s energy 
use was higher than normal. The thunder-and-lightning theme 
had also come across in many drawings of ‘What energy looks 
like’ [18]. 

In general, the preference was also for displays which 
were disaggregated by appliance, or at least by ‘function 
groups’ of appliances, since this would enable actual 
behavioural responses, in terms of understanding where energy 
was being used, and then doing something about it. Similarly, 
the preference was for real-time displays rather than solely 
summaries, although these can also offer useful insights. 

There are echoes here of early work in calm technology 
and ubiquitous computing, such as Natalie Jeremijenko’s Live 
Wire (Dangling String) [22], or Anders Ernevi et al’s Erratic 
Radio [23], in which the ‘display’ fits with the existing daily 
visual landscape and soundscapes of the office (or home). 
Sonification of energy use along these lines could enable 
ambient comprehension of energy use with multiple appliances, 
including pattern recognition and state changes [9]. 

Relating sound to energy use is not unknown. In explicit 
data sonification, Opower’s ‘Chicago in the Wintertime’ [24] 
turns the city’s residential electricity use over winter 2012-13 
into piece of music; less directly, Foster et al’s ‘Power Ballads’ 
[25] made use of aversive feedback based around popular UK 
chart music, automatically posted to the user’s Facebook wall, 
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based on high levels of electricity use. As part of our Home 
Energy Hackday, RCA student Ted Hunt demonstrated his 
‘audio plug socket’, which uses a small MP3 player hidden 
within the socket to play provocative spoken word quotes 
around energy use and political issues such as fracking, when 
the socket is in use.  

2. INITIAL EXPERIMENT: SOUND OF THE OFFICE 

To explore energy sonification, we chose CurrentCost 
electricity monitors, as supplied to many utility customers in 
the UK, including some of our participating households. The 
CurrentCost ‘ecosystem’ includes a bridge connecting to a 
router and posting data to a website, and individual appliance 
monitors (IAMs) wirelessly connected to the base unit, enabling 
disaggregated data. CurrentCost has been used in a number of 
Internet of Things (IoT) academic studies [e.g. 26]. The system 
can also monitor gas use, if a household has a compatible meter.  

An initial energy sonification parameter-mapping 
experiment was carried out in a university office. Three 
CurrentCost IAMs monitored electricity use of a kettle, a laser 
printer, and a gang socket for a row of desks, sending data to 
the CurrentCost website from where it was exported as a CSV 
file. Data for 12 hours—from midnight on a Sunday to midday 
Monday—were scaled [27] and manually converted into a 
three-track 30-second MIDI file using csvmidi  and Aria 
Maestosa, with lower pitches representing higher power, and 
vice versa, and hourly drumbeat ‘ticks’ [21]. MIDI instruments 
represented appliances: a tenor sax is the kettle (up to 1.5kW in 
use); a synth brass is a Kyocera laser printer (background whine 
of 10W on standby, deepening to 300W-500W in use); and a 
polysynth is the gang socket, with laptops (15W-50W) plugged 
in during the day and a charger (1W) otherwise.  

As the audio starts, over the printer’s whine, the kettle 
comes on as a security guard makes himself a 1.00am cup of tea. 
Then, early in the morning, the cleaners used the kettle—twice 
quickly (reboiling?) and then once again. Suddenly, at 9.30am, 
as staff arrive, the kettle goes on, laptops are plugged in, the 
printer starts printing and the energetic hubbub of office life 
appears.  

The approach was conceptually similar to Hermann et al’s 
‘auditory weather forecasts’ [28]—a summary ‘gist’, presented 
after the fact. We have subsequently also found Matthew Bay 
Kenney’s conceptually similar (but much more elegant) work at 
Penn State on sonifying the energy use of six office appliances 
over 20 hours [29]. 

While summary sonification provided an interesting 
auditory display of multiple appliance power use over a 
period—and provoked discussion in the office over the routines 
of the security guard and cleaners, otherwise ‘invisible’ 
characters in office life, it was clear that for the household 
context as explored in the co-creation workshop, (near-)real-
time ‘closed loop’ feedback would offer many advantages. A 
family could use the sound to understand current power use, 
and change appliance use directly.  

3. POWERCHORD (BIRDSONG EDITION) 

To achieve near-real-time sonification of electricity use, it was 
decided to do processing locally rather than online. Building on 
others’ code [30] for extracting CurrentCost data output, we 
developed Powerchord, an Arduino-based system (Figs. 2, 3 
and 4) which parses the CurrentCost’s XML output every 6s, 
extracting the IAM power figures for individual appliances, and 
mapping these figures to ranges defined in code. Three IAMs 
are used, though the system could support up to nine. While the 
initial proof-of-principle prototype retained the CurrentCost 
device intact, the next version involved dismantling it and using 

Figure 1: Working prototype of Powerchord. 

