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AN ALTERNATIVE IMPLEMENTATION OF VBAP
WITH GRAPHICAL INTERFACE FOR SOUND MOTION DESIGN
Hongchan Choi
Stanford University
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660 Lomita Dr, Stanford, California, USA
hongchan@ccrma.stanford.edu
ABSTRACT

• integration with conventional graphic libraries, such as
openGL and 3D vector calculation,
• a mapping paradigm that integrates well with data visualizations,
• an intuitive means of positioning and moving sound in virtual 3D space.

An implementation of vector-based amplitude panning (VBAP)
for spatial display of sonified data is presented. The proposed
method offers an implicit conversion from Spherical to Cartesian
coordinates thus being particularly well suited for auditory display. Two techniques from computer graphics are adapted in order
to predefine an optimum set of speaker triplets and perform the
amplitude panning in real-time. Furthermore, the consideration of
time delay from a virtual sound source to actual speakers is incorporated. Due to the geometrical nature of this procedure, the
resulting system can be easily visualized by the graphic library
OpenGL. Using this library I provide users with an intuitive control interface. A prototype is demonstrated that enables a user to
compose a trajectory of sound in three dimensional space.

We describe Implementation of two algorithms adapted from
3D graphics, Quickhull [4] and Ray-Triangle intersection [5] following a description of Field 8 a multi-touch interface for 2D panning.
1.2. Field 8, a multi-touch interface for 2D panning based on
DBAP
Field 8 is a control user interface designed for distance based amplitude panning (DBAP) [6]. It provides an intuitive control interface on a multi-touch screen implemented on the iPad . Unlike other user interfaces of sound spatialization for VBAP or Ambisonics [7], the real-time user interaction and the rich visual feedback are focal points of the interface that allows users to draw
multiple paths of sound motion with up to eight fingers. The sitespecific prototype design for the CCRMA listening room [8], encompassing the user interface on iPad and a spatialization server
built with ChucK audio programming language [9],provided a
suitable environment to explore the sonic space in a 2D plane created by 8 speakers at ear level. The prototype has been successfully
used in various performance contexts and compositions. Field 8 is
also useful for exploration and rapid design of appropriate scaling
and mapping methods for auditory display. Expanding this potential to 3D auditory display using more than 8 speakers is clearly
the next step.

1. MOTIVATION
1.1. VBAP: Vector-Based Amplitude Panning
Vector-based amplitude panning (VBAP) [1] is one of several nonstandard methods used to render virtual sound sources in 3D sound
field using multiple speakers. VBAP is distinct in its clustering
of adjacent speakers into triplets in which individual gain factors
are calculated for each speaker in order to translate the sound into
perceptually compelling spatial auditory cues.
The conventional VBAP method includes the following steps:
a) Define speaker triplets.
b) Position a virtual sound source (a new vector P ) in the
space.
c) Select a triangle (a speaker triplet) intersected by a vector
between a sound source (P ) and the position of listener (L).
d) Calculate 3 gain factors from each speaker on the triplet.

1.3. Considering Efficiency and Usability

e) Interpolate gain factors from previous ones to new ones.

Adapting Field 8 to 3D space using more than 8 speakers presents
a number of logistical problems. The algorithm for DBAP should
be redesigned to update an arbitrary number of gain controllers
(in the site specific case cited here, 22 gain controllers) every few
milliseconds. Deploying multiple sound sources will multiply the
number of gain controllers. For example, a DBAP system requires
to update 176 gain factors for every sample when there are 8 sound
sources in motion. Furthermore, the system must calculate 176
distances between 3D points to get each gain factor meaning that
the process involves 176 square-root operations in every iteration.
A more efficient approach was needed to build a real-time spatialization system capable of handling multiple user interaction. The

f) Iterate through steps b - e as needed.
Although a few implementations of VBAP have been adapted
since the method’s introduction in 1997 [2] [3], the procedure described here substitutes steps a), c) and d) with techniques from
computer graphics. A novel approach emerges with a more intuitive visual interface and enhanced computational efficiency. The
prototype transforms a spherical system (ambisonics and VBAP)
into the Cartesian coordinate system, the one used by standard
graphic libraries. This transformation bears a number of significant advantages including:
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called Quickhull3D [4]. The convex hull of a set of points is the
smallest convex set that contains the points. The algorithm originated from the field of computer graphics and is widely used to
build a 3D mesh with a minimum set of triangles from an arbitrary
number of vertices. (See figure 2.)
The Quickhull algorithm is highly optimized, so inserting a
new vertex into the existing 3D mesh to build a new set of triangles on the fly is possible. Considering the largest speaker system
in the world is using less than 200 speakers and the Quickhull algorithm can handle more than 200 vertices in real-time fashion,
this algorithm is a viable way to triangulate speakers.
2.2. Phase 2: Ray-Triangle Intersection
The original VBAP algorithm calculates gain factors from a selected triplet by matrix operation. However, another method from
computer graphics can be deployed to get gain factors. The RayTriangle intersection algorithm [5] is a 3D vector operation to calculate not only intersection of a ray vector and a triangle, but also
the point of intersection. (See figure 3.)
If the position of a virtual sound source exists as a 3D point
in the space, than we can assume a vector from the point of origin to the point of the sound source. If the physical configuration
of speakers is a spherical mesh of triangulated speakers, the infinite extension of this vector intersects only one triangle (speaker
group). This is particularly useful for VBAP operation because the
Ray-Triangle intersection algorithm can infer an intersection point
on a triangle, and the distances between 3 speakers of the triangle
and this point can be calculated.

Figure 1: User interface of Field 8 and CCRMA listening room

VBAP concept of grouping three proximate speakers proved a viable option which achieved a decent level of interactivity.
To summarize, the motivation for this work is twofold: developing a new panning system that
• can move multiple sound sources in a highly efficient fashion, and
• enables the user to design sound motions in an intuitive and
expressive way.

2.3. Relative Loudness and Time Delay
The Ray-Triangle intersection algorithm yields useful parameters.
Rendering a realistic 3D auditory display is possible by using the
loudness ratio between 3 speakers as well as the time delay estimated from the distance between a sound source and the speakers.
Parameters from the algorithm are listed here ( see also Figure 4 ).

2. SYSTEM DESIGN
2.1. Phase 1: Triangulation of Speakers
The operation of VBAP includes two separate procedures; the first
phase is organizing the physical position of speakers in the space
[2]. This procedure obtains an optimum set of non-overlapping
speaker triplets(triangles), thus reducing the computational load by
dealing with only 3 speakers at any given moment to calculate the
panning. Unless the physical configuration of speakers is changed,
the first phase needs to be updated only once.
Triangulating contiguous speakers in 3D space can be done in
several different ways. Although the original source code uses triangulation [10] there was no specification in the original VBAP
algorithm and subsequent papers of how it was implemented. My
approach on this grouping task is to use a convex hull algorithm

a) A gain factor estimated from the distance between a sound
source and the listener: P-L (in figure 4-(a))
b) 3 loudness ratios from distances between 3 speakers and a
intersection point: S0-I, S1-I, S2-I (in figure 4-(b))
c) 3 delay times estimated from distances between 3 speakers
and a sound source: S0-P, S1-P, S2-P (in figure 4-(c))
The system yields gain factors for 3 speakers by summing all 3
distances and dividing each distance by the sum as described in b).
For example, when the intersection point moves to the exact same

Figure 2: Using Quickhull algorithm to triangulate speakers

Figure 3: Ray-Triangle Intersection algorithm to select a triplet
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3.1. Processing: Spatialization Engine and User Interface
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Processing is a visual programming language built for media arts
and the classroom setting. It is widely used for designing prototypes or creating visual arts. One of its benefits is a large set of
libraries that can be deployed with minimum effort. It is especially
helpful to visualize data structures for better understanding.
The prototype implements Processing mainly because it has a
nice library of vector calculation and a built-in OpenGL support.
It significantly cuts the development time. A visualization is inherently correlated with a graphical user interface; thus having a
compelling visualization is a clear advantage in terms of user control.
Since actual positions of speakers were initially in a spherical coordinate system, typical of a spatial audio setting, converting
them into Cartesian coordinate system was required. This can be
achieved when we understand that Zenith in a normal spherical
system and Elevation in spatial audio are two orthogonal descriptions a vertical angle. This conversion into a Cartesian system enables us to perform a vector operation, a great advantage in terms
of not only visualizing or animating what is happening, but also
calculating required values from geometry algorithms since standard graphic libraries are based on the Cartesian system.
The system reads the speaker position data, converts them into
Cartesian values, and then performs the quickHull3D algorithm to
get an optimum set of speaker triplets. Convex hulling is a type of
triangulation algorithm, that differs from the original triangulation
algorithm in VBAP. In my implementation, this step is done by
a library called newHull, a ported library from the original Java
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(c) distance from source
Figure 4: various relationships from intersecting algorithm
location as one of the 3 speakers, the gain factor for the speaker
becomes 1.0 reducing the gain factors of the other two speakers to
zero. In most cases, the intersection point moves from one triangle
to another by passing through their shared edge. When the intersection point is located precisely on the edge, the sum of relative
loudness of the two speakers on that edge will be 1.0. This will
ensure the seamless transition when the intersection point moves
across two triangles. This is partly similar with the DBAP method;
however, it differs in its use of 3 speakers at any given moment.
Also the distance between the listener and the sound source affects
the overall loudness of the sound.
The original implementation of VBAP lacks the notion of time
delay between a virtual sound source to selected speakers. Simply
by calculating distances between a sound source from speakers in a
selected group, the system can simulate time delay introducing the
subtle change of timbre that arises from phase differences. Such
concepts are integral to Wave field Synthesis.
Here we encounter a common obstacle in artificial spatialization methods: When the position of a virtual sound source is inside of a sound field the time delay of speakers will be a negative
value, which is impossible in the real world, causing ambiguity in
localization of the sound. Thus, this problem still remains in the
system.
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A prototype built with two programming languages, Processing
and ChucK, is demonstrated to test the feasibility and possible enhancements. Processing [11] functions as a core system that calculates the entire panning process and sends the result to ChucK
[12] via an OSC(OpenSound Control) [13] connection. The VBAP
object in ChucK renders a sound source in the space according to
the data from a speaker triplet delivered from Processing. In this
section, I describe design choices and details on implementation.
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Figure 6: Sptialization Engine in Processing
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implementation of quickHull3D.
The quickHull object in Processing is designed to produce a
set of vertices(speakers), face indices (triangles, speaker triplets).
As a next step, the Ray-Triangle intersection algorithm checks
all the triplets with a vector between the origin(listener) and a
sound source. (See figure 4 (a).) The function that contains The
Ray-Triangle intersection algorithm is the core of the whole system. It performs not only the essential visualization (lines between
selected speakers and a sound source) but also calculates all the
gain factors with delay times and sends OSC messages to the audio server. The OSC message consists of 3 parameters: an ID of
a speaker, a gain factor(zero to one), and a delay time in milliseconds.
Moving a mouse can control the position of sound source. The
camera will gradually follow the position of the sound source as it
moves. Unlike other conversions made in the system, the movement of the mouse in a 2D plane can be converted into a 2 angle
(Zenith, Azimuth) spherical coordinate system.

with 1440 OSC packets per second and occasionally encountered
a bandwidth problem.
This is a significant advantage when detaching the control interface into a wireless device such as an iPad allowing users to control positions of sound sources without sitting in front of a workstation. The OSC packet size is consistently 9 numbers regardless
of the number of speakers to be controlled and this consistency is
possible thanks to the pre-configuration process of VBAP.
The interpolation between successive gain factors is performed by the built-in features of the Envelope objects in ChucK.
The duration of interpolation is 16.7ms corresponding to the data
speed from Processing rendering a seamless transition from previous gain factors to next ones. Unit generators for delay(DelayA)
are interpolating delay times by default, so changing delay time
does not introduce discontinuity in samples.

3.2. ChucK: Multi-Channel Audio Server

The CCRMA listening room is an experimental 3D space with 22
speakers and near-anechoic acoustics. The default 3D panning
scheme is 3rd order Ambisonics (3v3h) that utilizes 16 channels
of encoded audio streams. The OpenMixer [15] is a highly flexible software mixer running on the workstation. It transforms these
encoded 16 streams into 22 audio channels routing the 22 speakers
distributed in a sphere around the listener. The panning operation
is accessible through a few experimental panners in Ardour [16],
PureData [17] and SuperCollider [18].
As previously discussed, the prototype is tuned for the setting
of the CCRMA listening room. However, it does not mean that
the speaker position data is hard-coded in the software. Unlike the
Ambisonics implementation, the new VBAP implementation performs triangulation on the fly from a text file with the positional
information (either Spherical or Cartesian format). Therefore, it
can be easily adapted to other venues without redesigning an encoder or a decoder.
The OpenMixer provides highly flexible audio input arrays including netJack [19] or JackTrip [20]. The ChucK audio server
running on the laptop (MacBook Pro with a dual core CPU at

4. THE CCRMA LISTENING ROOM:
SITE SPECIFIC SETUP

ChucK is a general-purpose programming language tailored for
computer music. [12] miniAudicle, the front-end of the ChucK
virtual machine, accelerated the prototype design process supporting concise programming and rapid experimentations. [14] A multichannel audio server is implemented in the ChucK language with
miniAudicle. This server features 22 channels of audio to represent one or multiple sound sources in this iteration of the prototype. As mentioned, this prototype was designed for the CCRMA
listening room. The site-specific details of this implementation are
described in the next section.
The OSC data stream is dispatched to a respective speaker by
the ID field. Note that the number of OSC packets is constantly 3
per speaker triplet and the Processing OSC sender will send these
9 numbers at every frame (about 16.7 milliseconds), 540 numbers
per second. This is 7.3 times better than sending OSC packets for
the entire set of 22 speakers with 3960 numbers for every second. For example, Field 8 was designed to control 8 speakers
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2.2Ghz) could transfer 22 audio streams through the netJack driver
without any problem.
5. CONCLUSION AND FUTURE WORK
In this study, I investigated a new VBAP implementation adopting two techniques from computer graphics to improve several aspects. The prototype presented the more intuitive and expressive
graphical control interface. The embedded transformation of coordinate system creates synergies by tapping computer graphics
libraries resulting in a highly responsive control interface.
However, the early implementation of the application has limitations. It does not have a sequencing feature yet, so it is not possible to record the trajectory of the sound. The system handles the
sound material as a sound entity, rather than under the framework
of ”audio track” like typical sequencers or digital audio workstations. As of now, this prototype features only real-time interaction.
Future goals include a more sophisticated graphical user interface for 3D panning. This interface will include wireless and
touchscreen devices for portability. To facilitate the calibration
of varying speaker setups, I foresee using computer vision or 3d
camera technology to quickly convey measurements to the system. Greater efficiency might be achieved if we integrate the panning operation into Chuck as a built-in unit generator. To mitigate
the challenges of diversified setups, we could have a standardized
method for notating speaker configurations. For example, the system could be calibrated for a given space by downloading an XML
file from the website.
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ABSTRACT

sounds, it ideally decreases by 6 dB with doubling of distance between the source and listener. For unfamiliar sound
sources, this cue is insufficient as it is confounded with the
level of the sound itself [7].
• Direct-to-reverberant energy ratio is also an important cue in
reflective and indoor environments. Mershon and King [8]
have shown that distance perception is greater in reverberant
environments compared to anechoic environment. Contrary
to intensity, reverberation can allow the listener to make an
absolute judgment of distance.
• If the listener has enough familiarity with the sound, the spectrum may convey distance cues as well. The spectral filtering,
especially effective for far distances (particularly in the upper part of the auditory range) is induced by the absorption
properties of the air and the eventual multiple reflections over
non-ideal surfaces, which help one to estimate the distance of
a sound source[9].
• For nearby sources, Brungart [10] has highlighted the importance of binaural differences in both intensity and time that
are no longer independent of radial distance, as they are for
far field planar waves. A study by Shinn-Cunningham et al.
[11], provides a detailed analysis of binaural cue variations
for nearby sound source location.

This article presents a concept of distance sound source sonification for virtual auditory displays in the context of the creation of
an assistive device for the visually impaired. In order to respond
to user needs, three sonification metaphors of distance based on
sound effects were designed. These metaphors can be applied to
any type of sound and thereby satisfy all aesthetic desires of users.
The paper describes the motivation to use this new type of sonification based on sound effects, and proposes guidelines for the creation of these three metaphors. It then presents a user evaluation
of these metaphors by 16 subjects through a near field sound localization experiment. The experiment included a simple binaural
rendering condition in order to compare and quantify the contribution of each metaphor on the distance perception.
1. INTRODUCTION
Thanks to the development of research in auditory display, the use
of sound as a means to convey information has considerably grown
over the past few decades. One of the most obvious applications is
the sensory substitution of visual information when it is not available. Visually impaired people have a variety of needs for nonvisual information. Accessing computer information, avoiding obstacles, finding a route or a desired inanimate object are examples
of tasks that can be challenging for them. Some of these problems
could be resolved by the use of auditory displays.
This study takes place within the context of the development
of an electronic device based on rapid object localization and auditory augmented reality for helping people with visual impairments
in near field guidance (hand reaching movement for grasping objects) [1]. This device combines a bio-inspired vision system able
to quickly recognize and locate objects [2] and a 3D sound rendering system [3] which will map a spatialized sound to the location
of the targeted object. Sound guidance will be provided through
binaural rendering, allowing a full exploitation of the human perceptual and cognitive capacity for spatial hearing.
Even though the basic mechanisms of directional sound localization are well documented and can be easily reproduced in virtual auditory display through binaural rendering [4], those allowing listeners to determine the distance of a sound source are less
understood. Literature on distance perception of sound sources
[5, 6] reports that humans significantly underestimate the distance
of far sources and overestimate the distance of near sources. They
report at least four auditory cues involved in the mechanisms of
distance auditory estimation:

Despite the multiplicity of distance perception cues, the synthesis of range information in auditory display still remain a major
issue and leads to poor quality results, especially for near field
sound sources.
In an attempt to provide a linear relationship between perceived and physical distance, Devallez et al. [12] modeled a virtual
listening environment consisting of a trapezoidal membrane with
specific absorptive properties at the boundaries. This approach
has been more recently extended by Fontana and Rocchesso [?]
who studied the effect of exaggerating the acoustic cue of the reverberation by placing a real sound source in a pipe. They also
demonstrated the possibility of creating flexible and virtual models for distance rendering with a simple physical system such as
the acoustic pipe [13].
In the context of near field guidance (for distances inferior to
1.5 meters), distance perception is quite limited compared to the
required precision. Instead of linearizing or exaggerating distance
acoustics cues, this study aims to explore the influence of adding
new acoustic cues for distance perception. It consists of representing distance cues instead of simulating them exactly. This can be
realized through the use of sonification techniques.
In [14], Kramer defined sonification as “the use of non-speech
audio to convey information or perceptual data”. Many studies

• In open space, intensity plays a major role with familiar
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have investigated methods of conversion from data to sound. The
Sonification Handbook [15] provides a good introduction to various methods. In this study, a parameter mapping sonification approach was used. This method consists in representing changes in
data dimension through an auditory variation [14, 16]. Most existing parameter mapping sonification applications use pitch, time,
loudness, or timbre as the principal mapping parameters applied
on sound synthesis. While the transfer function between sonified
data and sound synthesis parameters is very easy, one problem is
that the sounds produced can be unpleasant and irritating for daily
use.
In the past few years, despite the development of many sound
interfaces, aesthetic and user acceptance issues have been absent
from the scope of most research. Very few studies have investigated the customization of sound information by the user and its
impact on the effectiveness and efficiency of the system. In [17],
the authors worked on the aesthetics of sonification and found that
musical sounds were more pleasant and appropriate than natural
sounds. In [18], Brungart and Simpson describe the design of an
audio display that modified the acoustic properties of an arbitrary
audio input signal (e.g. pilot-selected music) to provide the pilot
with information about the altitude of the aircraft.
In this article, the concept of parameter mapping sonification
is extended to the use of any type of audio signal by mapping the
parameters to audio effects (these are then applied to the sound). In
this concept, the data no longer relies on the sound parameters but
on the audio effect parameters. This allows for the application of
the sonification metaphor to any type of sound while maintaining
coherency with the data displayed. Applying this concept, three
sound effect metaphors were created and initially evaluated with a
near-field localization test designed with laboratory sounds.

listener
sound source
image sources

(a)

(b)

Figure 1: (a) Sound path in a room. (b) 2D schematization of the
image-sources method. The simulated room is in blue, first order
reflections are located in green areas and second order reflections
are located in red areas. The listener is a green •, the source a red
•.
them from the natural ambient sounds, while others preferred decontextualized natural sounds (animal, sea, cave, or forest sounds)
or instrumental sounds. Regarding these results, it was not possible to find a general agreement on the types of sounds to use for the
design of a navigation aid. Instead, a decision was made to design
the sonification device using a customizable sound strategy.
2.1. Effect based sonification
To answer all of these constraints, distance sonification was designed as a digital audio effect applicable to the sound. With this
concept, the distance is mapped to one or several parameters of
the audio effect and the resulting sound pattern is thus distance
dependent. This method allows for the design of several distance
metaphors while leaving the user the possibility to customize the
actual sounds of the interface. Furthermore, it has the advantage
that once the metaphors are understood and learned, the user is
able to change the sounds without relearning the sonification mapping.
On the basis of this idea, three distance metaphors were developed. The first one consists of reproducing a natural perceptual
phenomena (sound reflection from walls), based on a simple room
acoustic simulation. The other two metaphors are symbolic. There
is no ecological link between the effect and the parameter represented. These metaphors are defined in the next section with the
chosen mapping corresponding to the experimental setup, detailed
in Sec. 3.

2. SOUND EFFECT METAPHORS
In the context of a commercial project, several constraints are imposed on the development of the prototype and therefore on the
distance sonification design. First of all, the use of binaural sound
display imposes the use of large spectrum sound samples (to increase HRTF cues perception) with sharp attacks (to improve ITD
perception). Then, the design of an accessible, aesthetically pleasing, and ergonomic device takes into account the end user’s needs
in terms of output user interface. These were evaluated using several questionnaires as well as a creativity session held with six
visually impaired participants (see [1] for further details). In general, the visually impaired panel did not favor the use of sound
as a method of guidance. In addition to the sound environmentmasking problem due to the use of headphones, they reported a
severe fatigue from the kind of sounds generally used (such as
beeps, noise, and tones) in interfaces, and to the excessive length
of messages in the case of text-to-speech based systems. As sound
information may interfere with natural auditory cues in the real
environment and cause supplementary cognitive load, the amount
of information provided should be minimal, presenting only what
is necessary and sufficient to aid the user. Presented messages
should be highly efficient and minimally intrusive. The level of
detail and display frequency of messages must be adjustable by
the user. The sounds must be short and different from urban environmental sounds. One of the most important results of these
investigations on user needs was the differing desires of system
sounds amongst potential users. Some users asked for electronic
sounds (such as video game sounds) in order to easily differentiate

2.2. Early Reflection (ER)
As explained in Sec. 1, several studies highlighted the improvement of distance perception using reverberation cues [8, 20]. In
[21], Begault showed the benefit of an artificial reverberation in a
virtual auditory display. The addition of room reverberation led to
better externalization and distance perception of the sound source,
but slightly decreased azimuth localization performance. From literature on distance perception of nearby sources, a hypothesis was
made that distance perception of sound sources in peripersonal
space is improved by early reflections [22].
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Figure 2: Representation of the sound resulting from the application of the three effect metaphors for two distances: top = 0.6 m,
bottom = 1.5 m; (Left) Impulse response of the Early Reflection effect metaphor. (Center) Geiger Counter effect metaphor applied to a
10 ms burst. (Right) Spectrogram of the sounds resulting from the Sliding Bandpass Filter effect metaphor applied to a 0.5 sec burst.
has now become a part of everyday life, used for several commercial applications. For example, it is used on some vehicle reversing/parking aids, which are intended to avoid collisions when
reversing a vehicle. As an obstacle comes closer, the warnings
become more strident and insistent.
To increase the perception of distance, this effect consists of
repeating the stimulus three times and varying the time interval
between each repetition as a function of distance. Thus, the closer
the target is, the faster the repetition.
This mapping was chosen so as to avoid any overlap of sounds
when the target is near the user, thus the variations were sufficiently noticeable. Time repetitions are therefore of 20 ms at 0.6 m
and of 320 ms at 1.5 m, the evolution between these two distances
is linear. The sound signal resulting from the application of this
metaphor to a 10 msec burst for two different distances (0.6 m and
1.5 m) is presented in Fig. 2 (center).

The concept of this metaphor is therefore to create an effect
based on the simulation of spatialized early reflection of second
order (ie, reflecting off of one or two walls, considering an omnidirectional sound source, see Fig. 1) for a given room. In order to improve distance perception through the increase of natural
audio cues with the simulation of room reverberation without decreasing the horizontal localization performances, a decision was
made to simulate only early reflections. The image-source simulation method was used to simulate the early reflections [23]. Each
reflection (called image-source) is a copy of the primary sound
source coming from a different location. It is attenuated as a function of distance and filtered according to the absorption characteristics of the walls it encounters. These reflections allow for spatial
information multiplication through the binaural spatialization of
each reflection in addition to the direct sound source.
For the experiment, early reflections are based on the acoustic response of a 5 × 5 × 3m3 room. The head of the listener is
placed at the center of this virtual room at a height of 1m40. 24
image-sources (6 first order reflections and 18 second order reflections) are necessary to simulate first and second order reflections.
Their positions are calculated in real-time. Each source is filtered
one or two times (depending on the number of walls encountered),
then delayed according to the difference between their trajectory
lengths and the trajectory of direct sound. In order to reduce computational time due to binaural rendering, the 24 sources are spatialized using a third order ambisonic method rendered over 12
virtual loudspeakers. These virtual loudspeakers surrounding the
subject are then spatialized with binaural synthesis at classic positions on a sphere (for more details, see [24, 25]). The resulting
binural signal is then mixed with the binauralized direct sound signal. Fig. 2 (left) represents the impulse response of this metaphor
effect for two different distances (0.6 m and 1.5 m).

2.4. Sliding Bandpass Filter (SBF)
Several studies have shown that the used of pitch in data sonification was easily understandable and efficient [26]. The idea of
this metaphor is to transpose this sonification concept to an audio
effect applicable to any type of sound.
This effect is created using a band-pass filter with a time sliding central frequency and a time varying bandwidth, such that so
the quality factor Q = ∆f /f remains constant (where ∆f is the
bandwidth and f the central frequency). The initial central frequency of the filter (at T=0 sec, beginning of the sound) is fixed to
200 Hz regardless to the distance. The final central frequency of
the filter (at T= sound length, end of the sound) increase proportionally with distance. With this effect, a noise burst will sound
as a noisy chirp with a higher final frequency depending on the
distance.
For the experiment, the quality factor was fixed to
Q = ∆f /f = 2, the final frequency was fixed to 1 kHz
for a target placed at 0.6 m and to 8 kHz for a target at 1.5 m.
The evolution of the final frequency according to the variation
of the distance is linear. Fig. 2 (right) represents the spectrogram of the sound resulting from this effect applied to a white
noise burst of 0.5 sec for two different distances (0.6 m and 1.5 m).

2.3. Geiger Counter (GC)
One of the first sonification applications was the Geiger counter,
invented by Hans Geiger in the early 1900’s. It consists of increasing the rate of a generated “beep” in proportion to the intensity of non-visible radiation. This well-known metaphor has been
successfully tested in a number of sonification applications, and
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3.3. KEMAR HRTF

(a)

The HRTF of a KEMAR mannequin was measured at IRCAM’s
anechoic chamber. In order to render all the localization test’s
positions, it was necessary to measure the HRTF over the entire
sphere. The set used contained measures from −90◦ to 90◦ in
elevation in steps of 5◦ , and from −180◦ to 180◦ in azimuth in
steps of 15◦ . These measures are more precise in elevation, otherwise they have the same characteristics as HRTFs of the LISTEN
database [28].
In order to improve the localization performances of the subject with the binaural rendering using this non-individual HRTF,
three adaptation sessions of 12 min were conducted according to
the method proposed by Parseihian and Katz [29]. Briefly, this
method consists of a training game allowing the subject to do a
quick exploration of the spatial map of the virtual rendering by
an auditory-kinesthetic process. These training sessions were performed three days in a row, twelve minutes per day, the last session
being immediately followed by the main experiment.

(b)

Figure 3: (a) Experimental setup. Small circles = sound source
positions (b) Timeline of the experiment.

3.4. Procedure

3. METHODS

The experiment was divided into four blocks of 80 trials, each
block lasting approximately 15 min. Each block corresponds to
a different distance metaphor condition. In order to evaluate the
improvement effect of each sonification metaphor, a block of trials
without sonification (i.e. only binaural rendering) served as a reference for localization performance. The four blocks are called:
control (for no sonification), geiger counter (GC), sliding bandpass filter (SBF), and early reflection (ER). For each subject, the
blocks were presented in a random order so as to counterbalance
any potential task learning effect. Each block of trials began with
a short learning session of the sonification metaphor during which
the sound was repeated every two seconds. The aim of this learning session was to accustom the subjects to the distance metaphor
by allowing them to interact with the distance with an auditorykinesthetic process. First, for the subject to be aware of the distance ranges and the variations of the acoustic cues, he was asked
to move his hand from the inside to the outside of the table and
then return, thus two times for two different directions (frontal and
lateral). Then, for a periode of one minute, the subject had total
control of a virtual sound source spatialized at his hand position
and was asked to freely explore the entire surface of the table.
The localization task consisted of reporting the perceived position of a static spatialized sound sample using a hand placing
technique validated by a MIDI button. Each subject was instructed
to orient himself straight ahead and to keep his head fixed, in a reference position at the center of the system, 0.65 m over the table,
during the brief sound stimulus presentation. Before each trial, the
subject’s head position was automatically compared to the reference position and the subject was asked to correct his position if
there was no concordance(±5 cm for the position and ±3◦ for the
orientation). After presentation of the stimulus, each subject was
instructed to place his hand on the table at the current position of
the perceived sound source location and to validate the response
with the MIDI button. The subjects were placed in the system
in order to use their dominant hand. The perceived position was
calculated between the initial head position/orientation when the
stimulus was played and the final hand position when the listener
validated the target. No feedback was given to the subject regarding the actual target position.

3.1. Participants
A total of 16 adult subjects not visually impaired (3 women and
13 men, mean age 28 ± 6) served as paid volunteers; An audiogram was performed on each subject before the experiment to ensure that their audition was normal (> 15 dB(HL)). All were naive
regarding the purpose of the experiment and the sets of spatial positions selected for the experiment.
3.2. Apparatus
A diagram of the setup for the experiment is shown in Fig. 3, with a
timeline of the experimental procedure. The first three stages consist of three adaptation sessions with the non-individual HRTFs,
see sec 3.3. The next stages consist of the evaluation of each sonification condition with a localization task. During the localization
sessions, subjects were seated on a swivel chair located at the center of a wooden circular table of 90 cm in diameter.
The subjects were equipped with a stereo open ear headphone (model Sennheiser HD570) tracked with a 6-DoF position/orientation magnetic sensor positioned on the top of the headphone. They held a position sensor in their dominant hand and interacted with the system using a MIDI button with their other hand.
The position of the hand was calculated relative to the tracked center of the head. No headphone equalization was used.
The stimulus used was rendered via a set of non-individual
HRTF measured on a KEMAR mannequin (describe in sec 3.3). It
was brief to avoid head movement effects and consisted of a train
of three, 40 ms Gaussian broadband noise bursts (50 – 20000 Hz)
with 2 ms Hamming ramps at onset and offset and 30 ms of silence
between each burst. This stimulus was chosen following Dramas
et al. [27] where the effect of repetition and duration of the burst
on localization accuracy was analyzed. Their results showed an
improvement of the accuracy between three repeated 40 ms bursts
and a single 200 ms burst. The overall level of the train was approximately 60 dBA measured at the ears for a binaural sound
source rendered at 50 cm in front of the subject (0◦ in azimuth and
0◦ in elevation).
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Condition
Control
ER
GC
SBF
Regression slope 0.14 (.09) 0.06 (.13) 0.64 (.29) 0.50 (.20)
Goodness-of-fit 0.66 (.26) 0.27 (.31) 0.96 (.05) 0.92 (.12)

Perceived distance (m)

1.1

Table 1: Mean linear regression analysis and goodness-of-fit criteria r2 of the perceived distance. Variances shown in parentheses.
A total of 20 positions (5 different distances relative to the
head: 0.73 m, 0.80 m, 0.88 m, 0.97 m, and 1.07 m and 4 azimuths:
0◦ , 30◦ , 60◦ , and 90◦ , see Fig. 3), were randomly presented with
4 repetitions each. Subjects had to localize a total of 80 targets and
were naive with respect to the set of spatial positions selected for
the experiment.

Control
GC
SBF
ER

1

0.9

0.8

0.7
0.7

0.8

0.9

1

1.1

Real distance (m)

4. RESULTS
The contribution of the sonification metaphors on the perceived
distance was analyzed by comparing the distance and azimuth errors of each metaphor (geiger counter, sliding bandpass filter, and
early reflection) to those of the control reference condition without
sonification (control). Because of validation problems with some
participants, all trials with a hand position outside the table have
been removed from the analysis. Some front/back confusion errors
were noticed for rendered sources at 30◦ and 60◦ . Since this paper
is focused on distance perception, these confusions were corrected
before data analysis.

Figure 4: Perceived distances as a function of rendered distance
for each sonification condition. «�, �, ◦, ×»: Mean under each
condition. Lines: Mean of linear regression.

|Dist Error| (cm)

0.3

4.1. Effect of the metaphors on the perceived distance
Fig 4 shows the average mean response of perceived source distance as a function of virtual source distance and the mean of linear
regression for each condition. It highlights a tendency to overestimate sound distance for the two nearest rendered distances and
to overestimate it for the others. It can also be noted that results
for control and early reflection were poorer than those for GC and
SBF conditions. A linear regression analysis was performed on
these results. The mean and standard deviation across subjects
of the slope of the regression line and goodness-of-fit criteria r2
for each condition are shown in Table 1. Regression slope lines
were far from the unity expected for a perfect distance perception
of virtual sound for the control and ER conditions. For these two
conditions there was no real perception of distance. The results for
the SBF and the GC conditions were better with regression slopes
nearer to unity but with larger inter-subject variability (highlighted
by the large standard deviation).
These results are confirmed by the boxplot of relative distance
error shown in Fig. 5. Indeed, the mean errors of the GC and the
SBF conditions are approximately 5 cm lower than those of the
control and the ER conditions. A repeated measures ANOVA was
performed on the mean distance error, taking into account three
within-subjects factors: metaphor condition (4 levels, fixed factor), rendered distance (5 levels, fixed factor) and rendered azimuth (4 levels, fixed factor). It showed a significant effect of
the metaphor condition (F (3, 42) = 19.76, p < 0.001), the rendered distance (F (4, 56) = 12.01, p < 0.001) and the rendered
azimuth (F (3, 42) = 9.32, p < 0.001). A Duncan test on categories showed significant differences between control and GC
conditions (p = 6.10−5 ) and between control and SBF conditions (p = 2.10−4 ). The comparison of control and ER conditions
showed no-significant effects (p = 0.59). For the rendered po-
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Figure 5: Boxplot of the relative distance error for each metaphor.
Angle
Control
ER
GC
SBF

0◦
0.13 (.10)
0.11 (.10)
0.07 (.08)
0.09 (.09)

30◦
0.11 (.09)
0.10 (.09)
0.06 (.07)
0.08 (.08)

60◦
0.11 (.08)
0.12 (.09)
0.06 (.07)
0.07 (.07)

90◦
0.09 (.08)
0.10 (.08)
0.06 (.06)
0.06 (.06)

Table 2: Mean distance error (in m) per angle and metaphor. Variances shown in parentheses.

sitions, a Duncan test on distance revealed significant differences
between the farther distance and the others (highlighting poorer
performances for farther distances), and a Duncan test on azimuth
revealed significant differences between the lateral angle 90◦ and
the others (highlighting better performance for lateral positions).
A thorough study of the perceived distance error while taking
into account the effect of the rendered azimuth is shown for all
conditions together in Fig. 6 and for each condition in the Table 2.
The boxplot highlights better performance for distance perception
for lateral sound sources than for frontal sound sources. Regarding
Table 2, this slight improvement in performance for lateral sound
sources almost appeared for the control and the SBF conditions
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5. DISCUSSION

|Dist Error| (cm)

0.3

Regarding the results, of the three designed metaphors, only two
most were effective (the geiger counter and the sliding bandpass
filter metaphors) than the control condition of pure binaural anechoic synthesis. Compared to the control condition without sonification (condition whose performances were almost zero for the
rendered distances of the experiment), these two effect metaphors
improved distance perception significantly. The superiority of the
geiger counter metaphor over the sliding bandpass filter could be
explained by their mapping parameters. Indeed, the mapping of
the sliding bandpass filter metaphor was linear, whereas our perception of frequency is logarithmic. It seems that the variation
range of the frequency was not wide enough to be sufficient for a
complete rendering of the distances.
Contrary to what was expected, the early reflection metaphor
failed to improve the distance perception and led to poorer performances than the control condition. Furthermore, directional localization at 90◦ was degraded by this metaphor, which was not
the case with the other conditions. To explain this, several observations can be made. First, the chosen model with only early
reflections of the first and the second order was too simple, and the
absence of the reverberation tail may have affected perception by
creating an abnormal situation. Second, all of the studies reporting
an improvement of the perceived distance with early reflections
were conducted with distances superior to one meter. These cues
are perhaps not effective for the shorter distances used in this study.
For all the conditions, but mainly in control and sliding bandpass filter conditions, perceived distance performance was better
for lateral sound sources (especially at 90◦ azimuth). This improvement, appearing in all conditions, seems to be specific to the
binaural rendering. Indeed, in this experiment, distance was linked
to elevation as the subjects were 0.65 m over the table. This results
in an elevation of −37◦ for the longest distance and of −63◦ nearest source. For these elevations, the influence of the torso is more
important for lateral sources than frontal sound sources. This probably influenced distance perception. These results are confirmed
by the results of a study by Kopco and Shinn-Cunningham [30]
that showed better performance for distance perception for lateral
sound sources using real sound sources. This result is mainly explained by the variation of Interaural Level Difference (ILD) as
a function of distance for lateral sources (due to the shadowing
effects of the head) and by the absence of variation for frontal
sources (since the ILD is equal to zero).
Regarding the results for directional localization, except for
the condition early reflection at 90◦ , there was no effect of distance metaphor on the perceived azimuth. The directional errors
were slightly poorer than results with real sound sources (for distance between 0.5 and 1 m, and elevation below −20◦ , Brungart
et al. [10] obtained a mean azimuth error of 11◦ ). With an average
error of 20◦ , these performances are not so bad considering that the
HRTF set used in the experiment contained azimuthal measures at
15◦ intervals, as well as being non-individualized.
Since the setup of this experiment differs from how previous
studies have been organized, precise comparison is impossible.
For localization of real nearby sound sources in anechoic environments, distance performance obtained by Brungart et al. [10]
were from a regression slope of 0.3 for frontal sources to 0.8 for
lateral sources. While simulating nearby sound sources with binaural room impulse responses recorded in a reverberant environment, Kopco and Shinn-Cunningham [30] obtained better perfor-
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Figure 6: Boxplot of the relative distance for all conditions as a
function of azimuth angle.

Perceived azimuth (°)
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SBF
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Figure 7: (a) Perceived azimuth as a function of rendered azimuth
for each sonification condition. «�, �, ◦, ×»: Mean for each
condition. Vertical lines: Standard deviation for each modality.
For the sake of readability, results corresponding to the different
conditions have been slightly horizontally shifted.

(but with a large standard deviation).
4.2. Effect of the metaphors on the perceived azimuth
Although this was not the primary aim of this study, it is interesting
to look at the effect of the sonification metaphors on the perceived
azimuth angles. Fig. 7 shows the average mean response of perceived source azimuth as a function of virtual source azimuth for
each condition. It highlights a large standard deviation mainly at
30◦ and 90◦ , and a shift of 10◦ for frontal sources. Regarding
each condition, it appears that the metaphors did not affect the azimuth performances except for lateral sound sources with the ER
condition.
The mean azimuth error was 20 ± 15◦ . Performing a repeated measurement ANOVA on the relative azimuth error for
each metaphor, mixing all the positions, showed no significant effect on the metaphor condition (F (3, 45) = 0.206, p = 0.89).
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brest.fr/mstis/omnihead/accueil.htm) for the use of the KEMAR
dummy head.

mance with a mean of regression slope of 0.6 for frontal and 0.8 for
lateral distance perception. In this study, with only binaural conditions there was no real perception of distance (regression slope
of 0.14). This can be explained by the used HRTFs that were nonindividualized and were actually measured at a distance of two
meters, so they do not naturally contain near field binaural cues
despite attempts to improve performance. In addition, the source
positions used in this study, all being in the lower hemispphere,
may bias results due to the potential difficulty in this region. With
the geiger counter and the sliding bandpass filter metaphors (regression slope of 0.64 and 0.5), the results approach the performances obtained in [10], thereby highlighting the effectiveness of
the adopted method for the sonification.
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ABSTRACT

particular, it will be examined whether a higher spatial coherence
between sound and image leads to an increased sense of presence
for the audience. The current study therefore presents the results of a
perceptual study using a common video track and three different audio
tracks. Using a post-stimuli questionnaire based on previous reports
regarding the sense of presence, various cognitive effects are extracted
and compared.

While 3D cinema is becoming more and more established, little effort
has focused on the general problem of producing a 3D sound scene
spatially coherent with the visual content of a stereoscopic-3D (s-3D)
movie. As 3D cinema aims at providing the spectator with a strong impression of being part of the movie (sense of presence), the perceptual
relevance of such spatial audiovisual coherence is of significant interest.
Previous research has shown that the addition of stereoscopic information to a movie increases the sense of presence reported by the spectator.
In this paper, a coherent spatial sound rendering is added to an s-3D
movie and its impact on the reported sense of presence is investigated.
A short clip of an existing movie is presented with three different soundtracks. These soundtracks differ by their spatial rendering quality, from
stereo (low spatial coherence) to Wave Field Synthesis (WFS, high
spatial coherence). The original stereo version serves as a reference.
Results show that the sound condition does not impact on the sense
of presence of all participants. However, participants can be classified
according to three different levels of presence sensitivity with the sound
condition impacting only on the highest level (12 out of 33 participants).
Within this group, the spatially coherent soundtrack provides a lower
reported sense of presence than the other custom soundtrack. The
analysis of the participants’ heart rate variability (HRV) shows that the
frequency-domain parameters correlate to the reported presence scores.

2. THE SMART-I2
The present study was carried out using an existing system for virtual
reality called the SMART-I2 [4], which combines s-3D video with
spatial audio rendering based on WFS.
The SMART-I2 system (Fig. 1) is a high quality 3D audiovisual
interactive rendering system developed at the LIMSI-CNRS in collaboration with sonic emotion1 . The 3D audio and video technologies are
brought together using two Large Multi-Actuator Panels, or LaMAPs
(2.6 m×2 m), forming a “corner” that acts both as a pair of orthogonal
projection screens, and as a 24 channel loudspeaker array. The s-3D
video is presented to the user using passive stereoscopy, and actuators
attached to the back of each LaMAP allow for a WFS reproduction [5]
in a horizontal window corresponding to the s-3D video window.
WFS [6] is a physically based sound rendering method that creates
a coherent spatial perception of sound over a large listening area by
spatially synthesizing the acoustic sound field that real sound sources
would have produced at chosen locations [4]. The 20 cm spacing between the actuators corresponds to a spatial aliasing frequency of about
1.5 kHz, the upper frequency limit for a physically correct wavefront
synthesis, accounting for the loudspeaker array size and the extension
of the listening area [7]. It is not a full 3D audio system, since, due to
the use of a linear WFS array, the rendering is limited to the horizontal
plane. Azimuth and distance localizations accuracies of sound events
in the SMART-I2 were previously verified by perceptual experiments
and are globally consistent with real life localization accuracy [4].
There is a distinction in the SMART-I2 between the direct and the
reverberant parts of the sound. The direct sound is sent to the WFS
rendering engine, which controls the actuators on the LaMAPs, while
a Max/MSP based spatial audio processor (the Spat∼, [8]) generates
the reverberant portion, which is then fed to six surround loudspeakers
and a subwoofer (Fig. 1).
In the SMART-I2 system, the Spat∼ is used to generate the
reverberant field (processing load configuration 1a 8c 6r 0,
see [9] for more details). Each of the 16 input channels to the
SMART-I2 goes through the following DSP chain. The pre-processing

1. INTRODUCTION
Although many movies are now produced in stereoscopic 3D (s-3D),
the sound in these movies is still most often mixed in 5.1 surround.
The information conveyed in this format is rarely accurately localized
in space. The dialogs, for example, are confined to the front center
channel [1]. Therefore, the sound mix does not provide the moviegoer
with a 3D sound scene spatially consistent with the visual content of
the s-3D movie.
As 3D cinema aims at providing the spectator with a strong impression of being part of the movie, there is a growing interest in the sense
of presence induced by the media. Presence (or more accurately, telepresence) is a phenomenon in which spectators experience a sense of connection with real or fictional environments and with the objects and people in them [2]. Previous research has shown that the addition of stereoscopic information to a movie increases the sense of presence reported
by the spectators [3]. It is hypothesized that the spatial sound rendering
quality of an s-3D movie impacts on the sense of presence as well.
This study considers, in the cinema context, the cognitive
differences between a traditional sound rendering (stereo), and a highly
precise spatial sound rendering (Wave Field Synthesis or WFS). In

1 www.sonicemotion.com
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The film selected for this project was “Elephants Dream”2 , an
open movie, made entirely with Blender, a free open source 3D content
creation suite3 . All production files necessary to render the movie
video are freely available on the Internet. For this pilot study, only the
first three scenes of the movie were generated (t = 00 min 00 s to
t = 02 min 30 s).
The first scene (t = 00 min 00 s) starts with the opening credits,
where the camera travels upward until it reaches the first character’s
reflection in water. In the second scene (t = 00 min 27 s), the two
characters are attacked by flying cables and there is a dialog. The
third scene (t = 01 min 10 s) consists of the two characters running
through a large room, being chased by mechanical birds .
Source position density plots were calculated for the three scenes
(Fig. 2), indicating the positions where sources are present. It can be observed that most sources were frontal and centered, located just behind
the screen plane. The second scene exhibits many lateral sources. In
general, few sources are found in front of the screen, with only the third
scene exploiting depth variations. The paths of the cables in the second
scene and the birds in the third scene are the farthest positioned sources.
Contrary to the image source code, the audio track of the movie
was only available in the final downmix version (stereo and 5.1), with
some additional rough mixes of most of the dialogs and music tracks.
The original multitrack audio master was not available. It was therefore
necessary to create a new audio master with each object corresponding
to a separate track, in order to allow for position coherent rendering.
The aim was to recreate an audio track similar to the original track.
The available dialog and music dry tracks were retained. The rest of
the audio elements were created from libraries and recorded sounds,
with one audio file per object.
The result was an object oriented multitrack audio master that
contained individual audio tracks for each individual audio object,
allowing for individual rendering positions to be defined and controlled.
Details on the creation of the object-oriented audio and control tracks
can be found in [11].