Figure 2: Testing parsing of data from an intact 
CurrentCost, and triggering audio tracks. 

Figure 3: Sound of the Office audio file on 
SoundCloud: http://v.gd/officesound 
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only the parts which were needed (meaning that the LCD was 
removed, for example). 

Initially we worked with a GinSing synthesizer shield for 
the Arduino, producing different tones (with various effects) 
mapped to power ranges, but, lacking experience in 
composition and sound design, the results we were able to 
produce were aesthetically unattractive to say the least. 

We decided instead to build on the idea from our co-
creation work with householders around fitting into the existing 
daily soundscapes of the home—something more like the tick 
of a clock, or the sound of distant church bells, ‘repurposing’ 
them with extra energy information. This meant that recordings 
of these sounds, suitably modified, and triggered in appropriate 
circumstances, could be used, rather than tones being generated 
in real-time. As such, we linked the Arduino to a Robertsonics 
WAV Trigger, enabling polyphonic playback for multiple audio 
files simultaneously.  

Power ranges were defined to match the typical ranges 
found in household appliances, from <10W for trickle charging, 
to >2kW for electric heaters. For each power range, for each 
appliance, the WAV Trigger plays a particular audio track 
stored on a memory card, and looped until the power range 
changes. Lower ranges can be set not to result in any sound; the 
prototype has both a loudspeaker and a headphone socket.  

3.1. The affordances of birdsong 

For the sounds themselves, the affordances and associations of 
birdsong and bird calls were identified as fitting the model of 
daily soundscapes, such that rather than being part of the 
“increasing clutter of beeps and bleeps” [9] of feedback people 

experience from the electronic devices around them, a natural, 
largely non-intrusive ambient set of sounds could serve to 
signify energy usage information.  

On a somewhat reductionist level, the fact that we hear 
birds calling and singing every day—and notice when they are 
abnormally loud or agitated—yet are usually unable to 
understand what the sounds ‘mean’, suggests that birdsong 
represents an opportunity for this ‘unused auditory bandwidth’ 
to be exploited as a channel for information. More poetically, 
the subjective beauty of most bird vocalisation, such that even 
birds’ alarm calls are usually considered pleasant (and very 
unlike the alarm sounds generated by most electronic devices), 
offers a different quality of experience to direct tone-mapped 
sonification. Connecting people better to the wider, complex 
systems around them, in which their behaviour plays a part—
such as energy use—suggests that ‘natural’ metaphors may be 
particularly relevant [18]. One might equally imagine the sound 
of a river, waterfall, or the sea, or wind in the trees, as being 
appropriate in this context, or indeed other weather-based sound 
collections, such as taking further the thunder-and-lightning 
theme arising from householders’ suggestions.        

We selected common garden birds whose calls and song 
would likely already be familiar and potentially part of 
householders’ daily soundscapes—blackbirds and house 
sparrows—and also, as a counterpoint, the distinctive calls of 
herring gulls, which potentially evoke seaside memories, but 
which are not ‘tranquil’ in the same way.  

Using Xeno-Canto, a worldwide Creative Commons- 
licensed database of bird vocalisations, a number of clips of 
calls and song of blackbirds, house sparrows and herring gulls 
were edited in Audacity, such that that different intensities of 

Figure 4: The components of the prototype Powerchord system, with three example appliances.  
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call and song (number of birds, agitation level) could map to 
the power ranges, with different birds for each appliance (e.g. 
herring gulls for an electric kettle, since it is used intermittently 
rather than continuously, and the startling sound of the gulls is 
aligned with the sudden change in household energy use that 
switching on a kettle normally entails). A video is available—
http://v.gd/powerchord 

3.2. Testing  

This paper reports on work very much in progress: at the time 
of writing, the prototype Powerchord, with blackbird, house 
sparrow and herring gull sounds loaded on its memory card, is 
currently being trialled in one of the authors’ homes, to 
understand how, in practice, it might be used in everyday life, 
and to refine the design in the light of this—essentially, is it 
something a family can live with? 

Questions under consideration include appropriate volume 
for the sound output, as well as what power levels ought to 
trigger particular outputs (should the ‘background’ electricity 
use of a house, such as the refrigerator, be monitored or ignored 
from the sonification perspective?), and whether they should do 
so continuously or only on edge triggers (e.g. at the point that 
the kettle or an electric heater is switched on, not all the time 
that it is switched on). Does the device lose its effect or its 
salience if it is continuously running?   

Powerchord will be on display at the Victoria & Albert 
Museum’s ‘Digital Weekend’ in September 2014, part of the 
London Design Festival, to garner further public reaction and 
suggestions, and improved prototypes will then be installed in 
three houses over autumn-winter 2014 which are also having 
their electricity use monitored separately, to understand how, in 
practice, householders with different lifestyles make use of 
Powerchord, whether their understanding of the energy system 
changes, and—although drawing on a very small sample size— 
whether it has any quantitative effect on electricity use through 
behaviour change. For example, if a 2kW electric fan heater 
results in the sound of a loud, angry group of herring gulls, 

while a smaller 400W heater leads to a subjectively more 
pleasant chattering of sparrows, does this make it more likely 
that a householder will choose to use the 400W over the 2kW 
heater? 

The aim is to contribute, in an exploratory way, to energy 
use feedback work in the emerging ‘design for sustainable 
behaviour’ field, as outlined in section 1, through 
demonstrating the possibilities of sonification and non-visual 
feedback.  

In terms of future research questions, if it is possible to 
develop Powerchord to the stage of being a relatively reliable 
platform for triggering particular sound files, polyphonically, in 
response to electricity (or gas) usage levels, in near-real-time, 
there are a number of possible avenues to explore, including 
linking sound to the load on the electricity grid (particularly 
where this may lead to different pricing per unit), applications 
in local or community microgrids where generation as well as 
consumption (and the balance between them) comes into 
consideration, and, as mentioned earlier, cases where edge 
triggers could be useful, e.g. to signal when a heating system 
thermostat switches a boiler on or off. We look forward to 
being able to report on future research on the project website, 
http://suslab.rca.ac.uk  
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ABSTRACT 

This paper looks at the problem of using sonification to enable 
network administrators to maintaining situational awareness 
about their network environment. Network environments 
generate a lot of data and the need for continuous monitoring 
means that sonification systems must be designed in such a way 
as to maximise acceptance while minimising annoyance and 
listener fatigue. It will be argued that solutions based on the 
concept of the soundscape offer an ecological advantage over 
other sonification designs.  

1. INTRODUCTION 

In military circles there is debate about whether cyberspace has 
become the fifth warfighting domain (the others being sea, land, 
air, and space) [1]. Computer networks are increasingly coming 
under strain both from adversarial attacks (warfighting in 
military parlance) and from load and traffic pressures (e.g., 
increased demand on web services). Another term that has 
made its way from the military lexicon into the wider world of 
network administration is situational awareness. Endsley [2, p. 
36] defined situational awareness (SA) as the 

…perception of elements in the environment within a 
volume of time and space, the comprehension of their 
meaning, and the projection of their status in the near 
future. 
So, SA facilitates an administrator in becoming aware of a 

network's current state. The perception phase of SA comprises 
the recognition of situational events and their subsequent 
identification. Sonification is a process of computational 
perceptualisation which Vickers [3] suggested is well suited to 
the monitoring of time-dependent processes and phenomena 
such as computer networks. Vickers, Laing, and Fairfax [4] 
proposed a soundscape-based method for sonifying 
computationally-derived properties of network traffic in order 
to monitor in real time the stresses being experienced by a 
network. Initial results were promising but an important design 
challenge involving design aesthetics remains to be addressed.  

2. THE CYBER ENVIRONMENT 

It has been noted that there is debate in military circles about 
whether cyberspace has become the fifth warfighting domain 

(following land, sea, air, and space). The central focus of debate 
is the cyber environment (sometimes known as cyberspace) is a 
discrete area of operations or whether it is a more pervasive 
concept that runs through all of the other domains. While land, 
sea, air, and space are physically distinct and are defined by 
similar criteria, cyberspace is defined in a different way, 
existing on an electronic plane rather than a physical and 
chemical one. Some argue that cyberspace is merely a common 
component of the four other domains rather than a discrete 
domain of its own. Indeed, it is easy to see how cyber 
operations can play a significant role in land, sea, air or space 
warfare, due to the technology employed in each of these 
domains [1]. 

This distinction depends on the way that the various 
domains are defined. If our definitions are underpinned by a 
purely physical paradigm, then it is arguable that cyberspace is 
a very different type of context to the traditional warfighting 
domains. If, however, our definitions are based on an 
operational paradigm, then the distinction is less clear. It is 
possible to conduct entire operations in the cyber environment, 
made possible by the interconnected nature of the Internet and 
associated infrastructures. In the same way, it is common to 
have joint operations operating across multiple domains, 
including the cyber environment, and the cyber environment 
isn’t restricted to military warfighting scenarios. 
Though operations in cyberspace are complex, they can be 
simplified, to some extent, by the cyber operations spectrum. 
This divides cyber operations into 3 areas [1]:  

¥ Defence: Defensive operations take up approximately 
80% of cyber activity. This constitutes the work that 
is (or should be) undertaken by all individuals or 
organisations. It ranges from simple protection of 
individual personal equipment to complex security 
management architectures. 

¥ Exploitation: Exploitation is covert activity 
conducted within an adversaries area of operations. 
This is generally invisible to the defender (unless 
compromised by the defender). Exploitation 
operations range from preparatory activity conducted 
to enable future activity to protracted information 
farming operations which are designed to generate 
intelligence over a protracted period of time. 