Figure 1: Photo of the SMART-I2 installation for cinema projection
highlighting the image correction for perceived plane projection at the
experimental viewing position. —: Surround speakers, - -: Subwoofer.
of each source signal (Source∼) allows for the air absorption and the
distance attenuation computations. The room simulator (Room∼) uses
8 internal feedback channels per source and uses a temporal division of
the room response in early reflections, reflection clusters, and diffuse
late reverberation. The directional encoding and distribution module
(Pan∼) computes a pairwise intensity panpot for reproduction over
a 6-loudspeaker horizontal array. The reverberation was adjusted to
have an early decay time of 1.1 s, a reverberation time of 2.0 s, and
a direct-to-reverberant ratio of −24 dB. This room response was not
modified over the course of the movie.
The SMART-I2 is currently capable of rendering in real-time
16 concurrent audio streams (sources), in addition to the Spat∼
room effect channels. The spatial position of these streams can be
dynamically changed. In this study, the audio streams and their spatial
positions were controlled using a sequence table, which identified the
current audio files and their associated spatial coordinates.
The image was projected onto the corner of the SMART-I2 to avoid
any dissymetry in sound reproduction due to reflections coming from
one side only. Since the goal was to approximate cinema conditions, it
was necessary to compensate for this geometry, so that the projected 2D
images appeared rectangular and planar from the subjects’ viewpoint.
The open source s-3D movie player Bino, which is compatible with the
Equalizer library [10], was used to read the video stream. This allowed
for projection onto the particular screen configuration, obtaining a result
close to one that would be obtained on a regular planar screen, for a
specifically defined viewing position. The difference was mainly seen
at the top and bottom of the image, where trapezoidal or keystone distortion was visible when away from the experimental position (Fig. 1).
Due to cinema image aspect ratio, the projected image did not
fill the whole surface of the two panels. Hence, the audio engine was
capable of rendering objects which were effectively outside the video
window. For example, for a spectator seated 3 m from the SMART-I2
corner (Fig. 1), the horizontal field of view was about 61◦ , and the
audio field was about 119◦ .

4. SOUNDTRACKS
4.1. Different spatial sound renderings
Three different soundtracks were used in this experiment. The
first soundtrack is the original stereo soundtrack, termed ST. This
soundtrack was rendered on the WFS system by creating two virtual
point sources at ±30◦ in the (virtual) screen plane, roughly at the
left/right edges of the image. The object-oriented soundtrack, termed
WFS, was the spatially coherent rendering. This new audiotrack was
created specifically as part of this study, but was inspired by the
original ST audiotrack. Due to the content differences between ST
and WFS, an ideal stereo mix was constructed using the same metadata
as in the WFS version. The panning of each object in this mix was
automatically determined according to a sine panning law relative
to the object’s actual position (the same as the WFS version), and a
corresponding r−2 distance attenuation factor was applied. This hybrid
soundtrack, termed HYB, thus had the same content as the WFS track,
but was limited in its spatial rendering quality. The HYB track was
rendered over the same two virtual point sources as the ST track.
Due to differences between the soundtracks, a global equalization
across the entire movie was inappropriate, and resulted in distinctly
different perceived levels. Therefore, it was decided to equalize for
an element that was common to all conditions. One character line,

3. THE SELECTED MOVIE
It was decided to use an animation s-3D movie to carry out this study,
rather than a real-image s-3D film. The reason was that the use of an
animation movie allows for the automatic recovery of the exact spatial
information of all objects present in the scenes from the source files.

2 www.elephantsdream.org
3 www.blender.org
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Figure 2: Bubbleplots of the sound source positions in the horizontal plane, taken every 5 frames for the first (left), second (center), and third
(right) scenes. Diameters are proportional to the density of sources at that position. Some very distant source positions are not shown for clarity.
Note: horizontal and vertical axes have different scales. The panels of the SMART-I2 are represented by the inverted “V” which represent a 90◦ angle.
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at t = 00 min 22 s, duration 4 s, was chosen as it was common to
all three soundtracks (dialog tracks were identical) and background
sounds were minimal at that moment. This audio calibration segment
was adjusted to 61 dBA, measured at the viewer’s head (ambient
noise level of 33 dBA).
4.2. Sweetspot effect
It should be noted that all participants in this study were located at
the sweet spot of the rendering system, and they could thus enjoy
the best sound reproduction. The impact of an off-axis seating would
certainly be more pronounced for the HYB soundtrack than it would be
for the WFS soundtrack as the process of stereo panning relies on the
proper positioning of the listener in the sweetspot. Indeed, taking into
account the geometry of the reproduction system, the sweet spot of
the stereo reproduction has a width of merely 10 cm according to [12].
When outside the sweetspot, sources tend to be attracted to the closer
speaker position. On the other hand, the ability of WFS to reproduce a
sound position independently from the listener position [13], combined
with the ventriloquism effect [14], would result in a larger sweet spot
because the sound location is preserved when the listener is off-axis
but can still be perceived as coming from the visual object. The
congruence in that case is limited by the difference in audio and video
perspectives that can be detected by the spectator [15].
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Figure 3: Estimates of the probability density functions of the mean
interaural time differences (ITDs) and interaural level differences
(ILDs) obtained for each soundtrack. – ST, - - HYB, · · · WFS.

4.3. Objective analysis

bands (<1.5 kHz for ITD, >1.5 kHz for ILD [17]). The threshold value
of 1.5 kHz also corresponds to the SMART-I2 WFS aliasing frequency.
Table 1 presents the mean and standard deviations of the obtained
values. In both cases, the mean decreases from ST to WFS to HYB.
All means are statistically different from each other, except when
comparing the HYB and WFS ITD means (one-sided Wilcoxon rank
sum test, at the 0.05 level). One would also expect that the cues are
more spread for WFS than for HYB. This is the case since the standard
deviation increases from ST to HYB to WFS for both ITDs and ILDs.
Histograms of mean ILDs and ITDs are shown in Fig. 3. In both
cases, the peak of the probability density function (pdf) is higher for
ST than it is for HYB and WFS. This confirms that the HYB and WFS
localization cues are more distributed or spread out than those for the
ST condition.

An objective analysis of the rendered audio was performed. A binaural
recording of each condition was made with an artifical head placed
at the sweet spot, equivalent to the spectator position during the
subsequent experiment. The evolution of the relative sound level at
the listener position for the three conditions was measured using a 1 s
sliding window and averaged over both ears.
Outside of the region used to calibrate the three conditions, the
ST soundtrack has a higher level at several moments. This is due
to the difference in audio content, as the original track contained a
richer audio mix. Some differences are observed between the WFS and
HYB conditions. The different spatialization processes lead to slight
differences in sound level that cannot be compensated exactly using
only a main volume equalization.
The perceived distribution of the sound sources is of interest. The
interaural level differences (ILDs) and the interaural time differences
(ITDs) are thus computed from the binaural signals. Binaural signals are
subdivided into 1 s segments and analyzed in third-octave bands to obtain ILD and ITD values, using the Binaural Cue Selection
toolbox [16]. These values are then averaged across pertinent frequency

5. METHOD
Thirty-three (33) subjects took part in the experiment (26 men, 7
women, age 16 to 58 years, M = 30.66, SD = 10.77). They answered to a call for participants describing a “3D cinema experiment”.
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ST
HYB
WFS
ST
HYB
WFS

MITD (ms)
-0.0012
-0.0112
-0.0106
MILD (dB)
-0.16
-0.45
-0.27

SDITD (ms)
0.0445
0.0543
0.0596
SDILD (dB)
0.21
0.22
0.29

γITD (-)
-0.52
-0.84
0.71
γILD (-)
1.50
0.26
-0.19

Factor
Spatial presence
Social presence – actor w/i medium
Social presence – passive interpersonal
Social presence – active interpersonal
Engagement (mental immersion)
Social richness
Social realism
Perceptual realism

Table 1: Means, standard deviations, and skewness of the computed
ILDs and ITDs as a function of SOUND CONDITION.

# questions
7
7
4
3
6
7
3
5

Table 2: The eight components in the Temple Presence Inventory, and
the associated number of questions. From [2].

Each was compensated with a soft drink and a cookie while filling
the post-session questionnaire.
To determine whether or not the sound modality impacts on the reported sense of presence, a between-subjects experiment was designed.
The three different soundtrack conditions, ST, HYB, and WFS (Sect. 4)
were used as an independent variable. Each participant was assigned
randomly to one particular condition, with 11 participants in each group.
In order to assess the sense of presence as a dependent variable,
two methods were used. A post-session questionnaire was developed,
providing a subjective assessment. In addition, an oxymeter was used to
continuously measure the heart rate of the participants. The goal was to
compare this objective measure with the presence score obtained with
the questionnaire. The heart rate was measured at 60 Hz using a finger
mounted pulse oxymeter (CMS50E, Contec Medical Systems Co.).
It is hypothesized that the spatial rendering quality of sound
will impact on the reported sense of presence, as measured by the
questionnaire. It is also hypothesized that measures extracted from
the heart rate signal will reflect a change from baseline due to the
movie presentation and that this change in value is linked to the spatial
rendering quality of sound.

The resulting questionnaire was translated into French. Each
question was presented using a 7-point radio button scale, with two
opposite anchors at the extreme values, resulting in a score between
1 and 7. Composite scores were calculated as the mean results for all
items in each group.
The principal score of interest is the global score obtained with
the TPI, termed TEMPLE. Of all the components in the TPI, the scores
Spatial presence (SPATIAL) and Presence as perceptual realism
(PERCEPTUAL_REALISM) are expected to be significantly varying
with the media form [2]. The SWEDISH score, from the SVUP-short,
gives additional information on the perception of each sound condition.
The NEGATIVE score, from Bouvier’s PhD thesis, allows one to
discard participants who experienced discomfort.
5.3. Heart Rate Variability
Heart Rate Variability (HRV) describes the changes in heart rate over
time. Several studies have used HRV as a physiological measure in
experiments involving virtual reality [20, 21]. Standards exist [22]
describing the different measures that can be extracted from an
electrocardiographic (ECG) record. Although HRV is calculated from
time intervals between two heart contractions (RR intervals) in an ECG
signal, it has been shown that it is possible to obtain the same results
from peak-to-peak intervals given by a finger-tip photoplethysmograph
(PPG) [23]. Since the signal is captured at only one point on the body,
the PPG is less intrusive than the ECG. Analysis of the resulting HRV
data was performed in both the time domain and the frequency domain.
The majority of time domain HRV measures require recordings
longer than 5 min, which are not possible due to the duration of the
film excerpt used. Only the following measures were calculated:

5.1. Procedure
Each participant was seated in a comfortable chair (see Fig. 1) in
front of the SMART-I2 and was provided with written instructions
regarding the experiment. The oxymeter was placed at the tip of the
middle-finger of his/her left hand. The participant was left alone in
the experimental room. The room was then completely darkened for a
period of 30 s after which the movie was started from a remote control
room. This allowed the participant to accommodate him/herself to the
darkened environment, and to approach a “cinema” experience. At
the end of the movie, the participant was directly taken to the lobby
to complete a questionnaire.

•
•
•
•

5.2. Post-session questionnaires
A presence questionnaire was created using three groups of questions
gathered from different sources previously reported. The first group
came from the Temple Presence Inventory (TPI) [2], a 42-item
cross-media presence questionnaire. The TPI is subdivided into eight
groups of questions that measure different aspects of presence. These
subgroups, or components, are given in Tab. 2 with the associated
number of questions.
The sensitivity of the TPI to both the media form and the media
content has been previously confirmed [2]. The second group of
questions was taken from the short version of the Swedish Viewer-User
Presence (SVUP-short) questionnaire [18]. Three questions regarding
the sound rendering were selected. Finally, the last group of questions,
which measured negative effects, were from Bouvier’s PhD thesis [19].

MeanRR - mean RR interval [ms]
MinRR - shortest RR interval [ms]
MaxRR - longest RR interval [ms]
∆RR - difference between MaxRR and MinRR [ms]

Frequency domain measures obtained through power spectral
density estimation of the RR time series are of particular interest, since
their evolution has been correlated with positive or negative emotions
when presenting movie clips [24].
In the case of short-term recordings (from 2 to 5 min), three main
spectral components are distinguished: the very low frequency (VLF)
component between 0.003 Hz and 0.04 Hz, the low frequency (LF)
component between 0.04 Hz and 0.15 Hz, and the high frequency
(HF) component, between 0.15 Hz and 0.4 Hz. Instead of the absolute
values of VLF, LF, and HF power components in ms2 , the values are
expressed as LFnorm and HFnorm in normalized units (n.u.), which
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TEMPLE
3.0
4.0

represent the relative value of each component in proportion to the
total power minus the VLF component.
The parasympathetic activity, which governs the HF power [25],
aims at counterbalancing the sympathetic activity, which is related
to the preparation of the body for stressful situations, by restoring the
body to a resting state. It is believed that LF power reflects a complex
mixture of sympathetic and parasympathetic modulation of heart
rate [25]. Emotions such as anger, anxiety, and fear, which correspond
to the emotions elicited by our movie clip, would be associated to a
decreased HF power [26].

HP
HP

MP

2.0

LP

TEMPLE
3.8 4.2

6.1. Treatment of missing values

0.1

3.4

There were 10 answers (out of 2785) left blank in the questionnaire
results. To avoid discarding the corresponding participants, multiple
imputations of the incomplete dataset were used to treat these missing
values. This was done using the R [27] package Amelia II [28].
Multiple imputation builds m (here five) complete datasets in which
each previously missing value is replaced by a new imputed value
estimated using the rest of the data. Each imputed value is predicted
according to a slightly different model and reflects sampling variability.
In the subsequent analysis, point and variance estimates were
estimated according to the method described in [28]. F -statistics and
their associated p-value were estimated according to the method given
in [29], resulting in analyses of variance (ANOVAs) with degrees of
freedom which are no longer integers.

4

∆LFnorm
0.3 0.5

4.6

6. RESULTS FROM POST-SESSION QUESTIONNAIRES

2
3
CLASS
0.7

1

HYB WFS
ST
SOUND CONDITION

HYB WFS
ST
SOUND CONDITION

Figure 4: Boxplots of the TEMPLE score vs. the GMM classification
CLASS (top), TEMPLE score vs. SOUND CONDITION for participants in group HP (bottom left), and the ∆LFnorm value vs. SOUND
CONDITION for participants in group HP (bottom right).

The algorithm was run on the data defining the TEMPLE score
and the resulting optimal model contains four Gaussian components.
The probability that a given participant is not correctly classified using
this model ranged from 0 to 5.8 × 10−3 (M = 1.2 × 10−3 ). This
demonstrates the good quality of the classification. The four groups,
referred to by the factor CLASS, are given in descending order of
the number of participants they contain: 15, 10, 5, and 2. The mean
presence scores for each CLASS category are given in Tab. 3b.
Figure 4 (top) shows an analysis of the TEMPLE score depending
on the classification CLASS. Groups 1 and 3 tend to have a lower
presence score than the groups 2 and 4. An analysis of variance was
carried out on the TEMPLE score with the fixed factor CLASS (four levels). The factor showed a significant effect (F2.72,27.88 = 39.88, p <
10−5 ). Subsequent post hoc comparisons (Tukey’s HSD test), with an α
level of 0.05 showed that groups 2 and 4 do not differ significantly (they
form a homogeneous subset), while groups 1 and 3 are significantly
different and both differ from the aforementioned set of groups 2 and 4.
In the following sections, group 3 will be referred to as LP (low presence, 5 subjects), group 1 as MP (medium presence, 15 subjects), and
the combination of groups 2 and 4 as HP (high presence, 12 subjects).

6.2. Negative effects
It is necessary to verify that no participant suffered physically from
the experiment. The initial analysis of the results considers the
NEGATIVE group of questions, measuring negative effects induced
by the system, such as nausea, eye strain, or headache.
A bivariate analysis [30] of the NEGATIVE score versus the
TEMPLE score, indicated that one participant was an outlier, reporting
feeling much worse than the other participants. This participant was
therefore discarded from the study. All others obtained a NEGATIVE
score less than 2.17 (minimum possible value = 1), which can be
considered as having experienced little or no negative effects during
the experiment.
6.3. Impact of sound rendering condition on presence
The mean scores in each presence category of interest, obtained for each
SOUND CONDITION, are given in Tab. 3a. Following an ANOVA
analysis, all scores failed to achieve the 0.05 significance level. Hence,
no significant effect was observed for sound condition over all subjects.
6.4. A model for the perceived presence

6.5. Further analysis in each group

Inspection of the probability density function of SPATIAL,
PERCEPTUAL_REALISM, and TEMPLE scores showed them to
be non-normal distributions, suggesting a bimodal distribution of
two groups centered on different means. This type of distribution
can be modeled as a special form of a Gaussian mixture model
(GMM). The package Mclust [31] allows one to find coefficients
of a Gaussian mixture from the data by selecting the optimal model
according to the Bayesian information criterion (BIC) applied to an
expectation-maximization (EM) algorithm initialized by hierarchical
clustering for parameterized Gaussian mixture models.

An analysis of variance was carried out on the TEMPLE score
with the fixed factor SOUND CONDITION (three levels) for each
presence group defined in the previous section. The factor showed
a significant effect on group HP (F1.95,8.99 = 6.85, p = 0.016).
However, SOUND CONDITION was significant neither for group MP
(F2.00,11.90 = 0.11, p = 0.896) nor for group LP (F1.00,3.00 = 0.69,
p = 0.468).
Subsequent post hoc comparisons (Tukey’s HSD test, α = 0.05)
on the group HP showed that conditions ST (4 participants) and HYB
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SPATIAL
PERCEPTUAL_
REALISM
TEMPLE
SWEDISH

ST
2.90
(1.2)
2.71
(1.1)
3.34
(0.79)
5.15
(0.78)

HYB
2.83
(1.12)
2.71
(0.87)
3.23
(0.87)
4.97
(1.34)

WFS
2.47
(0.73)
2.66
(0.74)
2.94
(0.54)
4.57
(0.83)

F
0.50

p-value
0.900

0.01

0.991

0.79

0.487

0.89

0.773

SPATIAL
PERCEPTUAL_
REALISM
TEMPLE
SWEDISH

1
2.25
(0.57)
2.08
(0.46)
2.82
(0.39)
4.78
(0.97)

(a) SOUND CONDITION

2
3.81
(0.78)
3.66
(0.49)
4.05
(0.34)
5.73
(0.73)

3
1.71
(0.29)
2.40
(0.91)
2.28
(0.22)
4.00
(0.53)

4
3.64
(0.51)
3.20
(0.57)
3.74
(0.03)
4.00
(0.00)

F
19.49

p-value
< 10−5

17.07

< 10−5

39.88

< 10−5

6.24

0.107

(b) CLASS

Table 3: Presence questionnaire scores for each category by (a) SOUND CONDITION and (b) CLASS (means and standard deviations).
HRV
MeanRR [ms]
MinRR [ms]
MaxRR [ms]
∆RR [ms]
LFnorm [n.u.]
HFnorm [n.u.]
LF/HF [/]

(5 participants) do not differ significantly (they form a homogeneous
subset), while condition WFS (3 participants) differ significantly from
the conditions ST and HYB.
Figure 4 (bottom left) shows an analysis of the TEMPLE score for
each sound condition in group HP. Presence scores are (statistically)
lower in the WFS group than in the two other groups. A similar analysis
was performed on the SPATIAL, PERCEPTUAL_REALISM, and
SWEDISH scores. These failed to achieve the 0.05 significance level.
This result, combined with the result on the TEMPLE score, indicates
that the impact of sound reproduction is spread accross different
components of presence rather than confined to the components Spatial
presence and Perceptual realism.
In summary, the sound condition does not affect the reported presence score directly for all subjects. Rather, participants can be classified
according to their presence score independently of the sound condition.
In the group that reported the highest sense of presence, for which sound
rendering condition was influential, the spatially coherent soundtrack
(WFS) is significantly different from the two other stereo soundtracks.
The WFS soundtrack leads to a decreased reported sense of presence.

Baseline
835.8
648.9
1024.2
375.3
42
58
1.08

Experiment
849.7
627.4
1135.5
508.1
55
45
1.75

p-value
0.026
0.044
0.007
0.006
0.016
0.016
0.034

Table 4: HRV time and frequency domain parameters
7. RESULTS FROM HEART RATE VARIABILITY
The analysis presented in the previous section is repeated here on
the recorded heart rate, using the same statistical software. Due to a
technical glitch, however, the heart rate could not be recorded for one
of the participants, who is thus not included.
7.1. Overall comparison of baseline and experimental phases
Table 4 shows the HRV parameters averaged over all subjects for
the two phases: baseline, when the participant is in the dark, and
experiment, when the participant watches the movie. Since the data
does not meet the normality assumption, a non-parametric test, the
Wilcoxon signed rank test, was applied between the parameters of the
baseline and the experiment. The values of the four parameters are
statistically different, at the 0.05 level, between the two phases.
Table 4 shows the changes of HRV parameters in the frequency
domain averaged over all subjects for the two same phases. The
Wilcoxon signed rank test was applied between the parameters of the
baseline and the experiment. The last column gives the corresponding
p-values. All the HRV frequency parameters are statistically different
at the 0.05 level.
In agreement with the litterature [32], HRV allows one to discriminate between rest and “work” (the movie presentation). The decreasing
HF component is similar to that observed in [24] where different positive and negative emotions are expressed through different movie clips.

6.6. Discussion
SOUND CONDITION as an independant variable fails at predicting
the obtained presence score for all participants. Rather, the participants
are classified according to their presence score in three groups. The
first has a low presence score (LP), the second has a somewhat higher
presence score but also a higher variability (MP), and the third has a
high presence score (HP).
SOUND CONDITION has a statistically significant impact for
the group HP. In this group, the HYB soundtrack is not statistically
different from the original ST version, which means that the slight
difference in content between the two soundtracks did not impact on
the reported sense of presence.
When comparing the results for the HYB and the WFS soundtracks,
one can see that there is a statistical difference in reported sense of
presence which is to the advantage of HYB. In this condition, sound
objects were limited to the space between the virtual speakers, and
since the participants were at the sweet spot, objects in-between were
fairly well localized in azimuth. Therefore, one could hypothesize
that presence is lessened when the auditory objects extend beyond
the screen boundaries. Indeed, the virtual loudspeakers in the HYB
condition were located near the screen borders, and Fig. 3 shows the
spread of the mean ITDs increasing with SOUND CONDITION, from
ST to WFS. Further studies with different source material would be
required to substantiate this hypothesis.

7.2. Heart Rate Variability
To investigate the effect of SOUND CONDITION on HRV, an analysis
of variance was carried out on the difference between LFnorm
during experiment and baseline (∆LFnorm) with the fixed factor
SOUND CONDITION (three levels) for each presence group defined
in Section 6.4. The factor showed no significant effect on any group
at the 0.05 level. However, the factor showed a significant effect on
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SPATIAL
PERCEPTUAL_
REALISM
TEMPLE
SWEDISH

Sample
estimate
0.41
(0.49)
0.42
(0.44)
0.45
(0.52)
0.52
(0.56)

t29 (t28 )

p-value

2.41
(2.95)
2.47
(2.56)
2.73
(3.23)
3.24
(3.54)

0.022
(0.006)
0.020
(0.016)
0.011
(0.003)
0.003
(0.001)

Lower
bound
0.06
(0.15)
0.07
(0.09)
0.12
(0.20)
0.20
(0.24)

Upper
bound
0.67
(0.72)
0.67
(0.69)
0.70
(0.74)
0.74
(0.76)

∆HFnorm for the group HP (with participant 2 discarded). In that
case, the HYB soundtrack is statistically different from both the original
ST version and the WFS version.
When comparing the HYB and the WFS soundtracks, one can see
that there is a statistical difference in the evolutions of LFnorm and
HFnorm, which is higher in the HYB case. Participants in the HYB
condition therefore experienced a higher increase in LFnorm than the
others. Since ∆LFnorm correlates positively with TEMPLE for all
participants, this supports our previous findings that the participants
experienced a stronger sense of presence with the HYB soundtrack than
with the WFS soundtrack.

Table 5: Pearson’s product-moment correlation between ∆LFnorm
and the presence scores (in the first imputed dataset). In parentheses,
the values obtained when participant 2 is discarded.

8. RESULTS FROM THE PARTICIPANTS’ FEEDBACK
Among the comments the participants made on the experiment, a few
recurring ones can be outlined. Nine participants indicated that they
were disappointed by the (visual) 3D. Maybe they expected to see more
depth in the movie than they actually saw. As can be seen in Fig. 2, the
range of depth of the sources is rather narrow (roughly 0.5 m to 5 m).
The length of the experience was also a problem for seven participants
who reported it being too short. They needed more time to forget they
were in an experiment. Five participants found the end of the movie
excerpt too abrupt, they would have appreciated to know more about
the story. Regarding the setup, four participants were distracted by
the visibility of the corner of the panels in the SMART-I2 and three
complained about the glasses (two of which wore prescription glasses).
It is therefore possible that the results found in this study could
vary, or be improved, if a longer film was shown, and if the projection
was made on a traditional flat format screen. These comments will
be taken into consideration in future studies.
The comments made by the participants underline the limitations of
this experiment. Most were related to the content, rather than the setup.
Some participants found that the movie did not present much depth, and
that the movie was too short to allow some of them to forget they were
taking part in an experiment. Several participants were disappointed
with the end of the story, or even did not like the movie at all.

the group HP (F2.00,7.00 = 7.68, p = 0.017) if participant 2 was
removed from the analysis. According to a bivariate analysis [30],
participant 2 would not be classified as an outlier, though he is near
the limit. Still, this subject was the only one to exhibit a negative
∆LFnorm (decrease relative to the baseline). As such, further results
have been calculated both with and without subject 2 included.
Subsequent post hoc comparisons (Tukey’s HSD test, α = 0.05)
on the group HP showed that conditions ST (4 participants) and WFS
(3 participants) do not differ significantly (they form a homogeneous
subset), while condition HYB (3 participants) differs significantly from
this set of conditions.
Figure 4 shows analysis of ∆LFnorm values for each sound
condition in group HP. ∆LFnorm values are (statistically) higher in
the HYB group than in the two other groups. Similar results can be
obtained with ∆HFnorm, since it is linearly dependent on ∆LFnorm.
The results obtained with ∆LF/HF fail to reach the 0.05 significance
level as well as the results obtained with the time-domain parameters.
In summary, the ideal stereo version (HYB) is significantly
different from the two other soundtracks in the group of subjects that
reported the highest sense of presence. The HYB soundtrack leads to
an increased low frequency component of the HRV.

9. CONCLUSIONS

7.3. Relationship between HRV and questionnaire scores

Different sound spatialization techniques were combined with an s-3D
movie. The impact of these techniques on the sense of presence was investigated using a post-session questionnaire and heart rate monitoring.
The sound condition did not affect the reported presence score
directly for all subjects. Rather, participants could be classified
according to their presence score independently of the sound condition.
In the group that reported the highest sense of presence, for which
sound rendering condition was influential, the spatially coherent
soundtrack (WFS) was significantly different from the two other stereo
soundtracks. The WFS soundtrack led to a decreased reported sense
of presence. Analysis of the participants’ Heart Rate Variability (HRV)
revealed that, in the group that reported the highest sense of presence,
the ideal stereo version (HYB) was significantly different from the
two other soundtracks. The HYB soundtrack led to an increased low
frequency component of the HRV.
The HRV low frequency component was also shown to be
positively correlated to the overall presence score for all participants.
Both the subjective (questionnaire) and objective (HRV) measures
showed that the HYB soundtrack led to a higher sense of presence than
the WFS one for participants that reported the highest sense of presence.
The results found here constitute a basis for future research. The impact of an off-axis seating position needs further investigation, since the

In order to evaluate the correlation between the questionnaire scores
and the evolution of the frequency-domain HRV parameters, Pearson’s
product-moment correlation was computed. The results, including
the 95% confidence interval, are presented in Tab. 5. Naturally, the
opposite values are found for ∆HFnorm.
The correlation is significantly different from 0 (at the 0.05 level)
for every presence score of interest. The highest value is obtained with
the SWEDISH score, which pertains only the sound rendering. When
participant 2 is discarded from the analysis, the values are improved.
This is indicated in parentheses in Tab. 5.
7.4. Discussion
The presentation of the movie to the participants had an impact
on several Heart Rate Variability (HRV) statistics in both time and
frequency domains. For all participants, a relation is found between the
reported presence score TEMPLE and the evolutions of both LFnorm
and HFnorm between the baseline and the experiment.
SOUND CONDITION as an independent variable fails at predicting the obtained evolutions of HRV parameters for all participants.
The analysis according to each presence group shows that SOUND
CONDITION has a statistically significant impact on ∆LFnorm and
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[17] J. Blauert, Spatial hearing: the psychophysics of human sound
localization. MIT Press, 1997.

s-3D image is egocentric. Apart from the reverberation, all the sound in
this experiment came from the front. Therefore, there is also a need to
investigate the effect with a full 360◦ sound reproduction. Finally, one
could investigate other types of 3D sound rendering, such as Ambisonics, binaural, or possible hybrid combinations of multiple systems.
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ABSTRACT

serve both an aestehtic and scientific purpose. For their database
of Sonification in Music, Schoon and Dombois [2] define three
criteria for inclusion of a work: the transformation from inaudible
to audible frequency, the acquisition of knowledge through the act
of listening, as well as the development of listening techniques that
are subject to scientific validation.
In this paper, we discuss an artistic approach to fMRI sonification that exploits new compositional paradigms in spatial music,
attempting to establish the physical space around the listener as a
musical language of its own. That is, beyond the ability to utilize
frequency, rhythm and timbre among other musical parameters,
the process of spatializing music is not just a tool for further clarification of the sonic material, but part of the compositional process
and is considered musical gesture in itself. In a sense, a sonorous
gesture in physical space is comparable to a melody and closely
linked to timbre and rhythm.
Even though the human hearing system is known to be able to
decode and interpret complex auditory scenes [3], the more structured the representation of the sonified data, the better the accessibility and intelligibility of the chosen process. Hence, presenting
both distinct data and interpretations of the data in respective, designated musical dimensions aids in bringing clarity to the audible
scene. Adding the ability to spatialize music in full, continuously
and freely moveable three dimensional space opens new possibilities to data sonification and changes the way sounds are interpreted
in relation to their perceived spatial location.

Brain activity data, measured by functional Magnetic Resonance Imaging (fMRI), produces extremely high dimensional,
sparse and noisy signals which are difficult to visualize, monitor
and analyze. The use of spatial music can be particularly appropriate to represent its contained patterns. The literature describes
several research done on sonifying neuroimaging data as well as
different techniques to use spatialization as a musical language.
In this paper, we discuss an artistic approach to fMRI sonification
exploiting new compositional paradigms in spatial music. Therefore, we consider the brain activity as audio base material of a
the spatial musical composition. Our approach attempts to explore
the aesthetic potential of brain sonification not by transforming the
data beyond the recognizable, but presenting the data as direct as
possible.
1. INTRODUCTION
Functional Magnetic Resonance Imaging (fMRI) provides the user
with information on the location of functional activations in the
different regions of the brain with high spatial resolution. The resulting data is highly dimensional, sparse and noisy, and is difficult to monitor and detect structures or patterns. This fact has
motivated the approach to improve the exploratory data analysis.
The main goal is to use sound to render the original data in a suitably transformed way, so that we can invoke our natural pattern
recognition capabilities to search for regularities and structures.
In particular, these capabilities and mechanisms are triggered
involuntarily during the act of listening to what we perceive as
music. When listening to music, the brain constantly estimates
the continuation of a musical gesture. We find pleasure in the encounter of a musical pattern and so this search for connections and
an apparent message in music comes natural to us. At the same
time, interest needs to be maintained by providing surprises and
unforeseen developments that make us reconsider our previous estimations keeps the music engaging. The main job of a composer
is to skillfully play with this expectation and keep up the interest
by violating the predictions made and breaking the patterns.
Sonification in music makes use of patterns contained in the
data to be sonified. A composer of algorithmic music consciously
takes the decision to step back from his foremost compositional
responsibilities and lets the algorithm and the data take control
of the musical creation to a large part. Algorithmic composition
requires human intervention on higher, more abstract levels [1].
Decisions such as the proper mapping of parameters, processing
and filtering of inaudible data need to be made, while the minor
details are left to chance. Listening to this style of music may

2. BACKGROUND
2.1. Sonification for data exploration
With abundance of high-dimensional data, auditory data exploration has become an important tool to comprehend such data and
to uncover its structures and patterns [4, 5]. Thus, sonification has
expanded beyond the classic process monitoring applications and
many researchers among different fields are currently researching
in this area.
Vogt et al. [6] used sonification to understand lattice quantum
chromodynamics (QCD) as a representation of a 4 dimensional
space; Grond et al. [7] implemented a combined auditory and visual interface to help browsing ribonucleic acid (RNA) structures;
Winters et al. [8] simulated through sound the phase transition
that occurred shortly after the Big Bang; Bearman [9] used sound
to represent uncertainty in future climate predictions; Alexander
R. et. al [10] was able reveal new insights into data parameters for
differentiating solar wind types, by audifying and listening to 13
years of heliospheric measurements.
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making it appear for this single sound be coming from the space
between the speakers. An imbalance of amplitude between the
speakers moves the sound from one speaker to another and makes
the space in which the sound can travel continuously. Hence, the
realization that a massless, virtual sound source may travel at virtually any speed to any place had a significant impact of musical
thinking in the 20th century.
While the above technique, also known as stereo panning, is
based on how the brain combines the auditory signals coming from
both ears, not all spatialization technologies make use of these psychoacoustic principles. Wave Field Synthesis (WFS), in particular, tries to reconstruct the original wavefront of the virtual source
from speaker array onwards [24]. Unfortunately, this requires a
large amount of speakers and exhibits spatial aliasing above a certain frequency, depending on the size and proximity of the speakers. Ambisonics is another sound field reconstruction method but
driven by psychoacoustic amplitude panning techniques, similar to
stereophony [25]. Compared to Vector Based Amplitude Panning
(VBAP), it has with a more uniform phantom image but suffers
from spatialization blur [26]. In turn, VBAP, being more closely
related to stereophony, triangulating the signal between the three
nearest speakers [25], demonstrates a higher positioning accuracy.

Sonification is particularly appropriate to improve the understanding of neuroimaging data, which is naturally multidimensional. There have been several studies that have focused on
analysing the data obtained from Electroencephalography (EEG)
measurements. One of the first attempts to auditory EEG exploration was reported in 1934 by E. Adrian and B. Matthews [11].
For their research they measured the brain activity from a human
subject by electrodes applied to the head, and the channels were
viewed optically on bromide paper using the Matthews oscillograph, while being directly transduced into sound. More recently,
T. Hermann et al. have presented different strategies of sonification for human EEG [12, 13, 14, 15] and Gomez et al. [16] studied
different approaches to fMRI brain data sonification.
Music has also been used to represent human EEG. One example is the work of D. Wu et al., representing mental states by
using music [17]. The EEG features were extracted by wavelet
analysis and they would control musical parameters such as pitch,
tempo, rhythm, and tonality. To give more musical meaning, some
rules were taken into account like harmony or structure. One of
the main challenges of this work was to find the precise trade-off
between direct sonification of the features and music composition.
One of the most relevant musical outcomes was the concert
of sonification at the Sydney Opera House, for the ICAD 2004
[18]. Ten pieces of music were composed from an EEG data set
of a person listening to a piece of music. Whilst performed the
audience stood immersed during the concert in a 16.2 dome of
speakers arranged to mimic the positions of EEG electrodes on the
scalp. Although most participants made use of the speaker configuration, the musical impact of placing specific sound material in
each respective location is rarely discussed. Sonically, section 1 of
the piece The Other Ear by John A. Dribus shows similarities, in
the sense that he creates a fast swirling sensation to represent the
brain’s activity.

2.2.1. Cultural developments in spatial music
As of the 20th century, the spatialization of music has received
much focus since the dawn of the modernist period, especially
with technological advances in sound reproduction techniques and
electro-acoustic music on the music’s increasing popularity around
the 1950’s [22, 27]. But the notion of space in musical composition goes back farther than one might suspect at first. Traces can
be found starting from the deliberate separation of ensemble parts
to articulate antiphonal compositions in biblical times [28], continuing with architecturally motivated compositions, over symbolical
spaces and up to virtual soundscapes.
Around the 16th century, antiphonal psalmody heightened
with the popularization of the polychoral style, specifically in
Venice. The architecture of the venetian Basilica San Marco, with
its two spatially separated choir lofts, is said to have inspired composers Adrian Willaert and, most famously, Giovanni Gabrieli to
make impressive use of a technique known as cori battente or cori
spezzati for dramatic spatial effects [26, 28, 29]. Although the
use of space played an important role in their music, exact spatial arrangements were usually not indicated in the score [22]. It
was usually separate the individual groups spatially, meaning that
space was merely an implement for a heightened experience as
opposed of true compositional concern.
While composers of the classical period showed little interest
in spatial effects, there were notable exceptions, however. Wolfgang Amadeu Mozarts Serenada Notturna (1776) for two small
orchestras and Notturno (1777)1 for four Orchestras, demonstrate
a tight interweaving of physical space with the music through motivic segmentation and dynamic interplay. He creates echo effects
by not simply repeating phrases with each respective orchestra delayed in time, but considers dynamics, masking effects and gradually adds mutes to more instruments in each repetition to denote a gradual darkening at each reflection [29]. Later on, romantic composers would utilize spatial effects for programmatic

2.2. Spatialization as a musical language
Space is present in most musical vocabulary, as well as projected
into many other musical characteristics and parameters. All acoustic instruments have physical dimensions that place certain pitches
to unique physical locations. Not just because of this is pitch
mostly described with being high or low; we naturally associate
high frequencies as coming from above and vice versa [19]. Moreover, the term ’space’ is used in many musical contexts besides
meaning actual physical space. Musicologists may refer to tonality as pitch space, or to orchestration as timbral space [20]. In
his writing on space-form and the acousmatic image [21], Smalley
presents a new musical taxonomy to compliment qualities specific
to electro-acoustic music and bases is completely on the notion of
space in music. The spatial development of a sound and its timbral development, the spectromorphology as he coins it, become
one. Hence, the interpretation of a sound’s more traditional audible qualities and the space it occupies are fused together.
Space and the concept of spatialization in electronic music today is a substantiated aspect of the music and is used in a unique
and radically different way compared to an previous acoustic effort [22, 21, 23]. As Normandeau points out, the development of
the loudspeaker had a fundamental impact on the way composers
see space [23]. Being able to play any sound or timbre, especially
sharing the exact same signal as another loudspeaker, makes this
electronic device a unique instrument. If two loudspeakers play
an identical sound the brain will fuse these two signals together,

1 Mozart’s quadrophonic orchestra piece may sometimes be (strictly
speaking, incorrectly) labeled Serenade, such as it is the case in [29] and
[26]
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tiomorphology, referring to space as an appreciative experience in
itself. He distinguishes spatiomorphology from using space only
as means to enhance the spectromorphology. Simply put, this is
where he delineates space from being a mere effect as opposed to
a parameter suitable for musical expression.

purposes, such as the apocalyptic trumpets in Hector Berlioz’ Requiem (1837) [30], or the use of off stage ensembles, as it is the
case in the finale in Gustav Mahler’s Symphony No. 2 [26].
Having composed more than half his catalogue of work with
deliberate spatial intentions, Henry Brant was one of the first to
base his compositional methodology around the musical potential
of space. His main concern was the clarification of dense textures through spatial separation [31]. He would mainly approach
this problem by spatially separating the instruments into timbral
groups to achieve the highest sonic distinction and prevent an effect similar to stereo panning. Furthermore, seating plans were often precisely indicated, which made his compositional techniques
possible, such as trajectories and travel and filling-up, a gradual
engulfment in sound by successively adding instruments to the
overall sounding cluster.
But it was not until the introduction of the loudspeaker that
the use of space in music was completely revolutionized. With the
absence of harmony in atonal music and the replacement of pitch
by concrete sounds in the first half of the 20th century, composers
were in need of other musical parameters to communicate their
compositional intentions. Edgar Varèse thought of sound as a musical object that ”[...]flow, change, expand and contract, yet they
have a certain tangibility, a concreteness established by clearly
defined boundaries.” [22]. For the Phillips Pavilion at the 1958
Brussel World Fair, he used an estimated 350 speakers to create
sonic trajectories as a central element to his specifically composed
Poème Électronique [32].
For Karlheinz Stockhausen, the spatial parameter was an inherent part of a sound and was fully integrated into Total Serialism. His acclaimed composition Gesang der Jünglinge (1956)
was originally written for six channels and the serial spatialization
of the sound is said to be the most fascinating features [33]. He
created both electronic and orchestral pieces with clear spatial intentions in mind, such as Gruppen (1955-57) for three orchestras.
For the Osaka World Fair in 1970, Stockhausen built the first fully
spherical concert hall and created the ability to spatialize sound
freely in all dimensions, even below the listener. He divided the
space vertically into layers, which were individually treated in the
score, with specific interpolative symbols between them [34].
Contemporary trends in spatio-musical composition turn away
from a mere trajectory-oriented thinking look more at space itself as a compositional mean. During the performance of HPSCHD (1967-69), John Cage forced the listener to use his directional hearing and decide what to listen to by bombarding him with
sounds during a ”[...]five hour multi-media extravaganza[...]” [22].
Alvin Lucier famously made space his instrument in I am sitting
in a room (1969), amplifying the rooms resonant frequencies by
successively projecting and re-recording an initial phrase. Kerry
Hagan, in turn, engages in textural composition [35], creating
new, imginary spaces by engulfing the listener with stochastically
placed granules. Putting the listener into the role of the composer,
Ryoji Ikeda plays with the perception of space in db (2012), as the
projectied composition of sine tones through a parabolic speaker is
modified through ones own movement in the Hamburger Bahnhof,
Berlin, as well as the reflections of other visitors that walk through
the sonic beam.
Lastly, Smalley [21], already mentioned above, recognizes the
ability of space to change the sounds spectromorphology. Space
is not just a parameter the composer can change at will, one needs
to be aware of the impact it has on the sound and the changes
that happen to the actual music. Smalley coined the term spa-

2.2.2. Perception of spatio-musical gestures
Spatial listening is often dealt with the well known binaural cues
that describe our ability to make use of our spatially separated ears
and shape of our cochlear. But differences in time, level and spectral content are only half the truth. The localization models usually
consider an isolated part of the frequency spectrum and would relate to real world situations only if the brain would receive a single
anechoic source. Instead, our ears are constantly bombarded with
many different sounds from all directions simultaneously.
To separate and localize cohesive, individual entities in this
frequency agglomerate coming in through two small openings in
our head, Bregman formulated a theory called Auditory Scene
Analysis (ASA) [36]. Its essence builds on the five founding principles of Gestalt theory around which the theory of grouping and
segregation, separating the figure from the ground, are formed
[37]: Similarity, Proximity, Continuity, Common Fate and Symmetry & Closure. Segregation is caused through contrast. Two
objects separate one from another not from their relation to each
other, but in their relation to their background. For this, Bregman
[36] defines a perceptual distance d, that describes a weighted distance between several comparative auditory dimensions, such as
frequency or time.
ASA is based on two auditory grouping phenomena: Primitive segregation describes our natural abilities to segregate sounds
in the environment from one another, similar to how Gestalt theory
describes the urge to see patterns. Spatial cues are a major component in the process of primitive segregation and include both
spatial location and spatial continuity among other cues. [37].
Schemas come into play where primitive segregation fails, as an
additional model of learning, a way of discerning learned patterns
from previous events that involved attention and may regroup previously, primitively segregated scenes.
But, beyond ASA, lie higher levels abstractions of our spatial perception. Listening to sounds in space is not fulfilled until
we create a mental map of the auditory scene that we may then
interpret. Phenomenology, for example, calls for time being the
main mediator of this experience and the notion of space as a personal, egocentric perception with movement being the essential
bodily experience [22]. This means that spatial perception – spatial awareness is not just individual, but acquired and learnable.
Even though the identification of spatial gestures as a musical act might be alien to some, the musical intentions behind the
spatialization of Varèse and Stockhausen, for example, may be understood, if not personally, then culturally, on a larger time scale.
Cage and Ikeda, for example, deliberately turn the focus onto the
space by reducing other parameters either through overload or reduction. Music that is primarily concerned with space, but fails to
address the spatial engagement will be completely misinterpreted.
This form of reduced listening can be compared to that proposed
in musique concrète [38]: aural spatial perception lies within this
(usually) subconscious realm of detectability [36]. By putting the
listener into a reduced state of mind, the composer may push his
intentions into the categories of perceptability and desirability [38]
and engages the listener in attentive listening [39].
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While, at first, spatial music may seem as if it is a pure sensory experience, one just needs to look at visitors that stands in
awe of the auditory space of a cathedral, the reverberation and the
soundscape of small footsteps in the distance, the mumbling of soft
prayers, the occasional camera clicking away. ”In many situations,
listeners may not be consciously aware of the affect induced by listening to engaging sound or spaces.” [39]. Through reduction of
other musical parameters the audience has to come to a conclusion
that it was not the sounds that moved them – it had to be the space.
The composer can steer the the attention to shift the listener from
the detection of space to the attentive mode of perception, but the
language of [...] high-impact, emotionally engaged listening [39]
can only come from a rich pool of culturally established norms –
and a true musical spatial language is still to be established.
3. BRAIN DATA
All the data used for this article was created during the experiments
done by Grahn and Rowe in 2009 [40]. In their work they used
fMRI images to study the perception of rhythm in musicians and
non musicians. In their experiments, several subjects had their
brain activity measured, while exposed to volume accented and
duration accented rhythmic stimuli.
Every brain image obtained, contained thousands of ”voxels”
(Volumetric Picture Element), that have been filtered to reduce random noise in the image improves the ability of a statistical technique to detect real activations and reject false ones. Spatially
smoothing each of the images improves the signal-to-noise ratio
(SNR), as well as temporally smoothing avoids a number of slow
”scanner drifts”.
fMRI data has a lot of features and fewer examples. Hence,
it is desirable to reduce the number of features using feature selection techniques. For our purpose the voxels will be the features
to extract. We want to know ”how important the voxels of a certain region are, according to the task. The strategy used is voxel
discriminability. For each voxel and considered cognitive state, an
analysis of variance (ANOVA) is performed comparing the fMRI
activity of the voxel in examples belonging to the different stimuli
of interest. More concretely, the method chosen is the one-way
analysis of variance, with a test statistic called F ratio. A certain
number of voxels can be now selected by choosing the ones with
larger f-values. More detail information about the data extraction
is described in [16].
Finally, the extracted features are projected onto a hemisphere
through a line joining the center of the brain to a point on the surface, and intersecting the top half of a circumscribed sphere (Figure 1).

Figure 1: 3D projection of the features onto a virtual hemisphere.
The grey dot represents both the center of the brain and the center
of the sphere. The dark yellow dot represents the feature to be
projected into the light yellow dot.

Figure 2: Time– Frequency representation from a voxel. The right
graphic corresponds to the time domain, while the left graphic represents the magnitude of the voxel’s spectral analysis.
while conveying feelings and make the experience enjoyable, both
in terms of sonification and of spatial composition.
The first assumption is to consider each voxel as an audio sample to derive a base material to be later sonified. The approach
taken can be somewhat compared to methods used in the spectral school [41]. Each voxel measurement contained around 500
samples. This is sufficient to extract a frequency analysis of the
respective voxel. In the time domain, we normalize the samples
and extract their mean. Afterwards proceed with the spectral analysis of the signal, and determine the most relevant frequencies. An
example of a single voxel can be seen in Figure 2.
The most relevant frequencies are then mapped to the corresponding pitches. This results numerous scales and chords, each
relating to different groups of the brain. Using these scales as compositional models, we can then score instrumental passages, which
are performed and recorded as the base audio. Each passage contains a chord in its temporal center that represents the respective
voxel as a whole. Compositionally, we then interpolate between
the voxels.
This first step demonstrates the highest level of abstraction.

4. BRAIN AESTHETICS
In order to sonify the extracted features (section 3) into music,
we have taken several aesthetic considerations and various levels
of abstraction. We want to bring harmony to the formal features,
while revealing new insights into reality. The dimensionality of
the brain and its activity in terms of voxel energy should be directly perceivable. It is a deliberate choice to turn the brain into a
musical instrument by presenting the data as directly as possible.
The intention is to explore the aesthetic potential not by transforming the data beyond the recognizable, but by choosing the correct
sonification method. The work attempts to display technical data,
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While each scale and chord represents a single voxel essentially,
the amount of transformation done is beyond the recognizable. But
the intention here was not to sonify the brain but to derive sound
material that is only based on its data. The tonal composition itself
is coarse, because, as it will be described further down, the spatial
composition is able to distort the original sound to such degrees
that it may claim the complete work for itself. Nevertheless, we
retain the freedom to steer this basic material to our liking and
create a well sounding instrumental composition.

and the source signal can be panned by two modulation signals
simultaneously in any direction.
Also, once the panning speed exceeds ∼ 20Hz in either direction sound synthesis is applied. The resulting effect is similar
to amplitude modulation, but demonstrates significant differences.
For one, the source sound theoretically is present in one to two
speakers at a time. This means that the synthesis is a bit more
complex and rich in high frequencies. More significantly, though,
the rapid panned synthesis is highly spatial, meaning, it can not
live without its space. If all virtual sources are moved into one
another the synthesis is removed and the original sound surfaces.

4.1. Rapid panning modulation synthesis
On a less abstract representation of the brain lies the spatial composition. While the tonal composition was a necessity, the spatial
considerations are the main focus of this work. The aesthetic followed here is similar to that of Hagan [35], in the sense that it
creates a single engulfing sound. But while Hagan works with textures so dense that she describes a parallax between perceiving a
single grain of sound and the complete, surrounding agglomerate
as a single entity, we chose to pan our base material at speeds beyond the perception of motion.
In fact, the method described here is similar to how Stockhausen describes a technique used in Sirius (1975-77): ”Sirius is
based entirely on a new concept of spatial movement. The sound
moves so fast in rotations and slopes and all sorts of spatial movements that it seems to stand still, but it vibrates. It is an entirely different kind of sound experience, because you are no longer aware
of speakers, of sources of sound – the sound is everywhere, it is
within you. When you move your head even the slightest bit,
it changes color, because different distances occur between the
sound sources”2
This above quote describes the sensation of the rapid panning
modulation synthesis quite well. Once beyond the point that the
motion of the source can be detected, the sound becomes static
while still maintaining pulsating sensation. It becomes a single
sound that is inherently spatial, meaning that the sound becomes
the space as you cannot localize it any more even though is obviously present. Therefore, this work is not concerned about spatializing sounds in the traditional sense, it is about creating and
working with spatial sounds. Furthermore, due to the omnipresence of the sound, the movement of the audience member inside
lets him experience the sonorities differently. Hence, exploring
both the auditory space and sound becomes one.
For Sirius, Stockhausen used a directional, rotary speaker to
create this type of movement. Instead, for this work, we created
a Max/MSP patch that is able to pan between an arbitrary amount
of virtual loudspeakers on a sphere. This means that the actual
sound source, as seen from the spatialization technology, is not
moved, but the sound is sent to different virtual sources based on
equal distance panning. This is done in both azimuth and elevation
2 Stockhausen,

4.2. Connecting the brain
Using a virtual loudspeaker setup instead of sending audio to the
speakers directly brings many advantages. For one, the software
that drives the artwork is independent of respective speaker setup on site. Furthermore, virtual speakers can be created at will
and each speaker introduces a point of entry for further synthesis
methods.
Having the complex spatial sound, we decided to introduce
the voxels into the spatialization process by connecting their energy values directly with a filter. As the voxels were grouped into
50 regions on the half sphere, we used 50 virtual speakers, each
with an individual processing unit. The voxel energy information
was sent between two computers over the Opend Sound Control
protocol, being normalized between [0, 1]. The information could
then easily be rescaled to a respective center frequency. Additionally, the degree of change can be measured within a window and
scaled to a meaningful Q-value.
The result is a colored, fully engulfing and pulsating sound. As
the center frequencies of the many filters follow the energy values
of each respective voxel region, the coloring of the whole construct
is in constant shift, following the progression of the brain itself.
Surprisingly, the sound was mostly uniform at first. But individual
voxels started to break away from the large background, creating
new auditory streams. Their position in space plays a key role.
While a small number of voxels break away on their own, they
create choreographies together, working with one another, against
each other, from different points on the compass or next to each
other, exchanging timbres and fusing to a single auditory stream.
5. CONCLUSIONS AND FUTURE WORK
As seen in the paper we have implemented a three dimensional
sonification of fMRI brain data with aesthetic intentions. The brain
data was filtered and projected onto a sphere. The sonification process was mainly carried out in two steps: first we derived pitched
material from a quite abstract spectral analysis of each voxel, composing a base material from this pool of information. We then spatialized this data with a rapid panning technique creating a fully
engulfing sound to represent the base material of the brain. Individual filters for each voxel then directly represents the activity
and invites the visitor to explore this world with his own spatial
hearing.
Visitors have reported a soothing, almost hypnotizing affection. Most were aesthetically pleased. The reduction of pitched
material and other traditional musical parameters shifted the focus
of the spatial interplay of each voxel successfully and made the
composition/installation a true immersive experience.

as quoted in [26]

Figure 3: A set of notes extracted from the analysis in Figure 2.
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Kyoto, Japan, 2002. [Online]. Available: Proceedings/2002/
HermannMeinicke2002.pdf

For future work, we intend to investigate the interplay between
different individuals whose fMRI data was recorded. Also, there
are many points at which the sonification may tap in using different, higher level features. For example, as it can be seen in
Figure 2, there is a clear low frequency oscillation in the time domain representation of a voxels energy development, which could
be separated from the smaller fluctuations when subtracted, and
used as two separate sonification methods. Also, we would like to
group different meaningful regions of the brain, such as cerebellum, together, which could prove useful for macro-parameters or
similar.
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In a second step, the theory needs to be amended with respect to
today's users who have grown up with digital media, the socalled digital native. The concepts of auditory icons and earcons were developed in the 1980s — at a time when graphical
user interfaces and the desktop metaphor where still new and
unfamiliar to the users. Today, many users have internalised the
model world of the graphical interface to an extent that makes
menus, icons, and windows actually feel "natural". This habituation effect strongly influences also the perception of auditory
signs, and hence, changes the semantic relation between the
auditory sign and its meaning.
After a brief introduction to some basic terms of semiotic
theory, these two steps of review and revision will be made.
Based on semiotic definitions, a taxonomy of auditory signs in
human machine interfaces will be suggested.

ABSTRACT
The aim of this paper is to develop a theory and taxonomy of
auditory signs, based on semiotics. For more than two decades,
the discourse on non-speech audio interfaces has been dominated by a dichotomy between auditory icons, which are based on
everyday hearing, and earcons, which are based on musical
hearing. The corresponding theory behind these concepts has to
be revised for several reasons. First, the authors of these theories partly use semiotic concepts and terminology, but not always in a correct way. Second, the classification of auditory
icons as "iconic", and earcons as "abstract" is too simple and
based on the questionable premise that everyday sounds are per
se iconic and musical motives are per se abstract and symbolic.
Third, this widespread idea ignores the crucial role of the user
in the process of perception. In addition, the users' perception of
visual and auditory signs in computer interfaces is fundamentally different today, from how it was in the early years of graphical user interfaces — the time when the first auditory interfaces and the corresponding theories were developed.
1.

2.

RELATED WORK

Semiotics for non-speech audio has been adressed systematically only in recent years. Pirhonen et. al. [4] and a related article
of Murphy et. al. [5] have rightly adressed the fact that a sign's
interpretation is influenced by its semiotic context (syntagma).
However, they adhere to the distinction betweeen real-world
auditory icons and earcons that are "symbolic in nature”. Petocz
et.al. [6] have clearly described the listener's essential role in
the sign process. Nevertheless, their re-interpretation of auditory icons as "conventional indicators" can be questioned. Last,
Nam and Kim [7] provide a (too) simple one-to-one mapping of
sign classes to auditory cues. Whereas they use Peirce's refined
"ten principal classes of signs" on the semiotic part of the equation, they use only a rather undifferentiated classification of
auditory signals.

INTRODUCTION

Computers operate with several layers of symbolic code ranging from binary machine code to high level programming languages. Therefore, strictly speaking, all signs in human computer interfaces are symbolic — at least on a technical level.
Iconic signs have been introduced to human interfaces by a
metaphoric transfer from the actual world to the computer model world. Visual icons have served as a model for both auditory
icons and earcons [1], [2]. The related theory construction drew
parallels between auditory and visual icons. Literature on both,
auditory icons and earcons, has employed semiotic terms and
definitions, but in some cases in a rather unorthodox way. The
most common fallacies are the confusion over indexical and
iconic signs, thus confusing causality with similarity [3], and
the notion of earcons being purely conventional and symbolic
[1].
In order to outline a semiotics-based theory of non-speech
audio in human computer interfaces, the first necessary step is
to correct these misbelieves. Not as an end in itself — a revised
semiotic theory of auditory signs will also shed a different light
on stereotype attributions concerning advantages and disadvantages of auditory icon and earcon use. It can be expected,
that a better understanding of the semiotic processes will improve decision-making during the design process.

3.

SEMIOTICS

Semiotics, the study of signs and sign processes, is rooted in
philosophy and linguistics. Due to the modern semiotics' tradition of more than a century, the various semiotic schools and
their respective terminology cannot be discussed here in detail.
However, in order to discuss a semiotic theory of auditory
signs, it is necessary to introduce to a minimum of semiotic
terminology beforehand. In this article, the semiotic terminology will follow that of Charles Sanders Peirce, who introduced
the triadic concept of the sign, which emphasises the role of the
perceiving person in the sign process [8].
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3.1. The three aspects of the sign
1.

SIGN

Syntactics: The relation between sign and other signs,
rules for the formal structure of signs.
Semantics: The relation between sign and its object, its
meaning.
Pragmatics: The relation between the sign and its interpretant, the effect the sign has on the perceiver.

2.
3.
INTERPRETANT

OBJECT

Figure 1: The three aspects of a sign, following Peirce [8].

3.3. The three types of relation between sign and object

1.
2.
3.

Semantics are not only about the meaning of signs, but also
about the principles behind the construction and encoding of
their meaning. Semiotic theory differs between three types of
signs, based on distinct relations between the sign and the referred object.

Sign: the sign-carrier, the perceptible signal.
Object: the thing or the concept the sign refers to.
Interpretant: the interpretation in the mind of the
perceiver.

It is seems somewhat confusing that one of the sign's parts is
again called the "sign". In Peirce's terminology, it denotes the
physically existing sign, which can be auditory, visual, haptic
or olfactory. Some scholars refer to it as the "sign-carrier",
"sign-vehicle", or the "signal". Eventually, mostly the more
simple term "sign" is used.
In addition, the term "object" might be misleading. The object can be a physical object or thing, like a car or a trashcan,
but it does not have to be physical. The object can also be an
abstract concept like "democracy", or an action like "erase" [9].
Finally, the "interpretant" should not be confused with the
interpreter, i.e. the interpreting person. It is rather the interpreter's mental conception of the sign's meaning. In other words,
like the sign-carrier, the interpretant is a representation of the
object. But whereas the sign exists physically in an auditory,
visual, haptic or olfactory form, the interpretant exists "in one's
head only". [8]:

OBJECT

SYMBOL

1.
2.
3.
4.

OBJECT

Figure 2: The sign refers to an external object and evokes a
mental representation. Illustration by the author.
3.2. The three dimensions of semiosis
The sign process (semiosis) is subdivided into three dimensions
that describe the relations between sign, object and interpretant
[10]:
SYNTACTICS
SIGN
PRAGMATICS

INTERPRETANT

SIGN

INDEX

OBJECT

SIGN

ICON

Symbol: based on convention, no factual link between
sign and object
Index: based on causality, physical link between sign
and object
Icon: based on similarity between sign and object
TYPOLOGY OF VISUAL AND AUDITORY SIGNS

The scientific discourse in the auditory display community has
been utilizing some semiotic concepts and terminology, but —
as will be discussed in chapter 3.1. — not in a consequent or
consistent way. On the other hand, the semiotics community
has hardly discussed the domain of non-speech audio.
Morris was the first to systematically apply semiotics to the
visual domain [13] and to teach semiotics in a design context
[14]. Today, semiotics is an integral part of the curricula of
numerous graphic design study programs, but in auditory communications semiotics remain regrettably unutilized.
This blind spot of the semiotic discourse has its origin in
the discipline's strong tradition in linguistics. Even in Nöth's
extensive "handbook of semiotics" [15] only a small chapter on
semiotics of music can be found, but the term "sound" is simply
non-existent in the subject index. In musicology, there is also
no great tradition in semantic analysis of music. The meaning
of music, in the sense that it refers to extra-musical phenomena,
is not in the focus of traditional art music theory. In most cases,
musical analysis is mainly based on the syntactical and selfreferential inner structures of music. Exceptions to this are the
semiotic driven works of Tarasti [16], Nattiez [17], and Cummings [18], and Clarke's approach to musical meaning based on
ecological perception [19]. In contrast to everyday sounds, music does not have an unambiguous meaning. If a piece of music
has extra-musical meaning, it is often based on a complex, multi-layered, and interwoven symbolic (cultural) coding [16].
Hence, music is a form of communication with a great power of
evoking associations and moods, but it is usually not used in a
strictly functional context, that is to communicate well-defined

EXTERNAL
REPRESENTATION

INTERPRETANT

OBJECT

Figure 4: Schemes of the relations between signs and their object. Own illustration following Bense [12].

SIGN
MENTAL
REPRESENTATION

SIGN

SEMANTICS

OBJECT

Figure 3: The dimensions of the sign process. Own illustration,
partly based on Morris [11].
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meanings effectively without ambiguity. However, below these
multiple cultural layers there are also musical universals, which
are independent of cultural context. For instance, the sense for
tempo, and what is considered fast or slow, is similar across all
cultural backgrounds. Musical universals can be used to design
music-based signs that are not arbitrary and symbolic, and
therefore are as easy to learn as natural everyday sounds. This
will be discussed further in chapter 3.2.

4.3. Symbol
The well-known error beep is a typical example for an auditory
symbol. Symbols are based on mere convention, neither laws of
nature nor perceivable similarity link a symbol to its meaning
[8]. The sign's shape or sound has no factual connection with
what it refers to, which is why the symbolic sign often is referred to as being arbitrary. The traditional error beep is in fact
arbitrary, in the sense that its timbre, pitch and duration do not
contribute anything to its meaning. A higher or lower pitch or a
different waveform would do the same job just as well. Pure
waveforms, like sine waves, lack physical indexical meaning
because they are hardly heard in everyday interaction with the
environment. They can only obtain a meaning by declaration
and convention [20]. But what about using real world sounds,
like frog's croak or glass bottle sounds, as a sign for a computer
error? In relation to their actual meaning, these are just as arbitrary as a sine wave. Originally, they are index sounds, which
indicate for instance the presence of a frog. Transferred to a
different context the indexical meaning retreats to the background and gets overlaid by the new symbolic meaning. It is
only a matter of repetition and training until the second meaning becomes dominant [6].
Multilayered meanings are not restricted to digital technology, for instance the sound of a church bell is initially only an
indexical sign for a clapper hitting a metal bell-shaped vessel.
Still, the predominant meaning of this sound is the appeal to
attend church service, or the profane indication of the current
time. Both of the latter codes work on a symbolic level, based
on initially arbitrary cultural conventions — other cultures use
different sounds for these purposes. Even this arbitrary coding
can be perfectly internalized in a way that it will be understood
just as fast and intuitively as natural indexical sounds [21].

4.1. Index
The most frequently used example for an indexical sign is
smoke as a sign for fire. Smoke indicates a fire, and it does so
by merely pointing to it, without being similar to the fire and
without cultural conventions behind it [8]. The index sign is
linked to its object simply by the laws of nature — it is a symptom. The auditory index sign for "fire" would be the fire’s typical crackling sound. The fire physically causes this sound, it is
the auditory effect of physical and chemical processes that we
call "fire". The index sign "crackling" and its object "fire" are
linked so closely, that one could argue that "smoke" and "crackling" are both integral parts of the perceiver's conception of
"fire". Everyday listening is mainly based on these indexical
sign processes. Gaver also points to the direct and effortless
perception of physical everyday sounds:
Our normal mode of hearing is to listen to sounds to identify the events that cause them. From this perspective, sound
provides information about materials interacting at a location
in an environment. [2]

4.2. Icon

4.4. Iconicity

Most definitions of the iconic sign use the term "similar" to
characterize it. Thereafter, the icon is based on a similarity between the sign and what it stands for [8]. In order to be more
precise, Morris circumscribes the concept of similarity with
"shared attributes between sign and object" [11]. The iconic
principle of similarity is widely used in visual communications.
For instance, a silhouette drawing of an animal on a traffic sign
becomes understandable by the depiction's similarity to the
animal. Sign and object share some attributes of shape. Iconic
auditory signs in this sense would be sounds that sound similar
like other sounds. Foley artists often use iconic sounds, for
instance when using coconut shells to imitate horses, or when
using a snare drum as an exaggerated illustration of a punch in
the face.

DEGREE OF CONVENTIONALITY
SIGN IDENTICAL
TO OBJECT
NO SIGNS

DEGREE OF ICONICITY
ICONS

PURE CONVENTION
NO SIMILARITY
SYMBOLS

Figure 5: Gradual transition of icon to symbol, from high
iconicity to high conventionality [22], [23].
In order to discuss the typology of auditory signs further, it is
necessary to have a closer look at similarity. In the visual domain, it seems to be obvious when a sign is similar to its object.
The silhouette drawing of a cow on a traffic sign is said to be
similar to a real, living cow — at least in some aspects. Here
similarity is based on proportional scaling, reduction to two
dimensions, elimination of materiality and colour, and reduction of details in shape.
However, similarity is not restricted to analogue transfers
like scaling or reduction of detail. A merely diagrammatic similarity is also considered to be iconic [8]. Even if a subway map
is not drawn to scale, or a circuit diagram does not represent the
spatial arrangement on the circuit board, both are still iconic
representations based on structural similarity.
In order to describe different levels of similarity between
sign and object Morris introduced the term "iconicity" [22]. In
this sense, the attraction of Madame Tussauds' wax figures is
based on a very high iconicity, whereas a subway map is based

A recording of a sound is, when played back, an icon for
the original sound. Digital photo cameras use pre-recorded
mechanical shutter sounds to indicate an otherwise silent digital
process. When originally produced by a mechanical camera,
this sound is a physically caused index sound for the shutter
release. Everyone who is familiar with analogue photo cameras
understands this indication intuitively. Therefore, when a digital
camera reproduces a shutter sound, the imitated sound is interpreted due to its similarity with the original sound. It is an auditory icon. But what about younger users, who are not familiar
with vintage photo gear? For them the meaning of the same
sound is pure convention — a symbol. [20]
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context is the notion that auditory icons are per se iconic, and
that earcons are generally abstract, i.e. symbolic.

on low iconicity. The upper end of the iconicity scale is delimited by a sign that is identical to its object, and therefore would
not be a sign anymore. Below the lower end of the iconicity
scale's is a sign that has no (more) similarity with its object — a
symbol [23]. This delimitation is not defined by objective properties of the sign, but solely by the perception of the interpreter.
If a low level similarity is recognised or not, depends strongly
on the perceiver's previous knowledge, cultural background and
frequency of use [24].
The concept of iconicity as a degree of similarity is easily
understood when dealing with visual icons. Similarity of auditory icons is harder to define, since natural sounds are signs for
events, they are time-based, whereas visual icons represent
things, they are spatial. In the following chapters, the question
of iconicity of auditory signs and to what they actually are similar will be addressed.

5.1. Are auditory icons really iconic?
It is needless to say that Bill Gaver's work on auditory icons
[2], [3] has been seminal for auditory display design. In his
dissertation, Gaver transferred Gibson's approach of ecological
perception [27] from the visual to the auditory domain [28]. He
analyses how information can be obtained from everyday sound
and discriminates it strictly from musical hearing. Due to their
intuitive understanding, Gaver recommends the use of everyday
sounds for auditory interface design. In his argumentation, he
refers to Peircian semiotics, but obviously confuses index and
icon when he claims that "iconic mappings are based on physical causation" and "its characteristics are causally related to the
things it represents" [3]. This is true for indices, but not for
icons, which are not based on causality but on similarity. This
flaw has been noted before by Petocz et. al. who then conclude
that auditory icons in fact are auditory indices [6]. However, the
matter is even more complex.
As we have seen in chapter 2.1, everyday sounds are indexical. But what happens when these sounds are being detached
from the event of their physical causation? A recorded and
played back sound could be described as an index for a past
event. Even with the best high fidelity equipment, the recorded
sound will not be exactly the same like the original sound.
Hence, a played back sound is, due to its similarity to the original sound, only a representation of the original sound and
thereby also a representation of the original sound's meaning.
Gaver's argument that auditory icons are iconic because they
are based on physical causation is not correct. However, only
the explanation was wrong. They are iconic, because they have
been copied and imitated, as we have seen in the example of the
camera shutter sound in chapter 2.2.
Admittedly, the camera example is different to most computer interface scenarios. In the shutter sound example, the
original context and the new application context reside in the
very same domain. In contrast, computer interfaces do not have
mechanical predecessors that could serve as a source of physical sounds and established listening habits. Everything in a
graphical user interface is based on metaphors. Using a trashcan
to delete data on a computer seems almost natural today, but of
course, it is based on a conceptual analogy between throwing
away waste in real live, and marking hard disc space as unused.
In real live, the accompanying sound when trashing something
is an integral part of the perceptional pattern of “trashing”. A
visually similar representation of a trashcan, a similar interaction and a similar sound create a holistic multisensual analogy
in the computer model world — and iconic sign-object relations
in all of the three aspects: visually, auditory and interactionwise. Such coherence in all aspects of a conceptional model is
rare, because many processes in computers do not have an analogue equivalent in real live.
Some of Gaver's auditory icons in the "Sonic Finder" [3]
were an extension of the visual desktop metaphor with what can
be called an auditory "carpenter metaphor": Applications
sounded like metal, like tools do. Files and folders — the material to be worked with — sounded like wood. Are these metaphoric signs also iconic? In what sense is a wooden sound similar to a digital file? What attributes do they share? These attributions do not seem to be built on similarity in the usual sense.
Although, taking a look into the classic definition of "meta-

4.5. Using index, icon and symbol
Taking a superficial view, an index sign seems to be the most
intuitive sign to be understood, because it is "natural". The second choice would be the icon, because it bears the potential to
be understood by resemblance. The symbol would be coming in
last, as "arbitrary" usually is considered almost synonymous
with "inapprehensible". While it is undoubted that different
sign-object relations exist, it must also be clear that in terms of
understandability the different types of sign are only good for a
head start effect. All described advantages can and will be overridden by the effects of repetitive use. Moreover, in fact index
signs are not more intuitive because they are "natural" — they
have become intuitive only because we have been exposed to
them for a longer time.
The given description of the three types of signs has been
simplified in order to be clear and concise. In fact, also the interpretation of indices and icons are to a certain extent subject
to cultural differences and context. For a discussion on the cultural influence on the perception of "direct physical experience"
(i.e. index signs), see Lakoff and Johnson [25]. For a discussion
on the conventionality of icons and on perception of similarities
as a cultural technique, see Eco [26].
5.

AUDITORY ICON AND EARCON THEORY

The terms "auditory icon" and "earcon" have been coined in the
1980s, when the discipline of auditory computer interface design emerged. In the early years, the discourse has been dominated by a methodological debate about which of the two concepts is more effective and easier to learn. Today both are
standards in auditory display design. Both concepts have constituted the (still improvable) auditory environment of today's
computer users. Browsing for instance sound folders of Apple's
OS and Microsoft Windows, auditory icons and musical earcons can be found in peaceful coexistence. This is also reflected
in scientific discourse: A cumulative word count through the
ICAD proceedings of the past three years shows 490 hits for the
term "earcon" and 356 hits for "auditory icon", with an average
of six occurrences (!) per paper.
In order to reconceive auditory icon and earcon theory, it is
necessary to once again have a look at classic publications,
which coined and imprinted these terms, since some debatable
attributions that originate from these early papers keep being
repeated until today. The most problematic stereotypes in this
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when designing earcons. Instead, the authors are content with
the notion that earcons, in contrast to auditory icons, are abstract and symbolic and therefore simply have to be learned [1].
For Blattner et. al. the only way to facilitate earcon learning is a
systematic and hierarchical earcon design. To speak in semiotic
terms, it is a completely syntactic approach, ignoring semantic
aspects of music. This compares to describing principles for
writing readable text, while only focusing on grammar and
spelling.
The concept of earcons as basically arbitrary compositions
leads to a problematic negligence towards the actual composition of the earcon. Compared to everyday sounds, which are
always indices for their causing events, it is much more difficult
to describe the meaning of music. Music is widely considered
being self-referential, bare of any extra-musical meaning. This
may be true in some cases for "pure" art music. Programme
music and especially functional music, like film music, show
impressively how music is able to transport not only moods, but
also information that can hardly be transmitted visually, such as
the existence of monsters under a bed, or a protagonist's hidden
feelings. These denotations are in most cases coded in multiple
layers of cultural conventions, but there are also aspects in music that are directly understood, independent of musical training
and across cultural differences. These so-called musical universals are based on biological and physiological structures [32],
or rooted in human perception [19]. The sense of tempo correlates perfectly with both heartbeat and walking; 120 beats per
minute are considered a fast tempo in music, a fast heartbeat
rate, and also a fast walking pace. Universal music related patterns are also found across different spoken languages. An excited speaker will speak louder and faster, in a higher pitch,
using greater intervals — features that are also used to describe
excitement in musical theory [32].
The terms "high" and "low" pitch suggest a correlation between pitches and physical space. Indeed, most people associate
a change in pitch with motion in an imaginary space. If this
association is based on a physiological effect, is still being debated [33]. However, ecological approaches to the perception of
musical meaning regard the association of motion as directly
rooted in human perception [19]. Even if the effect was only
culturally acquired, it is anchored into our listening habits so
deeply that it is impossible to ignore when designing earcons.
In Microsoft Windows, simple two-tone motives indicate when
hardware has been added or removed. In fact, there is no objective reason for assigning an ascending interval to "adding" and
an descending interval to "removing", but to match "in" with
"up" and "out" with "down" fits listening habits and therefore
feels intuitively right.
Longer motives can create a more complex contour or gestalt. Gestalt theory, originally developed in cognitive psychology in order to explain phenomena in visual perception, has
also been applied to describe the perception of melodic patterns
[34]. Tempo and melodic gestalt are just two examples to illustrate the non- arbitrariness of earcons. Rhythm, dynamics, and
timbre also carry connotations that can and should be utilized in
earcon design. The concept of gestalt had already been addressed during the very first ICAD conference in 1992 [35].
However, it did not lead to doubts about the concept of earcons
as completely abstract and symbolic signs.
In conclusion, earcons can be completely arbitrary and
symbolic, but they do not have to be. When a simple synthetic
beep represents a system error, the beep is an arbitrary symbol.
More complex earcons can also be arbitrary, for instance when

phor", we again come upon the concept of similarity. Following
Aristotle, a metaphor can be a transfer based on the principles
of analogy, which is in turn based on similarity or comparability [29].
However, a metaphor does not have to build on an already
existing similarity. The similarity is rather created by the introduction of the metaphor [30]. Aristotle already pointed out that
coming up with a good metaphor "implies an intuitive perception of the similarity in dissimilars" [29]. Thus, the sounds of
files and folders in Gaver's "Sonic Finder" are iconic indeed.
They are based on a conceptional similarity between metal/wood, tool/material and application/file. A similarity that
came into life by the metaphorical transfer introduced by
Gaver.
Already Peirce described three kinds of iconic similarity: A
picture sharing basic qualities with its object, a diagram displaying relations only, and a metaphor where the similarity
refers to yet another sign [8]. In Morris' terms, a metaphor is an
iconic sign with low iconicity.
So far, we only considered Gaver's metaphoric mapping of
file type to material and timbre. Based on this metaphor he also
proposed mapping the file size to pitch, so that — analogous to
real life experience — big objects would produce low pitch
sounds and small objects would produce high pitch sounds.
This mapping has been coded into the sound-producing algorithm, with file size as the parameter that determines the
sound's pitch [31]. Thus, file size and pitch correlate in a fully
predictable and reproducible way. This suggests a causal relation — which is untypical for icons, but constitutive of index
signs. Here, causality is not based on the laws of physics, but
rather on man-made rules written into a software algorithm. In
this sense, parametrised sounds act on an indexical level.
In conclusion, signs that are based on everyday sounds are
not necessarily auditory icons. When there is not even a metaphorical similarity between auditory signs and their meaning,
for instance when a frog's croak is used as an alert sound, then
even a natural everyday sound is simply arbitrary and symbolic.
More complex are parametrised auditory icons that have at least
two semantic layers in which meaning is encoded concurrently;
the metaphoric icon with low-iconicity where timbre denotes
the file type, and a second indexical layer where for instance
pitch has an algorithmic, causal relation with file size. If these
layers are both perceived equally, or if one layer becomes dominant, is eventually depending on the listener.
5.2. Are earcons really abstract, i.e. symbolic?
The counterpart to Gaver's first publications on auditory icons
was the paper "Earcons and Icons: Their Structure and Common Design Principles" by Blattner et al. [1]. In this paper the
authors coined the term "earcons" and defined them as auditory
signs based on musical principles — short micro-compositions
of only a few notes length.
Even if very short, earcons do share their design parameters
with music: tempo and rhythm, melodic gestalt, timbre, dynamics, harmonics. Nevertheless, the authors mostly address parallels between earcons and visual icons as well as methods to
create modular earcon families. Surprisingly, a discussion of
how musical parameters can be used to convey meaning — the
semantic impact of musical parameters — has been left aside
completely. For instance, tempo and melodic gestalt obviously
evoke strong associations, which can and should be utilized
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Therefore, by repetitive use, an icon will not be interpreted by
similarity any more but based on a habit, a rule. The similarity
actually is still there, but now remains unnoticed. The similarity
has become useless. In consequence, iconic signs that are used
frequently over long periods of time will lose more and more of
their iconicity by simplification and abstraction. A visual example is the metamorphosis of the iconic cipher III to the symbolic 3, which developed over the centuries by cursive handwriting and rotation by 90°. In everyday conception, the cipher
3 is a symbol for most people, until they learn about the relation
to its iconic predecessor III and start to see the visual similarity.
Then the cipher 3 has again become an icon — for just as long
as the similarity remains conscious. [24]

the famous four-note motiv of Beethoven's 5th symphony
would be used to indicate "added hardware". However, there is
a plethora of associations evoked by musical universals that can
be utilized in earcon design in order to serve a communicative
goal. Already a sequence of only two tones produces a notion
of tempo, a directed motion, and a melodic gestalt with qualities like fast or slow, flowing or hesitant, up or down, and calm
or volatile. In this case, meaning is based on similarity between
patterns of musical perception on one side, and analogous perceptional patterns of extra-musical phenomena on the other. A
musical tempo may have similarity with familiar timing patterns of strolling, walking, or running. These similarities are
mainly metaphorical, since they cross domains like pitch and
physical space. In this case, attributes from an original domain
(i.e. physical space) are used to denote attributes in an alien
domain (i.e. pitch). In consequence, well-designed earcons that
build on musical universals are in fact iconic signs with low
iconicity, for they make use of metaphorical similarity.
6.

6.3. From any sign to index
In Keller's linguistic perspective the described sign metamorphosis is a one-way street where signs start as indices or icons,
and become symbols at the end [24]. This may be true for spoken language, but is not necessarily the case in digital interactive systems. When we interact with interfaces, we continuously interpret visual and auditory signs emitted by the system.
These signs follow the logic that has been encoded into the
system by the system's designer and are meant to be either indexical, iconic, or symbolic. Whereas repetitive use of iconic
signs in the analogue world often leads to a symbolification of
these signs, in digital interactive systems it leads to indexicality.
Whatever sound is played back, when for instance a file is
dragged to the trash, if it is only repeated often enough, it will
become an index for the event of successfully putting a file into
the trashcan. This can work even with the most arbitrary auditory cue; it will require only more repetition.

SIGN METAMORPHOSIS

The relation between the sign and its object does not exist objectively. It is not a fixed property of the sign. Whether a sign is
perceived as indexical, iconic or symbolic does not solely depend on the quality and the characteristics of the sign, in fact it
depends on the sign process as a whole. In which way a sign is
interpreted by a perceiver is strongly depending on their previous knowledge and the present context. The same sign may be
understood on a similarity basis by one perceiver and simply by
habit and convention by another. Still, in large groups of perceivers, there are predominant patterns of interpretation. However, these predominant patterns of interpretation may change
over time. In his theory of sign metamorphosis, Keller has described the shifting semantic relations between signs and their
objects, and the changing ways of how a perceiver derives
meaning from a signal [24].

In the perception of a frequent computer user, it does not
make a difference if a sound is determined by physical parameters when interacting with the real world, or if a sound is triggered by the user's interaction with the virtual world and determined by man-made algorithms. The only required condition
that leads to an indexical sensation is perceived causality. When
I always hear the same sound when trashing something, and
when I never hear it when I missed the trash, then the sound
becomes quickly an indicator for trashing — independent of the
sound's features and qualities. In the user's perception, his or
her activity in the computer model world causes this sound.

6.1. From index to icon
When an index is imitated, it becomes an icon. To illustrate this
effect, Keller uses the example of a simulated yawn. A real
yawn is an index for a shortage of oxygen. Like index signs in
general, yawning is usually not used for intentional communication. However, a simulated yawn can serve as an effective
iconic sign for letting someone know how bored the listeners
are. It is understood because it is similar to the real yawn. The
same rule applies to auditory signs. As seen in chapter 2.2, a
camera shutter sound becomes an iconic sign by imitation — it
is then interpreted by an associative inference, based on the
similarity between the original and the recorded sound. [24]

6.4. Polysemy
Usually the term polysemy is used to describe ambiguous or
multiple meanings of a sign. Thereafter a "beetle" can denote
either an animal or a car, and in spoken language, it could also
denominate John, Paul, George, or Ringo. An outline drawing
of a man may represent a man — or a bathroom in a different
context. In the latter example not only the meaning changes, but
also the sign-object relation. In the first case, the relation is
iconic, for the drawing visually resembles a man. In the second
case, the relation is symbolic, because the depicted manikin
does not share any visual attributes with the signified bathroom.

6.2. From icon to symbol
Whereas an icon becomes meaningful by an association that is
triggered by perceived similarity, a symbol obtains its meaning
by conventions, i.e. written or unwritten rules. Keller points out
that the associative way in which iconic similarity is interpreted, is a creative process without normativity. It is always possible that the interpreter has an association different from the
intended goal. This procedure of association can be compared
to solving riddles. Confronted with the same riddle for several
times, one does not have to associate and guess anymore.

So there is obviously also a second meaning of polysemy,
which does not deal with multiple meanings but with multiple
types of sign-object relation. In Keller's theory of sign metamorphosis we saw that these relations change, from index to
icon by imitation, and from icon to symbol by frequent use.
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Figure 6: Proposed taxonomy of auditory signs.
perceived as representations. Due to the lack of knowledge
about the originally depicted objects, they were unable to construct any similarity. For them, representative "icons" were just
arbitrary symbols. Hence, a semiotic explanation of the digital
native phenomenon can be subsumed as a sign metamorphosis
taking a shortcut from symbols directly to indices. The same
effects apply to auditory signs. Neonates need some time to
learn symbolic sounds like doorbells or police sirens. However,
natural sounds also have to be learned in the first place. For
instance discerning sounds of bouncing and breaking glass does
not have to be easier than internalising a symbolic "beep" as an
index for error. Hence, some of the advantages of everyday
sounds are simply based on longer learning time.
In addition, digital immigrants, who did not grow up with
digital technology but have adopted it, also develop indexical
perception by continuous use. When the computer model world
behaves consistently over long periods of time, when user interaction triggers predictable and reproducible feedback, then
every user will soon internalise feedback signs and consider
them as indicative for his or her actions. Like this, signs that
once were consciously conceived as representations of something, become quasi-natural index signs. In the actual world,
sounds are created by the natural law of physics. In the computer world sounds are caused by the laws of man-made algorithms. Once these algorithms are implemented, the sounds are
determined by the user's interaction and the algorithms — the
sounds can be internalized just like natural sounds.

It is important to note that these change processes do not proceed simultaneously or in a regulated way for all users [24].
Thus, a sign can be interpreted on a similarity basis, and at the
same time, someone else may interpret it based on mere habit or
convention. For the first interpreter it is an icon, whereas it is a
symbol for the second. Still, in spite of their different ways of
making sense, both interpreters can derive the very same meaning at the end. Concluding this chapter, we can say that it is
hard, or almost impossible, to predict in which way a perceiver
will interpret an auditory sign. Nevertheless, it is comforting to
see that the intended meaning can still come across, even if in
different ways.
7.

INDEXICALITY: DIGITAL NAÏVES, DIGITAL
IMMIGRANTS AND DIGITAL NATIVES

When Gaver published his first article on auditory icons in
1986 — only two years after the introduction of the Apple Macintosh — graphical user interfaces (GUI) where still new and
unfamiliar to most computer users. Computer users who were
confronted with iconic representations of files, folders, printers
and trashcans on a computer screen, rightly conceived these
icons as representations of something. Icons were perceived
consciously as signs that stand for digital, symbolic, and invisible code. Users were very aware that the desktop metaphor is a
metaphor, and that it was designed to facilitate learning to use a
computer.
As explained in the previous chapter, signs change the way they
are conceived for instance by frequent use. A similarity-based
associative inference will be superseded by a rule-based inference or mere habit. Like this, icons become symbols. The initial
iconic sign process is completely contingent upon the interpreter's ability to recognize or construct similarity [24]. In the
1980s these interpreters were inexperienced GUI users — digital naïves. In their everyday life, files and folders were physical
objects made of paper and cardboard. In contrast, today's young
adult users grew up with computers. These digital natives do
not conceive the computer model world as a representation of
an office [36]. Depending on their age, they probably did not
even know paper files and cardboard folders before they encountered the corresponding representations on the screen.
Therefore, for digital natives, these representations never were

8.

CONCLUSION

Auditory icons and earcons cannot be attributed with fixed
types of signs. In everyday life, natural sounds are indexical
signs, based on causality. In an interface they can as well be
iconic, or even completely symbolic and arbitrary. Earcons do
have a tendency towards a conventional and symbolic coding of
meaning. However, if composed attentively, they can also become iconic and intuitively meaningful (see figure 6).
The question of how a sound communicates its meaning, if
a user makes sense of it by causality, similarity or convention,
does have an effect on its learnability. However, since the type
of sign (index, icon, or symbol) is not directly depending on the
type of sound (everyday or musical), there cannot be a well-
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defined rule of which type of sound is easier to learn. Learnability does not depend primarily on the type of sound, but rather
on the distinct sound that is used, its characteristics, its sound
design, composition, cultural connotation, or original context.
Hence, especially in its early years, auditory interface discourse
put too much emphasis on the types of sounds (everyday or
musical). Over the discussion of principles, the concrete design
of proposed and tested sounds has often been neglected — especially in the case of earcons and their proper composition.
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Of course, a scientific community has to generate generalisable knowledge. However, generalisation should not lead to
over-simplification. Labeling earcons with "abstract" and auditory icons with "concrete", and the deduced cliché that musicbased earcons have to be learned, whereas everyday sounds are
intuitively understood, are over-simplifications in that sense. In
contrast to the sciences, design does not have to produce general truth. Design usually aims for specific solutions for specific
users in a specific context. A rule in the manner of "use sound
type A for purpose B with user C" is per se too simple to be
valid. Of course there can be patterns or rules of thumb like
this, but the fate of auditory signs is decided by the adequacy of
their original context (everyday sound), their composition (musical sounds) and the specific sound design details.
Last, there is the decisive influence of the user: Habituation
of individual users on one hand, and different ways of perceiving interfaces of the digital naïve, the digital immigrants, and
the digital native on the other hand. A deeper understanding of
these factors will allow for a better focus on the relevant issues
of sound design for auditory display.
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systematically in different auditory parameters. These ratings
were then used to create psychophysical functions (summarized
by a Stevens’ Power Law exponent) describing the relationship
between each parameter and perceived urgency.
The power law exponents they identified successfully
predicted the perceived urgency ratings of a new set of stimuli.
Their results demonstrated that a) it is possible to assess the
relationship between different auditory parameters and
perceived urgency using psychophysical methods, and b) some
parameters have a stronger relationship with urgency than
others.
The impact of their work on auditory warning design has
been substantial. This paper, as well as several other related
papers [3–5], has served as the basis for the urgency mapping
literature. This work has focused on systematically
manipulating auditory parameters in a context neutral format.
In a limited number of studies, urgency mapping has been
examined within the context of driving [6–8].
However, in the nearly 20 years since the publication of
Hellier et al.’s [1] original article, the prevalence and diversity
of auditory alerts has increased dramatically. Given the
increasingly complex soundscape, perceptions of various
auditory parameters may have changed or may be influenced by
concurrent changes in other dimensions. For example, increases
in frequency may not seem as urgent if pulse rates are changing
at the same time. We sought to examine these issues in the
current investigation.
Stevens [9] has demonstrated that psychophysical
judgments are relative to the set of stimuli being presented. As
in-vehicle alerts can vary greatly in the information they
represent, sets of alerts within vehicles will need to be
heterogeneous [10], [11] in order for drivers to discriminate
between the different intended meanings. Allowing participants
to rate all levels of each parameter within the same experiment
may help us better understand how a heterogeneous alert
environment impacts ratings of perceived urgency.