¥ Attack: The overt phase when effect is brought to 
bear on a target. There are a wide range of exploits 
and strategies associated with this phase. It should be 
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noted that a visible attack may well have been 
preceded by invisible exploitation operations. 

A knowledge of where current operations lie within the 
cyber spectrum is critical to a clear understanding of the cyber 
environment. It is also helpful to view the actions of adversaries 
in this context in order to try to understand the adversarial plan 
and predict their likely future actions. 

Traditional protective strategies were often based on the 
defence of boundaries and perimeters. Whether defended by 
technology or, in some cases, complete air gaps, boundary 
based defence was initially effective until attackers found ways 
to achieve a breach, whether by compromising vulnerable 
technology or bridging air gaps, as could be seen, for example, 
in the Stuxnet attack on the Iranian nuclear processing facility. 
This boundary-based model is increasingly seen as flawed due 
to the enormous complexity and granularity of the cyber 
environment. Increasingly, defensive architectures are seen to 
be resilient matrices of multiple defensive components. It is no 
longer credible for organisations to assume that they are 
completely safe. The sensible security strategy now focuses on 
raising the bar to reduce the likelihood of a successful attack, 
but to assume that a proportion of attacks will be successful, but 
to have the mechanisms in place to identify and manage these 
events when they occur. Organisations must also ensure that 
operational architectures are sufficiently resilient to enable 
them to continue to operate whilst ‘under fire’ and to be able to 
accept known levels of attrition. This has resulted in a subtle 
but tangible shift from purely protective postures to proactive 
intelligence management within organisations.  

In many cases, the compromise of technology is achieved 
indirectly. This often involves the compromise of people. A 
wide range of social engineering attacks are employed in order 
to compromise technology using traditional human weaknesses, 
including greed, curiosity, insecurity and ignorance. The 
dependence of cyberspace on people also extends the scope of 
compromise from direct attacks on target systems, to indirect 
targeting of social, economic, commercial and financial 
architectures. The traditional ‘high threat club’ (those 
organisations who are known to represent high value targets to 
attackers) are no longer the only organisations with a 
requirement for active and dynamic information security 
infrastructures. Information security is now a critical aspect of 
corporate governance across the organisational spectrum. 

An important driver for the cyber environment is that it 
effectively becomes an asymmetric enabler. Cyber operations 
provide a viable attack vector for small nations or influence 
groups that enables them to directly engage even the largest 
power bases (military or otherwise) worldwide. One of the 
effects of the advent of the cyber environment has been to 
remove much of what von Clausewitz (1873) termed the 
friction of war. This is exacerbated by the fact that tempo 
changes are possible, where operations can move rapidly from 
slow, covert activity to high intensity attack activity with little 
physical impact.  

History has shown that an ability to switch tempo in battle 
has enormous value in its ability to unhinge adversaries and to 
compromise their will and ability to fight. This is one of the 
characteristics that lies at the heart of the ‘manoeuverist’ 
doctrine that underpins much of the 20th century warfighting 
doctrine. Manoeuver warfare is a potentially complex doctrine 

which is built on simple principles which shape the chosen 
battlefield through knowledge, understanding and agility. The 
British Army describes the manoeuverist approach as follows 
[5]: 

This is an indirect approach which emphasises 
understanding and targeting the conceptual and moral 
components of an adversary’s fighting power as well 
as attacking the physical component. Influencing 
perceptions and breaking or protecting cohesion and 
will are essential. The approach involves using and 
threatening to use force in combinations of violent and 
non-violent means. It concentrates on seizing the 
initiative and applying strength against weakness and 
vulnerability, while protecting the same on our own 
side. The contemporary Manoeuvrist Approach 
requires a certain attitude of mind, practical 
knowledge and a philosophy of command that 
promotes initiative. (Chapter 5) 

The cyber environment provides an additional dimension within 
which agility can be achieved, and initiative seized. It is, 
perhaps, instructive that the practical application of the 
manoeuverist approach is broken down into the following 
components: 

¥ Understanding the situation: using information, 
intelligence and intuition coupled with a sound 
understanding of objectives and desired outcomes. 

¥ Influencing perceptions: planning, gaining and 
maintaining influence, and the management of key 
stakeholders. 

¥ Seizing and holding the initiative: Ensuring that we 
hold the ability to dictate the course of events, 
through competitive advantage, awareness and 
anticipation. 

¥ Breaking cohesion and will in our adversaries: 
Preventing our adversaries from being able to co-
ordinate actions effectively, and compromise their 
determination to persist. 

¥ Protecting cohesion and will in ourselves and our 
allies: Enabling our own freedom of action and 
ability to co-ordinate our resources, ensuring that we 
retain the will and coherence to operate. 

¥ Enhancing and evolving the approach through 
innovation: The approach is enhanced through 
simplicity, flexibility, tempo, momentum and 
simultaneity. 