ABSTRACT
Research in psychophysics and auditory warnings during the
early 1990’s created much of the theoretical groundwork for
auditory alert design today. The main goal of this series of
experiments was to reevaluate key auditory parameters (pulse
rate and fundamental frequency) that have been shown to
exhibit psychophysical relationships with perceived urgency in
an updated context. Our results suggest that the relationship
between pulse rate and perceived urgency may have weakened
since the early 1990’s, but the relationship between frequency
and perceived urgency remains relatively stable. However, the
relationship between pulse rate and perceived urgency was
more reliable across multiple study manipulations relative to
the relationship between frequency and perceived urgency.
Based on its robustness across variable acoustic contexts,
auditory alert designers wishing to convey a range of urgency
levels may be more successful utilizing pulse rate rather than
frequency.
1.

INTRODUCTION

Sounds can capture people’s attention no matter where they are
looking. This makes the auditory modality well-suited for
signaling events of varying criticality during visually
demanding tasks like driving. The auditory environment within
consumer and commercial vehicles is quickly becoming more
heavily loaded with safety, communication and navigation
technologies. This ongoing increase of in-vehicle technology
requires manufacturers to develop auditory alerts that convey
varying levels of urgency. Because sound is used to convey
many different meanings, it becomes imperative to consider
how various auditory parameters may impact perceptions of
urgency and how appropriately matched these parameters are to
the hazard levels they connote.
In 1993, Hellier, Edworthy and Dennis [1] demonstrated
that Stevens’ Power Law exponents [2] could be used to
quantify the relationship between changes in auditory
parameters and changes in perceived urgency. In their seminal
paper, the authors had participants produce line ratings to
represent the perceived urgency of sounds that varied

1.1 The present studies
The primary goal of the present investigation was to replicate
the basic psychophysical relationships between key auditory
parameters (namely pulse rate and frequency) observed by
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their current rating. The program also allowed participants to
adjust each rating until they felt it accurately reflected their
perceptions before submitting.

Hellier et al. [1]. Secondly, we wished to examine the impact of
auditory context (presenting several different parameter
changes within a single experiment) on perceived urgency by
utilizing a within-subjects design. And finally, we sought to
examine the impact of presenting the sounds within a driving
context. Note that we made no attempt to simulate an actual
driving context, but rather merely asked participants to consider
how urgent the sounds presented would seem if heard while
driving.
Psychophysical relationships between stimuli and
subjective ratings have been shown to be consistent across
cultures [12], [13], participants [14] and samples, [15–17] (see
[18] for review) thus allowing for comparison across the four
experiments presented here. The following studies
systematically manipulated pulse rate, fundamental frequency
and intensity because all three have been shown to relate to
changes in perceived urgency [1], [3], [10]. We examined a
number of methodological changes that impact the coherence
between our results and those observed previously by Hellier et
al. [1]. In general, we expected to find that increases in pulse
rate and frequency would lead to higher ratings of perceived
urgency. Based on Hellier et al.’s [1] results, we expected pulse
rate to exhibit the strongest relationship with perceived
urgency. We hypothesized that rating multiple types of stimuli
at once could potentially cause participants to calibrate their
ratings of perceived urgency based on a single, highly urgent
sounding parameter.
2.

2.3.2. Stimuli
A total of 21 stimuli were created, seven for each of the three
auditory parameters that were investigated: fundamental
frequency, intensity and pulse rate. Experiments 1 and 2 used
stimuli that varied in all three parameters (21 total), but
Experiments 3 and 4 used only stimuli that varied in pulse rate
and fundamental frequency (14 total). Frequency and pulse rate
alerts were created following the specifications of Hellier et al.
[1], whereby varying durations of silence separated several
standard “basic” pulses. The basic pulse used, based on the
pulse-burst principles described by Patterson [19], was a 200
millisecond (ms) sine wave (20 ms on/offset) with a
fundamental frequency (F0) of 300 Hz and 15 harmonic
components. Each alert was then made up of parametric
variations of the basic pulse and varying durations of silence.
Only one alert parameter was manipulated at a time while all
other parameters were held constant to the basic pulse as
described above. Unless intensity was being specifically
manipulated, the basic pulse was presented at 75 dBA. This
methodology ensured that our stimuli matched those used by
Hellier et al. [1] exactly.
Table 1 provides a description of the stimuli used in the
four experiments. The bolding within the columns indicates
specifically what parameter changed in each stimulus. The
seven fundamental frequency alerts consisted of six basic
pulses of the same F0 played in succession. There was no
silence between the pulses and each alert had a total duration of
1200 ms. The 20 ms on/offset allowed the pulses to be
discernible without the need for silence between pulses.
The seven intensity alerts varied in a similar fashion. Each
alert consisted of six basic pulses with an F0 of 300 Hz played in
succession. Total duration for each alert was 1200 ms. Again,
the on/offset allowed the pulses to be discerned without silence
between each pulse. Using a Brüel & Kjær Sound Level Meter,
we verified the intensity of each stimulus. Decibel
measurements were taken from the individual pulses rather than
the entire alert to avoid including the decreasing intensity of the
onset and offset in our measurement.
The seven pulse rate alerts consisted of between four and
twelve basic pulses (F0 = 300 Hz) the inter-pulse interval (IPI) or silence between pulses - varied from 475 to 9 ms. Pulse-topulse duration is defined as the duration from the start of one
pulse to the start of the next pulse (pulse duration + IPI). The
total time of each pulse rate alert approached, but did not exceed
2500 ms so each alert varied slightly in total duration. Pulse rate
was derived via a formula based on one previously used by
Hellier et al. [1]:

METHOD (EXPERIMENT1)

2.1 Participants
Twenty-six graduate and undergraduate George Mason
University students aged 18 to 25 (mean = 20.08; 12 female)
voluntarily participated for class credit. All participants
indicated they had normal hearing. A unique sample of
participants was used for each experiment.
2.2 Design
A within-subjects designed was utilized. Each participant
experienced and gave subjective ratings for all magnitude levels
of all alerts. Each alert was presented three times within the
experiment and all alerts were completely randomized. The
average rating of each alert was used for analysis to mitigate
any order effects.
2.3 Materials
2.3.1. Equipment
Alerts were presented in a sound attenuated laboratory on an
Optiplex 745 Dell PC with a SoundMAX Integrated Digital HD
Audio Driver Analog Device sound card. All alerts were
presented through a pair of Sennheiser HD-280 stereo
headphones. There was no evidence of intensity disparity
between the left and right channel.
A MATLAB based program was written to present alerts
as well as collect subjective ratings of urgency, annoyance and
acceptability using a digital slider. The range of the slider
included values between 0-100 and allowed participants to see

2500ms/pulse-to-pulse time

(1)

2500 ms represents the total approximate duration of each
stimulus. 2500 ms was used as the total duration to standardize
the rates for all pulse rate stimuli although the total true
durations varied slightly. For example, a stimulus with a pulse
rate of 3.69 would consist of four basic pulses of 200 ms each
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separated by 475 ms of silence. Because following the last pulse
was simply 275 ms of silence the total true duration of this alert
is 2225 ms rather than 2500 ms.
2.4 Procedure
After completing an informed consent form, participants were
told they would be presented with a variety of auditory alerts,
which they would then rate on urgency, annoyance and
acceptability. They were asked to imagine these alerts were
presented in a driving context, but we did not specify in what
capacity (e.g. collision warning, navigation, or communication
etc.). We operationally defined acceptability as “How likely you
would be to purchase a vehicle with this type of alert.”
Participants then completed a brief practice with nonexperimental auditory alerts to familiarize themselves with the
rating slider. During the actual experiment, participants received
a fixation cross on a black screen for 500 ms, then the auditory
alert and a black screen, then three separate rating screens for
urgency, annoyance and acceptability. The rating screen order
was consistent throughout the experiment. The experiment took
approximately 30 minutes to complete.
3.

RESULTS AND DISCUSSION (EXPERIMENT 1)

Though annoyance and acceptability results were analyzed in
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Experiments 1 - 4, they will not be discussed here. The goal of
this paper was to re-examine Hellier et al.’s [1] findings, which
pertained only to ratings of perceived urgency. See [18 under
review] for a closer examination of urgency and annoyance
ratings.
Results were analyzed according to Hellier et al.’s [1]
specifications. Exponents were calculated for each parameter
according Stevens’ [2] methodology. All raw values were log
transformed and their geometric means were taken. All
parameter values were also log transformed. This allowed us to
create a log-log plot of perceived urgency ratings as a function
of changes in each parameter. The slope of the best-fit line
plotted through these points is the exponent used in Stevens’
Power Law:
P = kSn

(2)

Where P is the perceived urgency rating of the physical stimulus
(S), k is a constant and n is the exponent found using empirical
data. Smaller exponents are related to smaller changes in
perceived urgency as the stimulus changes whereas larger
exponents (generally greater than 1) are related to larger
changes in perceived urgency relative to stimulus changes.
Similar to Hellier et al.’s [1] findings, this experiment also
found a large portion of the variance could be accounted for by
the slope of a best fit line (see Table 2). This supports Hellier et
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Results were examined using the exact procedure described
for Experiment 1. Again, we found intensity alerts produced the
largest exponent (n = 2.6) by far (see Table 3), though 30%
smaller than Experiment 1. Pulse rate alerts produced a similar
exponent as Experiment 1 (n = .47) while frequency alerts
produced a much smaller exponent (n = .29). These findings still
differ greatly from Hellier et al.’s [1] results (Table 6) and may
suggest that the relationship between frequency and perceived
urgency may be more sensitive to even small changes in context
than pulse rate. The fact that intensity produced such a large
exponent could be indicative participants calibrating their
ratings of perceived urgency for pulse rate and frequency alerts.
Pulse rate and frequency could have been perceived as less
urgent in the context of another seemingly much more urgent
sounding alert (intensity alerts). While the relationship between
intensity and perceived urgency is seemingly quite strong, if we
wish to maintain guidelines established by Patterson [17] [i.e.
warnings should be presented at least 15 decibels (dB) above
ambient background noise], intensity would likely not be a
feasible parameter to manipulate in a noisy vehicle. For
Experiment 3, we eliminated intensity from our manipulations
and examined the impact of experiencing changes in pulse rate
followed by frequency on ratings of perceived urgency.

al.’s [1] assertion that it is possible to systematically quantify
changes in perceived urgency with relation to changes in
parameter level. The percent variance explained in Table 2 is in
reference to the variance explained among the seven logtransformed mean values of each parameter level, not the
variance explained among all participants’ ratings.
As illustrated in Table 2, we found that intensity produced
the largest exponent (n = 3.8) while pulse rate (n = .52) and
frequency (n = .54) produced similar, much smaller exponents.
Our pulse rate exponent was nearly 60% smaller than Hellier et
al.’s [1] (see Table 6) indicating a weaker relationship with
urgency than expected. However, our frequency exponent was
slightly larger than Hellier et al.’s [1] findings.
Pulse
Fundamental
Intensity
Rate
Frequency
Mean rating value (0-100) and standard
deviation
46.61
46.90
40.70
(21.5)
(19.4)
(22.5)
55.59
53.54
54.33
(17.6)
(18.5)
(20.7)
64.90
55.06
62.82
(16.3)
(16.8)
(19.6)
71.97
70.70
69.18
(15.4)
(14.8)
(14.6)
75.11
69.19
74.23
(13.6)
(18.8)
(10.81)
72.75
74.13
78.90
(14.3)
(15.6)
(10.7)
78.61
73.52
84.55
(12.4)
(19.3)
(9.4)
0.51
0.54
3.8

Level
1
2
3
4
5
6
7

Level
1
2

Exponent
% Variance
accounted
0.91
0.75
0.92
for
Table 2: Experiment 1 - Effects of Three Auditory
Parameters on Perceived Urgency.
4.

Fundamental
Intensity
Frequency
Mean rating value (0-100) and standard
deviation
52.31
60.93
53.22
(27.9)
(23.8)
(26.1)
57.72
64.10
60.81
(26.4)
(22.8)
(23.6)
64.61
65.19
66.28
(22)
(22.5)
(20.7)
72.47
71.31
70.76
(21.8)
(18.1)
(17.7)
74.54
70.47
74.49
(21.4)
(19.9)
(16.9)
74.39
73.63
80.57
(18.6)
(17.7)
(11.3)
77.32
75.11
84.31
(18.3)
(18.4)
(12.8)
0.47
0.28
2.6

Pulse Rate

3
4
5
6

METHOD (EXPERIMENT 2)

7

4.1 Introduction

Exponent
Experiment 2 was very similar to Experiment 1 with the
exception that we provided an additional visual cue to better
connote a driving context for participant ratings.

% Variance
accounted for

0.87

0.97

Table 3: Experiment 2 - Effects of Three Auditory Parameters
on Perceived Urgency.

4.2 Participants

6.

Thirty-one graduate and undergraduate George Mason
University students aged 18 to 25 (mean = 19.5; 22 female)
voluntarily participated for class credit.

METHOD (EXPERIMENT 3)

6.1 Introduction
Based on the results of Experiment 2, we split Experiment 3 into
blocks. Block 1 always consisted of only pulse rate alerts and
Block 2 always consisted of only frequency alerts. Block order
was not manipulated and participants were not made aware of
the block changes. This was done to mitigate any rating
calibration effects discussed in Experiment 2. Also, this more
closely mirrors Hellier et al. [1] where they ran four individual
smaller experiments to collect ratings of urgency.

4.3 Procedure
Experiment 2 followed the exact specifications of Experiment 1,
except that instead of a black screen with a fixation cross,
participants saw a generic car dashboard on the screen.
5.

0.94

RESULTS (EXPERIMENT 2)
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6.2 Participants
Thirty graduate and undergraduate George Mason University
students aged 18 to 29 (mean = 20.52; 6 female) voluntarily
participated for class credit. All participants indicated they had
normal hearing.

their original findings, it is still over 40% smaller. This may
indicate that even under nearly identical conditions, the
relationship between pulse rate and perceived urgency has
changed over the last 20 years.
8.

METHOD (EXPERIMENT 4)

6.3 Equipment

8.1 Introduction

Due to our inability to closely reproduce Hellier et al.’s [1]
findings, we decided to change our rating scale to more
accurately mimic the paper and pencil methodology they used.
Instead of a digital slider, participants provided ratings via an
on-screen line draw. Participants could draw a straight,
horizontal line anywhere on the rating screen using the mouse.
The maximum possible length was the equivalent of 394
millimeters (the maximum possible line length in Hellier et al.’s
[1] study). Participants were not given feedback on the
magnitude of their ratings. The length of the line was recorded
in pixels then converted to mm to more accurately reflect the
data and scale used in Hellier et al. [1].
This change in scale coupled with a change in parameters
investigated is not an ideal manipulation. However, [9] has
demonstrated that, in general, relationships between stimuli and
ratings are independent of the rating scale. Thus, we combined
the manipulations in order to constrain the number of
experiments in this series.

In order to examine the potential order effects from Experiment
3, we ran Experiment 4 with a reversed block order where Block
1 consisted of only changes in frequency and Block 2 consisted
of only changes in pulse rate.

Level
1
2
3
4
5

6.4 Procedure

6

Other than the changes noted above, the procedures were
identical to Experiment 1 and 2. We verified that participants
understood that the length of the line reflected the magnitude of
their rating, such that longer lines meant alerts were more
urgent, more annoying, and more acceptable and vice versa.
The total experiment time was reduced to 20 minutes.
7.

RESULTS AND DISCUSSION (EXPERIMENT 3)

The change in rating scale from Experiments 1 and 2 to
Experiment 3 necessitated a slightly lengthier transformation in
order to compare across studies. Ratings were converted from
mm on the screen to a percentage of the total possible mm rating
they could have given, thus allowing for comparison between
mm ratings and slider ratings out of 100. These converted
percentage values were then log transformed to derive the
exponents. The methods used in Experiment 3 resulted in a
much larger exponent relative to Experiments 1 and 2 for pulse
rate alerts (n = .77). However, frequency alerts produced a nonsignificant exponent (n = .10). Once again we were unable to
closely replicate Hellier et al.’s 1993 [1] findings. The dramatic
change in the exponent for frequency seemed likely due to an
order effect. Participants may have calibrated their ratings of
frequency relative to the block in which pulse rate was
manipulated. The increase in the observed exponent for pulse
rate in Experiment 3 supports our previous suspicion that
exposure to sounds varying in intensity (Experiments 1 and 2)
resulted in some rating compression. The methodology in
Experiment 3 mirrors Hellier et al. [1] in stimuli, rating method
and (pseudo) between-subjects design more so than of the
previous studies. Although our pulse rate exponent is closer to
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Fundamental
Frequency
Mean rating value (%) and standard
deviation
29.08
31.50
(16.7)
(20.1)
34.09
34.89
(19.3)
(22.3)
38.58
31.54
(20.2)
(22.7)
47.66
36.12
(22.3)
(20.5)
52.37
37.93
(23.5)
(24.5)
56.31
37.91
(24.4)
(30.2)
64.20
43.05
(26.1)
(32.4)
0.47
0.28
Pulse Rate

7

Exponent
% Variance
0.94
0.87
accounted for
Table 4: Experiment 3 - Effects of Three Auditory Parameters
on Perceived Urgency.
8.2 Participants
Ten graduate and undergraduate George Mason University
students aged 18 to 22 (mean = 19.12; 13 female) voluntarily
participated for class credit. All participants indicated they had
normal hearing.
9.

RESULTS AND DISCUSSION (EXPERIMENT 4)

Results were analyzed using the same procedures employed in
Experiment 3. We observed a smaller exponent for
manipulations of pulse rate (n = .50) and a much larger
exponent for frequency (n = .38) indicating there may have been
some block order effects on ratings of perceived urgency.
However, our exponent for frequency matched Hellier et al.’s
[1] findings almost exactly. This suggests that changes in
frequency may still have a similar relationship with perceived
urgency though only under specific and homogenous conditions.
10. GENERAL RESULTS
Table 6 summarizes exponent values, effect sizes and 95%
Confidence Intervals (CIs) for pulse rate and frequency across
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figure highlights the similarity in slopes across all four
experiments. The y-intercepts for Experiments 3 and 4 differ
from Experiments 1 and 2 because of the difference in scales
between the two sets of studies. However, a general slope
characteristic is maintained by the four experiments illustrating
the results reported in Table 6. In comparison, the slope of the
line of best fit from Hellier et al. [1] appears much steeper
demonstrating the large difference in exponents.

all four studies and Hellier et al. [1]. In order to investigate
differences across studies we utilized 95% CIs of the exponents
derived from the log-log regression plots. Though 95% CIs were
not reported in their original article, Hellier et al. [1] did provide
raw data from their experiments. This allowed us to analyze
their data and identify the CIs for pulse rate and frequency
exponents. We converted their raw millimeter values to
percentages and then log transformed them, similar to
Experiments 3 and 4, allowing for comparison on a 0-100 scale
across all experiments.

10.2 Frequency across studies
We found a much larger range of exponents for frequency
across all four experiments. We also found that no single
experiment fell outside the 95% CI of any other. However,
when looking at the exponent values we see a much larger
spread for frequency than pulse rate. We also see consistently

Fundamental
Frequency
Mean rating value (%) and standard
deviation
34.46
32.27
(18.5)
(16.6)
32.86
35.93
(8.2)
(18.6)
46.19
38.81
(20.9)
(22.2)
53.29
37.53
(22.5)
(22.1)
51.11
45.50
(17.1)
(25)
50.22
48.29
(23.43)
(24.4)
58.23
53.19
(20.7)
(29)
0.50
0.38
Pulse Rate

Level
1
2
3
4
5
6
7

Parameter

Pulse Rate

Frequency

Exponent
% Variance
0.87
0.88
accounted for
Table 5: Experiment 4 - Effects of Two Auditory Parameters
on Perceived Urgency.

95%
95%
Lower Higher
.33
.71

Exp.

n

R2

p

1

.51

.91

0

2

.47

.94

0

.33

.62

3

.77

.99

0

.70

.85

4
.50
Hellier et
1.35
al. [1]
1
.54

.87

0

.28

.73

.98

0

1.16

1.54

.75

.01

0.18

.90

2

.28

.87

0

0.16

.42

3

.10

.15

.40

NS

NS

4
.38
.88
0
0.23
.55
Hellier et
.38
.93
0
.29
.54
al. [1]
Table 6:Summary results Experiment 1 – 4 and Hellier et al. [1]

Because of the variation in samples and methodologies we
encourage caution when interpreting the CIs across the four
experiments and Hellier et al. [1]. Finding statistically
significant differences was not the ultimate goal for this series
rather exploration of previous relationships. Table 6 also
includes R2 values reported in Hellier et al. [1] for comparison
purposes. (R2 values are equivalent to the percent of variance
accounted for).

smaller R2 values for frequency across experiments. Only three
of the four experiments found a relationship between changes in
frequency and perceived urgency. However, all four
experiments fall within the 95% CI of Hellier et al.’s [1]
exponent value. In addition to producing the same exponent,
Experiment 4 also produced upper and lower CI bounds similar
to Hellier et al. [1]. This may indicate that the relationship
between frequency and perceived urgency has changed less than
pulse rate over time. Figure 2 shows a log-log plot similar to
Figure 1, but with fundamental frequency on the x-axis. Figure
2 illustrates the variation in slopes across all 4 experiments as
well as the greater variance of mean data points compared to
Figure 1. The similarity in slopes of Experiment 4 and Hellier et
al. [1] is also evident though the y-intercept values differ due to
scale differences.

10.1 Pulse rate across experiments
We found the only experiment that did not fall within the 95%
CI of another was Experiment 3. This experiment produced the
largest exponent for pulse rate (n = .77) and falls outside of the
CI of Experiment 2. Experiment 3 also approached the upper
limits of Experiment 1 and 4’s CIs. However, overall, exponents
from the four experiments remained quite similar. In
comparison none of the exponents from the four experiments
fell within the 95% CI of Hellier et al.’s [1] exponent value,
indicating that the relationship between pulse rate and perceived
urgency may have weakened over time.
Figure 1 shows a log-log plot of pulse rate on the x-axis
and average perceived urgency rating on the y-axis. The mean
rating values for each level of pulse rate are shown with a line
of best fit for each experiment and Hellier et al. [1]. The
exponents reported in Table 6 reflect the slope of each line. This

11.

GENERAL DISCUSSION

Our findings indicate that across various procedural and
methodological manipulations and within homogenous and
heterogeneous alert sets, pulse rate exhibits a relatively robust
relationship with perceived urgency. However, the
magnitude of this relationship may have weakened since Hellier
et al.'s 1993 [1] experiment 20 years ago. Though it is difficult
to systematically evaluate the role that increased technology and

49

Proceedings of the 18th International Conference on Auditory Display, Atlanta, GA, USA, June 18-21, 2012

Figure 1: Log-log plot of pulse rate and ratings of perceived urgency across four experiments.

Figure 2: Log-log plot of frequency and ratings of perceived urgency across four experiments.
sound exposure plays in this weakening, it seems plausible that
sensitivity to changing pulse rates has decreased with a general
increase in exposure to technology. The stability of pulse rate
over multiple studies is in agreement with Patterson's [19]
finding that temporal patterns are the critical structural
difference when distinguishing between sounds. Furthermore,
the robustness of pulse rate across manipulations may also be
explained by the ability of the auditory system to distinguish
minute changes in timing in concert with other highly variable
parameters, as exhibited by the role of temporal characteristics
in perception of phonemic changes resulting from coarticulation
and changes in Voice Onset Time on the millisecond level [21],
[22].
The relationship between frequency and perceived urgency
seems to be conditional on the presence of other alerts against
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which it may be compared. Furthermore, rating order also seems
to have a large impact on the relationship between frequency
and perceived urgency. Hellier et al. [1] suggested a similar
unreliability in the frequency exponent they reported claiming
the metathetic nature of frequency [23] as a potential
explanation. Previous research [24] has also shown the ability to
retain pitch decays over time and is subject to interference from
other tones [25]. This may make frequency less than ideal for
conveying multiple levels of urgency especially in a
heterogeneous environment. Surprisingly, while the relationship
of pulse rate and perceived urgency seems to have weakened
over time, frequency, under homogenous conditions
(Experiment 4), was the only parameter that produced a similar
power law exponent to those reported by Hellier et al. [1].
Though different samples of participants were used for
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each experiment, both pulse rate and frequency ratings were
subject to the same potential influence of individual differences.
As [26] has shown, individual variation in power law exponents
is indeed random and pooling subject data results in reliable
exponents over time and across samples. Barring that, there is
still a chance that discrepancy in methods represents some of the
variation in power law exponents found between studies.
However, across manipulations and ostensibly different
samples, pulse rate maintained a relatively stable exponent
clearly different from Hellier et al.’s [1] results.
The two main findings applicable to auditory alert
designers are: 1) Alerts within a heterogeneous set (similar to
what may be found in vehicles or other complex auditory
environments) may have different relationships with perceived
urgency than those same alerts in a homogenous set. 2) When it
is critical to convey a specific level of urgency aurally, pulse
rate may be the most reliable and robust parameter to
manipulate. However, due to the apparent weakening of the
magnitude of the relationship between pulse rate and perceived
urgency, increased levels of pulse rate may be needed to convey
the same level of urgency achieved 20 years ago.
Together, the present series of experiments examined some
of the many methodological factors that may impact the
relationship between auditory parameters and perceptions of
urgency. The relationship between pulse rate and perceived
urgency appears to have changed over time, but it remains wellsuited for use in the design of effective in-vehicle alerts and
alarms. In the future, we plan to extend this work into higher
fidelity simulations where we can evaluate the impact of more
realistic driving contexts on ratings of perceived urgency.
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auditory displays, through both linguistic, reflective, and
graphic notation systems. For this pilot study, we begin with
linguistic and narrative structures and in analyzing them, help
identify, categorize and develop ways of representing the
various sonic, spatial and temporal elements of a given
(electro)-acoustic ecology.

ABSTRACT
In order to design auditory displays that function well within
the cultural, informational and acoustic ecology of everyday
situations designers as well as researchers in psychoacoustics
need to continue to gain a better understanding of how listeners
hear and make sense of information in more ecological settings
and outside the lab! In this paper the authors present a
preliminary study that builds on past work and theoretical ideas
from acoustic ecology, exploring the practice of everyday
listening in settings containing auditory displays. This pilot
study involves 10 participants who are asked to listen to two
separate soundscapes and describe in three tasks, both verbally
and in writing, what they hear and how they make sense of
these aural environments. The results suggest directions for
understanding everyday listening form a holistic perspective in
order to inform both the design of auditory displays, and the
development of other research tools and instruments for
measuring auditory perception ecologically. The bigger study
which involves 100 participants has been completed and is
expected to be published shortly as a journal article.

1.

2.

SOUNDSCAPE MAPPING – PAST RESEARCH

The need for developing multi-lateral tools for soundscape
mapping in research that aims at understanding how auditory
displays fit in and function within complex “everyday”
environments has already been documented [1, 2]. However,
initiatives to understand listening, outside of its purely
perceptual and psychological characteristics, are few to find.
Fewer still are examples of studies where soundscape mapping
is connected explicitly with notions from acoustic ecology. We
believe it is crucial, particularly in our increasingly ambient
intelligent multi-sensory environments that research should aim
at exploring more ecological notions of listening and focus on
how people attend to and make sense of their everyday
soundscapes. Such studies would focus on two aspects of
auditory display research – firstly, on improving the ecological
validity of psychoacoustic research by infusing it with
frameworks and approaches such as acoustic ecology (but
potentially open to cultural and critical approaches as well); and
secondly,
by
continuing
to
develop
soundscape
mapping/research methodologies and identifying salient
perceptual characteristics for the reception of auditory displays
in everyday contexts.

INTRODUCTION

As auditory displays become increasingly integrated within
everyday products, services and environments, both designers
of auditory displays and researchers of auditory perception have
to continue to find better ways of understanding how these new
ecologies of listening and sonic messages function together.
Laboratory experiments with simple tones, while useful in
establishing baseline psychoacoustic guidelines, become more
and more insufficient in addressing listening as an everyday
practice given the widening gap between psychoacoustic
research and ‘everyday’ settings. As interdisciplinary research
begins to become the norm rather than the exception in
exploring and researching complex phenomena, the authors
hereby attempt to infuse and mobilize several fields of study
towards the investigation of everyday listening. In particular,
we suggest that acoustic ecology offers some useful
frameworks for understanding how soundscapes function
ecologically and how listeners approach the reception and
interpretation of sonic messages within their larger acoustic
environment, including its socio-cultural context, informational
and semiotic ecologies. The study we present here offers a
preliminary attempt to identify salient themes, approaches and
ways of mapping complex, everyday soundscapes that contain

Soundscape mapping can take the form of various graphic
notation systems for logging and representing both individual
sounds and entire soundscapes. It exists as a tool in several
areas of research, design and community practice: classifying
the elements of a soundscape – a type of comprehensive
auditory ontology – through either a functional/categorical or
spatially-oriented
framework;
visualizing
soundfield
measurements and sonic characteristics such as magnitude,
frequency spectrum, dynamics and temporality; and finally,
representing a listener’s perspective of a given soundscape.
Classifying sonic elements is not new – important past works
include Gaver’s [3] classification of everyday sounds as well as
Hellström’s [4] mapping schema combining spatial and
structural sonic components. Organizing soundscape
classifications according to perceived sound quality, aesthetic
or emotional content, spatial characteristics, interactive
functionality and informational significance has resulted in a
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number of soundscape ontologies that remain in schematic
form. Notation systems that progress to graphical representation
include Coleman, Macauley and Newell’s [5] sound map tool
designed for participatory workshops, similar design process
instruments and most notably the tools, frameworks and
classifications to come from the ethnographic work of R. M.
Schafer [6] and the World Soundscape Project in the late
1960s/early 70s. Schafer’s approach to soundscape mapping is
most unique in the ecological framework within which sound is
positioned as a subject of study and as a phenomenological
experience. Schafer’s classification of soundscape components
into prominent or significant sonic characteristics that define
communities reflects a view of soundscapes as profoundly
listener-centered. In other words, the significance of each sound
environment, each context in which a variety of sounds exist in
an “acoustic ecology” is determined and shaped by the listeners
who occupy that setting. This represents a shift in soundscape
mapping frameworks from ones that focus largely on the
informational and functional characteristics of sounds, to ones
that focus on people’s listening experiences in various degrees
of complexity. Again, this is critical, we think, to understanding
the context in which people experience auditory displays in
everyday life, both in specific situations, as we all in terms of
macro trends of listening attention, information retrieval, and
other associative characteristics inside a perception-cognitionaction loop. Such approaches, naturally, also have predecessors.
In surveying the field of what Schiewe and Kornfield [8] refer to
as audio cartography, they argue that the visualization of sound
has been for the most part disregarded and limited in scope.
They
suggest that acoustic
geography should incorporate both 43
I P McGregor
2 Classification and visualisation of soundscapes
subjective and measured dimensions in spatial terms, and that
descriptions
and (Schafer,
measurements
ought
to &beMuller,
combined
soundscape research
1977), acoustics
(Heckl
1994) andfrom
soundscape
research
[6],
acoustics
[9]
and
psychoacoustics
[10].
psychoacoustics (Zwicker & Fastl, 1999). From the soundscape research the authors
Their system identifies the following elements to be
were interested in hi-fi and lo-fi, sound marks and sound events. Within acoustics
incorporated
in soundscape mapping: sonic balance, sound
ence on Auditory Display, Copenhagen, Denmark May 18 - 22, 2009
the following
identified as suitable
measures:
sound pressure
velocity,
events
andwere
soundmarks;
sound
pressure
levels, level,
intensity,
betrajectory
connected
to a virtual
reality
engine,propagation
in order to allow
audioand
frequency
of anand
sound;
perceptual
such
intensity,
source
wave
frequency.
From theparameters
field of psychoacoustics
visual integration of an architectonic-urbanistic space.
as
loudness,
pitch,
timbre,
rhythm,
fluctuation
and
annoyance.
nference on Auditory
Display,
Copenhagen,
Denmark
May
18 - 22,
2009annoyance,
a number
of variables
were chosen: loudness,
pitch,
sharpness,
rhythm,
9. CASE-STUDY:
THE MARKET
OF THE “BALÔN”of employing these elements in a
Figure
1 shows
an illustration
melodiousness,
roughness
and
fluctuation
(Schiewe and Kornfeld, 2009).
The
model
has
been
tested
on
a
simulation
of
the
soundscape
of
graphed sound zone, and a dynamic listener profile alongside.
the Balôn, Turin’s historical market (see [40]). The market is a

spatial, dynamics, temporal and spectral attributes. Most works
are preliminary and often lack fully annotated examples, or
simply do not provide a basis for their graphical, aesthetical and
functionally representative choices for soundscape mapping.
Thus one of the critical tasks scaffolding any attempt to develop
a comprehensive system of soundscape mapping is a good
classification system of both the soundscape’s elements, as well
as the relevant aspects of listening. Identifying what are
important characteristics about the soundscape and about the
listening experience in everyday contexts is precisely the gap
that requires further exploration in order to inform both the
fields of auditory display design and auditory perception
research.
3.

LESSONS FROM ACOUSTIC ECOLOGY

The main reason for harnessing acoustic ecology in auditory
display research is of course to better understand the
complexities of listening and to help develop more
comprehensive tools for mapping soundscapes both in terms of
how auditory displays fit in a given environment/context, and
how people listen to and make sense of these augmented
environments. Acoustic ecology is a field of study, research and
international activism that was established through Schafer’s [6]
work with the World Soundscape Project (WSP). Concerns
over rising urban noise levels and a commitment to preserving
the participatory and communal nature of the acoustic
environments are at the heart of acoustic ecology. That project
– the result of several years’ worth of ethnographic work
mainly located around five villages in Western Europe – reveals,
among other things, strong connections between the aural world,
local culture and the functioning of everyday life. This is
documented in numerous interviews with local residents about
their soundscapes revealing a deep relationship between the
aural environment and notions of place, time and self. In
publications following the WSP, and with the help of the WSP
team, Schafer developed a simple organizing ontology of the
soundscape as containing at least three types of sounds –
signals, soundmarks and keynote sounds [6]. While these
sounds would be different for each ‘acoustic community’ (see
graph
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sound characteristics and informational aspects to tune into [18].
One simple example is the concept of acoustic masking – when
we are in an environment, which is ‘loud,’ we have to respond
by raising our voices in order to communicate, in essence
adding to the noise. However, in a more granular aspect of that
situation, one that Truax terms ‘cocktail-party effect’ our ears
pick up on the voice of a familiar person even in the crowd and
noisiness of a group event. In acoustic ecology, special
importance is placed on the distinction between acoustic and
electroacoustic environments. Marked by the possibility of
artificial amplification, which necessarily shifts the sonic
balance
of
natural
environments,
electroacoustic
communication [18] entails cultural, social and economical
dimensions in the way it acculturates listeners. Exposure to
media soundscapes for over a century now has given rise,
according to Truax, to a variety of specific listening positions
that are attuned to and respond to the flow, construction and
sonic parameters of media listening [18]. Yet there is a
redeeming factor in the notion of an ‘ecology’ that resists a
technological determinism that typically blames sonic
imbalance on technological urban progress. In fact, Truax and
Schafer would argue that even by virtue of being and acting in a
soundscape, we affect it as both its listeners and its composers
[6, 18].

only multiple auditory displays in a given setting, but there are
normally multiple listeners that researchers, as well as designers,
rarely explore on a macro-level, thus obscuring the communal
experience of hearing and interpreting auditory displays in the
context of each electroacoustic community. More contemporary
work at the intersection of acoustic ecology and cultural studies
serves as proof that the potential of this field is yet to fully
blossom [12]. Another useful notion to come out of the acoustic
ecology field is a sensitivity to the temporal dimension of
listening. While much of auditory perception research and
auditory display design assumes that sounds are experienced
fundamentally on a spatial plane in a single unit of time; and
that soundscapes are place-bound [4, 13, 14] everyday listening
is essentially temporal, event-related, intimately coupled with
context, subjectivity and attention – which are purveyors of
time as well. Space and time, therefore must both be accounted
for in an ecological instrument for understanding everyday
listening. For designers and researchers of auditory displays, it
is not, perhaps, quite enough to understand how well listeners
can spatially locate as well as functionally and informationally
identify sound signals – it is also important to understand how
listening shifts and how soundscapes themselves change, both
ecologically and perceptually, over time. The graph in Figure 3
also comes from Five Villages, part of the WSP project [6], and
reflects a graphic combination of sound level measurement with
time coded, annotated sound events. Many more such handdrawn graphics and maps can be found in the supplementary
WSP materials library. Sound graphs, as well as sonic maps, are
integral ways of representing a soundscape as a listening
account, while being sensitive to both temporal and spatial
dimensions of soundscapes and of listeners.

Figure 2: Diagram of the acoustic profiles of local
soundmarks and keynotes from the village of Skriv, reprint
from Acoustic Environments in Change/ Five Village
Soundscapes [19].
The notions most important to our present project to come out
of acoustic ecology involve three ideas: graphically
representing – soundscape mapping – multiple listener accounts,
that is to say, presenting a macro scale of soundfield
information and listener data – see Figure 2 – while placing
special importance on the layers of sound information, the
sound profiles (audible scopes) of various elements and the way
in which they constitute particular electroacoustic communities.
The significance of this approach to auditory display research is,
of course, the fact that, ecologically-speaking, there are not
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Figure 3: A temporal sound diagram reflecting the arrival of
the fishing boats in Lesconil, France prior to the daily
auction, as documented in Five Village Soundscapes reprint from Acoustic Environments in Change, [19].
Finally, a method from Schafer’s work that has been used in
others’ design work already, and which, admittedly, resembles
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through symbolic graphical notation [2]; as well as novel
methodological approaches to categorizing and visualizing
temporal patterns of listening/aural fluencies in the context of
complex, ambient soundscapes [17]. Following a process of
iterative validation, we present the first step towards developing
a larger-scale comprehensive, ecological instrument for
researching “everyday listening” in contexts where auditory
displays play a formative role in the constitution of an
electroacoustic community. Our project so far involves
soliciting real-time listener commentary and reflection in a set
of listening tasks performed with a small pilot group of
participants. For this stage of the study, we have chosen two
recorded soundscapes that both convey familiar everyday
settings where auditory displays play a central part to form a
unique and familiar electroacoustic community: one features
the inside of a bank building near a set of ATM machines being
used; and the other takes place at a grocery store line-up as a
store clerk is “ringing” items on the cash register. We recruited
10 participants, all undergraduate students, and presented each
of them individually with the two soundscapes, over
headphones. Each soundscape was just over 2 minutes long. We
asked participants to perform three listening tasks for each
soundscape, which was correspondingly played three times in
succession. In the first task, the participant is asked to identify
and describe sounds that they hear in a Think Aloud protocol – a
real-time earwitness account – as the recording plays. The
recording is delivered through headphones and recorded in realtime in a multi-session track, while the participant’s voice is
recorded in a separate track at the same time. Upon their second
hearing, they are asked to comment on the overall function of
the soundscape, and after the recording is over, to discuss how
well the soundscape reflected the intended function and context
of the space/place. In the third task they are asked, after the
recording plays completely, to create a written reflection in the
form of an ‘aural postcard’ – a narrative about what happened
in the recording, what was significant, and what sort of
associations it evoked for them. The format of this study comes
from a combination of Schafer’s earwitness accounts, design
workshop methods such as Think Aloud protocols, and
ethnographic techniques such as narrativized accounts. The
point is to get at several levels of phenomenological reflection
on everyday listening as an experiential phenomenon – from
more immediate to more conceptual/abstract. The role of
analysis after then, becomes in extracting relevant patterns
about the significance of listening practices in relation to the
function of auditory displays within complex acoustic ecologies
of everyday situations. Data collection includes integrated
audio of the recorded soundscape and participant’s oral account,
transcripts of the oral accounts, and written reflections.
Analysis includes a visual open-coding of the integrated audio,
plus a more formalized stage of content and discourse analysis
using the Atlas.ti qualitative coding environment that aims at
identifying significant patterns of both everyday soundscapes
and everyday listening. At that stage, we will be incorporating
an inter-coder component in the study as well, to ensure date is
consistent and reliable.

similar ethnographic approaches is the earwitness account. An
interview elicited specifically with regard to a regular listener’s
intimate familiarity with the soundscape, in some reflective
detail constitutes an earwitness account. While Schafer didn’t
explicitly acknowledge it, much of his background research
relies on language, particularly literary accounts of historical
soundscapes [6]. While language is limited in the sense that
untrained listeners rarely possess a great vocabulary to describe
their soundscape (Schafer imagines a long programme of earcleaning and re-engagement with sound to remedy that), there
are still many things to be gleaned from the way listeners
communicate about what they hear – and we hope to elaborate
on that in this current undertaking. In addition, earwitness
accounts typically rely on memory, rather than immediate
stimulation with sound, with the exception of the practice of
soundwalking, which aims at phenomenological authenticity in
the listening experience. Yet even then, reflection on that
soundscape happens after, and is therefore reflective and
discerning on a meta-level. But what of using earwitness
accounts on real-time listening? What could that immediate
commentary reveal about the order in which things are heard,
the significance of sonic events as they unfold in time and
within the dynamic sense of context in the sound space. Where
user-solicited open-ended graphic representations could
sometimes be intimidating, language is familiar even if
vocabulary is limited. Importantly, language is never meant to
speak on its own, but offer a perspective in conjunction with
soundfield
measurements,
audio
recordings,
expert
characterizations or other materials.
There are several critical shortcomings of Schafer’s soundscape
classification system as well as of other derivative and related
mapping frameworks around acoustic ecology [4, 7, 8]. As
mentioned above, all of the methods are targeted at trained
listeners who either report their own responses or interpret other
listeners’ experiences. Critics have also pointed out the inherent
romaniticization of natural sound environments in Schafer’s
writings, in contrast to urban soundscapes which feature
mechanical and electroacoustic sounds heavily. This has led to
a normative hierarchy in the very classification Schafer uses to
characterize soundscapes. While the idea of acoustic ecology is
open-ended, the frameworks developed by Schafer and Truax
are often presented as closed systems [6, 18]. These may
perhaps be some of the reasons why formulations from acoustic
ecology have had little to no uptake in other disciplines dealing
with auditory perception and design of auditory displays. Yet
we feel that a return to this unique way of conceptualizing
soundscapes and listening is full of potential for understanding
better how listeners perceive and interpret their auditory
display-filled everyday soundscapes.
4.

THE STUDY: MAPPING EVERYDAY LISTENING

As already mentioned, one of the major drawbacks to using
soundscape mapping tools for the purposes of exploring the
listener’s perspective in an ecological manner is that these
instruments are generally not validated, often exist only in
prototype form and limited features prevent the representation
of complex everyday soundscapes. Undertaking this project
both authors build on prior work exploring listening that
combines research with spatial-functional soundscape mapping

5.

RESULTS AND DISCUSSION

Rather than focusing on number of correct identifications of
sounds – an approach that would only reveal mechanical aural
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more reflective accounts, with more mention of the cognitive
process that participants engaged in. We will return to this idea
of temporal structure of everyday listening in the final
discussion section again, tying together the lessons learned
from the other relevant dimensions.

perception – we instead shift our analytical focus on instances
of specific listening approaches, and attempt to build salient
patterns through careful examination of the three-tier accounts
we have for each participant and each listening sample. Upon
preliminary analysis, we were able to identify several emergent
aspects related to the process of listening and nature of
meaning-making in everyday soundscapes. Coding of the
integrated audio in Tasks 1 and 2 for both soundscapes was
done using the visual sound annotation tool Sonic Visualizer
created by a development team at Queen Mary, University of
London. Coding for the full study of 100 participants will be
conducted using the qualitative software Atlas.ti in the form of
discourse analysis. While the Sonic Visualizer tool
automatically allows us to view significant events on a temporal
scale, the multi-layer annotation feature allows us to juxtapose
an expert’s (researcher’s) descriptions of the sonic events
against commentary made by participants. Further, using the
open-coding framework of this software we employed an
iterative process involving several stages and levels of coding
in order to refine a coding schema for participant responses that
encompasses relevant dimensions of sonic comprehension.
Based on our work so far we will discuss and illustrate four
such dimensions of everyday listening – temporal, experiential,
spatial and semiotic.

Figure 4: A zoom-in screenshot from the annotated audio
transcripts from Task 1 (Soundscape1-Bank) for participant
#3. Left channel – soundscape; right channel – Think Aloud
audio; Red labels are researcher annotations of the
soundscape (actual) and blue labels are coded participant
comments (perceived).

5.1. Temporal Dimension
Understanding how listeners hear, make sense of and shift
listening modes as well as cognitive-attentional foci in a given
setting is necessarily a complex process, and as much a function
of perception as it is of time of exposure, level of engagement,
familiarity and memory. Exploring the temporal dimension of
listening in our present study consists of attempting to establish
and uncover patterns in the way participants experience the
given soundscape and make sense of the space, functionality
and significance of what they are hearing. We are in essence
looking for the temporal structure of everyday listening.
Specifically, we look for stages in listening attentions as it
shifts from background to foreground, or attends to sound
events as opposed to sound qualities or spatial details. This
temporal dimension exists in each individual task, however,
taken together – the three tasks for each soundscape also add a
dimension of increasing familiarity with a soundscape, and thus
potential for greater reflectivity and interpretation.

5.2. Spatial Dimension
There is no doubt that sound is spatial and upon being presented
with a listening task, participants are highly attuned to and
responsive to the spatial and contextual characteristics of the
soundscape they are hearing. This was the case in our study as
well. While in the Think Aloud component of Tasks 1 and 2
participants often did not explicitly acknowledge whether a
sound was foreground or background, in the post-discussion
they relayed more detail. Again, as with the temporal
dimension, the buildup of familiarity with the recorded
soundscape played a central part in the attention to spatial
characteristics. In Task 1, Soundscape 2 –Grocery for example,
most participants correctly identified the ambience right away,
even without explicitly stating how – most comments consisted
of short detail about sounds in the foreground (P9-Sounds like
plastic bag noises….Canned tins and plastic noises…the
products are package-based;). Thus in Task 2 and 3, no one of
the participants made specific spatial references to the
soundscape – in terms of its size, configuration or depth of the
various sonic signals; rather, most participants made contextual
references to sounds that were familiar, which allowed them to
identify the space as a grocery store and so the level of spatial
observation refrained to identifying foreground versus
background sounds. In other words aural comprehension shifted
very quickly from contextualizing to concrete story-building of
events that take place. In the Soundscape 1-Bank, most
participants actually had trouble identifying the space – ideas
ranged from parking lot, warehouse, factory, shop/store, office,
even outside. Interestingly, in Task 2 and the post-discussion of

In our preliminary analysis, we found that in the first task most
participants tended to start by characterizing or contextualizing
the soundscape – or attempting to do so; then they move on to
identifying more foreground sounds, or background sound
events, and in a few cases begin to associate how the sounds fit
together and what sort of space, occasion or scenario is being
presented to them. In the second task, overall, there is a greater
level of interpretive elaboration, however, still switching back
and forth between identifying potentially significant sound
events, and articulating descriptive details about sounds that are
heard. While in the first task it seems that listening attention is
engaged with identification, in the second task the listening
attention becomes more interpretive, reflective, while still
tuning back in to the sound to confirm or check an assumption
about the soundscape’s functions and elements. Post-discussion
after Task 2 and less so Task 3 (a written reflection) reveal even
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individual reporting styles and look at more general patterns
across participants in their semiotic approach auditory
information in an everyday context.

Task 2, many more of participants made specific and discerning
references to the spatial character of the soundscape, describing
in detail which aspects of the spatial character of sound led
them to conclude what type of space it is: P9 – It’s a
transportation station perhaps for trains or buses. Em, there’s
lots of echo noises around, it’s a wide space, there’s ongoing
construction and there’s um the moving metal trollies. And you
can hear the echo noise, em, the long reverberation or echo
noises of transport nearby.

5.3.1. Associational sound identification
Associational references were the most common of
commentary for both soundscapes on all three tasks.
Associational references entail an explicit or implied
association to a familiar, past experience or sound, resulting in
a cognitive synthesis between what is heard and what it ‘sounds
like’ – a type of template-matching. The way we identify those
is that most often participants will preface a reference to a
sound or event by saying “It sounds like…” which is typically
always followed by an interpretive statement – “It sounds like a
tape being put in, a tape recorder or machine of some sort”, in
contrast to more direct identification such as “a beep”, “a
machine sound”, “another beep”. Associational cues are key to
understanding how participants make sense of a complex,
everyday soundscape semiotically, and is particularly important
to the identification of auditory displays as many of them are
quite similar in tonal character, thus resisting a clear ‘auditory
template’. Association – which entails familiarity and drawing
on prior experience with similar sounds seems to be, even in
our small study, overwhelmingly the main technique that
participants employ in listening to these soundscapes. Both
soundscapes were rich in simple auditory displays – beeps and
related signals – strikingly similar in tone/duration/quality even
as the contexts were completely different. Perhaps it is that
generic similarity that drove participants to rely largely on
associative and contextual cues. Curiously, the only two sounds
that were explicitly and correctly identified by all participants
were the mobile phone ring in the background of the bank
soundscape, and the one error beep on the cashier till at the end
of a busy transaction in the grocery store soundscape. Clearly,
given that we listen for difference and adapt to similarity, it was
those two out-of-place sounds that attracted attention and
seemed important enough for participants to report on.

5.3. Semiotic Dimension
The semiotic dimension of this everyday listening exercise
reflects the informational, associational and general ‘sensemaking’ strategies that participants engaged in trying to
understand the two soundscapes. Utilizing an open-coding
iterative approach to participants’ comments in all three tasks
we devised a classification system for the way participants
described and identified sounds, resulting in several more
granular categories: Sound Typologies: concrete vs. abstract
sound references; Associational sound identifications; and
Narrative elaborations (see Table 1). Naturally, most often,
each listening experience or instance of listening entails a
combination of these approaches.
5.3.1. Sound Typologies: Concrete / Abstract identification
Concrete references involve mention of particular sonic objects,
events or situations, while abstract sounds merely refer to the
general sonic character or sound quality of what is heard.
Concrete references by participants in Task 1 included
comments such as “a beep”, “woman speaking”, “footsteps”,
while abstract references included “a shuffling”, “loud noise”,
“high-pitched sound”. The difference, essentially, is one of
degree or level of identification of a sound even in a general
way, as opposed to a reference only to the general
idea/character of the sound in more abstract terms without
necessarily specifying it. Sound events and details could be said
to be a type of concrete sonic reference that go further than a
concrete acknowledgement and refer to implied action or
physical-interactional properties of the object. Sound events are
indicated by participant comments such as “Things being
dropped.”, “Cages opening and closing”, “Trolley being
pushed…keys being pressed.” Sound details include more
direct references to the materials and interactions of sound such
as “metal cages”, “tin cans”, “rustling of plastic bags”,
“package-based items”. As mentioned above most often
participant comments involved a combination of several levels
of sound identification. To exemplify, we look in detail at the
Task 1 transcript of Participant 6, listening to Soundscape 1Bank: it starts with four foreground beeps, identified by the
participant with a concrete reference; the soundscape continues
with some mid-ground beeps and a very short mobile phone
ring in the distance, identified by the participant as a concrete
sound event of a Nokia phone; this is followed by the
foreground sounds of an ATM accepting a card in the slot, then
counting money and dispensing them – identified by the
participant as the concrete sound “of a cash machine”,
accompanied by an interpretive gander at the meaning – “a
ticket machine printing maybe” – as an associational reference.
This type of meta-level coding allows us to get beyond

5.3.1. Narrative Elaborations
Narrative references involve a higher level of association in the
form of what we’d call imaginative listening. While
associational cues generally consist of interpretation on a single
or discreet sound event, narrative references entail entire
scenarios – stringing together sonic cues into a coherent story,
narrating the events that are [potentially] taking place, and in
that, referencing contextual details that are not in the original
soundscapes. In the case of Soundscape 1-Bank, narrative
accounts did not surface until the post-Task 2 discussion (P4
[who thought this was a car park underground] - somebody’s
phone going off, somebody’s phoning them to find out where
they are of if they, you know, just parked the car, and they’re
just getting out of the car). Since most participants did not
correctly identify Soundscape 1-Bank, but did correctly identify
Soundscape 2-Grocery, associational cues in conjunction with
narrative constructions reveal a lot about the process of
listeners’ meaning-making. For those in Task 1 who thought the
bank environment was a car park, every beep became “the
sound of vehicle reversing”, while the rumbling of the ATM
counting money and dispensing them became “motor or

57

Proceedings of the 18th International Conference on Auditory Display, Atlanta, GA, USA, June 18-21, 2012

machine sounds” or “engine starting”. For those who
interpreted the soundscape as an office, beeps became “sounds
of scanners or equipment” and the close-up ATM mechanical
sounds became “a photocopier, someone pulling out paper”.
Participants who did more free-association on the first task and
referenced a warehouse, a photocopier and a tape deck at the
same space, commented on the incongruence of those sound
signals in the discussion after Task 2 as they didn’t quite fit into
the story of that space. In Soundscape 2-Grocery, conversely, as
early as Task 1 many participants narrated rather than identified
sounds – they narrated the exchanges and almost visualized the
events taking place (See some examples in Table 1.). Some
participants even imagined inaudible events (“customer is
probably passing off a club card of some sort”), others reported
on how many tills there might be (“small shop – around 3 tills”)
or how many customers were present in general (“heard about 5
customers”). In the subsequent tasks for this soundscape,
participants had no trouble integrating all the sounds they heard
as belonging to a space that they immediately identified with a
supermarket. Beeps didn’t signify machinery here, but rather
evoked deeply human exchanges, the “general hustle and bustle
of a supermarket”.

Experiential

Describing the quality of sounds as they are experienced; use
of onomatopoeia words; reference to any sound parameters:
Loud/quiet; timbre, pitch, rhythm, etc.
Example/Instances of Use:
P4 – Very reverberant…the people’s feet on the floor was
quite a hard sound, like heels hitting concrete

Semiotic
Sound
typology

Association

Narrative

5.4. Experiential Listening
Experiential listening we’d put in its own category in order to
capture instances where participants referred only to sound
parameters and subjective listening characteristics such as
loudness, pitch, sound colour; including their use of
onomatopoeia words to identify and references sounds. While
experiential listening is probably the most primary of
impressions phenomenologically speaking, as far as the task
sequence were concerned it tended to come up in more
reflective discussions, higher level analysis, rather than in firstperson narration. It seemed to be engaged more – similarly to
spatial listening – when the soundscape is perceived to be more
unclear, ambiguous in terms of purpose and setting.
6.

Spatial

Making specific references to space including proximity, size,
architectural features, etc.: Inside/outside; close/far; big/small space;
echo/reverb; left/right/up/down
Example/Instances of Use:
P5 -I think it was either a factory or an office, but I think it was
actually a bigger space than an office, or it might be a corridor in a
office, but I, more I think it was actually a factory…because of all
the echoes around…

Concrete/abstract: identifying and naming specific sounds/
identifying only general character of sounds; typically refers to
sound event/action (not source).
Example/Instances of Use:
P5 – Cars. Beeping of a machine. More beeping. Footsteps.
Switches being pressed. More beeps. Mobile phone.

Free association based on what is heard; using associative language;
limited to references to 1-2 single/individual sounds.
Example/Instances of Use:
P8 – Sounds like a trolley, being wheeled around. P2 – Sounds like
a bus of some sort, a vehicle taking off. And then some beeping,
which could be, a vehicle reversing or something

Connecting several (2+) sounds together to build a story of what
happened; interpreting a combination of sounds to put a sequence of
events together; a higher level of associational thinking.
Example/Instances of Use:
P1- Em, next customer’s coming along, put their stuff through the
scanner, again you can hear the beeps of the scanner…the customer
just said they had a bag so I’m assuming the cashier’s offered them
one…Em, can hear what sounds like stuff being taken and placed
into a bag, the rustling of a plastic bag

Table 1: A schematic breakdown of the elements we
identified in the temporal structure of everyday listening to
complex soundscapes that feature auditory displays.

SUMMARY AND DISCUSSION

What we aimed to do at this preliminary stage of the study is
identify the temporal progression or structure of listening to
auditory displays within everyday soundscapes that entails
dynamic shifting of listening from contextualizing, to
identifying, to associating, to spatially locating and interpreting
sonic signals. A pattern in that temporal progression might help
us understand how listening functions over time and thus design
for it better – particularly in contexts of more ambient, multilateral soundscapes or in cases of more complex auditory
displays. From a research perspective, this helps us identify
more comprehensive tools for soundscape mapping that takes
into consideration the temporal and contextual dimensions of
everyday listening. In Table 1 below we synthesize the elements
of soundscape perception and comprehension that has emerged
from this pilot as an ontology of everyday listening for the
purposes of coding and analysis of our larger study sample of
100 participants. Through an iterative process we have herby
distilled useful definitions that we propose are general enough to
be usable to other research explorations oriented towards the
contextual and temporal nature of listening to auditory displays
in ecological settings.
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To summarize our preliminary study results, taking into account
all the dimensions discussed so far, we suggest a guiding
schema that reflects the listening and sense-making process that
people generally follow in a soundscape listening task. As
shown in Figure 5, everyday listening entails first an attention to
the context, situating the listening experience; then a focusing
on sound events, switching attention between foreground and
background sounds and focusing on concrete identification; and
ultimately associating – combining what is heard to what is
known about the context and the memories of similar
experiences, attempting to make coherent narrative of the
experience by linking and integrating both present and
associational material.

context - background

background sound
event

concrete sound events
and details

Figure 5: A conceptual model illustrating the process of
listening our participants engaged in – from contextualizing
sounds to identifying and interpreting them, to putting them
in a coherent story.
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7.

CONCLUSION

To return to our initial impetus for the study - developing a
research tools for exploring everyday listening that incorporates
not only perceptual and functional but also ecological and
contextual dimensions, there is admittedly still much work to be
done. In the next stage of this analytical process, we plan to
code data from the full study of 100 participants with the
finalized coding schema presented here, then draw out analytical
and quantitative measures towards a conceptual synthesis of
listening to auditory displays in everyday settings. The full
content analysis of all task transcripts should allow us to
reinforce some of the conclusions proposed thus far regarding
the temporal structure and sequence of listening comprehension.

[5]

[6]

[7]
[8]

The main contribution that we feel this work makes to the
auditory display community is in offering a framework for
incorporating acoustic ecology aspects into the validation and
use of research instruments aimed at understanding and
examining how people listen to auditory displays in everyday
sound settings. This study puts forth a sophisticated analysis of
listening in temporality bringing experiential impressions
together with cognitive processes in real time. By analyzing
listening modes/attentions in this way we can see what is being
prioritized, what is focused on, what is lost. Even at this
preliminary stage, we are able to offer a guiding structure of
relevant dimensions that focus on facets of listening not
typically represented in other instruments for soundscape
mapping, listening task studies or field testing of auditory
displays. The associational nature of listening and its importance
to the contextualization, correct identification and construction
of meaning with regard to auditory displays in a given
soundscape is something not typically reflected in traditional
perception research. Further, the lack of validated instruments
for qualitative research of listening; including the use of sound
maps is a gap in need of further work. It is in those areas that we
situate our work and hope to make a contribution to, enriching
the field of auditory displays with more interdisciplinary theory,
methods and approaches. As auditory displays increasingly
build into social memory and become perceptually drawn upon
by listeners in everyday environments, researchers have no
choice but to consider more ecological approaches to
understanding perception and auditory cognition.

[9]
[10]
[11]

[12]
[13]

[14]

[15]
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8.

REFERENCES

[1] McGregor, I., Leplâtre, G., Turner, P. and T. Flint, (2010)
Soundscape Mapping: A Tool for Evaluating Sounds and
Auditory Environments, In Proceedings of the 16th
International Conference on Auditory Display, pp. 237244.
[2] McGregor, I.; Leplatre, G.; Crerar, A.; Benyon, D. (2006)
Sound and soundscape classification: establishing key
auditory dimensions and their relative importance, In
Proceedings of the 12th International Conference on
Auditory Display, pp.105-112,
[3] Gaver, W. W. (1993). What in the World do we Hear?
Ecological Psychology, 5(1), 1-29.
[4] Hellström, B. (1998). The Voice of Place: A Case-study of
the Soundscape of the City Quarter of Klara, Stockholm. In
R. M. Schafer & H. Jarviluoma (Eds.), Yearbook of

[17]

[18]
[19]

59

Soundscape Studies 'Northern Soundscapes', Vol. 1, 1998
(Vol. 1, pp. 25-42). Tampere: University of Tampere,
Department of Folk Tradition.
Coleman, G. W., Macaulay, C., & Newell, A. F. (2008).
Sonic mapping: towards engaging the user in the design of
sound for computerized artifacts 5th Nordic conference on
Human-computer interaction: building bridges (pp. 83- 92).
Lund, Sweden: ACM.
Schafer, R. M. (1977) The Tuning of the World. New York:
Knopf. Reprinted as Our Sonic Environment and the
Soundscape: The Tuning of the World. Rochester, VT:
Inner Traditions International, 1993.
Southworth, M. (1969). The Sonic Environment of Cities.
Environment and Behaviour, 1(1), 49-70.
Schiewe, J., & Kornfeld, A.-L. (2009). Framework and
Potential Implementations of Urban Sound Cartography
12th AGILE International Conference on Geographic
Information Science.
Heckl, M., & Müller, H. A. (1994). Taschenbuch der
Technischen Akustik. Berlin: Springer Verlag.
Zwicker, E., & Fastl, H. (1999). Psychoacoustics: Facts and
Models (2nd ed.). Berlin: Springer.
Valle, A., Lombardo, V., & Schirosa, M. (2009). A Graphbased System for the Dynamic Generation of Soundscapes.
In M. Aramaki, R. Kronland-Martinet, S. Ystad & K.
Jensen (Eds.), Proceedings of the 15th International
Conference on Auditory Display. Copenhagen, Denmark:
ICAD.
Augoyard, J.F. & H. Torgue (2005) Sonic Experience: A
Guide to Everyday Sounds. Montreal, CA: McGill Queen’s
University Press.
Torigoe, K. (2002). A City Traced by Soundscape. In H.
Jarviluoma & G. Wagstaff (Eds.), Soundscape Studies and
Methods (pp. 39 - 57). Helsinki: Finnish Society for
Ethnomusicology; Department of Art, Music and
Literature.
Hedfors, P. (2003). Site Soundscapes: landscape
architecture in the light of sound. Unpublished Ph.D.,
Swedish University of Agricultural Sciences, Uppsala.
Giaccardi, E., Eden, H., & Fischer, G. (2006). The Silence
of the Lands. Proceedings of the New Heritage Forum, 94114.
Stratoudakis, C., & Papadimitriou, K. (2007). A Dynamic
Interface for the Audio- Visual Reconstruction of
Soundscape, Based on the Mapping of its Properties
Proceedings SMC'07, 4th Sound and Music Computing
Conference, 185-191.
Droumeva, M. & R. Wakkary (2010) Socio-ec(h)o: Focus,
Listening and Collaboration in the Experience of Ambient
Intelligent Environments, In Proceedings of the 16th
International Conference on Auditory Display, pp. 327334.
Truax, B. (2001) Acoustic Communication. 2nd Ed.
Norwood, NJ: Ablex Publishing.
Andean,
J.,
Akatemia,
S.,
Järviluoma, H.; Kytö, M.; Truax, B.; Uimonen, H.;
Vikman, N. and R. Murray Schafer (2010) Acoustic
Environments in Change & Five Village Soundscapes.
TAMK University of Applied Sciences, 431 pp.

Proceedings of the 18th International Conference on Auditory Display, Atlanta, GA, USA, June 18-21, 2012

SONIFICATION OF PRESSURE CHANGES IN SWIMMING
FOR ANALYSIS AND OPTIMIZATION
Thomas Hermann1 , Bodo Ungerechts2 , Huub Toussaint3 , Marius Grote2
Ambient Intelligence Group, CITEC, Bielefeld University
Neurocognition and Action Group, Faculty of Psychology and Sport Science, Bielefeld University
3
Human Movement Science Group, VU University of Amsterdam
thermann@techfak.uni-bielefeld.de
1

2

ABSTRACT

User

This paper introduces the sonification of pressure sensor data measured while executing crawl stroke swimming.
Swimming research aims at better understanding the flow
conditions in detail to adapt swimming strokes to achieve
maximal speed with minimal energy consumption. The fact
that a pressure field is induced during the interaction of body
and water is rarely considered. Any aquatic self-induced
locomotion needs a mediator to cause a reaction in terms
of body motion since there is no solid object a swimmer
can push off from. The mediator function is taken over by
the pressure field caused by the swimmer’s actions. With
our sonifications of the mediating hydrodynamic pressure –
measured at 5 positions along one arm – we turn the hydrodynamic situation into a complex sonic rhythmical motive.
These motives become auditory gestalts and we can identify
differences and variations between patterns. We present six
alternative sonification methods and discuss the resulting
sounds in their ability to bring different patterns to attention. Our future goal is to help swimmers to optimize their
motions by real-time sonification.
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(a) proprioception /
immediate sonification
(b) perceptions / intermediate sonification
(c) evaluations / effect sonification

Figure 1: Sonification as Auditory bio-feedback: sonification
can provide information from (a) the immediate state, (b) the
intermediate effects, and (c) effect information. We suggest
that the intermediate level may offer valuable information as
a scaffold for learning.

The main benefits of sonification in the area of swimming
research discussed in the paper are that (i) sound is accessible
without demanding visual attention (which would be difficult
underwater), that (ii) our auditory perception has a high
temporal resolution, allowing tightly closed interaction loops
in online applications, and (iii) we are highly sensitive to
rhythms and changes of rhythms, and these patterns occur
frequently in repetitive coordinated body movements.

1. INTRODUCTION
Sonification allows to combine multiple data channels into a
single sound stream, enabling listeners to understand coherences in the data that could otherwise be overseen. Similar
to our ability to perceive simultaneously playing orchestra
instruments as a musical piece, yet also to focus on a single
instrument, we can benefit from multi-stream sonifications
on different levels, such as for process monitoring, data analysis or diagnosis.
A particularly promising application field is the use of
sonification to understand and support the coordinated movements of the human body, e. g. in dance, while playing a
musical instruments, or during sports such as rowing [1],
swimming [2], speed skating [3] or German wheel training [4].

1.1. Sonification of Intermediate Levels
Most sonification approaches in movement research research
start from body postures and sonify the kinematic information to understand or support the execution of movements
(few selected references are [2, 5, 6, 7]). On the other side,
there are sonifications that represent the overall task-specific
effect (such as the intracyclic fluctuation velocity in rowing [1]) as the source for sonification. Both feedback types
enhance the better perception of the users’ actions and their
effects. However, we suggest that complex goal-driven actions can be regarded as a chain (as illustrated in Fig. 1) or
even better as a continuum that have intermediate processes
between the users’ actions and the ultimate task-specific
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water loudspeakers1 or available swimming solutions for
earphones. The latter do not only enable stereo sound projection, they also reduce the level of external sounds such
as water splashing 2 . For sound rendering a belt-mounted
mobile phone with underwater protection may be used.

effects. Intermediate processes are all physical processes
between the actions and their intended effect. Direct feedback on the behavior (e.g. kinematics, or the deviation from
a nominal movement) may help to induce a specific motion
pattern, yet this will not necessarily guarantee the wished
total effect. On the other side, a mere feedback of the effect
variable (e. g. the overall speed) may lack suitable information for the users how to refine their motion to achieve better
results. Here we suggest to sonify the intermediate effects
which are caused by the actions and in turn influence the end
effect. It might indeed be difficult or impossible for a user
to integrate an intermediate feedback for the self-regulation
in the actual movement execution, but if the movement is
a repetitive pattern, the user might be able to explore how
the own actions systematically relate to sound changes and
refine the movements for the subsequent repetitions.
This paper takes swimming sonification as an example
for intermediate effect sonification. In contrast to former
sonifications of swimming actions focusing on the distance
of hands from the body [2], in this paper sonification represents the intermediate effect of hand actions that displace
water and thus induce flow pressure. Specifically, we focus
on flow patterns in sport swimming.

The paper starts with an introduction to swimming research followed by some explanations of the relevant phenomena and the origin of the data. Section 3 introduces the
selected data sets and explains the features to be used for the
sonifications. Section 4 presents six sonification methods,
explains why and how they have been selected and illustrates
them with sound examples. We then discuss what auditory
patterns stand out or surprise. The paper concludes with a
discussion of the results and an outlook on future work.
2. SWIMMING RESEARCH – APPLIED
HYDRODYNAMICS
This paper is about the sonification of water, set in motion by
hand actions during crawl stroking. Whatever is said about
the aquatic effect of hand actions, the origin of propulsion
is still a matter of discussion. In most cases the kinematic
aspects of body actions are emphasized. The hand action
during crawl stroking is a cyclic 3D event in aquatic space
and can be described using functional analysis whereby the
following nodes (BACs)3 are used: (1) Fingers enter water,
(2) Hand moves forwards, (3) Body rolls to side of action,
(4) Hand moves downwards, (5) Prolonged pronation of
the hand, (6) Hand moves upwards, (7) Body rolls back,
(8) Slicing hand moves outward, (9) Breathing in, (10) Hand
moves forward. The duration of action below waterline is approx. 70–85% and above is 15–30% per cycle. In most cases
the kinematic aspects of these body actions are emphasized.
However, without regarding the interaction between hand
and water mass the story is incomplete like the description
of applauding with one hand. In the field of biomechanics
of swimming, the conditions of self-induced locomotion is
still a matter of discussion. Traditionalists emphasize the
application of steady flow physics as used e.g. in ship construction. But the effects of hand actions cannot be limited to
a question of forces since forces do not explain their origin.
Meanwhile the change of body form (per cycle) and
the creation of unsteady flow conditions are recognized as
a central aspect. Unsteady flow in the vicinity of a body
is characterized by changes of flow velocities in time and
space. In particular three agents are involved to generate
effects: the body (i.e. the propelling parts like hands and
feet) moves water mass while a pressure field is induced.

1.2. Sonification of swimming
According to elite swimmers’ saying, effective swimming is
a matter of “feel for motion of water mass” controlling the
interaction of water mass and body limbs. However, little is
known how to communicate this kinesthetic wisdom. Mostly
swimming actions are studied via the kinematics of the external gestalt, leaving out the motion of water mass. Motion
of water mass, however, induces hydrodynamic pressure and
together with the pressure of the water column the entire interaction is represented by measuring the total pressure. The
transformation of pressure signals into force-time-data may
inhibit information because force is finally not a kinesthetic
valuable, e.g. muscle tension. Our starting hypothesis is that
the sonification of pressure offers a helpful new channel to
support the communication about flow and on the sensation
of flow, respectively.
Our primary goal in this paper is to develop and introduce
sonification methods that allow to investigate the patterns
of total pressure that occur during crawl stroke swimming
using previously recorded data sets and videos. Thus we
offer different methods to make patterns accessible as sound,
we sonify data from different crawl speeds, and listen to
the sounds to characterize the sonification methods in their
ability to uncover relevant structures. In a future step these
methods may serve as the basis for future online sonifications
to be developed as a new teaching and training instrument,
also to be used by swimmers in the water for self-regulation.
Practically this can be done for instance by using under-

1 e.g.

Ocean Engineering Enterprises “OCEANEARS” (DRS-8)
http://www.h2oaudio.com/store/
flex-waterproof-all-sport-buds-super-hero-blue.
html
3 BAC = basic action concepts, see [8]
2 e.g.
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The term pressure in flowing water can be distinguished into
hydrostatic, static and hydrodynamic pressure. Hydrostatic
pressure depends on the mass of water and column height
which represents the potential energy. Static pressure is like
normal stress elementary to particles (mass and volume) at
rest or streaming with others due to exerting pressure in all
directions (like compression). Hydrodynamic pressure is an
induced component due to the (local) flow velocity, representing kinetic energy. The sum of all is called total pressure.
When the water is displaced by a body the total pressure is
of particular interest. Displacement of streaming particles
demands some pressure work (on a certain volume of water) which is an amount of work to force some mass m of a
volume V from a certain pressure p0 in a space with the pressure p1 . Due to this, the mass transfers some of the potential
energy into kinetic energy by means of a third energy, the
pressure work. Those locally altered pressure components
induce “proto-vortices” [14] which contribute to locomotion
whereas pressure drag is not a major player. Hand motion,
starting from the water line where the hydrostatic pressure
is small, is directed to a deeper level accompanied by increasing total pressure and finishes at the water level again.
Continuous displacement of water mass by the hand induces
a change of hydrodynamic pressure.

Figure 2: Sensor setup used to measure the pressure data at
hand palm, hand back, elbow and shoulder.

all measuring points at sprint speed globally they show individual shapes and data were highest at the palm, at the dorsal
side of the hand and at the elbow approx. 60% less, and
at the shoulder lowest, approx. 80% less relative to palmar
pressure, before all curves descend and turned remarkably
to suction during the last 1/3 of the cycle period. Since dorsal pressure drops much more, the hand does not act like
a paddle. When the pressure at the dorsal side of the hand
is lower than the pressure at the shoulder this is completely
opposite to what is hypothesized when taking the effective
water column into consideration: the hand is deeper than
the shoulder). A local pressure drop near the fingertips will
induce an axial fluid flow along the arm and hand towards the
fingertips which lead to an increased propulsion (pumped-up
propulsion) and it suggests that swimming faster is more a
matter of decreasing the pressure at the dorsal side of the
hand than augmenting the palmar pressure. How these results can be used in practical questions such as teaching or
self-regulation needs still to be evaluated.
Loetz et al. [12] point out that pressure-time recordings
are an “essential complementary information”. In search of
communicating this information the sonification of pressure
data might be a promising tool, not only because pressure
waves and sound waves are alike. Since the link between
kinematics of the hand and the resulting pressure or propulsion is not fully understood, a better communication between
swimmers/experts is needed. Our vision is to give feedback
to the swimmer directly – probably in conjunction with an
effect variable such as the intracyclic velocity-variation – and
to support the communication about flow and the sensation
of flow between all experts. A necessary first step is to examine how sonification can be used for making a pressure
field audible. For this first step the data of an experimental
study published in a peer-reviewed journal by Toussaint et

The secret to maximally propel the body forward per
cycle is to move the hand continuously along a curved 3D
line shaped like a crescent bowl, starting from (BAC 3)
until (BAC 8). This movement makes use of the change of
potential energy to kinetic energy by means of pressure work.
This is what makes swimming so exhausting, except when a
jet stream is created due to vortex-like flow structures, as they
occur in tornados as a matter of the pressure distribution.
Swimming research is documented by a series of “International Symposium of Biomechanics and Medicine in
Swimming” organized every four years since 1970. During
these decades several studies related to pressure measurements were presented as well. Van Manen et al. [13] expect
that wrong hand positions can be explained when unusual
pressure graphs occur. Takagi and Wilson (1999) [11] put
forward that without pressure no propelling force will be
produced and a pressure differential method is potentially a
useful means in stroke analysis.
Toussaint et al. (2002) [9] studied the pressure along
the extremity of elite swimmers executing crawl stroke to
investigate the axial flow component. Waterproof pressure
sensors have been attached to different body point (shoulder,
elbow, wrist, dorsal and palmar side of one hand, see Fig. 2)
and calibration was done by measuring the hydrostatic pressure at different depth in water. Total pressure signals were
recorded and low-pass filtered at 25 Hz while swimming at
slow, intermediate and sprint speed. The key assumption is
that flow effects act predominantly perpendicular to the local
measuring point. Comparing total pressure–time-curves of
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Figure 3: Key frames of a crawl stroke from front (left frame)
and side (right frame): the air bubbles allow to understand
the 3D trajectory. The video was recorded by the 3rd author
and corresponds to the condition ’faster’ shown in Fig. 4.

Figure 4: Pressure data at selected points of the one arm:
shoulder (cyan), elbow (magenta), 1/3-elbow(red), palm of
hand (blue), back of hand (green) as function of time for
different crawl-velocities. The data are recorded at 1000 Hz,
filtered to 25 Hz and down-sampled to 100 Hz.

al. in 2002 [9] were used in this paper.
3. DATA AND FEATURES EXTRACTION FOR
SONIFICATION DEVELOPMENT

to understand temporal patterns that involve all 5 time series
from visual inspection alone.
We started from basic direct sonifications and gradually
advanced towards task- and analysis-specific auditory displays that render features more salient that are expected to
be relevant for understanding the phenomena. In this section
we summarize data features and their computation as they
are needed in the following section to specify the mappings.
Polarity: Firstly, we see that the data is ordinal with a
defined zero value. To better perceive the polarity of a time
series, it makes sense to use a feature fp (t) = sgn(x(t)).
This feature, however, would exhibit many value changes
when the pressure oscillates around 0 Pa so that a modified

For the development of the sonification methods we start
with pre-recorded sensor data measured at different points
along the upper limb of an elite swimmer in a study done
by the co-author [9]. Fig. 2 shows the sensor setup attached
to the arm of the swimmer. Selected video key frames of
a crawl-stroke in the data set ‘faster’ are depicted in Fig. 3.
Fig. 4 depicts the data sets for 4–5 crawl-strokes at slow,
somewhat faster, faster, and sprint performance. The flat
plateau between the strokes around a pressure of 0 Pa represent the intervals where the hand has left the water. While
visual inspection allows to discover certain patterns such as
the acceleration of the rhythm or the decrease of pressure below 0 Pa for the back of the hand at sprint, it is more difficult

63

Proceedings of the 18th International Conference on Auditory Display, Atlanta, GA, USA, June 18-21, 2012

(see website4 ) S1a (slow), via S1b (somewhat fast), S1c
(faster), S1d (sprint) allows to perceive the rhythm and the
speed. Interestingly a different timbre is audible at the ‘zeropressure breaks’ where the hand is above the water. This is
because the mapping maps the min/max pressure range to
the min/max pitch range, causing different pitch values for
the zero-pressure values. The increasing pitch indicates that
negative pressure (suction) increases on average with crawlspeed. An interesting pattern is, that the higher pitched tone
leads (or preceeds) the change in the pitch wave. This pattern
becomes even more salient in the following sonifications.
Finally sound example S1e is a 1/3 slow-motion sonification
of the first two crawl-strokes of the sprint data. We find that
this slower pace makes it much easier to attend to patterns
for analysis and learning, yet we think that with increasing
familiarity with the features, real-time interactive use will be
feasible.

feature is superior which returns 0 if the value is below a
threshold θ0 . A suitable value is around θ0 = 150 Pa.
Slope: The gradient can be computed by
fg (t) = ∇x(t) ≈ (x(t) − x(t − τ ))/τ

(1)

where τ is 1/sampling rate. Since the data are low-pass
filtered, this feature is quite stable and will be used for excitatory sonifications.
Local Maxima/Minima: for event-based sonification,
local optima as well as zero crossings are candidate time
points. Since the time series is low-pass filtered, a 3-point
criterion provides a suitable condition to detect extrema:
fmin (t) = (x(t − τ ) > x(t)) ∧ (x(t) < x(t + τ ))
fmax (t) = (x(t − τ ) < x(t)) ∧ (x(t) > x(t + τ ))
4. SONIFICATION METHODS

4.2. Excitatory Oscillator Mapping

A data set is basically a 5-dimensional time series and there
are manifold possibilities to sonify them, starting from a
naive time-variant frequency modulation to task-specific designs. We document the development cycle and report six
selected sonifications that provide gradually different ‘sonic
views’ of the data. Please note that in this first design stage
we are primarily interested in the sort of sound patterns that
emerge when sonifying the data – we do not consider the
aesthetics or the compatibility with environmental sounds
here, yet we acknowledge that for any practical applications
these are major factors for subsequent optimization. All approaches demand the manual selection of parameters (e.g.
frequency ranges, level ranges, etc.). Most of them have
been subjectively adjusted, and thus depend on personal design experience and taste. Limited space prohibits to discuss
all choices in detail. Certainly, such parameters are subject
to swimmer-specific personalization, should a method be
selected for further consideration. Since we consider the
sonifications as preparation for future real-time/online use,
we map the real time to the sonification time throughout all
methods. For detailed analysis, however, we provide 1:3
slowed down sonifications.

The naive mapping has the disadvantage that the sound remains equally audible independent of the activity. Therefore
in this approach we create a sonification that remains soft
to inaudible when the signals are constant. Practically, this
is achieved by mapping the absolute value of the derivative
|fg (t)| of each time series to the level of a white noise signal
which is fed into a subtractive synthesis with controllable
ring time and center frequency. Pitch depends on the value
just as before, so low-pitched sounds correspond to the shoulder, high-pitched sounds to the hand. Yet now the polarity
of the signal is additionally mapped to the spatial panning.
In result negative pressures (which are here of particular
interest) become salient as they are represented by sounds
from the left audio channel.
The sound examples S2a, S2b, S2c, S2d are sonifications
for the different speeds (slow, somewhat faster, faster, sprint).
The emphasis of change makes activity audible and particularly it can be heard that a high-pitched action preceeds the
larger sound wave. For faster speeds, it becomes audible that
there is a distinct pitch curve at the end of each crawl-stroke,
related to the negative pressures. It sounds like the high-pitch
actions (hand) ‘frame’ the overall stroke. This becomes even
better audible in the 1/3-slow motion sound example S2e.

4.1. Standard oscillator bank mapping
As the data is in essence a multivariate time series, the first
approach was to sonify the data in the most direct and naive
way, using a simple mapping of the values to a bank of 5
sine oscillators. This provides a rough first sketch of the
dynamics that is to be expected from the sonification. The
mapping spreads the channels equally in spectrum, from
upwards from shoulder, elbow, 1/3-elbow, via hand back
to hand palm, one octave per channel. The pitch range
is 9 semitones, ranging from the minimum to maximum
values in the time series. Listening to sonification examples

4.3. Single-stream multi-parameter mapping
Multi-parameter mapping is an approach that binds different
channels more tightly together into holistic perceptual units
than the above multi-stream approaches. The time series
is mapped to different parameters of a single continuous
sound stream. The only problem is to find a good motivation
4 see
http://www.techfak.uni-bielefeld.de/ags/
ami/publications/HUTG2012-SOP
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for the specific selection of which time series controls what
parameter, which may appear quite arbitrary. Yet once the
mapping is defined and kept constant, it may just be learnt
by heart and understood implicitly and then the sounds may
be useful nonetheless. Specifically, we used a formant filter
synthesis with pitch, level, center frequency, bandwidth, and
panning as the 5 different parameters. The detailed mapping
is as follows:
hand back
hand palm
1/3 elbow
shoulder
elbow

[min, max]
[min, max]
[min, max]
[min, max]
[min, max]

→
→
→
→
→

freq
cf
bandwidth
panning
level

[80 Hz, 120 Hz]
[200 Hz, 800 Hz)
[100 Hz, 1000 Hz]
[’right’, ’left’]
[-40 dB, -6 dB]

which enhances timbre perception and differentiation. The
pulse rate itself is a very salient parameter, and here it is used
to represent the total pressure, while the hand back pressure
is mapped to the fundamental frequency, but using only a
small pitch variation, so that the timbre change achieves a
balanced saliency.
Sound examples S4a–S4d are sonification for the different speeds from slow to sprint. S4e is, as above, the 1/3
slow-motion sonification. The sound supports the observation made above that activity in some channels (here: higher
harmonics, hand) frame the major pressure wave.
4.5. Event-based Mapping

We received a first opinion from the swimmer whose data
has been recorded for the sonification who felt that the sound
reminded her of a ‘tortured cat’. Clearly such issues need to
be considered once a design is to be optimized for sustained
use. Concerning the patterns, the sounds allow the listener
to follow the roughness of the wave around its maximum,
and it becomes audible that there is an increasing roughness
(in brightness and pitch) at the main wave with increasing
crawling speed.

While all previous approaches started from a continuous
representation of the time series, this approach follows the
idea that continuous sonic information may deliver overly
detailed information – in fact a condensation of the detailed
values to ‘key frames’ of the pressure curve may not only
leave the sonic signal easier to process, but we expect that
this makes slight differences in synchronization between
the different channels much better perceptible since they
lead to changing patterns in the sequence of events. Practically we consider zero crossings (in both directions) and
minima/maxima as the most relevant event types. For both
minima and maxima, the actual value and the level value to
the previous extremum of the other type are variables that
can be used to parameterize details of the events. Sonification examples S5a–S5d start with the representation of
zero crossings. The slope at the zero crossings is mapped to
level and the sign of the slope determines spatial position, i.e.
left/right stereo channel. Thus zero crossings from pos. to
neg. (neg. to pos.) become audible on the left (right) channel.
As we listen to the sound examples with the intention to
uncover rhythmical patterns between the four crawl-stroke
speeds, we find that there is a characteristic distribution of
pitches over strokes: they begin with high pitched tones and
have mainly low-pitched events at the end. This corresponds
to the palm getting far away from zero-pressure early and
not returning near 0 pressure for the whole time, while other
arm parts experience pressure around 0 Pa, particularly the
shoulders. So again, the sonification emphasizes different
features than those other approaches bring into the fore.

Figure 5: Spectrogram of the single-stream sonification:
upper plot shows the left stereo channel. 3 strokes and subtle
changes in level, brightness, and panning can be observed.
This plot depicts the beginning of sound example S4a.

4.4. Harmonic Series mapping
Timbre is a multidimensional parameter, and while timbre
itself may be difficult to characterize and memorize, timbre changes can be quite salient and characteristic. This
motivates a variation of the previously demonstrated singlestream approach where now an additive model is used so that
the different pressure variables control the activation of different harmonics. In result, the timbre – characterized by the
amplitudes in the harmonic series – changes according to the
pressure in the channels. A continuous playback, however,
causes the harmonics to separate into different sound streams.
For that reason we added an LF pulse to chop the signal into
segments. Thereby we get a coherent onset in all harmonics

4.6. Task-specific mapping optimizations
Finally, we present a task-specific optimized sonification
that invests a bit more knowledge from the domain experts
into the design. Since the pressure polarity is one of the
key variables for the swimming researchers, it makes sense
to represent it by a very salient parameter such as pitch.
Pitch, however, is also very useful to separate and distinguish
the different channels. Thus in this sonification, the sign
of the pressure is responsible for a 1–2 semi-tone shift of
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the 5 well separated channel-tones. The pitch values have
been selected so that different combinations of polarities
induces the perception of differently colored musical chords.
Specifically the palm pitch (pos., neg.) was assigned to (g’,
a’), the tones for the hand back is (c’, h), the 1/3-elbow to
(g, g#), the elbow to (e, f) and the shoulder to pitch (c, H).
So the hand, which is here of highest interest is assigned
the highest pitch and pitch is systematically lower towards
the shoulder. Sound level of these tones is an excitatory
mapping from the absolute value of the derivative, and thus
loud sounds indicate strong changes of pressure over time.
The brightness of the timbre (i. e. bandwidth of the formant)
is driven by the actual pressure value so that this information
remains audible, yet appears slightly more in the background
of this sonification.
Listening to the series of crawl-strokes from slow speed
(sound example S6a) to sprint (S6d), we find a distinct pattern to emerge, namely that the highest pitch signal preceeds
the other signals the faster the stroke becomes. Also, we
become aware of harmonical patterns that correlate with the
phases of the hand/arm actions. Since we cannot yet explore
the sonifications in a closed interaction loop we cannot figure out what tone selections would be most suitable to turn
characteristic pressure profiles for more effortless propulsion
into a pleasant harmony or motif. If this should be possible,
swimmers could simply be asked to attend to the motif and
try to make it more harmonic. Such experiments are on our
roadmap for ongoing research.

The sonifications have not yet been optimized for aesthetics or compatibility with the soundscape of swimmers.
This will become important not only for any practical use in
teaching and training, but also much before, when trying to
convince sportsmen and funding agencies to invest in this
idea. It is, however, of lower interest if the main purpose
is scientific discovery, e.g. to discover unknown relevant
patterns in the data.
6. CONCLUSION
This paper contributes a new perspective on sonification as
a feedback-channel for the user’s action on different levels,
ranging from the action level to the effect level. While the
end points of this continuum have been explored in other
work, we suggest the sonification of an intermediate level as
something that we believe to be very relevant for scaffolding
the learning, training and optimization of actions. For mastering or optimizing complex movements, all information
levels on the continuum may be important at different stages.
Thus, multi-level sonifications that convey information from
all the levels (kinetics, intermediate effects and end effect)
may be the most versatile approach, and even more so if the
user or trainer can adjust the sound levels to let the most
useful information stream stand out in the display as needed.
We have selected pressure data from crawl-swimming
as they are an intermediate structure where we know from
domain research that they matter greatly for optimizing selfpropulsion. The sonifications in this paper were computed
from pre-recorded data, yet the systematic variation of speed,
and the availability of various executions of crawl-strokes
at each swimming speed allows the listener to get an impression of what information the sonification is capable to
offer. Finally, with this paper we have also documented
an exploratory phase and gained some insight and gave an
example how to organize research at the interface.
The next steps will be to optimize selected methods at
hand of feedback from swimmers and other potential users
(trainers, swimming researchers), to create sonified videos
that will allow swimming researchers to better interrelate
actions, data and sound, and to work towards a first real-time
pressure sonification that allows us to experience the sonification while swimming. On the way we hope for discoveries
and surprises.

5. DISCUSSION
The paper explores the sonification of pressure data from
swimming research. The presented methods contribute in
different ways to understand patterns in the data, as discussed
in the previous section. This section aims to look at the
design and cooperation cycle from a meta level.
The different methods have been developed in the order
of presentation and demonstrate various ‘sonic views’ on
the same data. From method to method, various aspects
are explored: the first approach is very generic and starts
from minimal explicit knowledge; subsequent approaches
invest particular domain- and task-oriented context, e.g. to
turn the sonification more ergonomic for interactive use by
using excitatory mappings. We found different things interesting while listening to the different sonifications, yet a
lack of ‘direct experience’, i.e. to listen to the sonifications
while swimming, makes it difficult to optimize the mappings
further. So we regard these first explorations more as preparation to get a clearer feeling how to proceed once we can
sonify pressure changes for the swimmer in situ. In one
example, we synchronized the sonification to a video animation, and immediately felt that this makes it much easier to
connect movement actions and (pressure / audible) effects.
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ABSTRACT



Human locomotion is fundamentally periodic, so when sonifying gait, it is desirable to exploit this periodicity to produce rhythmic sonification synchronized to the motion. To achieve this rhythmic sonification, some mechanism is required to synchronize an
oscillator to the period of the motion. This paper presents a method
to synchronize to multidimensional signals like those produced by
a motion capture system. Using a subset of the joint-angle signals
produced by motion capture, the method estimates the phase of
a periodic, multidimensional model to match data observed from
a moving subject. It does this using an optimization algorithm
applied to a suitable objective function. We demonstrate the synchronization with data from a publicly available motion capture
database, producing sonifications of drum beats synchronized to
footfalls of subjects. The method is robust and shares some common features of phase-locked loops used for synchronizing onedimensional sinusoidal signals. We foresee applications to sonification for athletics and clinical treatment of gait disorders.
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Figure 1: Phase-triggered sound events. Phase cycles from zero
through one over the course of one period of the gait (or other
periodic motion). As the phase passes a threshold, φT , it triggers
a sound event to give rhythmic sonification synchronized to the
motion.