All of these components are areas where cyber operations 
can play a significant part both for the attacker and the 
defender. In military terms, cyber may be seen as a force 
multiplier, increasing the effect of existing operational 
capability. There is, however, another side, in that these 
principles and components can be applied to operations in the 
cyber environment and, if applied with flexibility, can provide 
structure to planning. 

Cyberspace is characterised, amongst many things, by a 
lack of natural visibility and tangibility. Humans have sense-
based defensive postures. Sight, smell, feel and sound underpin 
our innate defensive posture. The challenge of cyberspace is 
that none of these senses, the core of our sensory toolkits, are 
effective in the cyber environment without technology and 
tools. It could be said that we have created an operating 
environment for which we do not yet have effective sensory 
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perception. We therefore become dependent on these tools, and 
the way in which they have been developed and configured. 
This inability to engage our senses in a native manner 
represents an opportunity for attackers and defenders. In this 
environment, clear understanding of the current state of the 
battlespace; situational awareness, becomes a battle winning 
factor. 

To return to the question — has cyber become the new 
battle space? — whilst the role of the cyber environment as a 
fully-fledged warfighting domain is open to sustained debate, it 
is very clear that the cyber environment is one in which it is 
possible to conduct a range of targeted operations. It is also 
clear that these operations may be conducted in isolation, or in 
conjunction with operations in the kinetic sphere (in any of the 
four principal warfighting domains.) 

However we eventually decide to classify this area, we 
must ensure that we are able to operate within it, at least as 
effectively as our adversaries are able to. As such, it would be 
prudent to consider it to be a battlespace, and a high tempo 
battlespace in which our native situational awareness is limited. 
It is also a battlespace in which our ability to maintain an agile, 
proactive posture is critical to our ability to gain and maintain 
the initiative. 

3. SITUATIONAL AWARENESS 

As outlined above, terms such as ‘battlespace’ and ‘attack’ have 
become common parlance when discussing the protection of 
information infrastructures from a wide range of cyber-based 
information operations, as has another term, ‘situational 
awareness’. The study of situational awareness has its roots in 
military theory [1]. Situational awareness has the goal of 
understanding the state of a particular scope and using that 
understanding to make decisions about how to proceed and 
respond to events. There are different models and frameworks 
for situational awareness in the computer networks field, but 
there is general agreement that at its core lie three levels of 
awareness (see Endsley [2]): 

1. Perception: becoming aware of situational events; 
2. Comprehension: interpreting what is happening to 

form a situational understanding of the events; 
3. Projection (i.e., prediction): using the understanding 

to inform what actions (if any) should be taken to 
control the network. 

When discussing the manoeuverist approach above, we 
noted that in order to gain and maintain the initiative in a 
particular area of operations, the first step or component was to 
achieve an understanding of the area and activity within it. This 
clearly echoes Endsley’s model noting a perception and 
comprehension of information in order to enable projection; 
actions to seize the initiative in a particular situation [1]. 

Noting that the manoeuverist perspective on situational 
awareness developed within a kinetic warfighting context [5], it 
looks in even more detail at information operations, intelligence 
collection and collation as part of the process to convert 
perception to comprehension and projection. This is directly 
relevant to the information space and implies a degree of 
planning and direction through the acquisition, analysis and 
dissemination of intelligence. In many contexts, analysis is 
intuitive and organic, especially in the high tempo information 

space, however, we must acknowledge its role as an active part 
of the practical process. It is this transition from information to 
intelligence which takes us from Endsley’s Understanding 
Phase to the Projection Phase. 

Another practical perspective comes from John Boyd. 
Whilst Endsley’s model is useful for understanding the levels of 
situational awareness, an example from the kinetic sphere 
readily illustrates how it adds value in a practical context. If we 
take a brief step into kinetic military doctrine, and view the 
computer incident response process in the context of Boyd’s 
OODA loop theory (see Angerman [6]), we find a useful model 
to review the practical relevance of situational awareness in a 
combat situation [1].  

John Boyd was commissioned by the US Department of 
Defense in 1976 to analyse why US pilots in Korea were so 
successful despite the fact that the opposing Chinese MiG–15 
aircraft were technically superior in many respects. His simple 
theory, which postulated that certain aspects of the US aircraft 
design enabled the pilots to react more quickly to the changing 
battle, has gained much traction since [1].  

Boyd theorised that combat pilots made decisions using a 
cycle comprising four steps: observe, orient, decide, act 
(OODA). In a contest between two opposing pilots the 
individual who could complete this cycle the quickest would 
have the advantage. Boyd suggested that the increased speed at 
which the US pilots could react and reorient themselves 
outweighed the technical superiority of the MiG–15 [1]. 