1. INTRODUCTION

poses measured by a Vicon [3] system in the CMU Motion Capture
Database [4] contains 62 channels of data. Boyd and Sadikali [5]
describe a rhythmic sonfication system using multiple channels of
pixel data, but each channel is synchronized separately.
In this paper, we present a novel synchronization method to
produce a synchronized time base from multi-dimensional motion
capture data. Using multidimensional data not only provides a
more reliable synchronization, but opens the doors to rhythmic
sonification with numerous sensors beyond motion capture system, e.g., multi-axis accelerometers and gyros. We demonstrate
our method with examples of walking and running motion capture data. The method provides a reliable time base along with a
measure indicating the quality of synchronization at any point in
time.

Human locomotion is, by necessity, periodic in nature [1]. Walking, jogging, running, rowing, and skating are common examples
in which periodic repetition of motions move a person. We seek to
use sonification to assist the training of athletes and in the clinical
treatment of gait disorders. Given the periodic nature of locomotion, it then seems natural (possibly even required) to exploit this
periodicity in sonification. This requires that the sonification system operate synchronously with the motion, resulting in rhythmic
sonification.
Figure 1 illustrates the concept of rhythmic sonification. A
phase signal, φ(t) (normalized such that 0 ≤ φ < 1) provides
a temporal base indicating where a subject is in the cycle of a
walking stride (or other periodic motion). As φ(t) passes a phase
threshold, φT , it triggers a sonic event. For example, one can select φT to correspond to the right footfall resulting in a sound that
occurs synchronously with the rhythm of the walker. φ(t) is the
foundation upon which one builds rhythmic sonification – once
φ(t) is established, a plethora of options for rhythmic sonification
becomes available.
Godbout and Boyd [2] give an example of rhythmic sonification in speed skating. They measure the ankle angle of a skater
over time and synchronize to a model to generate a φ(t), and use
that to provide rhythmic audio feedback to the skater. However,
ankle angle measured over time is a one-dimensional signal. In
contrast, motion capture systems generate many channels of data
that we may wish to synchronize to. For example, the skeletal

2. BACKGROUND
The synchronization of periodic events is a common phenomenon [6]. Synchronization shows up in electrical and mechanical systems, mathematics, psychology, and biological systems.
Phase-locked loops (PLL) [7] are a well known mechanism
for synchronizing sinusoidal signals. PLLs are essentially feedback control systems that adjust the frequency of an internal sinusoidal oscillator to synchronize to an external oscillation. They
are widely used in communications systems. Ijspeert et al. [8]
and Pongas et al. [9] give examples of multi-dimensional synchronization in robotics. They measure and model periodic motions to
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build control systems that allow robots to duplicate these periodic
actions.
While PLLs synchronize a single oscillator, Strogatz et al. [10,
11, 12] examined the mutual synchronization of multiple oscillators. Inspired by natural phenomena such as the synchronization of
fireflies, they established the regions within the space of coupling
parameters that result in synchronization.
The importance of synchronization has been observed in the
psychology literature. For example, Bertenthal and Pinto [13] use
moving light displays to show the importance of phase locking in
the perception of human gaits. When phase locking of the lights is
perturbed, observers do not readily perceive a gait.
In biological systems, McGeer [1] showed that periodicity in
human locomotion is an inevitable and natural consequence of the
structure of the human body – gait is a limit cycle arising from
body mechanics. Glass [14] examines possible mechanism for
synchronization in biological structures. Cariani [15, 16, 17, 18]
describes temporal coding mechanisms for perception of sound.
The message is clear – where moving people are concerned,
synchronization is important. Therefore, when one seeks to sonify
human motion, synchronizing to the motion is important, perhaps
even necessary and we see examples in the work of Staum [19],
Hamburg and Clair [20], Godbout and Boyd [2], and Boyd and
Sadikali [5].
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Let y(k) = [y1 (k) . . . ync (k)] be a vector of measurements of
a periodic nc -dimensional signal at time interval k. For example,
Figure 2(a) shows an example walking gait from the CMU Motion
Capture Database [4], nc = 4. Note that although the full data set
has 62 channels, we use only a subset for the synchronization. We
choose the subset to contain those channels we expect will be best
for synchronization. For example, hand and wrist movements are
likely to confound the process, while McGeer [1] suggests that leg
motion must be periodic. Therefore, we use the left and right femur and tibia, and take only the channels corresponding to motion
in the sagital plane (x-axis rotation as denoted in the database).
This corresponds to rotation about the hip and knee joints. In the
remaining discussion, we assume that each channel of y is zeromean, or has been preprocessed (with a high-pass filter) so that it
is zero-mean. Our multidimensional synchronization process follows these steps.
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Figure 2: Signals used in the construction of a multidimensional
periodic model: (a) the x-axis rotation of the left and right femur
and tibia, (b) the model obtained for nc = 4 and nm = 16, (c)
the periodic basis functions for nm = 16, and (d) the same basis
functions plotted in polar coordinates.

1. Build a multidimensional periodic model of the motion we
wish to synchronize to. This needs to be done only once for
any type of motion (e.g., walking or running).
2. For an unknown signal, match the signal to the model at any
point in time to estimate the phase.

tions. That is:

The following subsections describe these steps in detail.

fi (φ) =

nm
!

wij g(φ; µj , σ),

(1)

j=1

3.1. The Model

where nm is the number of Gaussian basis functions in our model,
wij is weight of the j th Gaussian for the ith channel, and

Let ye (k) be an exemplar signal with ns samples for the motion
we wish to synchronize with. It must contain at least one full period of the motion. Our goal is to build a model function, f (φ(k)),
that approximates ye (k). Equivalently, we want nc models such
that fi (φ(k)) ≈ yi (k) for 1 ≤ i ≤ nc .
Taking inspiration from Ijspeert et al. [8], we build fi from
a linearly weighted combination of circular Gaussian basis func-

g(φ; µ, σ) = √

2
1
e−(φ−µ)/2σ ,
2
2πσ

(2)

is the Gaussian probability density function with center µ and standard deviation σ.
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We select the µj such that the Gaussian bases are uniformly
distributed between −π and π, and separated by 2σ, i.e., σ =
π/nm . Larger values of nm give a basis set that models y in more
(high-frequency) detail, and lower values for nm lead to a model of
y that is smoother and has less high-frequency detail. Figure 2(c)
and (d) show the basis functions for nm = 16.
The set of wij for 1 ≤ i ≤ nc and 1 ≤ j ≤ nm defines our
model function. To obtain the wij from yi (k), for 1 ≤ k ≤ ns ,
we build the following system of equations,



g(φ(1); µ1 , σ)
wi,1
. . . g(φ(1); µnm , σ)
 .


..
.
..
 ..


. ..
.
wi,nm
g(φ(ns ); µ1 , σ) . . . g(φ(ns ); µnm , σ)


yei (1)


..
(3)
=
,
.
yei (ns )

and solve using least squares. To get φ(k), we arbitrarily select
an easily identified point in ye and use that to establish a phase
reference such that φ ramps from zero to 2π over each period of y.
For what follows, we use the first two zero crossings of the x-axis
rotation of the right femur with positive slope. Figure 2(b) shows
the model obtained for the exemplar in Figure 2(a) for nc = 4 and
nm = 16.
3.2. Synchronization

argmax E(φ), and

=

max E(φ),
φ

=

b

=

1
(f (1) + f (−1)) − f (0), and
2
1
(f (1) − f (−1)).
2

(11)
(12)

(13)

=
=
=

E(µjmax −1 )
E(µjmax ), and
E(µjmax +1 ),

(14)
(15)
(16)

φ̂

=

µjmax + xm

Emax

=

f (xm ).

π
, and
nm

(17)
(18)

4. IMPLEMENTATION AND TESTING
4.1. General
We tested our method using the CMU Motion Capture
Database [4]. The database contains motion capture data for multiple subjects performing different activities over multiple trials.
The motion capture data is sampled at 120Hz, and is available with
raw video of trials, video renderings of the data, and various software tools. Of the activities available in the database, we tested on
the complete selection of walking and running examples.
We implemented the method in Octave [22], an open-source
Matlab variant, then later implemented the optimization algorithm
for phase matching in Pure Data [23]. In all cases, we computed
the model coefficients, wij , with Octave since this needs to be
done only once, prior to any sonification.
It is necessary to manually choose the exemplar from which
the model is built. In the examples here, we chose a single trial for

(6)

(7)

(8)

φ

Emax

a

interpolate to find xm and f (xm ), then set

Where T is the sample period. To estimate the phase we compute
=

To interpolate between samples, we use Nishihara’s [21] subpixel interpolation method illustrated in Figure 3. Three adjacent,
uniformly spaced samples centered at the origin, x = −1, 0, 1,
bracket a maximum of f (x). The three points define a parabola.
Some basic calculus reveals that the position of the maximum, xm
is at
−b
xm =
,
(10)
2a
where

f (−1)
f (0)
f (1)

where λ is a regularization parameter. When, λ is small, the estimated phase depends primarily on a matching data to the model,
and when λ is large, the estimated phase reflects only the cadence
defined by ∆φ, i.e., a period of

φ̂

3. Interpolate to find the position of the maximum among the
samples E(µjmax −1 ), E(µjmax ), and E(µjmax +1 ).

where c = f (0). To find φ̂, and Emax , set

(4)

where φ̂(k − 1) is the phase estimate for the previous sample of y,
and ∆φ is the expected phase change between samples based on a
typical walking cadence. Minimizing E2 produces a phase ramp
that corresponds exactly to the ∆φ. We combine E1 and E2 to get
the following objective function,

2πT
,
∆φ

2. Find the maximum value of E, E( µjmax ) among the samples in step 1.

f (xm ) = ax2m + bxm + c,

where ⊗norm denotes normalized cross-correlation.
Maximizing E1 works well to estimate phase, but often the
phase estimates deviate because the subject is not exactly like the
exemplar. To smooth out the phase estimates, we introduce a second term to our objective function to favour solutions with a constantly increasing phase:
(
)2
φ − (φ̂(k − 1) + ∆φ)
E2 (φ) =
,
(5)
2π

E(φ) = E1 (φ) − λE2 (φ),

1. Compute E on the nm centers of the Gaussian basis functions, i.e., evaluate E(µ1 ) through E(µnm ) .

The maximum value estimated by interpolation is

To synchronize f with an unknown y(k) at sample interval k, we
maximize an objective function parameterized by phase. We begin
with the following:
E1 (φ) = f (φ) ⊗norm y(k),

where φ̂ is our phase estimate and Emax is a measure of quality of
match between signal and model.
As might be expected, E(φ) is periodic itself, and some care
is needed to perform the optimization in the previous equation. We
developed the following algorithm to compute φ̂.

(9)
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cidentally with footfalls in all cases where the subject was walking
with a normal stride. As expected, the synchronization only fails
when the subject is walking backwards or otherwise not walking
normally. In these cases, the subject has deviated too far from our
model gait for synchronization to occur.
Figure 5(a) shows plots for our walk training subject, i.e., it
shows the model synchronizing to itself – a strawman test. The
second term of Equation 6 starts with an arbitrary φ̂ and takes a
few samples to converge to the correct phase. After this convergence, the phase is synchronized correctly. The longest convergence period we observed was approximately 75% of a gait cycle,
and most often the convergence occurs in half a cycle or less. Note
that the values of Emax are low during the convergence interval.
So although the system has not converged, it has a numerical indicator that the phase estimate is not good. This example also has a
period of 1.1s, which happens to correspond closely to the natural
period for ∆φ = 0.05radians .
Figure 5(b) shows results for a similar trial, but with a different
subject. This subject has a much slower stride, with a period of
1.6s. Although this is significantly different than the natural period
for ∆φ = 0.05radians , the system correctly locks to the phase of
the walker while the second term of Equation 6 smooths the phase
estimates.
Figure 5(c) corresponds to a sequence in which the subject
walks for a few paces, stops, turns around, and walks a few paces
back to their starting position. The synchronization plots clearly
show this. In the middle of the plot, there is an interval during
which the the phase stops ramping and Emax drops which corresponds to the moment when the subject stops and turns. The sonification produces correct footfalls during the normal paces, and a
couple of spurious taps as the subject stops and turns.
Walking backwards confounds the synchronization and sonification as shown in Figure 5(d). These plots correspond to part
of a sequence where the subject walks backwards for a couple of
paces. Clearly the synchronization has failed. The second term of
the objective function (Equation 6) drives φ̂ forward in an approximate phase ramp, but waveform is irregular and Emax values are
sporadically low indicating a poor match. We did try synchronizing to this sequence with the second term of Equation 6 removed,
i.e., λ = 0. In this case we do see a downward phase ramp as one
might expect, but the cost is in a noisier phase estimate throughout
the entire sequence.

"!"#
"!&%#
!"

"!%#
!$ #

"

!

Figure 3: Nishihara sub-pixel interpolation method to find the
maximum of a parabola that fits three adjacent samples with uniform spacing.

(a)

(b)

Figure 4: Screenshots from Pure Data sonification patch demonstrating synchronous sonification of multidimensional data: (a)
patch, and (b) synchronized video.

each of walking and running with the requirement that the exemplar sequence could contain only the activity of interest, and had to
have at least two positive-going zero-crossings in the right femur
x-axis rotation. The zero-crossings ensured that we could establish φ(k) correctly. While it would be possible to combine multiple subjects and trials when computing the model coefficients,
it turned out not to be necessary as our results show – it seems
one person’s gait is similar enough to others to establish a time
base. For all the examples here, walking and running alike, we
used ∆φ = 0.05radians , which corresponds to a gait period of
1.05s. Also, for all examples, we used λ = 100.
Our sonification is simple, but sufficient to verify that we have
a correct time base for other more complex sonifications. In general, once the time base is correct, timing sound events is simple.
With that in mind, our sonification consists of two drum taps per
gait period with the phase triggers set to correspond to the left and
right footfalls. When viewing the rendered motion capture video
with the sonification, it is simple to verify that the drum beats are
occurring at the correct time and that the time base is correct. We
normalized phases in the range [−π . . . π] to [0 . . . 1]. In this case,
footfalls happen at approximately φT = 0.25 and φT = 0.75.
Figure 4 shows screenshots from the Pure Data patch in operation.

4.3. Running
Figure 6 shows plots of φ̂ and Emax for four representative running sequences. As was the case with the walking examples, the
drum beats occurred simultaneously with footfalls during normal
running. Most of the running sequences are by necessity shorter –
the higher speed means the subject is in the field of view of the motion capture system for a shorter period of time, unless they alter
their gait to change direction.
Figure 6(a) shows synchronization with the same subject used
for our running model, but for a different trial. Synchronization is
comparable to what we observed for walking. Figure 6(b) shows
a sequence for a different subject, again exhibiting excellent synchronization. It is worth noting that although the stride frequencies for these are significantly faster than the natural frequency for
∆φ = 0.05radians (periods of 0.68s and 0.78s verus 1.05s), our
system still synchronizes well.
Figure 6(c) corresponds to a sequence in which the subject

4.2. Walking
Figure 5 shows plots of φ̂ and Emax for four representative walking sequences. In all examples we tried, drum beats occurred coin-
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Figure 5: Walking synchronization results: (a) model squence, (b) a typical walking sequence, (c) subject stopping and turning, and (d)
subject walking backward. In all examples, the upper plot shows the phase estimate, φ̂, and the lower plot shows Emax .

runs, comes to a stop, and with a hop changes direction. One can
see when the hop occurs where the phase ramp is distorted near
the middle of the sequence, and where the sporadic drops in Emax
occur. Again, it was in these sorts of variations from a normal
running gait where the sonification of footfalls becomes erratic.
Figure 6(d) shows plots for a longer running sequence in
which the subject runs around the field of view in a box pattern,
turning at the corners. The effects of this pattern are clear in the
plots. One can see the dips in Emax at the corners, and also some
distortion in the phase ramps as the subject alters the gait to accommodate the corner.

(a)

(b)

Figure 7: A basic phase-locked loop: (a) block diagram, and (b)
the transfer function of the voltage controlled oscillator.

phase comparisons over time.
In their synchronization system for speed skating, Godbout
and Boyd [2] also integrate a comparison over time when they
compute the normalized cross-correlation over a window of one
period. They have no equivalent to the VCO, relying instead on a
brute-force search over frequency space for every sample.
In the system presented here, we are getting close to a multidimensional PLL for arbitrary wave forms. The E1 term in Equation 6 compares an incoming multidimensional signal to the internal multidimensional oscillator in our model. The need for the
low-pass filter is obviated by the multidimensional signal – we integrate over dimensions instead. This allows us to get an instan-

5. DISCUSSION
As a way to understand the synchronization method presented
here, we can compare to PLLs. Figure 7 shows the elements of
a PLL [7]. The phase comparator and the (low-pass) loop filter together compare input oscillations to the oscillations of an internal
oscillator, the voltage controlled oscillator (VCO). The transfer
function of the VCO, shown in Figure 7(b) relates the frequency
of the internal oscillator to its natural frequency, ω0 , and the difference between internal and external signals. It is not meaningful to
compare two one-dimensional signals instantaneously, leading to
the requirement to have a low-pass filter that effectively integrates
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Figure 6: Running synchronization results: (a) the model sequence, (b) a typical running sequence, (c) hop and change of direction, and
(d) running around a square. In all examples, the upper plot shows the phase estimate, φ̂, and the lower plot shows Emax .

is established, it provides the temporal basis for rhythmic sonification.

taneous comparison that is not possible with one-dimensional signals. Further more, the E2 term in Equation 6 is equivalent to the
VCO. It ramps at a natural frequency defined by ∆φ but responds
to the external signal when combined with E1 . Our system is not
precisely equivalent to a PLL though – it lacks feedback to track
the incoming signal, relying on an optimization for each sample
interval.
It is important to note that although we synchronize with just
four channels of the motion capture data, once we are synchronized, we can rhythmically sonify any and all channels of the data.
We see potential here because:
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ABSTRACT
A major requirement for effective and interactive sonification in
rehabilitation is the availability of a mobile platform. Portable
state of the art motion capturing is achieved with inertial sensors.
This paper presents a real-time, low latency sonification
demonstrator based on an low power consumption ARM Cortex
A8 processor, which is designed for mobile usage. The
sonification demonstrator is based on the Texas Instruments
C6A816x / AM389x development board. It enables research in
continuous real time sonification of human motion to improve
the process of motion learning in stroke rehabilitation. Profiling
results are used to benchmark the Integra software application
against a PC based version in terms of signal processing latency.
Furthermore, a new sonification mapping, basing on the beat
effect, is introduced. This mapping is especially usable for
people suffering from partial deafness. A subjective test series
shows the understandability of this mapping for healthy subjects,
in comparison to a previously proposed sonification mapping.
1.

INTRODUCTION

Several studies in the field of sports science claim that
motion learning benefits from movement sonification [1].
Sonification is the displaying of non-speech information
through audio signals [2]. In the rehabilitation context, benefits
from interactive movement sonification have been shown [4].
Also efficacy in stroke rehabilitation is proved [4].
The proposed demonstrator is designed for usage in stroke
rehabilitation. This kind of rehabilitation focuses on regaining a
maximum level of independence within daily activity.
Therefore, many rehabilitation exercises focus on upper
extremities movements, as these are required in basic tasks, like
eating, drinking and tooth brushing. Inertial sensor system set
up is chosen according to [5], with one sensor at upper arm and
one sensor attached to forearm. Sonification acoustically
displays the wrist position, captured by inertial sensors. This
provides information about movement performance.
Using movement sonification in sports or rehabilitation
requires fully mobile and portable sonification systems.
Depending on the chosen mapping parameters, sample based
sound synthesis gets quite computational intensive. Therefore,
power demanding processors are required. PC based hardware
platforms [6], [7] require a high power budget and are limited
to stationary usage.
For this reason an approach for real time sonification of
complex movements captured by inertial sensors on a low

power consumption processor platform is presented in this
paper. The sonification demonstrator consists of a Texas
Instruments (TI) C6-Integra processor integrated in the
C6a816x/AM389x evaluation module comprising an ARM
Cortex A8 processor and a Digital Signal Processor (DSP) [8].
Movements are captured with an Xsens inertial sensor system
[9] consisting of MTx sensors and an Xbus Master device. The
number of MTx sensors can be scaled flexible to up to ten
sensors according to motion capturing demands. Speakers or
headphones can be used to listen to the generated stereo audio
signal. Hardware demonstrator components and structure are
shown in Figure 1. Sensor data acquisition, sonification
parameter calculation and audio synthesis are handled on the
Cortex A8 CPU. A setup is chosen, where sonification displays
the wrist position in relation to the patient’s body based on
different parameter mappings.
Sample based sonification is achieved using the Sound
Synthesis Toolkit (STK) [10]. The STK consists of audio signal
processing and synthesis classes in C++. Thus, it allows
seamless integration in the C++ based sensor system
application programming interface (API) and orientation data
processing framework. Different basic STK sound generators
are used for sonification. The mappings are benchmarked in
terms of computational latency and intuitive understandability
of the sonification.
The paper is organized as follows: Section 2 presents
related work. Section 3 introduces the evaluation board and the
ARM processor. The proposed software architecture is
explained in Section 4. Section 5 introduces the new beat effect
based mapping. In Section 6, the intuitive usability of
sonification mappings is evaluated. Profiling results and a
benchmark against a PC based platform are given in section 7.
Conclusions are given in Section 9.

data
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sonification
parameter
calculation

audiosynthesis
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Bus Master

Patient wearing
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Figure 1: Hardware demonstrator structure
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2.

RELATED WORK

provides sparse information, when performing complex
movements.
Focusing on non mobile application of sonification in
rehabilitation there are numerous research activities [18], [19].
In contrast to the low latency approach proposed in this
paper, in none of the platforms listed in related work, latency is
considered. Overall hardware and software latency design goal
is 30 ms, as higher values result in recognizable differences in
visual and audio cognition [19].

Movement sonification is explored in multiple research
projects. Particularly, sonification on mobile devices is a
research focus for several years. However, the proposed
hardware platforms suffer from drastic limitations in capturing
of complex movements and sonification design. Although, there
are a variety of applications, like stroke rehabilitation, where
mobile sonification of complex movements, provided by this
proposed hardware platform is mandatory.
A framework designed for continuous real time movement
sonification is presented in [6]. User movements are captured
using an optical infrared marker based capturing system.
Therefore, absolute position information is additionally
provided to relative orientation information. Fully customizable
sonification is achieved using Supercollider [11]. This system is
not prepared for a mobile usage, because it is based on an
optical motion capturing system and a desktop computer based
processing.
In [12] a system for sonification of biofeedback signals is
presented. Biofeedback sonification should here for example
provide information to users’ stress level or drowsiness. The
system is capable of multiple signal sonifications. Mobile
usability is achieved by operating on a Nokia N900 Smartphone
with wireless connected sensors. In contrast to the work
presented here, the sonification bases on basic alert signals.
Additionally, there is not any complex data processing reported.
The work described in [13] generates a sonification based
on captured input gestures on a PocketPC. Gestures are
captured using an attached external gyroscope. The captured
data is processed to identify distinct gestures and give an
auditory feedback. Sonification is achieved by linking
recognized gestures to very basic audio sources. Compared to
the desired application proposed in this paper, this approach is
not able to accurately detect and track whole arm movements
and giving a complex auditory feedback.
A mobile system for improving running mechanics is
developed in [14]. The system comprises a mobile phone and
triaxial accelerometers and gyroscopes connected via Bluetooth.
During usage, the sensor is attached to the sacrum and
accelerometer data is captured. In processing steps, the runner’s
average center of mass is computed. Providing this information
to the runner gives an objective feedback to his running
technique. Due to limited computing capabilities of the chosen
hardware platform, sonification is based on playback of
prerecorded sound files.
Mobile sonification of sculler movements in [15] is realized
using a Symbian OS [16] mobile phone. To provide
information about boat velocity, a built in GPS receiver and an
external acceleration sensor are used. Feedback is given via
MIDI sounds. The authors report that the current approach is
suffering from noticeable drift caused by accelerometer bias. In
contrast to the work presented here, there is no capturing of
complex, multi segment movements.
Expressive music performances are used for sonification in
[17]. This work also is based on a mobile phone as hardware
platform. User movements are captured via the built in
accelerometer. A computation step classifies several gestures
based on accelerometer data. For usage in rehabilitation context,
this approach is limited, as the usage of one accelerometer only

3.

MOBILE HARDWARE PLATFORM

The C6-Integra processor consists of an ARM Cortex A8
processor and a C674x fixed and floating point DSP, both
operating at 1 GHz. As both processors and additional modules
are integrated on a single die, this is called a ‘System-on-Chip’
(SoC). The Cortex A8 core is a Reduced Instruction Set
Computer (RISC) especially designed for usage in mobile
devices [21]. Reduced instruction set allows designing area and
power consumption efficient processors, as there is less effort
for instruction decoding required.
The Cortex A8 can achieve additional speedup by using the
Single Instruction Multiple Data (SIMD) unit NEON [21]. This
unit allows the computation of 16 64- and 128Bit-SIMDinstructions in parallel. It is designed for usage in audio and
video processing applications to overcome the needs for custom
hardware accelerators and therefore keep flexibility for future
standards or different workloads. The unit is especially
designed for floating point multiplications, shift and multiply
accumulate operations.
Figure 2 shows a block diagram of the Integra SoC with
additionally available accelerators and memory. Both processor
cores communicate using a packet based communication
protocol.
The TI C6A816x evaluation module (EVM) allows the
connection of external devices using several interfaces, like
USB and serial ports, video and audio interfaces and an SDcard slot. Due to the lack of an appropriate driver, the XBus Kit
is connected via a Blueserial [19] Bluetooth to serial converter.
User-friendly operation is achieved via an external 8” touch
screen, connected by a HDMI cable. Linux is chosen as
operating system to support audio and video drivers and the Qt
[23] based application. The onboard stereo audio converter
TVL320AIC3106 [20] allows direct connection to speakers or
headphones. Additional available interfaces are Ethernet,
SCART, S-Video, VG, IR and JTAG for debugging.

ARM
Subsystem

DSP
Subsystem

3D
Graphics
Engine

512KB
On-Chip
RAM

Video
Media
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DDR RAM

System Control
· Real-Time
Clock
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Figure 2: C6A816x System-on-Chip block diagram

76

Proceedings of the 18th International Conference on Auditory Display, Atlanta, GA, USA, June 18-21, 2012

4.

The data is then passed to the class Sound for sonification.
The class Sound handles the control and the generation of the
audio stream using the Sound Synthesis Toolkit (STK). The
initialization of the GUI and the initializing of slots and signals
are performed by the class IntegraSonic. Furthermore, this class
controls the threads, as it is the main class.

SOFTWARE ARCHITECTURE

The proposed software provides auditory feedback of the
wrist position in three-dimensional space. Detecting movements
with up to ten inertial sensors and other processing steps
enables the sonification of a variety of motion parameters, like
segment accelerations, velocities, angles and relative positions.
In addition, there is a graphical user interface (GUI), which
visualizes movement features and allows control of the
sonification process and parameters. For example, different
mappings from parameter to sound can be chosen here.

4.1. Software optimization steps
Due to the lower operation frequency of the Integra
processors Cortex A8 processor core, in contrast to the
development PC, software optimization was performed to keep
the overall latency constant. Therefore, functions with large
processing times and most frequent calls, identified by software
profiling, were optimized.

The interactive human movement sonification software is
based on the object oriented programming language C++. The
GUI is based on the C++ class library Qt [23], which extends
C++ to skills for GUI design and inter-object communication.
The application is characterized by a multi-threaded
architecture. Thus, basic tasks are logically separated and run in
multiple threads, basing on the producer-consumer concept.
In terms of the sonification application, the producer thread
communicates with the Xsens hardware. The data of the inertial
sensors is requested and then stored in a shared memory. The
consumer thread retrieves the data, removes it from the queue
and starts processing. The advantage of this design pattern is
that the processing of data does not block the whole system,
and also allows limited parallelism. The producer can obtain the
data, while the consumer is running working tasks. Furthermore,
an adaptation of different clock speeds is possible. For example,
the intertial sensor data rate is 100 Hz, while audio samples are
generated at 44.1 kHz. This allows a higher throughput, which
is required for a low latency, real-time implementation of the
demonstration software [5].
Figure 3 shows the class structure within the software
architecture in a Block diagram.
The XsensData class represents the producer thread and
communicates with the sensors on the XsensCMT library. The
library handles low-level communication with the sensors.
Received sensor data packets are written to a queue and the
HandleData class (consumer thread) performs the processing.
The wrist position vector is generated from a weighted
normalized vector addition of the individual arm segments.

HandleData
class

XsensData
class

Sound
class

XsensCMT

Removing an element from the queue

!

Check that objects are present in the queue.

! Number of elements in the queue
The items in the queue are inserted as objects of class
QueueElement, which include not only the item itself, but also
have a pointer to the next element.
QWaitCondition (an extension of the Qt framework) was
integrated into the application to allow a better synchronization
of threads, to reduce computational load.

5.

PARAMTER MAPPING

Presenting movement information for stroke patients via
sonification has to ensure being understandable and intuitive for
these persons. Therefore, mappings using stereo effects might
be impractical, as [25] shows a large impairment in audio
perception of stroke patients. The study reported that significant
problems in stroke patients passing the dichotic competing
sentence testing (DCST) occurred. Therefore, the stereo effect
based mapping presented in [5] does not fit to the requirements.
The new proposed beat effect mapping considers these effects,
therefore it is limited to frequency and volume based
sonification mappings.

Audio
Device
Xsens
Hardware

Adding an element to the queue

!

Within the application this functionality is carried out by
the XsensData class; when data is stored in the queue, it wakes
the HandleData thread by calling the function wakeAll(). The
HandleData thread can now remove the data from the queue
and performs computation. When the thread task is finished, a
sleep state is obtained by calling the function wait(). This sleep
state again is terminated when waking is performed, or 10ms
have passed. (10 ms = sensor system sampling interval)

IntegraSonic
class / GUI

Queue

!

This extension allows threads to signal another thread that a
certain condition is met. Thus, an instruction can hold a thread
until another thread calls a wake.

Coordinates system and sensor positions are chosen
according to [5]. Cartesian coordinates and radius are
normalized to the test subjects arm length.
Software
Architecture

Since the queue was identified to have major impact on the
processor load, two approaches were implemented to reduce
this burden. First, the class QQueue of the Qt framework has
been replaced; second the extension QWaitCondition has been
integrated, to stop trying to poll data items when the Queue is
empty. The originally used class QQueue was replaced by a
simplified queue class, which contains only the most basic
functions. These are:

STK

Figure 3: Software architecture
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Figure 5: Beat effect realization

Different sound frequencies are assigned to relatively broad
excitation zones in the ear, so that in case of low frequency
differences, the corresponding excitation zones overlap.
Thereby, the psychoacoustic beat effect is generated. Figure 4
shows the human perception influenced by frequency
separation. Pitch indicates the sine generators base frequencies.
Acoustical beat is realized using two sound synthesis toolkit
[10] sine generators, operating at slightly different frequencies
according to [26]. As this kind of sonification does not rely on
stereo effects for displaying information, it is also applicable in
rehabilitation of stroke patients with partial deafness. The
general concept is shown in Figure 5.
For frequency differences up to 10 Hz, the tones are
perceived as volume fluctuations, corresponding to the mean of
the frequencies. Further increases result in a perception of quick
succession of beats, which blend at above 15-20 Hz difference
to one tone at a constant volume with a rough sound character.
This roughness increases up to a frequency deviation of 10%
and then falls, until two harsh sounds are perceived. Exceeding
the critical bandwidth this roughness disappears. The critical
bandwidth is in the range of a major and a minor third.
For both coordinate systems, the origin is located at
shoulder joint and wrist position is computed assuming a rigid
body [5]. A test series is set up to show if coordinate system
choice influences intuitive understandability of the sonification
mapping. Finally, conclusions are given by comparing the
proposed beat effect sonification against a sonification based on
a single sine generator and an artificial instrument in terms of
computation effort, intuitive understandability and ambience.

Spherical
(r, φ, θ)

Volume
amplitude (A)
= 0.8-0.5 * y
left channel volume
= A * (⅔ * x + ⅓)
right channel volume
= A * (- ⅔ * x + ⅓)
amplitude (A)
= 2-1.8 * r
left channel volume
= A * (φ – ⅓ π)
right channel volume
= A * (φ – ⅔ π)

Volume

Beat
effect
Cartesian
(x, y, z)
Spherical
(r, φ, θ)

Figure 4: Acoustical beat effect in relation to frequency
separation [26]

Instrument
Cartesian
(x, y, z)

Y
Amplitude

volume =
0.3+0.7*abs(y)
volume =
0.3+0.7*abs(θ/π)

Base
frequency
frequency=
z*3300+550
frequency=
r*330/π+550

Frequency
difference
diff=
(x+1)*10
diff=
φ *10/π+10

Table 2: Beat effect sonification parameters
6. EVALUATION OF THE INTUITVE
UNDERSTANDING OF SONIFICATION
A subjective test series with 40 participants was set up to
compare sonification mappings according to [5] (Instrument
based wrist position sonification based on spherical coordinate
system, later referred as A) and the proposed beat effect
mapping. Furthermore wrist position information was provided
using a Cartesian and a spherical coordinate system.
Participants were encouraged to report if they were able to
identify movement influence on the generated audio signal and
rate the acceptability (pleasant and encouraging sound).
Therefore, participants were blindfolded to constrain movement
perception to auditory and proprioceptive information.
6.1. Subjects
The subjects participating in the study were 36 male
subjects and 4 female subjects between 16 and 31 years. Only
non experts were questioned. To suppress learning effects, the
presented mapping order was randomized. Persons with
previous experience in movement sonification were identified.
The questionnaire was designed according to ITU-R
recommendations for subjective sound quality assessment [27].
In order to achieve a good sound quality, Sennheiser PXC310
headphones were used in a configuration according to Figure 6.

Base frequency
ranging from
a (z < -0.92) to
as’’ (z > 0.92)
in steps of 0.09 on a
chromatic scale
(a=220 Hz;
as’’=830.6 Hz)
ranging from
a (θ > 2.42 rad) to
as’’ (θ < 0.79 rad)
in steps of 4° on a
chromatic scale
(a=220 Hz;
as’’=830.6 Hz)

6.2. Test Setup
Sonification setups according to Table 3 were presented in
a randomized order to the subjects. During 45 seconds, the
participants were asked to perform free movements and try to
discover to influence of movements within the sonification
mapping without any previous knowledge.
Identifier
A
B
C
D

Table 1: Instrument sonification parameters

Sonification Mapping
Instrument
Beat effect
Instrument
Beat effect

Coordinate System
Spherical
Spherical
Cartesian
Cartesian

Table 3: Evaluated sonification mapping setups
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In coincidence with the observations in Figure 7, ANOVA
of the acceptability evaluation showed a significant effect of the
different sonification mapping A-D (F(3,117)=8.92, p < 0.001
η2=0.314). Post hoc analysis of the acceptability evaluation
confirmed, that mapping A significantly differs from B (p <
0.05), and B significantly differs from all others (p < 0.05), and
C significantly differs from B and D (p < 0.05), and D
significantly differs from B and C (p < 0.05).
In accordance with the observations in Figure 8, ANOVA
of the understandability yielded a significant effect of the
sonification mapping (F(3,117)=13.30, p < 0.001, η2=0.462). Post
hoc analysis of the understandability evaluation confirmed that
sonification mapping A significantly differs from B and C (p <
0.05), and B is significantly different from all others (p < 0.05)
and C significantly differs from A and B (p < 0.05), and also D
significantly differs from B (p < 0.05).
Students t-test confirmed, that all sonification mappings
differ significantly from 5 (“No Correlation”), (A: t(39)=24.60,.B: t(39)=-15,77, C: t(39)=-23.80, D: t(39)=-22.80, with p <
0.001).

Table

Headphones

Inertial
Sensor

Figure 6: Setup used for evaluation
The questionnaires datasets were submitted to two-way
analyses of variances (ANOVA) with the between-factor Group
and the within-factor treatment. Post hoc comparisons were
made with Fisher’s LSD-tests. Independent one-sample t-test
was used to identify significant differences of the mean values
in the understandability evaluation in comparison to the “No
Correlation” statement.
6.3. Questionnaires Design
Test subjects were asked to rate the acceptance and
understandability of the four different parameters to sound
mappings. Acceptability had to be rated on a four point scale
ranging from comfortable to annoying. The understandability of
the presented movement information was rated on a five point
scale ranging from clearly perceptible to no correlation.
After performing each of the four test trials, the test
subjects answered the questions according to acceptance and
understandability. Finally, the test subjects were asked to chose
their favorite mapping according to understandability.
Table 4 and Table 5 give the interpretation of results shown
in further figures and the questionnaires ratings.
Rate
Comfortable

Annoying

Sonification A
Sonification B
Sonification C
Sonification D

Understandability
mean
sd
1.63
0.87
2.63
0.95
1.83
0.84
1.95
0.85

Table 6: Survey results
Figure 7 shows results of the acceptability evaluation with
the corresponding error bars of the sonification according to
Table 3. The results show that most test subjects favor the
instrument and stereo effect based mappings A and C. Only one
test subject could not find any correlation while performing the
free trial using these mappings. All others found the mappings
to be at least moderate perceptible.
Analysis of the understandability evaluation of the
sonification according to Table 3 in Figure 8 shows, that also
here the artificial bowed instrument based sonification was
rated best. The beat effect based sonification shows remarkably
results when using a Cartesian coordinate system. In contrast to
beat effect based sonification, in instrument based sonification
there is only a small difference in understandability, dependent
on the coordinate system. The beat effect showed significantly
better results when using a Cartesian coordinate system for
wrist position calculation.

Coding
1
2
3
4

Table 4: Acceptability (comfort) evaluation mapping
Coding
1
2
3
4
5

Acceptability Evaluation

Annoying

4

Mean rating

Rate
Clearly Perceptible
Perceptible
Moderate Perceptible
Hardly Perceptible
No Correlation

Acceptability
mean
sd
2.00
0.78
2.63
1.00
1.88
0.82
2.25
0.93

Identifier

Table 5: Understandability evaluation mapping
6.4. Subjective Test Series Analysis

3
2
1

Results of the survey after questioning 40 subjects are given
in Table 6. Evaluation shows that Sonification C (Instrument;
Cartesian coordinates) was rated as the most pleasant mapping.
Regarding understandability, test subjects rated Sonification A
(Instrument; Spherical coordinates) best.

Comfortable

A

B
C
Sonification Mapping

Figure 7: Acceptability evaluation
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Understandability Evaluation

Mean Rating

No correlation

m e ssa g e b y te s * 9 (
tra n sm issio n tim e "

5
4
3
2
1

c o m m u n ic a tio n b a u d ra te (

A

Clearly
perceptible

B
C
Sonification Mapping

D

After finishing all four free trials the test subjects were
asked to vote for their most favorite sonification. Figure 9
shows the rates of this survey. It becomes clear, that instrument
sonification is preferred by unimpaired subjects.
7.

SOFTWARE BENCHMARK

Number of votes

According to [5] the system latency is divided into three blocks.
The first fraction is the data acquisition time of the sensors and
the transmission time from the sensor system to the host
platform, here there is less possibility for latency minimizations
as it is limited by the Xsens sensor system itself. Latency
induced by computations on the hardware platform, as PC or TI
Integra, is represented by the second part. Finally, the last part
consists of delay caused by the minimum required audio buffer
size, either by using Microsoft DirectSound or Linux ALSA.
For profiling under Linux gprof was used. This profiler
only allows sampling based profiling, which means that the
processors call stack is evaluated at distinct sampling intervals.
To provide accurate information using this statistical profiling
method, a log-file of 28,882 samples was used.
The benchmarked development PC, used for reference
value generation, is equipped with an Intel Core2Duo E8400
CPU @ 3 GHz and 3 GB RAM. Software profiling is carried
out using the instrumentation profiling method, of the Visual
Studio 2010 Ultimate Profiling Tool. This method provides
detailed runtime data of every function including external
function calls. Elapsed inclusive time values presented here
show the time spent in the individual function and sub functions
including time spend in calls to the operation.

Software sub-block
Fetch Data
Enqueue Data

Test Persons Favorite Sonification

A

B
C
Sonification Mapping

)

(1)

b it
s

)

In contrast to [5] the communication baud rate was
increased to 460800 baud/s, in order to speed up the data
transmission between Xsens bus master and computational
hardware. The transmission time is calculated according to (1),
according to the Xsens XM-B user manual. In sum the data
generated per sampling instance consists of 81 bytes,
comprising of 36 bytes per MTx sensor and a 7 byte preamble
and 2 bytes for sample count. Compared to using a baud rate of
115200 baud/s this is a reduction of about 51 % by increasing
baud rate. Xsens sensor system and Blueserial [22] Bluetooth
adapters support this increased baud rate. Data acquisition and
orientation computation lasts 2.55 ms in worst case. Therefore,
sensor data transmission induced latency takes 4.44 ms.
The software caused latency is divided in the functional
blocks for data processing according to [5]. Values listed in the
Table 7 indicate the time per task to compute an update of the
sonification parameters, comprising of enqueueing of sensor
data items and calculation of the wrist position and sonification
parameters. The usage of the ARM SIMD unit NEON, achieves
a considerable latency reduction on the Integra processor for the
floating point operation intensive computation of STK
instrument generator audio samples, compared to the PC. The
NEON unit achieves a speedup by computing up to 16 floating
point operations in parallel. The NEON usage is activated by
compiler flags. Data independent floating point multiplications
are then computed in parallel.
A minimum audio buffer size of 150 audio samples is
required, when operating using STK classes and the ALSA
audio library. This results in a reduced latency, compared to the
PC based approach where the Windows DirectSound library
requires an audio buffer of at least 441 samples. In both cases
audio buffer sizes below the mentioned limits result in an audio
signal interrupted by clicking noise. Using an operation system
like either Linux or Windows there is no way to directly access
the audio device without using an audio buffer.

Figure 8: Rating of the individual sonification mappings

16
14
12
10
8
6
4
2
0

b it
b y te

Dequeue Data
Position Computation
Display movement
features
Compute Sonification
Parameters (sine)
Compute Sonification
Parameters (beat)
Compute Sonification
Parameters (instrument)

D

Latency PC
[ms]
0.67*10-3

Latency
Integra [ms]
27,90*10-3

0.76*10-3

0.70*10-3

-3

0.77*10
1.46*10-3

0.70*10-3
4.20*10-3

51.50*10-3

49.50*10-3

111.60*10-3

68.53*10-3

141.57*10-3

100.09*10-3

1.23

150.14*10-3

Table 7: Detailed computational latency

Figure 9: Test person’s favorite sonification mapping
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Due to software optimization the overall computational
latency keeps almost constant while performing with a
significantly reduced clock frequency of 1 GHz compared to
the 3 GHz PC.
Additionally, it is shown that depending on the operating
system the audio buffer size can be significantly decreased. As
the audio buffer size mainly influences the overall system
latency this optimization step would also allow computing on
processors with even lower clock rates and thus lower power
consumption. Still the audio buffer causes one of the main
latency parts. The second main inherent part is the MTx sensor
data acquisition and data transmission time. In sum ≈98 %
latency are caused by these two aspects.
In general, the overall latency of 7.99 ms of the proposed
continuous sonification demonstrator meets the requirements
and contains margin for operating it on platforms with further
reduced clock rates and thus less power consumption.
The profiling results presented here also clarify, that more
complex audio signal generation including mixing different
fundamental or instrumental sound generation blocks would not
significantly increase total latency. This enables further
research in designing more comfortable and medical effective
parameter mappings for audio synthesis.
The subjective test series performed here showed that all
four evaluated parameter to sound mappings were significantly
understandable. This is a convincing result, as none of the test
persons had experience in designing or using movement
sonification. All of the proposed mappings turned out to be
intuitively usable, as the test persons had to rate the mappings
after only 45 seconds of experience.
In overall rating, after performing free trials with all four
sonification mappings, test persons rated the instrument based
sonification to be best understandable. These mappings base on
stereo effect in contrast to the beat effect in the competing two
mappings. This shows that for unimpaired persons it is easy to
correlate wrist position and sound source displacement.
In summary, the proposed Integra processor based system
enables real-time low latency sonification. Additionally, it
provides the required flexibility for adoptions in movement
feature calculations and sound synthesis and enables further
research in sonification design for upper arm movements. The
hardware demonstrator will be used in studies to determine
benefit from a continuous synthetic sonification in reach and
grasp motor learning tasks. Studies will be used to figure out
further significant motion parameters for relearning of
movements and the design of an effective parameter to sound
mappings, as well as an ambient and motivating sound design.
The demonstrator is a research platform for designing a more
effective and pleasant sonification for usage in home based
stroke rehabilitation.

Computational
Latency – Sine
Effect Mapping
PC: 166.76 µs
Integra: 151.53 µs
Inertial Sensor
System
Comunication

Computational
Latency – Beat
Effect Mapping

Audio Buffer

PC: 4.44 ms
Integra: 4.44 ms

PC: 196.73 µs
Integra: 183.09 µs

PC: 10.00 ms
Integra: 3.40 ms

Computational
Latency – Instrument
Effect Mapping
PC: 1.78 ms
Integra: 233.14 µs

Figure 10: Hardware and software latency overview
The influence of data transmission, audio buffer size and
computation, dependant on the hardware platform, is evaluated
in Figure 10. In summary the overall system latency for the
Integra processor sonification is about 8.07 ms, in contrast to a
latency of 14.61 ms to 16.22 ms when operating on a PC. Major
latency reduction is achieved by audio buffer minimization.
Figure 11 gives a comparison of computational costs of the
required software tasks performed on PC and Integra platform.
According to profiling the application allows a throughput of
4.28 kHz on the single core Cortex A8, as computation tasks
last 233.14 µs at maximum. However, the maximum sampling
frequency of the attached MTx sensor system will limit the
application to an operating frequency of 100 Hz, when using
two MTx sensors. Audio data rate was set to 44.1 kHz.
8.

CONCLUSION

Implementing a mobile sonification system, the design goal
is to achieve a sonification with an overall latency of 30 ms at
maximum. The evaluation performed here clarifies that
continuous, real time, low latency sonification of human arm
movements can be achieved on low power, mobile platforms
like the ARM Cortex A8 processor.

Time / us

10000
1000
100

PC
Integra

10
1
0,1

9.

ADDITIONAL FILES

The attached “beat_sonification.wav” file represents an arm
moving from the right to the front, then grasping a cup, moving
it to the left and back to front. After that, the cup is raised for
drinking and put back on to the table on the right. The file is
available
for
download
at
http://www.ims.unihannover.de/fileadmin/www/files/forschung/sonification/beat_e
ffect.wav

Computational Task
Figure 11: Computational latency distribution in
comparison
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C1'.)$+#!+,!)B&!/+%&/&#)!.#C!$)(!&H&91)$+#!,+'!%$(1.:!.C.5)$%&!
.)B:&)&(3!.9+1()$9!,&&C0.9K!$(!5'+%$C&C!)+!&:$)&!.C.5)$%&!.)B:&)&(!
$#!+#DG.)&'!'+G$#2!)'.$#$#26!!
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.#C! .)B:&)&(L! '&.9)$+#(! )+! )B&! (+1#C! )+2&)B&'! G$)B! )B&! '&(1:)(!
,'+/!C.).D9.5)1'&3!($#9&!&%&#!5'.9)$($#2!)B&!(5+')!$(!9B.::&#2$#2!
,+'! )B&/6! EB$(! $(! &%&#! /+'&! ($2#$,$9.#)! $#! ($)1.)$+#(! G$)B!
.CC$)$+#.:!&H)&'#.:!$#,:1&#9&(!C1'$#2!)'.$#$#2!(19B!.(!)B&!1(&!+,!
.! )&()! 0+.)3! /&.(1'$#2! &F1$5/&#)! .#CQ+'! ,&&C0.9KD)'.$#$#2!
/&)B+C(6! EB&! 1(&! +,! (*#)B&)$9.::*! 5'+C19&C! .9+1()$9!
$#,+'/.)$+#! .(! .! #&G! )'.$#$#2! /&)B+C! $(! 5+(($0:*! &%&#!
C$()1'0$#2!'.)B&'!)B.#!0&#&,$9$.:!,+'!)B&!&H&91)$+#!+,!)B&!'+G$#2!
/+%&/&#)! .(! .)B:&)&(! G$)B! %$(1.:! $/5.$'/&#)! C&5&#C! +#!
.1C$)+'*! 5&'9&5)$+#! ,+'! )B&$'! +'$&#).)$+#6! S#! 9+/5.'$(+#! )+!
($2B)&C! .)B:&)&(! $)! $(! #+)! 5+(($0:&! ,+'! )B&/! )+! (10+'C$#.)&! )B&!
.1C$)+'*!(&#(&6!!
EB$(!5.5&'!C&(9'$0&(!)B&!'&(1:)(!+,!5'+%$C$#2!.9+1()$9!,&&C0.9K!
+#:$#&! C1'$#2! +#DG.)&'! )'.$#$#2! )+! .C.5)$%&! .)B:&)&(! $#! &:$)&!
'+G$#2! .#C! )B&$'! &H5&'$&#9&(! (10M&9)$%&:*! 5&'9&$%&C! %$.! )B&!
(+1#C!C1'$#2!'+G$#26!!

EB&! 5'$/.'*! .#C! +%&'GB&:/$#2! $/5+').#9&! +,! )B&! '&9+%&'*!
5B.(&!G$)B!'&2.'C(!)+!)B&!5'+51:($%&!&,,&9)!+,!)B&!'+G$#2!9*9:&!
0&9+/&(!/.#$,&():*!9:&.'6!A)!)B&!&#C!+,!)B&!C'$%&!5B.(&3!GB&#!
)B&! 0:.C&(! &/&'2&! ,'+/! )B&! G.)&'3! )B&! 0+.)! $(! '&:&.(&C! )+! '1#!
,+'G.'C6! EB$(! /+%&/&#)! $(! 9B.::&#2$#2! ,+'! )B&! .)B:&)&(! .,)&'!
'.$($#2!)B&!+.'(!+1)!+,!)B&!G.)&'3!.(!)B&*!B.%&!)+!2:$C&!0.9K!15!
)+!)B&!9.)9B!.2.$#!$#!+'C&'!)+!5'&5.'&!)B&!#&H)!()'+K&6!EB1(3!$)!$(!
$/5+').#)! )+! &H&91)&! )B&! '&9+%&'*! 5B.(&! G$)B+1)! '&%&'($#2! )B&!
0+.)L(! /+/&#)1/3! )B.)! $(3! .)B:&)&(L! /.((! /1()! 0&! 9.'&,1::*!
/+%&C! 0*! (:$C$#2! )+G.'C(! )B&! ()&'#6! EB$(! 5B.(&! $(! 9'$)$9.:! ,+'!
)B&!0+.)! %&:+9$)*! $#!5.')$91:.'3! 0&9.1(&! ,:19)1.)$+#(! +991'! .(! .!
'&(1:)! +,! &#&'2*! C$(($5.)$+#(! 0*! M&'K*! /+%&/&#)(6!
[+#(&F1&#):*3!.)B:&)&(!(B+1:C!$#)&2'.)&!)B&!(&%&'.:!5.')(!+,!)B&!
'+G$#2! ()'+K&! $#)+! +#&! /+%&/&#)! )B.)! $(! .(! 9+#($()&#)! .#C!
(/++)B! .(! 5+(($0:&6! EB$(! $(! &(5&9$.::*! $/5+').#)! 0&9.1(&! +#&!
/+%&/&#)! 5B.(&! ,:+G(! $#)+! )B&! #&H)! +#&6! -+G&%&'3! GB&#!
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@&'/.#!#.)$+#.:!.C.5)$%&!'+G$#2!)&./!N!a]O3! /.:&! N#aYO! .#C!
,&/.:&! N#aYO6! EB&! 9+H&C! ,+1'! N`EA>bO! G.(! .99+/5.#$&C!
C1'$#2! +#DG.)&'! )'.$#$#2! (&(($+#(! ,+'! )G+! G&&K(! .#C! +%&'! .!
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5+(($0:&!)+!)'.$#!G$)B!)B&!+'$2$#.:!9'&G!,+'!)B&!GB+:&!)$/&!.#C!
(+! (&%&'.:! )$/&(! (10()$)1)&(! (.)! $#! ,+1'! .#C! 9./&! $#)+! 9+#).9)!
G$)B!)B&!(+#$,$9.)$+#6!!
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EB&! '&21:.)$+#(! ,+'! .C.5)$%&! '+G$#2! '&F1$'&! )B.)! )B&!
9'&G/&/0&'(! /1()! B.%&! .! B.#C$9.56! S#! 0+.)! 9:.((&(! ,+'! /+'&!
)B.#! )G+!.)B:&)&(3! )B&! 9'&G! /1()3! /+'&! (5&9$,$9.::*3! 9+#($()! +,!
.)B:&)&(! GB+! .'&! 5B*($9.::*! C$(.0:&C! .(! G&::! .(! %$(1.::*!
B.#C$9.55&C!N5.')!+'!0:$#CO6!EB&!9'&G!()1C$&C!9+#($()&C!+,!)G+!
%$(1.:! $/5.$'&C! .)B:&)&(3! +#&! +,! GB+/! G.(! 0:$#C! N=<<_O! .(!
G&::!.(!+,!)G+!5B*($9.::*!B.#C$9.55&C!.)B:&)&(6!EB&!&H9&5)$+#.:!
9B.::&#2&! ,+'! )B&! 0:$#C! .)B:&)&! G.(! B$(! :.9K! +,! '+G$#2!
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9++5&'.)$+#! G$)B! &#2$#&&'(! ,'+/! X&8X! @/0-3! (+1#C! .#C!
%$0'.)$+#3! X&':$#O! VcW! G.(! 1(&C6! EB&! C&%$9&! /&.(1'&C! )B&!
K$#&/.)$9!5.'./&)&'(U!5'+51:($%&!0+.)! .99&:&'.)$+#!N.XO! G$)B! .!
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,1')B&'!(10C$%$C&C!$#)+!)B&!,'+#)!.#C!0.9K!'&%&'(.:!N.:(+!K#+G#!
.(!)B&!9.)9B!.#C!,$#$(B!)1'#$#2!5+$#)(O6!T$)B!'&2.'C(!)+!)B&!0+.)!
.99&:&'.)$+#D)$/&! )'.9&3! )B&! '+G$#2! 9*9:&! 0&2$#(! G$)B! /$#$/.:!
.99&:&'.)$+#!,+::+G&C!0*!.!C$()$#9)$%&!$#9'&.(&!C1'$#2!)B&!9.)9B!
.#C!)B&!C'$%&!5B.(&!)+!)B&!5+$#)!+,!/.H$/1/!0+.)!.99&:&'.)$+#6!
EB&! &#C! +,! )B&! C'$%&! 5B.(&! $(! '&5'&(&#)&C! 0*! )B&! #&H)! :+9.:!

!
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.9+1()$9! $#,+'/.)$+#! .#C! )'.#(/$))&C! )B&! (+1#C! (&F1&#9&! %$.!
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S#! C+$#2! (+3! $)! G.(! 5+(($0:&! ,+'! )B&! 9+.9B! .#C! )B&! (9$&#)$()! )+!
:$()&#!)+! )B&!(+#$,$9.)$+#! GB$:&! )B&! .)B:&)&(! C$C! #+)! '&9&$%&! )B&!
.9+1()$9!,&&C0.9K6!A9+1()$9!)'.#(/$(($+#!G.(!9+#)'+::&C!0*!)B&!
(9$&#)$()!.2'&&$#2!G$)B!)B&!9+.9B!:$()&#$#2!)+!)B&!(./&!.9+1()$9!
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EB&!C.).!()+'.2&!+#!.!84D9.'C!/.C&!$)!5+(($0:&!)+!.#.:*e&!)B&!
&,,&9)!+,!)B&!.9+1()$9!,&&C0.9K!+#!)B&!0+.)!/+)$+#!$#!'&.:!)$/&!
.(!G&::!.(!)+!'&D(+#$,*!)B&!C.).!(10(&F1&#):*6!!
65S5! %ANC9(+?I=DC(
EB&! C.).D)+D(+1#CD)'.#(,+'/.)$+#! G.(! .9B$&%&C! G$)B! )B&!
(+,)G.'&! I1'&! 4.).! NICO! .(! 5'&%$+1(:*! C&(9'$0&C! .#C!
&().0:$(B&C!$#!.#!&.':$&'!$#%&()$2.)$+#!G$)B!)B&!@&'/.#!#.)$+#.:!
'+G$#2! )&./! $#! +#DG.)&'! )'.$#$#2! (&(($+#(6! "($#2! )B&!
(+#$,$9.)$+#! )&9B#$F1&! +,! I.'./&)&'! 7.55$#2! V=<W3! )B&! 0+.)L(!
.99&:&'.)$+#D)$/&D)'.9&! G.(! C$'&9):*! /.55&C! )+! )+#&(! +#! )B&!
7S4SD(9.:&!.#C!'&:.)&C!)+!)+#&D5$)9B6!S#!C+$#2!(+3!)B&!C.).!G&'&!
)'.#(,+'/&C!.:2+'$)B/$9.::*!$#)+! .#!.1C$0:&! (+1#C!$#! '&.:!)$/&!
.(! .! C$'&9)! /+C1:.)$+#6![+#(&F1&#):*3! )+#&!5$)9B! 9B.#2&C! .(! .!
,1#9)$+#! +,! )B&! 0+.)L(! .99&:&'.)$+#D)$/&D)'.9&! .#C! '&5'&(&#)&C!
.#C! C$,,&'&#)$.)&C! 0&)G&&#! F1.:$).)$%&! 9B.#2&(! $#! )B&! 0+.)!
/+)$+#6!!
65T5! &?I<(+?I=DC(:C9(I<:<=I<=F:L(:C:LKI=I(
EB&! $#%&()$2.)$+#! )++K! 5:.9&! .)! )B&! '.9&! 9+1'(&! $#! i.)e&01'23!
@&'/.#*! $#! A121()! ;<==! C1'$#2! )B&! 5'&5.'.)$+#! 5B.(&! ,+'! )B&!
.C.5)$%&!G+':C!9B./5$+#(B$5(!$#!X:&C3!8:+%&#$.6!!
I'$+'! )+! )B&! ,$'()! +#DG.)&'! )'.$#$#2! (&(($+#3! )B&! .)B:&)&(! G&'&!
$#)'+C19&C!)+!)B&!(+#$,$9.)$+#!$#!+'C&'!)+!2$%&!)B&/!.#!$C&.!+,!
GB.)! )B&*! B.%&! )+! &H5&9)6! EB&'&,+'&3! )B&! (+1#C! (&F1&#9&! +,! .!
()+'&C! )'.$#$#2! '1#! GB$9B! G.(! (*#9B'+#$e&C! G$)B! .! %$C&+! G.(!
5'&(&#)&C!)+!)B&!.)B:&)&(6!EB&*!9+1:C!:$()&#QG.)9B!)+!$)!.(!+,)&#!
.(!)B&*!#&&C&C6!!
EB&! 5'&(&#).)$+#! +,! )B&! .9+1()$9! ,&&C0.9K! C1'$#2! +#DG.)&'!
)'.$#$#2! G.(! .CM1()&C! .99+'C$#2:*! )+! )B&! (5&9$.:! #&&C(! +,! )B&!
.)B:&)&(! G$)B! %$(1.:! $/5.$'/&#)(! G$)B+1)! +%&':+.C$#2! )B&$'!
&#%$'+#/&#).:! 5&'9&5)$+#6! EB1(3! )B&! .9+1()$9! ,&&C0.9K! G.(!
5'&(&#)&C!$#!15!)+!Y!0:+9K(!5&'!)'.$#$#2!(&(($+#!.#C!,+'!.!)+).:!
+,! =;! 0:+9K(6! d.9B! 0:+9K! 9+#($()&C! +,! >! (&9)$+#(! G$)B+1)! .#C!
G$)B! )B&!5'&(&#).)$+#! +,! .9+1()$9! ,&&C0.9K! $#! .:)&'#.)$#2! +'C&'!
,+'!)B&!C1'.)$+#!+,!\<</!'&(5&9)$%&:*6!!
S#! +'C&'! )+! 9+#C19)! .#! +#:$#&! .#.:*($(3! )B&! (9$&#)$()! .#C! )B&!
9+.9B! :$()&#&C! )+! )B&! (+1#C! '&(1:)! $#! )B&! /+)+'0+.)! GB$:&! )B&!
.)B:&)&(! C$C! #+)! '&9&$%&! .#*! ,&&C0.9K6! P+'! )B&! .#.:*($(3! )B&!
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5.$'G$(&6! EB&! ().)$()$9.:! .#.:*($(! 9+#($C&'&C! )B&! (&9)$+#(!
G$)B+1)!.#C!G$)B!.9+1()$9!,&&C0.9K!NAPO3!:.0&:&C!.(!,+::+G(U!
X.(&:$#&!!'&,&'&#9&!(&9)$+#!NG$)B+1)!.9+1()$9!,&&C0.9KO!
8&9)$+#!=!NG$)B!APO!
8&9)$+#!;!NG$)B+1)!APO!
8&9)$+#!Y!NG$)B!APO!
8).#C.'C$e&C!F1&()$+##.$'&(!G&'&!).K&#!$#!.CC$)$+#!)+!&H./$#&!
)B&! 5&'9&5)$+#! +,! .C.5)$%&!.)B:&)&(!+,!)B&! .9+1()$9! ,&&C0.9K! $#!
)&'/(!+,!$)(!9+/5'&B&#($0$:$)*3!9+''&(5+#C&#9&!G$)B!)B&!'+G$#2!
/+%&/&#)3! $)(! .))&#)$+#D21$C.#9&! ,1#9)$+#! ,+'! (5&9$,$9!
/+%&/&#)!(&9)$+#(!.(!G&::!.(!5+)&#)$.::*!C$()1'0$#2!.(5&9)(6!!
M5! .*%$U&%(
EB&! '&(1:)(! +,! )B&! $#%&()$2.)$+#! G&'&! C&(9'$0&C! $#! (&5.'.)&C!
(10(&9)$+#(!.(! ,+::+G(U! C.).D9.5)1'&! NY6=O! C&(9'$0&(! )B&!&,,&9)(!
+,! .9+1()$9! ,&&C0.9K! +#! )B&! /&.#! 0+.)! %&:+9$)*m! F1&()$+##.$'&!
NY6;O! C&(9'$0&(! .)B:&)&(L! '&.9)$+#(! )+! )B&! (+1#C! .#C! )B&! &,,&9)(!
(10M&9)$%&:*!5&'9&$%&C6!
M545! +:<:VF:;<N@?(
EB&!'&(1:)(!+,!)B&!(&9)$+#(!G$)B!.9+1()$9!,&&C0.9K!(B+G!)B.)!.)!
)'.$#$#2! ()'+K&! ,'&F1&#9*! N8P! ;<! bQD! <6\! ()'+K&(! 5&'! /$#1)&O!
)B&'&! $(! .! ($2#$,$9.#):*! $#9'&.(&C! /&.#! 0+.)! %&:+9$)*! ,+'! )B&!
(&9)$+#(! G$)B! (+#$,$9.)$+#! $#! 9+/5.'$(+#! G$)B! )B&! 0.(&:$#&!
N'&,&'&#9&Q9+#)'+:! (&9)$+#O! G$)B+1)! (+#$,$9.)$+#! NPYaY6^cm!
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ABSTRACT1
In sport accurate predictions of other persons’ movements are
essential. Former studies have shown that predictions can be
enhanced by mapping movements onto sound (sonification) and
providing audiovisual feedback [1]. The present study
investigated behavioral mechanisms of movement sonification
and scrutinized whether effects of own movements and those of
other persons can be predicted just by listening to them. Eight
athletes heard sonifications of an indoor rower and quantified
resulting velocities of a virtual boat. Although boat velocity
was not mapped onto sound directly, it explained subjects’
quantifications by regression analysis (R-squared = 0.80)
significantly better than the directly sonified amplitude and
force parameters. Thus perception of boat velocity might have
emerged from those sonifications. Predictions of effects of
unknown movements were above chance level and as good as
predictions of own movements. Furthermore athletes were able
to identify their own technique among others (d’ = 0.47 ±
0.43). The results confirm large perceptual effects of auditory
feedback and - most importantly - suggest that movement
sonification can address central motor representations just by
listening to it. Therefore not only predictability but also
synchronization with other persons’ movements might be
supported.
1.

INTRODUCTION

Transforming human motion into sound has been the exclusive
domain of musicians. But sonification of human movement data
has proved to support perception and action in sport: sonifying
the ground reaction force of counter movement jumps enhances
the perceptual accuracy of jump height ratings, and results in
enhanced movement performance, when jumps are reproduced
[1]. Although there is growing evidence for the efficacy of
sonification, the underlying mechanisms are largely unknown.
One possible mechanism is a co-activation of auditory and
motor areas in the brain: the listening to a piano melody
activates motor areas in the brain, when this melody has been
practiced for just 30 minutes [2]. Another mechanism might be
enhanced activation of multimodal brain areas: Using the same
stimuli as Effenberg [1], Scheef et al. [3] found increased
neuronal activation in multimodal brain areas for audiovisual
1
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congruent compared to incongruent stimuli, suggesting an
amplifier effect of sonification on motor perception. But further
mechanisms are probable. A key player for the understanding of
other persons’ actions is the human action observation system:
This systems harbors the so-called mirror neurons that are
activated when a person performs an action or when this person
observes another person performing the same action [4].
Knowledge of the mirror neuron system comes from studies
with visual stimuli, but two recent studies suggest that natural
sounds and music address the mirror neuron system as well
[5,6]. Since this system is active during the observation of other
persons’ actions as well as when movements are preformed, it
might be the neural interface between perception and action.
The hypothesis is that during action observation the mirror
neuron system activates the own motor system to internally
simulate the movement and its outcome. In consequence
predictions should be more accurate, the higher the individual
motor experience in the observed task is, and experts should
predict outcomes of sport-specific movements better than
novices. Actually a study from Aglioti et al. [7] suggested that
this is an effect of motor experience on perceptual accuracy:
when basketball players, trainers and journalists have to predict
the outcome of free shots at the basket, players perform best.
If motor experience shapes perceptual accuracy, effects
should not be limited to sport-experts only, because everybody
is expert of his own individual movements. Therefore
everybody should predict actions best, when he or she observes
his own actions (“own-effect”). Several studies have
investigated this hypothesis using visual stimuli and found
small but significant effects: when dart throws or handwriting
strokes had to be predicted, predictions were most successful
when the effect of the own movements - and not of movements
from other persons - were observed [8,9].
Prediction and identification of actions might not depend
on holistic and natural presentations of bodies. Former studies
have shown that it is sufficient to display the large joints as
point-lights [8,10]. But it still remains unclear which movement
parameters provide relevant information. The results of Loula et
al. [11], who reported different identification rates for dancing
and boxing compared to walking and running, suggest that the
significance of parameters varies between movement categories.
Therefore a detailed investigation of this aspect is reasonable.
The cited studies argue for a close relation between action
and visual perception, notably an internal simulation of
movements by the own motor system, when actions are
observed. One study reports a similar effect from the field of
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performance comparisons. All athletes were familiar with this
kind of feedback from their own training. B) Most importantly
athletes heard a sonification of their rowing performance via
earphones (AKG K330). An exemplary stimulus is attached as
supplementary file. The sonification system was described in
detail previously [17] and only the main elements will be
reported here: The indoor rower was featured with two
incremental encoders and two force-sensors attached to the
handle, seat and foot rest, measuring grip force and amplitude,
seat amplitude and foot rest force (sampling rate 100 Hz, FES
Berlin ®). Movement parameters were mapped onto sound
using standardized MIDI control messages [18]. Parameter
variations were linearly (kinematics) or non-linearly (dynamics)
proportionally to modulations of pitch and loudness. Mapping
characteristics were standardized inter-individually.
Sonification of four parameters is characterized by a high
information density. In addition to the magnitude of the two
kinematic and two dynamic parameters, it informs about
temporal aspects of the movement: It could be possible to
perceive movement frequency by identifying the frequency of
similar sound patterns (for example detection of the absolute
minimum of the grip amplitude, Figure 1). Combining those
information then might built further percepts of mechanical
power or individual technical patterns.
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Eight rowing athletes (21.8 ± 9.2 years) participated in the
study. They all had been nominated by the state coach due of
their high technical qualification. In a first session they
performed 50 minutes on an indoor rower (Concept2, Inc., VT,
USA). After 5 minutes of rowing at a self-chosen velocity they
were instructed to follow eight different velocities in three
blocks of 15 minutes, interleaved by rest breaks of about 10
minutes. Two types of real-time feedback were provided to the
athletes: A) Virtual boat velocity was calculated online and
displayed by the indoor rower itself, permitting target-
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music: Keller et al. [12] found that pianists synchronize their
movements better with recordings of their own than with
recordings of other persons, indicating that the “own-effect”
might not be limited to the visual domain. The demonstration of
an “own-effect” for sonification would broaden the knowledge
about behavioral aspects and their neural mechanisms
addressed by sonification and about motor representations:
providing evidence for an internal action simulation on the
basis of sonification would suggest that motor representations
are multisensory. Therefore one goal of the present study was to
investigate, whether sonified movements are anticipated best
when they are own movements, and if own movements can be
identified by their sonification.
In addition to the theoretical knowledge sport practical
implications can be expected: Movement coordination and
synchronization depend on action prediction. This is a common
principle for intraindividual synchronizations as the coupling of
hands [13], as well as the interindividual synchronization of
two or more persons [14]. Therefore any team sport and many
forms of social interactions should benefit from optimized
predictability of own and other movements.
Predictability does not depend on motor experience alone: a
crucial factor is the accurate perception of significant
movement parameters. Since there is an overflow of
information into our sensory systems we have to focus our
attention onto single parameters and in this way filter
information streams. Years of sport-specific training are
necessary to develop perceptual expertise and to direct the
attention to important and neglect unimportant movement
parameters. Therefore sport-experts show improved perceptual
performance compared to novices and predict movements better
[15]. In addition to the expertise effect predictability of
movements can be enhanced by other mechanisms: Team
players often exaggerate their own movements to make them
perceivable and predictable to their team mates [16]. Movement
sonification can address these issues twofold: 1. Attention can
be focused more easily when relevant parameters are
accentuated by sonification. But this requires the knowledge of
the relevance of parameters. 2. The continuous mapping of
movement parameters onto sound enhances the perceptual
accuracy in observers, since it provides complementary
information to the visual and kinesthetic modality, yielding
superadditive integration effects [3], as well as additional or
accentuated information about movement features. Therefore a
second goal of the present study was to analyze which
parameters among others are chosen by athletes to predict
action effects and to identify the own movement.
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Figure 1: Grip amplitude (light red), seat amplitude (pink), grip
force (dark red) and foot rest forces of the left (light blue) and
right foot (dark blue) during slow (top) and fast (bottom)
rowing cycles.
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regression analysis yielded best predictability of subjects’
estimations by virtual boat velocity, explaining 80% of variance
(F(1,955)=3926.55, p<0.001). Significantly less variability
(t(954)=13.38, p<0.001) was explained by the force maxima
(grip force: R-squared=0.67, F(1,955)=1982.66, p<0.001; foot
rest force: R-squared=0.66, F(1,955)=1821.15, p<0.001) and
marginal or no correlations were evident for grip amplitude (Rsquared=0.01, F(1,955)=13.93, p<0.001), and seat amplitude
(R-squared<0.01,
F(1,955)=1.72,
p>0.05).
Therefore
perceptual results are best described by virtual boat velocity.
Most importantly, explanation of 80% of variance means that
only 20% of variability are due to individual differences and
preferences, biases and random errors (Figure 2).

Perceptual effects of the sonification were investigated nine
to twelve days after the rowing session. Each athlete heard
sonifications of his own, of a person known from training or
unknown. This design was created in accordance to Loula et al.
[11], who reported higher identification rates for own
movements than for movements of known and unknown
persons, confirming the above mentioned “own-effect”.
Furthermore identifications were better when movements of
known persons were observed than those of unknown persons,
which can be interpreted as significant influence of perceptual
expertize on movement perception.
One trial consisted of two consecutive stimuli. Length of
stimuli varied randomly and contained about two rowing
cycles. Stimuli of one trial were from the same person (own,
known, unknown_same) or from two different persons
(unknown_different). 30 trials of each treatment were presented
to the athletes yielding 120 trials in one session, arranged
pseudo-randomly. Before the session started, subjects received
in three trials knowledge of results. This procedure was
repeated every 30 trials.
Athletes were instructed to (1.) quantify differences of
virtual boat velocities within one trial (task 1: 120 estimations),
differing within a range of ±1.4 m/s and (2.) to detect own
techniques from the sonifications (task 2: 240 decisions).
Virtual boat velocity v [m/s] was calculated on the basis of the
mechanical power P [W] at the grip as
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Figure 2: Correlation of estimated and calculated virtual
boat velocity of an indoor rower.

(1).

To analyze perceptual accuracy to own or others´
sonifications the absolute error between estimated and given
change of boat velocity was calculated for the different
treatments. Figure 3 illustrates across-subjects´ means and
standard deviations: Absolute errors were significantly below
chance level (t(7)=-24.09, p<0.001), which was defined as
absolute error of constant estimations of 0% velocity difference.
Results differed between treatments as confirmed by one-way
analysis of variance (F(3,21)=4.10, p<0.05).

(dF - the drag factor of the wind wheel, which depends on
the position of wind panel - was inter-individually standardized
at 125 Nms2). This velocity matches the virtual boat velocity
calculated by the indoor rower itself.
3.

20

RESULTS

absolute error [m/s]

All subjects performed well at all velocity stages in session I.
Movements of different velocities of a single subject are
illustrated in Figure 1. Parameters varied marginally between
subsequent cycles, indicating that indoor rowing performance
was highly stereotyped (Figure 1). Therefore sonification of
those parameters resulted in highly stereotyped sounds that
were provided to the subjects in real-time.
3.1. Velocity estimations
The perceptual effect of this sonification was investigated in
task 1, when subjects quantified velocity differences of two
rowers. Velocities of the virtual boats differed from -30% to
+40% and subjects´ estimations filled the complete spectrum
(Figure 2). To evaluate if subjects had followed the
experimenter’s instructions and based their estimations on
evaluations of the virtual boat velocity, it was analyzed whether
subjects’ estimations could be best explained by the complex
parameter virtual boat velocity – not directly perceivable - or
other parameters as grip force maximum, foot rest force
maximum, grip amplitude and seat amplitude, which could
directly be perceived via pitch and loudness differences. Linear

random error

0,8
0,6
0,4
0,2
0
own

known unknown- unknownsame
different

Figure 3: Absolute error [m/s] between estimated and
absolute difference of virtual boat velocity when listening to
sonifications of the own technique, technique of known or
unknown persons.
Decomposing this effect by Scheffe’s post hoc test
yielded no differences between own, known and
unknown_same (all p>0.05). But estimations were better
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(p<0.05) when subjects subsequently heard sonifications of
the same rower (unknown_same) than of two different
rowers (unknown_different). The results indicate a high
perceptual performance, but performance was not better
when a subject heard his own sonification.

estimate velocity-differences of their virtual boats. On a basic
level this sonification provides information about two
kinematic (grip and seat amplitude) and two dynamic
parameters (grip and foot rest force) – parameters directly
measured and mapped onto sound. Considering the continuous
course of the parameters this sonification even provides
information about temporal, biomechanical or technical
parameters: Repeating pitch sequences provide information
about rowing frequency; the time course of grip force informs
about mechanical power; the time of a certain event in relation
to other events reflects an individual technical pattern.
Correlations between single parameters and the results of the
perceptual task would suggest that higher percepts emerge from
this sonification of the execution of own or foreign movements.
An interesting finding is that perceptual results were related
to complex movement parameters. Variance of perceptual
estimations was explained up to 80% by the parameter virtual
boat velocity. Cohen [20] labeled correlations as large, as far as
they explained more than 25% of variance. The much larger
value of the present results therefore strongly suggests that this
sonification has a large perceptual effect. Virtual boat velocity
had not been mapped onto sound directly and therefore had to
be derived on the basis of other parameters. Equation (1) points
out that those parameters are related to displacements, time and
forces, and correlation analysis show that the sonified
parameters do not explain perceptual effects alone. Therefore it
can be suggested that percepts emerged from combinations of
those factors.
Coefficients of determination were in sum much larger than
one and thus argue for a redundancy of information carried by
the four sonified parameters. Further experiments might be
necessary to reduce this redundancy or to identify the
significant information content. But in contrast to this cognitive
interest, the applicability of the sonification in training might
profit from this redundancy: it gives the opportunity to chose
among several parameters and to get sufficient results
independent of the choice. The choice itself might depend on
several factors as for example individual preferences, expertise,
cognitive strategies or attentional focus. Therefore this
redundancy could be of interest for experts, but first and
foremost for non-experts as they have not learned to detect the
most relevant movement parameters and to focus their attention
on them.
The detection of the own movement yielded a d’ of 0.47.
Knoblich et al. [9] found in visual prediction tasks d’s of 0.34,
0.47 and 0.56, which is comparable to our detection task (task
2). But in contrast to our study those authors found in two
experiments that subjects were just able to predict the outcome
of self-induced movements, but not those from other persons. A
possible explanation for the discrepancy: the prediction rate
correlated negatively with the similarity of stimuli that had to
be differentiated. When own movements and those of other
persons were assimilated via instruction to perform in a defined
way, predictions of other persons’ movements became possible:
Analysis of responses yielded a d’ of 0.50, which was quite
similar to the prediction rate of own movements. This finding
sheds light on results of task 1: Movements on an indoor rower
are constrained and limited to a few degrees of freedom. The
standardization of rowing velocities adjusted and assimilated
individual rowing techniques even more. Therefore, in line with

3.2. Identification
Task 2 was to explicitly judge whether the provided
sonifications were from the own or from other persons´
techniques. Subjects correctly identified their own rowing in 40
± 16% of all cases, which is significantly above chance level of
25% (t(7)=2.500, p<0.05). They correctly rejected their own
technique to 76 ± 12%, which is close to chance level of 75%
(t(7)=0.289, p>0.05). It should be considered that identification
rate could be positively biased by the tendency to identify a
technique as “own” or negatively biased by the tendency to
identify a technique as “not own”. Subjects of the present study
responded in 28 ± 11% of all trials that they had heard their
own technique, a value that nearly matches the correct rate of
25% (t(7)=0.715, p>0.05). Nevertheless, response biases might
have influenced the results and should be eliminated from
analysis. A common procedure is to calculate the discrimination
index d’ as unbiased identification variable, that considers
individual relations of hit rates (correctly identifying the own
technique) and false alarm rates (wrongly identifying a
technique as “own”) [19]. Subjects of the present study yielded
a d’ of 0.47 ± 0.43, which is significantly larger than zero
(t(7)=3.10, p<0.05), confirming a significant detection of own
among other techniques.
To scrutinize if identifications can be ascribed to one or
more movement parameters exploratory discriminant analysis
were calculated. In addition to the four sonified parameters, two
technique-related parameters were included as predictors. An
initial impulse can be optimized when the grip force reaches its
maximum early in time. Therefore t_grip was calculated as time
of maximal grip force in relation to the duration of the rowing
cycle. Impulse transmission from foot rest to grip force
necessitates temporal coupling of both forces, which can be
expressed by the quotient of the points in time of both force
maxima (t_grip/footrest). The optimal coupling of both force
maxima depends on the anthropometry of the athlete and
therefore differs inter-individually; thus each athlete might have
his own optimal value and t_grip/footrest might support
discrimination of rowing techniques. The stepwise procedure
resulted in a model with five parameters (F(5,474)=9.53,
p<0.001) explaining 9% of the variance of hits (true/false): both
technical parameters (t_grip p<0.001, t_grip/footrest p<0.05)
both amplitudes (grip p<0.001, seat p<0.01) and grip force
maximum (p<0.001), but not foot rest force (both p>0.05). A
stepwise approach with the dependent variable “rejections
(true/false)” resulted in a much lower correlation of Rsquared<0.006 (F(1,1432)=9.50, p<0.001), with significant
contributions only of t_grip/footrest.

4.

DISCUSSION

The purpose of the present study was to investigate perceptual
effects of a complex movement sonification. Subjects heard
movement sonifications of two consecutive rowers and had to
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Knoblichs’ interpretation, predictions of other movements
should have been as good as predictions of own movements.
This has exactly been found! Furthermore, when two different
rowing techniques were presented within one trial
(unkown_different), accuracy of predictions was significantly
lower than when two similar techniques were presented
(unknown_same).
Thus it can be concluded that own techniques and those of
other persons can be well predicted by listening to movement
sonification. This finding is supported by a final identification
task, in which all rowers were asked to identify themselves and
their named rowing partner after presenting two rowing cycles
of five different persons: four athletes succeeded in
identification of their own and three in the identification of the
partner (known).
The results are compatible with the view that the own motor
system is activated during the predictions of movement effects.
The present study demonstrates large perceptual effects of
movement sonification and most importantly, own techniques
can be identified among others as good as in the visual
modality. This suggests in line with former interpretations
[8,9,11] that sonification can address motor representations.
Latter conclusion is supported by a recent neurophysiological
experiment: Schmitz et al. [21] could show that congruent
movement sonification addresses the human object observation
and mirror neuron system as well as key players of the motor
loop. In that study congruent movement sonification was based
on two kinematic parameters indicating that they carry
sufficient information about the movement to address the
mirror neuron and the motor system. Discrimination analysis of
the present study supports this view. Two of five significant
parameters provided information about spatial distances as in
the above cited study. It is tempting to speculate that the
technical parameters and information about grip force address
motor representation too. But it could be criticized that hits
were only predicted with a low to medium effect [19], even if
the to-be-predicted own-effect is low. Nevertheless regression
models could only predict decisions during presentation of own
movements and not movements from other persons, indicating a
linkage of those parameters to representations of own
movements. Therefore a further study on these aspects
including neurophysiological methods should be conducted.

et al. [22] investigated whether the sonification of boat
acceleration enhances boat velocity. Providing real-time
feedback of boat velocity might help the athletes to build a
common representation of the goal of their joint actions. By
attending the common effect they might coordinate their
movements in time yielding a common impulse. This
hypotheses are supported by the finding of increased velocities
[22].
The present results refer to a third mechanism for joint
action addressed by sonification: building a representation of
the task of another person [16]. Perceiving when and – most
importantly - how other athletes move make their movement
effects predictable as shown in task 1 of the present study. In
consequence the synchronization of own and other movements
could be even more effective. However, this is a hypothesis that
will be investigated in further studies.

5.

CONCLUSION

The results of the present study show that continuous
sonification of two kinematic and two dynamic parameters
provides enough information to predict the effects of complex
movements and to identify the own technique among others.
Further studies should investigate whether this kind of
sonification can optimize synchronization of athletes.
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entity, fn, is in turn computed by integrating its density
distribution, #(r), over all of real-space.
Conceptually, the scattering experiment encodes all
the information about the sample’s shape and internal structure,
albeit in an opaque and non-intuitive way. Roughly, a scattering
peak at a particular q (i.e. angle) implies a real-space repeating
structure with a size-scale of:

ABSTRACT
We explore the sonification of x-ray scattering data, which are
two-dimensional arrays of intensity whose meaning is obscure
and non-intuitive. Direct mapping of the experimental data into
sound is found to produce timbral sonifications that, while
sacrificing conventional aesthetic appeal, provide a rich
auditory landscape for exploration. We discuss the optimization
of sonification variables, and speculate on potential real-world
applications.
1.

(4)
We note that the inverse nature of 2$/d means that a scattering
peak at large angle corresponds to small real-space distances,
whereas a peak at small angle corresponds to larger real-space
distances. As the field of nanotechnology matures, x-ray
scattering is emerging as a powerful tool to study new materials;
however interpreting this data is difficult. Although scattering
data is in essence a Fourier transform of the material’s structure,
an experiment only captures the amplitude of the scattered
waves, and cannot record the phase information.
X-ray scattering datasets are normally visualized
using two-dimensional false-color images (see Figure 1). These
images are an extremely valuable tool for researchers, but have
their limitations. Scattering data can have a very large dynamic
range, which is difficult to represent in a single image. Here,
sonification can help, since the human ear has a
correspondingly large dynamic range. [2] Moreover, the Fourier
transform nature of scattering data implies a natural match with
audio data. In scattering experiments, a given feature (e.g. at q0)
will frequently have harmonics (at 2q0, 3q0, etc.). Interpreting
this axis as frequency in a sonification would naturally generate
audio overtones which the human auditory system is
exceedingly well-equipped to detect: timbre. Timbre is difficult
to define, but has been described as “that attribute of auditory
sensation in terms of which a listener can judge that two sounds,
similarly presented and having the same loudness and pitch, are
different.” [3]
In this paper, we explore sonification as a tool to
provide scientists with an additional method to deeply explore
scattering datasets. The abstract nature of the data makes this a
challenging, but critical, problem. Moreover the quantity of
such data generated is growing hugely with time: newer x-ray
instruments are now being built with ever-greater flux,
generating data at an ever-increasing speed. It is also worth
noting that scattering experiments can also be performed with
visible light, electron beams, and even neutron beams.
Although we focus very specifically on x-ray scattering data in
this paper, we view this as a case study for the general problem
of extracting meaning from the highly abstract datasets that are
common in the physical sciences. We show that timbral

INTRODUCTION

Sonification of datasets is becoming more popular as an
alternative modality for exploring, and understanding, datasets.
Beyond the obvious implications for accessibility, sonification
enables interested parties to interact with data more deeply; e.g.
multi-modal data exploration leverages more of a person’s
sensory ‘surface area.’ This is especially relevant in light of the
modern trends in data collection: datasets are growing everlarger, and in many cases ever-more complex, esoteric, and
non-intuitive. We elected to study sonification of x-ray
scattering data, which are rather abstract datasets that even
experts struggle to understand.
An x-ray scattering experiment consists of directing a
highly collimated, monochromatic, beam of x-rays through a
sample of interest. The incident x-ray wave scatters off of all
the atoms and/or particles in the sample, and the interference of
these secondary waves produces scattered rays at angle that are
characteristic of the material’s internal structure. [1] In a
scattering experiment, the deflection of scattered rays is
characterized by the so-called momentum transfer vector,
usually denoted by q, which is computed from the measured
scattering angle, 2!, by:
(1)
where " is the wavelength of the x-rays. The quantity q has
units of 1/distance, and q-space is thus frequently called
‘inverse space,’ or ‘reciprocal space.’ This abstract space is in
some sense the Fourier transform of the realspace density
distribution in the sample. Mathematically:
(2)
(3)
The scattered intensity, s(q), is computed by summing the
scattering contributions from the n scattering entities in the
material (e.g. each atom). The scattering contribution of each
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converted into an I(f,t) matrix, where f is frequency and t is time.
This matrix is simply a spectrogram, or sonogram, which can of
course be converted into a sound waveform through additive
synthesis. For a sampling rate fs:
(5)

sonification generated directly from the data through additive
synthesis [4] can provide a useful instantiation of abstract data.

here A(t) is the instantaneous amplitude of the output waveform,
and the I(f,t) is discredited into In(t) by splitting the frequency
range into N bins. Thus the scattering data (the I(q,angle)
matrix) is mapped directly into the amplitudes of the sine wave
components of the sound. This synthesis inherently creates
timbre-based (as opposed to tonal) sounds.
We wrote a simple program, using the Python
programming language, which directly performs the
computation in equation (5), and outputs the resultant
waveform into a sound file. We note that this brute-force
computation of the waveform is not necessarily the most
computationally efficient, or elegant, means of performing
additive synthesis (e.g. an appropriate FFT could be used).
However we elected to use this method in order to provide
flexibility in terms of redefining the mapping between the input
data and the output waveform.
The mapping of q into frequency is extremely natural.
As already described, both q and f are in some sense the
variables along which a Fourier transform is taken. Both exhibit
overtones and other natural relationships. The selected mapping
is essentially taking the spatial modes (c.f. equations (2) and (3))
and mapping those into frequency modes. Although the one-toone mapping between the I(q,angle) array and I(f,t) array is
information-preserving, and relatively natural, we must make a
number of choices about what ranges to specifically map
between.

Figure 1: Example x-ray scattering data. The direct beam is
incident near the lower-left corner of the image. The falsecolor image highlights certain features which arise from
diffraction of x-rays from the sample’s internal structure.
2.

SONIFICATION

Over the last few decades, there have been a number of
interesting cases of data sonification. Sonifications have been
made of seismic data [5], ocean currents [6], and heart rates [7].
Despite these examples, sonification is a largely underutilized
technique. Sonification provides a number of unique
advantages: the human ear has a wide dynamic range across
two variables: frequency and loudness; the human auditory
system is finely tuned to detect subtle changes and extract
signals from substantial noise; sonifications can be ambient,
rather than requiring focused attention; and sonifications can be
added to other forms of data exploration, creating more
immersive multi-modal interactions.
Much of the existing work in sonification has
involved conversion of time-series data. Such conversions are
undoubtedly valuable, and are intuitive to understand, but this
leaves aside the vast majority of datasets, where some nontemporal variable is of interest. In addition, recent sonifications
have mapped the input data onto a tonal scale, or even used
sampling or synthesis to reproduce notes from particular
instruments. [8] These musical sonifications, like music itself,
exploit pattern-seeking features of the human auditory system
to create sounds that are crisp, distinct, recognizable, and
typically pleasant. Although such realizations can be interesting,
even beautiful, the musical nature frequently obscures the
underlying patterns in the data. Herein we advocate for the
more direct mapping between data space and sound. This
necessarily leads to more complex, even cacophonous,
sonifications; however such a mapping is relatively unbiased
and preserves the majority of the information content. One can
crudely identify a tradeoff between aesthetics and information
content. Our sonification method uses pitch and loudness only
to inform the additive synthesis; the main auditory channel is
timbre.
We reformulate the two-dimensional scattering image
into a (q, angle) array, where ‘angle’ is the arc angle with
respect to the vertical axis of the image. In so doing, rings of
scattering (which have a constant q-distance from the incident
x-ray beam) are turned into straight horizontal lines in the
I(q,angle) matrix. Doing so also highlights any variation in the
ring intensity, which corresponds to spatial orientation of the
structures in the sample. The intensity matrix has no time
variable; we introduce time by in effect sweeping through the
experimental data. In particular, the I(q,angle) matrix is directly

3.