Refinements have since been made to Boyd’s OODA model 
and it is particularly pertinent in the context of cyber security 
and the defence of information networks. The information 
network environment is characterised by high tempo and 
granularity, coupled with low visibilty and tangibility. 
Administrators are therefore dependent on complex and 
granular data feeds for data about what is happening, and must 
often further translate this view into language that can be 
understood by decision makers. The use of tools can simplify 
this complex data picture, but each analysis layer introduces 
margin for error and adds Clausewitzian friction. Added to this 
are the practical limitations of our physical and intellectual 
physiology; it is practically impossible for most people to sit 
watching complex visual data feeds concurrently with other 
activity without quickly losing effectiveness [1]. 

Network administrators require a real-time monitoring tool 
to facilitate the acquisition and maintenance of situational 
awareness. Such a tool would assist with: 

¥ Maintenance of security. 
¥ Awareness of anomalous events (e.g., attacks). 
¥ Maintenance of network health through monitoring 

and tuning. 

4. SONIFICATION FOR NETWORK MONITORING 

Much work has been done in applying information visualisation 
techniques to network data for facilitating situational awareness 
(e.g., see Jajodia et al. [7] for a recent overview). However, a 
particularly striking feature of the three-level model is that the 
first two levels — perception and comprehension — correspond 
directly with Pierre Schaeffer’s two basic modes of musical 
listening, ´ecouter (hearing, the auditory equivalent of 
perception) and entendre (literally ‘understanding’, the 
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equivalent of comprehension). Schaeffer was writing within a 
musical arts context but Vickers [8] demonstrated how these 
modes are applicable to sonification. 

Sonification is a branch of auditory display, a family of 
representational techniques in which non-speech audio is used 
to convey information. Here, data relations are mapped to 
features of an acoustic signal which is then used by the listener 
to interpret the data. Sonification has been used for many 
different types of data analysis (see Hermann, Hunt, and 
Neuhoff [9] for a broad and recent treatment of the field) but 
one for which it seems particularly well suited is live 
monitoring, as would be required in situational awareness 
applications. The approach described in this chapter provides 
one way of addressing the challenges outlined above by 
enabling operators to monitor infrastructures concurrently with 
other tasks using additional senses. This increases the available 
bandwidth of operators without overloading individual 
cognitive functions, and provides a fast and elegant route to 
practical situational awareness using multiple senses and an 
increased range of cognitive ability. 

Situational awareness requires intelligence to be provided 
in real time. A major challenge with live real-time network 
monitoring is that, with the exception of alarms for discrete 
events, the administrator needs to attend to the console screen 
to see what is happening. Spotting changing or emerging 
patterns in traffic flow would need long-term attention to be 
focused on the display. Therefore, sonification has been 
proposed as a means of providing situational awareness. 

Monitoring tasks can be categorised as direct, peripheral, or 
serendipitous-peripheral: 

In a direct monitoring task we are directly engaged 
with the system being monitored and our attention is 
focused on the system as we take note of its state. [3, p. 
455] 
A system to sonify network traffic, on the other hand, 

would allow monitoring in a peripheral mode. Here,  
… our primary focus is elsewhere, our attention being 
diverted to the monitored system either on our own 
volition at intervals by scanning the system … or 
through being interrupted by an exceptional event 
signalled by the system itself. [3, p. 455] 
Hence, the monitoring becomes a secondary task for the 

operator who can carry on with some other primary activity. 
Serendipitous-peripheral is like peripheral monitoring except 
that the information gained “is useful and appreciated but not 
strictly required or vital either to the task in hand or the overall 
goal” [3, p. 456]. Thus, a system to sonify network traffic may 
allow us to monitor the network in a peripheral mode, the 
monitoring becoming a secondary task for the operator who can 
carry on with some other primary activity. Network traffic is a 
prime candidate for sonification as it comprises series of 
temporally-related data which may be mapped naturally to 
sound, a temporal medium [3]. 

Gilfix and Crouch’s PEEP system [10] is an early network 
sonification example but Ballora et al. [11]–[13] developed the 
idea to address situational awareness. Using an auditory model 
of the network packet space they produced a “nuanced 
soundscape in which unexpected patterns can emerge for 
experienced listeners”. Their approach used the five-level JDL 
fusion model which is concerned with integrating multiple data 

streams such that situational awareness is enhanced (see Blasch 
and Plano [14]. However, Ballora et al. [11] noted that the high 
data speeds and volumes associated with computer networks 
can lead to unmanageable cognitive loads. They concluded: 

The combination of the text-based format commonly 
used in cyber security systems coupled with the high 
false alert rates can lead to analysts being 
overwhelmed and unable to ferret out real intrusions 
and attacks from the deluge of information. The Level 
5 fusion process indicates that the HCI interface 
should provide access to and human control at each 
level of the fusion process, but the question is how to 
do so without overwhelming the analyst with the 
details. 
Kimoto and Ohno [15] developed a network sonification 

system called ‘Stetho’ which uses the network traffic as source 
of sound, based on assumption that the sound will be useful for 
the network administrator. The music generated by Stetho 
should be comfortable as music so that changes in network 
status and exceptional events should be immediately noticeable. 
Stetho reads commands from the tcpdump packet analyser, then 
checks and matches them to generate corresponding MIDI 
events (see http://www.tcpdump.org). 

InteNtion (Interactive Network Sonification) is a project 
targeted at mapping network activity to musical aesthetic. The 
SharpPCap library is used to analyse the network traffic. The 
resultant data are then transformed into MIDI messages and 
sent to synthesisers to generate dynamically mixed sounds [16]. 

Wolf and Fiebrink [17] designed the SonNet system to help 
users (artists or people have an interest in network traffic 
information) to easily access network traffic through a simple 
coding interface without requiring knowledge of Internet 
protocols. SonNet acts as packet-sniffing tool and network 
connection state analyser. It includes an object from the  ChucK 
concurrent music programming language that can be used to 
generate the required audio (see http://chuck.cs.princeton.edu). 

Users typically employ third party packet sniffing 
applications or libraries such as Wireshark, Tcpdump, or 
Carnivore. Users have to write code to adjust these tools in 
order send the network information to a sonic environment in 
real time. SonNet shortens the process of creating sonifications 
from network data. With SonNet users do not need to write 
code to access networking data or write code to track network 
state information from packet data. SonNet organises the 
network data into three levels of abstraction: 1) raw packet data, 
2) single packet analysis, and 3) accumulated packet analysis 
[17]. The first level deals with the raw information contained in 
network packets. By analysing source and destination IP 
addresses and port numbers level 2 deals with determining the 
direction of a packet’s travel (in or out of the gateway) plus the 
elapsed time since the previous packet. Level 3 is an 
aggregation of this analysis and also computes the packet rate 
over a user-defined time period and the running average packet 
rate. Thus, the three levels provide different views of the packet 
data. 

5. SONIFICATION WITH SOUNDSCAPES 

A major challenge for sonification designers continues to be 
that their work is often perceived as annoying, fatiguing, or 
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both. Whilst annoying and fatiguing sonifications might be 
tolerable for short tasks, for monitoring tasks (especially those 
in which situational awareness is the goal) something better is 
needed. In these situations the environment is unlikely to be a 
controlled scientific laboratory in which extraneous noises can 
be removed. For the network administrator, especially one 
trying to attain situational awareness in a stressful situation 
such as a cyber attack, the working environment will be 
sonically uncontrolled. Here sonifications are needed that are 
not only not annoying or fatiguing but which complement the 
existing sonic environment.  

Vickers, Laing, and Fairfax [4] demonstrated their Self-
Organised Criticality Sonification System (SOCS) that sonifies 
meta properties of network traffic data using a soundscape 
approach (see Fig. 1). The concept of soundscape was 
introduced by Schafer [18] and is one form of sonic 
organisation which can be applied to the sonification of a 
network environment. Pijanowski et al. [19, p. 203] observed 
that sounds 

… are a perpetual and dynamic property of all 
landscapes. The sounds of vocalizing and stridulating 
animals and the non-biological sounds of running 
water and rustling wind emanate from natural 
landscapes. Urban landscapes, in contrast, are 
dominated by human-produced sounds radiating from 
a variety of sources, such as machines, sirens, and the 
friction of tires rotating on pavement. 
A soundscape ecology what is formed by the sounds and 

spatial temporal patterns as they are created by a landscape’s 
environment [19]. Ecology is studying the relationship between 
(individuals and communities) within their living environment. 
Therefore, soundscape ecology is studying the effects of the 
acoustic environment created by those living with in it due to 
their responses and behavioural characteristics. The impetus 
behind it is to recognise imbalances which may have unhealthy 
or malicious effects.  

In principle, a well designed sonification soundscape will 
either fit in with the existing environment or will sit alongside it 
in a complementary manner. We are already used to dealing 
with everyday background sound and quickly deciding what 
sounds need attending to and what sounds can be pushed to the 
attentional background. A soundscape offers the sonification 
designer the potential to leverage this innate information 
processing capacity in such a way that important changes in the 
cyber environment become salient in the soundscape. 

There have been some notable recent advances in taxonomy 
for sonification and its relationship to listening (see Tuuri and 
Eerola [21], Vickers [8], Grond and Herman [22], and 
Filimowicz [23]). Typically, using Schaeffer's quatre écoutes 
and Chion's causal and semantic listening [24] as a starting 
point, sonification listening categorisations have been put 
forward as tools to help in the exploration and understanding of 
the interactions between a listener and a sonification. For 
example, Vickers [8] extended Shaeffer's scheme by adding 
further four listening modes that pertain to sonification. Tuuri 
and Eerola [21] proposed an alternative three-level taxonomy 
with eight listening modes. Bringing together these taxonomical 
accounts and the ecological approach of the soundscape offers 
the potential to design sonifications that are effective 
communication channels at the same time as being 

environmentally compatible and less fatiguing (what Adams et 
al. [20] might call a ‘sustainable soundscape’). In the study of 
natural soundscapes Pijanowski et al. state that research “is 
needed on how natural sounds influence the development of 
individuals’ sense of place, place attachment, and connection to 
nature” [19, p. 209]. Likewise, sonification research will need 
to explore how soundscape sonification influences the listener’s 
development of a sense of the information space and their own 
place within it.    

 

Figure 1: Screen shot of the Self-Organised Criticality 
Sonification System [4]. Section A receives network 
traffic from a capture script. Section B shows the voice 
definitions to which each traffic variable is mapped. 
Section C mixes the audio streams into a stereo feed. 
Section D is a combined plot of the variables being 
monitored. 

6. Conclusion 

Twenty years ago, Kramer called for collaboration between 
sonification designers and composers [25]. Despite a few 
notable exceptions the sonification community seems to have 
been unwilling or unable to enter into such collaborations (and 
often with justifiable reticence, for example, see Bovermann, 
Rohruber, and de Campo [26, p. 240]). However, recently there 
has been an increasing interest in exploring the aesthetic aspects 
of sonification (e.g., see Schedel and Worrall’s editorial [27]) 
and the definitional boundary between sonification and music 
continues to be pushed by sonification designers and composers 
alike [28]. We now see designers on the one hand who are 
thinking seriously about the role of aesthetics in sonification 
design and composers on the other hand who are increasingly 
interested in using data and sonification schemata in their own 
aesthetic practice.  
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It is the goal of our present research to produce a real-time 
network monitoring system using a soundscape based 
interactive sonification to enhance situational awareness for 
network administrators. Such a system will enable them to 
monitor network activities while performing other 
administration tasks in order to recognise and identify any 
patterns of sound that indicate misuse or malicious activity to 
achieve real-time intelligence about a network environment. 
The initial SOCS prototype [4] serves as an initial proof of 
design concept. The next stage will bring together our work on 
situational awareness [1] and a more formal soundscape 
approach in a new tool. It is intended to experiment with a 
range of different naturalistic and artificial soundscapes (e.g., 
forest, city, sound effects) to see which works best in 
supporting situational awareness. Modern networks generate a 
lot of data and it is hoped that a soundscape approach will offer 
an environmentally complementary solution that is acceptable 
to users and which minimises annoyance and fatigue. 
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4-channel sonification of EEG -data  
 
Tilo Schmalenberg, Berlin (Germany) 
 
My ambition with this artistic approach is to show the room of the brain with the cerebral 
processes as a room of sounds. In other words, t s thinking. 
 
The EEG-data has been read approx. every 5th number resulting in broken line of data which 
is better for musical reasons in order to have bigger intervals than smaller steps or glissandi. 
Although as a lot of data is eliminated the shape of the graph from the data and the resulting 
"melody" becomes clearer. 
 
Each channel of the EEG-headset has its own representation as a channel in sound. The 
forehead channels have more higher frequencies and the occipitals more lower frequencies.  
The stereo panorama also depends on the channel points of the headset as well. 
 
The raw data sounds are made only of sinusoidal waves. The resulting accords demonstrate 
clearly the interrelation of the brain areals. When the accords are changing it often seems to 
be in a 3/8 rhythm and the brain seams to dance. Higher brain activities are more melodic or 
sound as a sudden higher sustained note. The left hemisphere sounds are much lower 
frequencies. 
 

represented by more vibrant sound, the drone stands for 
 

 
This 2-minute piece is a cut-out of the time section from 13:52:30 to 13:54:30 with 
unchanged tempo. The piece starts with the emotion-sounds then at 0:30 the raw data is 

natural based  sound. At 1:30 gradually both sound-sections are mixed 
together. 
 
Tilo Schmalenberg  
  



BrainWaves.  
 
By Dimitris Maronidis [Ph.D] 
 
 
The piece was composed by elaborating EMOTIV data retrieved from soniHED 
website. I used the Engagement  field to control the onsets of the events. 
Meditation  data were used to control the durations and modulate the frequencies of 

the events (scaled to fit in two minutes and expanded to cover the auditory hearing 
range) whi controlled the amplitude envelopes of 
the sonic events.  Finally, Excitement control the Amplitude 
Modulation and some aspects of spatial distribution. 
 
I was imagining the encephalic signals, traveling across the human brain, as 
imaginary musical strings vibrated by stimuli of the real world (as if the brain would 
be a musical instrument itself). 
 
The piece was implemented in OpenMusic (IRCAM) and Cmix (Princeton 
University) programming languages. Special patches/algorithms were developed to 
make the sonification of the data possible and meaningful. The process was 
completed after many experim  
 
Dimitris Maronidis [Ph.D] 
Composer 
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