PARAMETER OPTIMIZATION

In producing audio files from the two-dimensional data
matrices, we must make a number of decisions about both
audio encoding, and the range of the mapping (e.g. how to
scale between angle and time). A sampling rate of fs = 44.1
kHz (CD audio quality) was selected to provide sufficient
quality for the detailed structures in the scattering data.
Similarly, a 32-bit intensity encoding was used to allow for
the large dynamic range of scattering datasets. As
mentioned, there is a natural relationship between q and f.
We align q = 0 with f = 0 so that any harmonics (or other
natural progressions) in the scattering data are automatically
converted into harmonics in the sound output. Scattering
images are typically visualized using a false color map
applied through a logarithmic scale, the human auditory
system makes this unnecessary for sonification.
Further parameters were optimized by testing a
variety of values. For this testing we used scattering data from a
polymer solar cell material confined in a nanoscale grating (see
Figure 2). Physically, this sample has an oriented morphology;
this translates to a scattering ring whose intensity varies along
the arc. This, in turn, translates into time variation of the
sonification.
The mapping along the frequency axis, which
encodes the q-values, is necessarily arbitrary. Although there is
a natural reason to align the origins of q and f space, there is no
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discernible. Stretching sounds beyond ~10 seconds made it
harder to track feature changes.
The above parameter optimization confirms certain
limits of the sonification process, but is in some sense
idiosyncratic to the datasets chosen. Ideally, all of these
variables would be quickly and easily tunable by the user,
allowing them to explore datasets in different ways. Looking
forward, we envision a software interface that allows the user to
select subsets of the scattering data to sonify, and allows the
mapping ranges themselves to be easily modified.

clear correspondence between inverse-distance and inversetime units. The maximum frequency for human hearing is
~20 kHz. However this choice of frequency maximum was
found to generate sounds with too many piercing components.
Selecting too low a value for the frequency ceiling resulted in
deep and rumbling sounds which essentially washed out all the
structure in the scattering data. We found that an upper bound
of ~5 kHz in frequency resulted in sonifications that were rich
and preserved important data features, without leading to ear
fatigue.

4.

VARIANTS

In the foregoing, we have attempted to motivate the use of the
most direct, perhaps most naïve, mapping between the input
data and the final waveform. We also explored a variety of
alternative mapping strategies. Imposing additional mapping
rules can be a powerful way to highlight certain features of
datasets, and this is a valuable way to explore data through
sound. We considered the following alternate mapping of
intensity to waveform amplitude:
N
# 2"f n
&
(6)
A(t) = ) sin%
In (t)(
f
$
'
s
n =1
Here, rather than the intensities modulating the amplitude of the
sine waves, they modulate the frequencies of these waves. By
using the data matrix to modulate frequency, rather than
amplitude, the character of the sound changes substantially.
Changes in intensity become very strongly highlighted, as they
produce noises that vary in pitch. These chirps or ‘boomerang’
sounds are distinctive and can be useful for uncovering subtle
intensity changes, or small peaks, that might otherwise go
unnoticed.
For many samples of interest in x-ray scattering, there
is no preferred orientation of the material. Experimentalists
typically convert these two-dimensional datasets into onedimensional curves by averaging overall all possible angles in
the image. Sonifying the original two-dimensional data using
the approaches described above would result in a sound that
does not vary with time. One obvious alternative mapping that
we explored is to simply sweep time through the horizontal axis
(q), and use the intensity to modulate the amplitude of a single
tone at frequency f:
(6)

Figure 2: X-ray scattering data in false color on the left. The
image on the right remaps the scattering data into an I(q,angle)
matrix.
The partitioning of the frequency axis into N bins has
a substantial effect on the quality and character of the final
sound. An extremely low value (e.g. 10 bins per Å–1), not
surprisingly, over-smoothed the data and resulted in a loss !
of
data. However, extremely fine partitioning (e.g. 1000 bins per
Å–1) introduced drastic beating artifacts into the sound.
Essentially, by having more frequency resolution than actually
warranted by the data’s q-resolution, we introduce step-edges in
the frequency envelope. The optimized value (50 bins per Å–1
for the test dataset) reproduces the spacing in the original data.
The construction of the I(f,t) matrix also requires an
arbitrary choice about temporal discretization. Note that this
binning width is not the same as the sampling frequency, fs.
Whereas fs describes the sampling rate used in the additive
synthesis (the construction of the output waveform), the
temporal binning describes the partitioning of the I(f,t) matrix
used to compute the amplitude values for the synthesis. The
temporal resolution here is limited by the original dataset. As
expected, using low temporal resolution (10 bins per second)
smoothed over features in the data, effectively throwing away
data. Higher data rates of course cure this defect. However,
there is no advantage to increasing the time partitioning beyond
that dictated by the initial data. We found that 50 and 1,000
bins per second were found to be essentially identical. We
selected 150 bins per second as the optimal value, allowing a
healthy safety margin. We improved the sound substantially by
interpolating between the data points along the time axis. Doing
so avoids sudden changes which introduce sharp popping
artifacts into the sound, which hinders comprehension (not to
mention damaging speakers).
The length of the sound has a strong effect on the
listener’s ability to discern structure. Sounds that are too short
are difficult to parse. Stretching the sound helps reveal certain
details, but inherently makes changes more gradual and difficult
to notice. We found that sounds less than 1 second were too fast
!
to be of any use. Sounds on the order of 1-2 seconds could
potentially be useful for quick comparisons and identifications,
but were still too fast to truly notice signal variations. At 3.5
seconds, sounds, and trends within those sounds, were

Although simplistic, this mapping can be useful. In particular,
the existence of equally-spaced peaks in scattering data yields a
metered oscillation in the sound. Moreover, subtle deviations of
peak positions could be picked up by the listener, as hearing is
able to discriminate small timing differences. As with the twodimensional data, we can use the intensity data to instead
modulate the frequency of the sound:
# 2"f
&
(7)
A(t) = sin%
I(t)(
$ fs
'
Here again, we discover that by modulating frequency, rather
than amplitude, sudden changes in intensity in the data become
highlighted by sweeping changes in frequency. Details of peak
positions and heights are sacrificed, but extremely weak peaks
now become readily apparent. This points again to the need in
sonification for user-adjustability.
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5.

however, that what is lacking are fast and easy-to-use software
tools to enable users to quickly explore different mappings and
different datasets.

APPLICATIONS

Scientists studying x-ray scattering have already developed a
sophisticated toolbox of visualization techniques to explore data,
and theoretical models to explain, quantify, and fit their data. It
is thus natural to ask whether sonification can bring any new
insight to the task of understanding these abstract datasets. We
envision a variety of ways in which sonification could elucidate
experiments. Consider the data shown in Figure 3, for four
different kinds of samples. The false-color images are all quite
distinct; and indeed the corresponding sounds are all unique and
extremely distinct: the first image has many striations which
leads to a number of fairly distinct tones persisting in time. The
second image is a ‘misaligned’ sample; the corresponding
sonification is dominated by blips and cracks that sound
distinctly like artifacts. The third example is a composite of
nanotubes dispersed in an elastic polymer. The scattering image
has diffuse intensity throughout, due to the disordered
arrangement in the sample; this can be heard as a hazy, windlike sound permeating the sonification. The final example is a
nano-scale grating. Here, the extremely regular and precise
structure results in many distinct streaks in the false-color
image. These streaks create periodic rhythms in the sonification.
One notable advantage of sonification over careful
visual inspection is that the former can be done ambiently.
Modern scientific instruments are becoming increasingly
automated, to handle the growing scale of scientific discovery.
Sonification provides the opportunity for the experimenter to
work on other tasks, while listening, in the background, to
automated data collection. Any sudden changes in the incoming
data, or surprising samples, will immediately be noticed and
can be explored in greater detail. Consider for instance the
‘misaligned’ sample; the sonification is distinct and the
experimenter would immediately know that something was
wrong with the instrument.

6.

CONCLUSION

We have presented a case study of sonifying x-ray scattering
data. Direct mapping of the two-dimensional intensity values of
a scattering dataset into the two-dimensional matrix of a
sonogram is a natural and information-preserving operation that
creates rich sounds. Our work supports the notion that many
problems in understanding rather abstract scientific datasets can
be ameliorated by adding the auditory modality of sonification.
We further emphasize that sonification need not be limited to
time-series data: any data matrix is amenable.
Timbral sonification is less obviously aesthetic, than
tonal sonification, which generate melody, harmony, or rhythm.
However these musical sonifications necessarily sacrifice
information content for beauty. Timbral sonification is useful
because the entire dataset is represented. Non-musicians can
understand the data through the overall color of the sound;
audio experts can extract more detailed insight by studying all
the features of the sound.
7.
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Figure 3: Examples of the variety of data one can obtain from
x-ray scattering. From top to bottom the sample are: a semicrystalline commercial plastic; a ‘misaligned’ sample (where
the beam missed the sample); a composite of carbon nanotubes
in a matrix of elastic polymer; and an empty nano-scale grating.
With some effort and training, it is also likely that an
experimenter could learn to differentiate between all the unique
features in the sound, and could pull out interest trends and
features that they had ignored in a visual analysis. It is clear,
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ABSTRACT

basic particles with simple collision detection and response,
comprising interactions between points and segments and
restricting the process to two dimensions. By sonifying 3D
physics engines we can surpass these restrictions to cover more
interesting and complex interactions, communicating and
exploring a wealth of new dynamic ideas within an auditory
display whose interface with the user resembles the physical
world.
Sturm [1] laid out some of the benefits that a sonification of
particle physics simulation would bring to science, including new
ways of understanding physical phenomena, and refers to several
artistic merits such as bending of those scientific laws to suit a
composer's taste. Pedagogical advantages that Western music
composition students might gain from using an audiovisual
simulation are also discussed. In particular, he suggests there is
an advantage to combining the audio and visual modalities in
order to present musical ideas, likening it to listening to a piece
whilst reading a score, rather than partaking in one or the other
activity separately. Metaphorical correlations between particle
physics and sound synthesis have been explored [1][4], serving
as a means of providing a bridge between the two
aforementioned fields whilst highlighting cultural differences and
the problems that might arise from them. For instance Sturm [1]
states that composers must possess skills in physics to begin with
and only the audience need not be versed. The system described
in this paper was designed to cater for all levels, from the wellversed user who comprehends and wishes to explore and extend
the open-source scientific algorithms to those that would like to
immediately compose and play.
RedUniverse provided a toolkit for sonifications of dynamic
systems [5] with the aim of producing a playground for
compositional ideas. These systems were also limited to two
dimensions and lacked accessible interactivity, requiring a good
knowledge of the SuperCollider programming language in order
to take full advantage of their potential customisation. What I
present here will allow for immediate use and configuration via
standard input, such as a keyboard and mouse, but will also cater
for further inputs using standard protocols such as MIDI and
OSC.
Interactive compositional tool, VR-RoBoser [6] makes a case
against predetermined, repetitive soundscapes in a virtual
environment by using a context dependent sonification. They
present the idea of a user-controlled or autonomous avatar that
continuously reacts to its unchanging surroundings in order to
overcome this issue. I would argue that the dynamic nature of
physics would help create a less static environment. Continuous
user interaction would stimulate audible results as the simulated
objects react accordingly.
Automated movement can be

There has been an increasing amount of research utilising 3D
virtual environments as a core component of interactive
sonifications. While showing considerable potential for their
ability in producing both real-time visualisation and sound, they
often come with constraints as a result of their design decision
processes. This paper presents developments of a prototype that
has arisen out of my attempts to address some of the issues
involved in bringing sonification to a wider audience through a
universal metaphor. These new additions allow for an intuitive,
elementary introduction into to the world of auditory display,
while providing a more flexible and immersive environment for
composition and sound design.
1.

INTRODUCTION

The emergence of improving technology has provided an
opportunity to overcome the limitations of previous work [1]
where computational requirements would produce significant
latency between the audio and the visual, inhibiting real-time
interaction. Dedicated hardware, such as the graphics processing
unit (GPU), allow for the sharing of resources and have recently
shifted their focus towards more general purpose computing [2]
including accelerating physics simulations. Freely distributed 3D
physics engines such as Bullet1 and Open Dynamics Engine,2
common middleware solutions for modern game engines, are
readily available thanks in part to an increasing demand for
realism amongst gamers. Their cross-platform approach sees
widespread use of long established solutions such as the desktop
computer but also extends to mobile devices. As a result this
presents an opportunity to revisit previous compositional
techniques [1] and reach a wider audience in the process.
Nguyen’s approach to TONAL DisCo [3] acknowledges the
benefits of using a game engine when combining dynamic
visuals with audio but chooses to use a pre-processed sample
library over real-time sound generation. The prototype laid out
in this paper addresses that limitation by utilising a messaging
system that provides a link between the visual and the sound
synthesis. Pre-processed sample libraries alongside dynamic
visuals have started to emerge in commercial software with
applications like PhysSynth3 for the iPad. However, I would
consider this application to be compromised by only simulating
http://bulletphysics.org/wordpress/
http://www.ode.org/
3
http://www.physynth.com/
1
2
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accomplished through inter-object logic allowing the user to pay
attention to other aspects of this system, such as the proposed
camera control.
In previous work [7] I laid out the design process behind a
musical tool employing a 3D space that could be populated with
audiovisual objects acting under the laws of physics. Each object
exposed fundamental data dimensions that could then be mapped
to sound dimensions via the OSC protocol, providing an audible
insight into their behaviour within the current environment. A
modular approach to the object design meant that a user would
construct logic through object interaction and association without
the need for coding keywords, operators and the understanding of
basic programming paradigms.
The tool comprised an environment where polygonal models,
visually representing the underlying simulation data, were
introduced alongside a graphical user interface (GUI) that offered
the opportunity to control fundamental properties, sonify and
compose in real-time. Since designing the initial prototype I
have found the need for improvements in a few key areas. This
paper will discuss some of the fields I have considered when
refining my approach to the sonification of an interactive physics
engine. In the next section I will explore the idea of human
interaction and how the process came to shape the design of the
basic objects. The objects are then discussed along with some
thoughts on their potential behaviour and how this can affect the
overall output. This is followed by the mapping section which
explains why I believe that the same simulated objects are
inherently easier to map due to their physical grounding, along
with several theories that underpin the conception of the mapping
function tool. The camera section describes how the user will
view and traverse the environment, how it accentuates the user’s
experience and why they should be presented with the option for
both automatic and manual control configurations. This then
leads into the messaging system where the aim is to make the
same experience more flexible and personal.
The paper
concludes by stating some of the advantages the proposed system
has over another comparatively close environment [8] along with
my thoughts about potential future work and emerging areas of
interest.
2.

natural environment, providing familiar grounds for both
exploration and interaction.
Interaction with the objects has a direct effect on the
procedurally generated simulation in a similar manner to modelbased sonification [10] where the user supplies the initial
excitation. By grabbing, moving and throwing objects it is
feasible to perform a wide range of actions from striking, to more
delicate procedures such as plucking; each of which results in
changes to the data dimensions. This direct process introduces
information manipulation to the average user at a more accessible
level when compared to other similar applications [11] since no
coding knowledge is required. For example, saved scenarios
containing preconfigured entities can be loaded, ensuring that
user interaction yields instant audible results.
If the user wishes to create and save their own scenario, or
edit existing ones, some basic GUI control knowledge is
required. The controls can be toggled at any time and aim to
present a more traditional and precise means of modifying the
attributes that influence each aspect of the prototype.
Presentation of the data in this manner brings its own set of
problems in that the potential to overwhelm the viewer with
information is increased. When considering high-dimensional
spaces one study [12] argues for a mental model simpler than
brute-force awareness of every detail in order to avoid cognitive
overload. The authors suggest that parameters should be crosscoupled so that the performer naturally thinks of certain
parameters as varying together in predefined patterns. The highdimensional data, encapsulated visually by each model, allows us
to intrinsically understand how the parameters vary together.
Throwing an object would imply a change in velocity that would
be influenced by the mass of the object. Spherical objects are
more naturally inclined to roll, providing smoother changes in
angular velocity as opposed to the sudden, erratic changes of
their square shaped equivalents.
Research into improving sonification tools [4][9] has
questioned how information should be distributed to different
modalities in order to maintain the best usability. As stated
previously, our everyday interactions with physical objects
providing a base level for our conceptual understanding of the
data dimensions found within. With this in mind I highlighted
what I believed were the important elements of the underlying
data, choosing to expose those that had a direct impact on the
representative model’s behaviour. Given the longstanding
synergy between humans and physical entities I would suggest
that less mental bandwidth is required to comprehend the visual
events. Instead, the attentive capacity of the user can focus on
the audio, and its governing mapping process, encouraging sonic
exploration and creativity.

KEY COMPONENTS

2.1. Human Interaction
Investigation [9] has shown that applying human interaction in
real-world contexts to sonification can help improve interface
design. In this paper, the researchers state that humans are
adapted for interaction within their physical environment and
making continuous use of all their senses. When we perform an
action on an object we expect some kind of reaction and our
perception of objects builds up over time through this interactive
process. The objects found in this system adhere to the
unchanging laws of physics that our neural hardware has been
effectively programmed to deal with over many years of
evolution. This enables the user to utilise their acquired skills in
order to manipulate high-dimensional data via objects with
familiar behaviour and response. The authors also argue that one
of the main problems in the domain of data exploration is that the
data often inhibits a high-dimensional data space that is different
from the 3D space we are familiar with. In this prototype the
simulation data emulates rigid bodies, and their behaviour in our

2.2. Objects
Objects provide a modular approach to the way the user
experiences the underlying data. Depending on the object’s
configurable physical parameters the program will automatically
simulate subsequent interactions as the object reacts to its current
environment and user intervention. However, it can be argued
that there are parameters that have no direct effect on the
simulation which are just as important for the user to exploit.
These properties can enhance a user's experience, and encourage
them to learn, by creating associations through further visual
abstractions that can be audibly reinforced. As one example, the
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object colour could be changed in order to present object
information in a new manner. According to research in Gestalt
laws of grouping [13] there is a stronger tendency to group local
elements by common colour than by similarity of shape. This
would imply that, in some cases, our brains are more receptive to
the material that encompasses each shape, rather than the shape
itself. Therefore, by involuntarily grouping similar coloured
entities, the audience’s attention would be drawn to a single
contrastingly coloured object, perceiving it as being outside of
the group. The performer could then take advantage of this
visual phenomenon by using it to introduce a solo theme or
demonstrating object-specific sonic behaviour.
In a typical physics simulation most objects will likely come
to rest until excitation provides the impetus for movement. If
frequent changes in data are desired then further logic can be
introduced via object specific context menus (Figure 1). For
example the user could define a point where rigid bodies can
spawn at regular intervals. Each body created would have a
lifespan where the associated object would be automatically
removed from the scene after such time had elapsed. Inter-object
logic can be extended further by defining connecting mechanical
joints and introducing external forces such as gravitational fields.
Automated mechanical contraptions would be a logical step in
complexity, allowing for the creation of visual algorithms. With
the basic building blocks, it should be possible to conceive and
construct contraptions in the style of Heath Robinson1 or Rube
Goldberg 2, providing unfamiliarity through the extraordinary.

visually described through a recognisable metaphor,
encapsulating everyday properties, can be easier to map.
Our experience with physical objects allows us to inherently
determine complex data relations. Properties are implied by a
rigid body’s response to collisions with its surroundings. By
referring to the visual behaviour during this event we perhaps
reduce the need to refer to the linking of parameters for
interpretation. This can be illustrated by focusing on two
dimensions, such as mass and velocity, where one could map
them to pitch and envelope time, respectively. We understand
that an object of greater mass would provide an object of less
mass with a higher velocity upon collision. A spectrum of sound
can be obtained afterwards where we could assume that objects
that have travelled further will differ in pitch, and duration, to
those that travelled less distance over the same period of time.

2.3. Mapping
In this prototype the parametric mapping process grants an
insight into the composer’s conceptual understanding of the data
dimensions. It has been suggested that metaphors help create
more intuitive mappings [14] and is well suited to parameter
mapping sonification [4]. Whereas the universal laws of physics
can represent a predictable visual behaviour by employing a
metaphor that fits our everyday observations, the sound
representation is more subjective. The mapping of the objects
serves to reflect the experiences of the user, making it difficult to
produce general metaphors that are valid in any context. What
may be coherent and intuitive to one mindset could be judged
differently by those from another cultural background. There
have been attempts to create online databases [15][16] suggesting
mappings based on experimental evidence although it is widely
accepted that an affective mapping can’t always be predicted
[4][14]. A heuristic approach to this area should be adopted to
allow for a compositional process that encourages
experimentation in order to express creativity where the audience
can reflect on the implications of a musician’s cultural and
physical experiences.
When interviewing scientists, Vogt and Holdrich [4]
discovered that strong metaphors emerge from their professional
experience. They found that more mapping associations were
suggested for the well-known particles and fewer for the rarer
proposing that perhaps this arose from fewer encounters, lack of
interaction, and therefore less prominent in the mind. They also
discovered that everyday properties such as mass were cited
more often than abstract ones. This would imply that an object

Figure 1: Three objects in the environment.
menu is displayed over the selected object.

The context

Understanding of the meaning in sonifications depends on
the metaphors implied where the choices made during the
process are crucial for how a design is understood by its listeners
[17]. For instance, the coupling of coloured objects mentioned in
section 2.2. Walker [18] states that in order to achieve an
effective mapping choice, one must go beyond that of polarity
and linear scaling functions while avoiding restrictions placed on
the user through bad design [19]. The mapping window controls
were devised to encourage flexibility by employing a messaging
system, discussed later in this paper, to allow the user to map
exposed parameters to potentially any input of a synthesiser. In
conjunction with these GUI controls (Figure 2) I created a
function editor that serves to display the relationship between the
two dimensions. The editor itself contains two permanent
breakpoints that define the input domain (x axis) and the output
range (y axis). Further breakpoints can be added and removed in
order to construct a bijective mapping curve or polyline. The
curvature of the segments, found between each breakpoint, can
also be configured in order to account for both linear and nonlinear responses.

http://heathrobinson.org/exhibition/index.htm
http://www.rubegoldberg.com/

1

2
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to provide sign posts for orienteering. I felt it was appropriate to
adopt some of the ideas found in these proven systems by
implementing a similar camera system for interactive traversal of
the virtual environment.
Camera movement can be kinaesthetically controlled in realtime or automated along a user-defined pathway. Default manual
control is that same as that of a typical PC first person shooter
setup, utilising the W, A, S and D keys for camera translation,
and a mouse for camera rotation. The camera rotation system
required slightly different approaches to each mode of operation
as manual rotation of a camera with six degrees of freedom
would be disorientating with standard mouse control. If the
camera pitch was allowed to be greater than 90 degrees in either
direction, the mouse controls would be reversed along both the
pitch and yaw axes. I therefore decided to emulate more natural
head movement by restricting the camera pitch to a ±90 degree
range in the same manner that a first person perspective camera
does.

Node Property

Description

Position

Location of the node

Rotation/Orientation

Camera’s orientation when
reaching the node

Speed

The constant speed of the
camera until the next node is
reached
Time will be recalculated

Time

The time (seconds) at which
the camera arrives at the node
Speed will be recalculated

Table 1: Configurable properties of an automated camera
node.
Figure 2: The mapping window along with the available
controls for editing the relationship between the input and
output dimensions.

Automated camera control frees the user from direct control
giving them the opportunity to concentrate on other tasks, such as
object interaction, and does not require the same restriction for
rotation. Camera motion is defined by a series of nodes that
comprise a Hermite spline-based path. The properties of each
node (Table 1) allow for an increase in the accuracy and response
time of the camera when compared to independent user control.
Spherical linear interpolation is employed to ensure smooth
changes in camera orientation when moving from one node to the
next and prevents viewer disorientation. The timing of the
camera can add to the overall sense of structure, guiding the
viewer to focus on visual snapshots of the environment at
designated points in time where precise values, for both speed
and time, support various tempi.
By directing the camera, the user can create a sense of
motion, guiding the audience through a visual soundscape.
Choices made in constructing the camera’s pathway become part
of the creative process, enabling the viewer to observe through
the cognitive lens of the composer. In this manner, attention can
be drawn to specific areas of interest whilst providing an insight
into the structures underlying the composition. Sturm [1]
touched on this particular benefit of a camera system when he
stated ‘thus any sonification of a particle system is dependent on

2.4. Camera
Most software synthesisers use flat imagery in order to
represent modifiable parameters making use of the two
dimensions provided by a computer screen. Their interfaces
often restrict the information to a window, presenting the
intended audience with a multitude of controls that are difficult to
decipher and engage with. The prototype’s main interface
attempts to address this problem, presenting the information in a
more natural three dimensional form. This posed the question of
how one might traverse the extra dimension in an immersive and
inherent manner using the same display hardware.
Many first person perspective games attempt to provide
immersive, high-level simulations of reality. In a typical setup,
the player views, navigates and interacts with the game world by
operating a camera. Recent studies have compared games in this
category to sonification systems [20], where sounds are used to
accentuate the player immersion by reacting to their behaviour or
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the state of the observer; each observer with a unique position
and/or velocity will hear the system in a different way – a truly
relativistic idea.’

compound relationships with an increase in clarity that might not
be apparent with high resolution data. To integrate this I would
suggest changes to the function editor that would accommodate
user-defined bands of any width. These regions would then be
displayed on top of the mapping transfer function (Figure 3),
allowing the user to conceive the varying resolutions. For
example, on the y axis, the output dimension of pitch can be
constrained to a musical scale (Lydian, Chromatic, etc.) using
standard frequency tuning. This idea can be extended into other
areas such as rhythm where the triggering of sound can be
quantised to match common subdivisions of a bar based on the
global tempo assigned. The effect should be subtle as to not lose
perceived concurrency between the audio and the visual events.

2.5. Messaging System
The messaging system sends and receives OSC and MIDI
based messages providing the user with an opportunity to
customise the data flow both in and out of the software. Whereas
traditional human interface devices, such as a mouse and
keyboard, can be used without the need for this system, these two
protocols provide a widely accepted standard for interface
control, expanding upon the breadth of possible controllers and
the levels of immersion they provide. For example, tactile
feedback can be introduced by utilising this system. Specific
data, sent when an object is grabbed, can be interpreted by the
current controller in order to produce corresponding actions such
as vibrating.
With the mapping system controlling the outgoing data, I
separate the audio processing from the software. Implementing
these protocols grants access for communication across a
network, extending the reach to computers operating on different
platforms, such as OS X or Linux, or mobile platforms such as
Android or iOS. This would provide the opportunity to
communicate with a vast range of audio applications and
synthesis tools, exploiting their existing timbres and increasing
potential sonic diversity when compared to an inbuilt synthesis
engine.
I have produced a video [21] that demonstrates an example of
my prototype connected to sixteen instances of the Alchemy VST
plug-in, utilising all available MIDI channels on a loopback
network. The table shown below the video contains the mapping
details for each object and was automatically generated by the
prototype.
3.

Figure 3: A function with granular regions denoted by the
horizontal lines.

CONCLUSION

This work sets out to add to the range of tools for
experimentation and interaction of a data set using the
combination of the visual and aural modalities. It intends to
expand on the experience found in Versum [8] by incorporating
objects that dynamically respond to real-time interaction, with a
unique collision response determined by their configurable
properties. Whereas the entities found in the aforementioned
software lend themselves to more ambient sounds due to their
continuous playback, the objects here also allow for more
dynamic sound with full control of ADSR envelopes and sonic
response. Furthermore, the flexible mapping system does not
constrain the amplitude of objects based solely on their distance
from the camera as other relationships can be explored via the
messaging system.
Whilst much time has been spent creating the basic tools for
both music creation and sonification, I feel that future work
should be focused on musicality. Sonifying data into a
systematic musical structure to understand patterns and trends in
a more traditional sense would have the benefit of making the
tools more widely understood by the potential audience.
Nguyen discusses an approach to musicality in the mapping
process where he decides to lose resolution of the data in favour
for an increase in musicality [3]. He argues that the use of
musical structure in sonification has the potential to communicate

Recent developments in human computer interfaces,
including the ‘See Through 3D Desktop’1 and the HoloDesk,2
present more direct ways of interacting with virtual 3D objects.
Model-based sonification has been shown to be intuitive by
taking important dimensions of sound semantics into account and
grounding them in physical sound generating processes in a
natural and user-transparent way [22]. By combining projections
of the simulated objects with interfaces that emulate a more
innate way of interaction, we can extend the model-based method
beyond its inherent physical constraints. This would benefit the
interface building process as a variety of deformable, polygonal
objects could be designed, created and saved in a portable format.
It would also encourage the creation of more abstract and
imaginative virtual controller shapes whose physical counterparts
would be difficult or impossible to implement.
4.
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8QLYHUVLW\RI1HZ6RXWK:DOHV
)DFXOW\RI%XLOW(QYLURQPHQW
6\GQH\$XVWUDOLD
!"#$%&%#'()*#+(#,-%*.(%/(0

$%675$&7
7KLV SDSHU SUHVHQWV DSSOLHV DQG HYDOXDWHV ³&LUFR6RQLF´ DQ
LQWHUDFWLYHVRQLILFDWLRQRI³&LUFRV´,WRXWOLQHVWKHGHYHORSPHQW
RI PRGLI\LQJ D JDPLQJ HQJLQH WR UHSOLFDWH &LUFRV D FLUFXODU
JUDSKIRUFRPSDULQJSDLUZLVHUHODWLRQVKLSVLQD'GDWDWDEOH
ZLWKWKHDGGHGFDSDELOLWLHVRIVRQLILFDWLRQWKURXJKLQWHUDFWLRQ
7KH GHYHORSHG SURWRW\SH LV DSSOLHG WR D VWDWLF GDWDVHW DQG
HYDOXDWHG XVLQJ DQ LQVLJKW EDVHG PHWKRGRORJ\ 7KH HYDOXDWLRQ
XVHV D PXWHG YHUVLRQ RI &LUFR6RQLF WR HVWDEOLVK D FRPSDULVRQ
EHWZHHQ YLVXDOL]DWLRQV IURP ZKLFK D FRPSDULVRQ EHWZHHQ
YLVXDOL]DWLRQDQGVRQLILFDWLRQFDQEHH[WUDSRODWHG
7KH UHVXOWV GHPRQVWUDWH WKDW ZLWK D VWDWLF GDWDVHW
&LUFR6RQLF ZLWK VRXQG FRQVLVWHQWO\ RXWSHUIRUPV &LUFR6RQLF
ZLWKRXW VRXQG DQG &LUFRV GHVSLWH EHLQJ VROHO\ YLVXDO
RXWSHUIRUPVERWKYHUVLRQVRI&LUFR6RQLF7KHFRQFOXVLRQLVWKDW
WKH YLVXDOL]DWLRQ FRPSRQHQW RI &LUFR6RQLF FDQ EH VLJQLILFDQWO\
LPSURYHG DQG WKDW D PRYH IURP VWDWLF WR G\QDPLF GDWD PD\
GLVSOD\ GLIIHUHQW UHVXOWV 7KH LQYHVWLJDWLRQ RI QRYHO
YLVXDOL]DWLRQVIURPWKHSHUVSHFWLYHRIDXGLWRU\GLVSOD\VQHHGVWR
EH H[WHQGHG WR LQFOXGH WKRVH ZKLFK GHDO ZLWK PXOWLYDULDWH DQG
G\QDPLF GDWDVHWV ZKLOVW VWLOO RIIHULQJ D EURDGHU DSSOLFDWLRQ WR
GLYHUVHGDWDGRPDLQV


,1752'8&7,21

7KH ILHOG RI DXGLWRU\ GLVSOD\V WKURXJK WKH FRXUVH RI LWV
GHYHORSPHQWKDVXVHGWKHILHOGRILQIRUPDWLRQYLVXDOL]DWLRQDV
DSRLQWRIFRPSDULVRQRIWHQUHIHUULQJWR7XIWH>@$XGLWRU\
GLVSOD\V DLP WR DFFRPSOLVK VLPLODU JRDOV DV YLVXDO GLVSOD\V
WKURXJK WKH DOWHUQDWLYH EXW RIWHQ FRPSOHPHQWDU\
FRPPXQLFDWLYHPHGLXPRIVRXQGZKLFKDIIRUGVDGYDQWDJHVWKDW
DUHGLIILFXOWRULPSRVVLEOHZLWKYLVLRQ
7KH PRVW FRPPRQ YLVXDOL]DWLRQV VXFK DV OLQH JUDSKV EDU
JUDSKVDQGSLHFKDUWVKDYHEHHQLQYHVWLJDWHGE\UHVHDUFKHUVRI
DXGLWRU\GLVSOD\VDQGVRQLILFDWLRQ+RZHYHUWKHHPHUJHQFHRI
QRYHOVFLHQWLILFYLVXDOL]DWLRQVQHFHVVLWDWHVDQLQYHVWLJDWLRQLQWR
OHVV FRPPRQ EXW PRUH SRWHQW YLVXDOL]DWLRQV 2QH HPHUJLQJ
YLVXDOL]DWLRQ H[HPSODU\ LV ³&LUFRV´ D FLUFXODU JUDSK IRU
FRPSDULQJSDLUZLVHUHODWLRQVKLSVLQD'GDWDWDEOH>@,WKDV
EHHQXVHGE\³PDLQVWUHDPSHULRGLFDOVDQGQHZVSDSHUV´>@
WRFRPPXQLFDWHWRDJHQHUDODXGLHQFH&LUFRV VHH)LJ ZDV
GHYHORSHGIRUWKHFRPSDUDWLYHJHQRPLFVILHOGDVDYLVXDOL]DWLRQ
WRROEXWLVDOVRDSSOLFDEOHWRRWKHUGDWDILHOGVZKHUHLGHQWLI\LQJ
UHODWLRQVKLSV DQG WKH QDWXUH RI WKRVH UHODWLRQVKLSV DUH RI
LQWHUHVW 7KH &LUFRV JUDSK LQ )LJ  &UHDWHG ZLWK 7DEOH
9LHZHU KWWSPNZHEEFJVFFDWDEOHYLHZHU  LV D YLVXDOL]DWLRQ
RIWKHGDWDLQ7DEOH7KHJUDSKVKRZVDUHODWLRQVKLSEHWZHHQ
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7DEOH7DEOHGDWDXVHGLQHYDOXDWLRQV VHHVHFWLRQ 
FDWHJRULHV  DQG  LQGLFDWHG E\ D ODUJH FRORUHG ULEERQ
5LEERQV DUH VL]HG DQG OD\HUHG DFFRUGLQJ WR GDWD YDOXHV VXFK
WKDW ODUJH YDOXHV DUH LQGLFDWHG E\ ODUJH ULEERQV RQ WRS 7KLV
SDSHU ZLOO LQYHVWLJDWH DQ DXGLWRU\ GLVSOD\ RI &LUFRV 
VSHFLILFDOO\DQLQWHUDFWLYHVRQLILFDWLRQWHUPHG³&LUFR6RQLF´
%HIRUH GLVFXVVLQJ &LUFR6RQLF D EDFNJURXQG RI WKH
OLWHUDWXUHZLOOEHSUHVHQWHGLQVHFWLRQWRLGHQWLI\HVWDEOLVKHG
DQG XQH[SORUHG DUHDV RI UHVHDUFK 6HFWLRQ  ZLOO RXWOLQH WKH
GHYHORSPHQWRI&LUFR6RQLFIURPWKHSDUVLQJRILQIRUPDWLRQWR
LWV LQWHUDFWLYH VRQLILFDWLRQ 6HFWLRQ  ZLOO GLVFXVV WKH
DSSOLFDWLRQ RI WKH &LUFR6RQLF V\VWHP WR D GDWDVHW 6HFWLRQV 
ZLOO GHVFULEH WKH HYDOXDWLRQ PHWKRGRORJ\ XVHG WR FRPSDUH WKH
SHUIRUPDQFH RI &LUFRV &LUFR6RQLF DQG D PXWHG YHUVLRQ RI
&LUFR6RQLF/DVWO\VHFWLRQVDQGZLOOSUHVHQWWKHUHVXOWVDQG
FRQFOXVLRQVRIWKHHYDOXDWLRQ
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%$&.*5281'

7KLV VHFWLRQ ZLOO UHYLHZ WKH OLWHUDWXUH WR LGHQWLI\ H[LVWLQJ
HPHUJLQJ DQG XQH[SORUHG DUHDV RI UHVHDUFK 7KH DUHDV LQFOXGH
YLVXDOL]DWLRQ DQG JHQRPLFV VRQLILFDWLRQ DQG JHQRPLFV
VRQLILFDWLRQ RI JUDSKV DQG VSUHDGVKHHWV DQG VRQLILFDWLRQ DQG
JDPLQJ
 9LVXDOL]DWLRQDQGJHQRPLFV
7KH ILHOG RI FRPSDUDWLYH JHQRPLFV FRPPRQO\ GHDOV ZLWK
GDWDVHWV RI FKURPRVRPH DQG JHQRPH VHTXHQFHV ZKLFK DUH
ODUJH EXW VWDWLF GDWDVHWV 7KHVH FDQ EH DQDO\]HG E\ FRPSDULQJ
SDLULQJV RI GDWD YDOXHV WKURXJK YLVXDOL]DWLRQ $Q H[HPSODU\
H[DPSOHLV.U]\ZLQVNL¶V&LUFRV>@ZKLFKSURJUHVVHVIURPWKH
FRQYHQWLRQDO VWUDLJKW EDU GLDJUDPV WR D FLUFXODU LGHRJUDP DQG
KDVEHFRPHDYLVXDOL]DWLRQWRROXVHIXOWRRWKHUGDWDGRPDLQV
³*HQRPH3L[HOL]HU´ >@ LV D YLVXDOL]DWLRQ WRRO WKDW DOORZV
FRPSDULVRQ EHWZHHQ PRUH WKDQ RQH SDLU RI JHQRPHV ,W VWDFNV
KRUL]RQWDO EDUV LQ D ' YLHZHU DQG OLQNV GXSOLFDWH JHQRPLF
UHJLRQV ZLWK FRORUHG OLQHV &KURPR:KHHO >@ RSHUDWHV DV DQ
LQWHUQHW EURZVHU DSSOLFDWLRQ DQG HQDEOHV FRPSDULVRQV RI
PXOWLSOH JHQRPHV VLPLODU WR *HQRPH3L[HOL]HU 8QOLNH
*HQRPH3L[HOL]HU LW XVHV D FLUFXODU OD\RXW DQG GUDZV OLQNV WKDW
VSDQ WKH LQWHULRU RI WKH FLUFOH 7KLV SUHYHQWV FRQQHFWLQJ OLQHV
IURPLQWHUVHFWLQJRWKHUOLQHVDQGODEHOV
&LUFRV DSSHDULQJ DV HDUO\ DV  JRHV EH\RQG
&KURPR:KHHO E\ GUDZLQJ ULEERQV LQVWHDG RI OLQHV 7KLV LV D
VPDOO EXW VLJQLILFDQW FKDQJH EHFDXVH LW RIIHUV DQ DGGLWLRQDO
GLPHQVLRQ WR UHODWLRQVKLSV EHWZHHQ FDWHJRULHV &LUFRV LV D
YLVXDOL]DWLRQWRROWKDWIDFLOLWDWHV³WKHLGHQWLILFDWLRQDQGDQDO\VLV
RI VLPLODULWLHV DQG GLIIHUHQFH´ >@ :KLOVW &KURPR:KHHO DQG
*HQRPH3L[HOL]HU VLPSO\ LGHQWLI\ UHODWLRQVKLSV &LUFRV
LGHQWLILHV DQG SURYLGHV D YLVXDO VHQVH RI PDJQLWXGH IRU HDFK
UHODWLRQVKLS
7KH XWLOL]DWLRQ DQG GHYHORSPHQW RI &LUFRV LV FRQWLQXHG E\
³&LUFROHWWR´ >@ ZKLFK LV ³DQ RQOLQH YLVXDOL]DWLRQ WRRO EDVHG
RQ &LUFRV´ WKDW RIIHUV IXQFWLRQDOLW\ RI WKH ³%DVLF /RFDO
$OLJQPHQW 6HDUFK 7RRO %/$67 ´ >@ DQG VXSSRUWV
FDOFXODWLRQ RI VHTXHQFH VLPLODULWLHV EHIRUH SUHVHQWLQJ WKHP
YLVXDOO\LQD&LUFRVJUDSK
³*UHPOLQ´>@JRHVIXUWKHUWRLGHQWLI\DQLVVXHDQGSUHVHQW
D VROXWLRQ IRU &LUFRV¶V LQDELOLW\ WR DFFXUDWHO\ HQDEOH ³VSDWLDO
FRPSDULVRQVDFURVVULQJVRIYDU\LQJUDGLL´,WGHPRQVWUDWHVWKDW
WKHFRQYHQWLRQDOVWUDLJKWEDUGLDJUDPLVPRUHHIIHFWLYHIRUWKLV
WDVN GHVSLWH FRQQHFWLRQ OLQHV LQWHUVHFWLQJ HDFK RWKHU DQG
SURGXFLQJ³YLVXDODUWLIDFWV´(NGDKO>@LQIDFWUHFRJQL]HGWKH
DGYDQWDJHV RI ERWK WKH VWUDLJKW EDU GLDJUDP DQG FLUFXODU
LGHRJUDP ³7KH FLUFXODU OD\RXW RI FKURPRVRPHV LV
DGYDQWDJHRXV IRU VKRZLQJ UHODWLRQVKLSV EHWZHHQ GLIIHUHQW
FKURPRVRPHV DV WKH FRQQHFWLQJ OLQH QHYHU FURVVHV
RYHU«:KLOH WKH VWUDLJKW EDU UHSUHVHQWDWLRQ LV SRSXODU IRU
VKRZLQJ GLVWULEXWLRQV RU SRSXODWLRQV RI REMHFWV RQ D
FKURPRVRPH´>@
'HVSLWH UHFRJQL]LQJ &LUFRV¶V VKRUW FRPLQJV 2¶%ULHQ >@
VWLOO VWDWHV WKDW &LUFRV LV ³VWDWHRIWKHDUW LQ JHQRPLF
UHDUUDQJHPHQW YLVXDOL]DWLRQ´ 2WKHU YLVXDOL]DWLRQ WRROV LQ WKH
FRPSDUDWLYH JHQRPLFV ILHOG LQFOXGH 1&%, PDS YLHZHU 7,*5
*HQRPH %URZVHU 0,36 $UDELGRSVLV 5HGXQGDQF\ 9LHZHU DQG
³JIISV´>@DQG:RUP%DVH $FH'% FLWHGE\>@

$V WKH YLVXDOL]DWLRQ VWUDWHJLHV GHYHORSHG E\ WKH ILHOG RI
FRPSDUDWLYH JHQRPLFV DUH UHDSSOLHG WR RWKHU GLVFLSOLQHV WKHUH
LV D QHHG WR FRQVLGHU PRGHOV WKDW GHDO ZLWK G\QDPLF GDWDVHWV
7KH H[DPSOHV LQ WKLV DUHD ODFN D G\QDPLF GLPHQVLRQ EHFDXVH
WKH\KDYHQRW\HWQHHGHGWRGHDOZLWKWKHP7KHUHLVDOVROLWWOH
UHVHDUFK IRFXVHG RQ LQWHUDFWLYLW\ EH\RQG VLPSO\ LQSXWWLQJ GDWD
DQG QDYLJDWLQJ WKH YLVXDOL]DWLRQV 7KHUH LV VFRSH IRU UHVHDUFK
ORRNLQJ LQWR D KLJKHU GHJUHH RI LQWHUDFWLRQ LQFOXGLQJ XVHU
UHDUUDQJHPHQW DQG UHPDSSLQJ RI WKH YLVXDOL]DWLRQ WR GUDZ
FRPSDULVRQV EHWZHHQ FRPSRQHQW GDWD /DVWO\ WKHUH LV
RSSRUWXQLW\ WR UHSUHVHQW WKHVH GDWDVHWV DQG WKHLU YLVXDOL]DWLRQV
XVLQJ VRXQG 7KHUH KDV EHHQ VRPH UHVHDUFK GRQH LQ WKLV DUHD
DQGZLOOEHGLVFXVVHGLQVHFWLRQ
 6RQLILFDWLRQDQGJHQRPLFV
,W KDV EHHQ VWDWHG LQ WKH 6RQLILFDWLRQ 5HSRUW >@ WKDW SURMHFWV
VXFK DV WKH +XPDQ *HQRPH 3URMHFW UHTXLUH ZD\V WR PDQDJH
DQG H[SORUH WKHODUJH GDWDVHWV WKH\ FROOHFW :LWKLQ WKH ILHOG RI
DXGLWRU\ GLVSOD\V WKHUH KDV EHHQ VRPH UHVHDUFK LQ SDUDPHWULF
PDSSLQJ VRQLILFDWLRQ 306 RU 306RQ  DV D PHDQV WR H[SORUH
GDWDRIJHQRPHVSURWHLQVDQG'1$VHTXHQFHV
:RQ¶V>@VRQLILFDWLRQH[SHULPHQWRIKXPDQFKURPRVRPH
VRQLILHVWKHSUHVHQFHRI&S*LVODQGV³EHFDXVHWKH\LQGLFDWH
DUHDV RI LQWHUHVW DORQJ WKH JHQRPH´ 7KLV WHFKQLTXH LV TXLWH
VSHFLILF DQG FDQQRW EH UHDSSOLHG WR RWKHU ILHOGV ZLWKRXW
VLJQLILFDQW PRGLILFDWLRQ 'XQQ DQG &ODUN >@ VLPLODUO\
H[SHULPHQWHG ZLWK D VRQLILFDWLRQ SURFHVV VSHFLILF WR '1$
VHTXHQFHV SURWHLQV DQG DPLQR DFLGV 7KHLU DSSOLFDWLRQ RI
0RUVH FRGH LV YHU\ VSHFLILF IRU UHSUHVHQWDWLRQ RI WKH (QJOLVK
DOSKDEHWDQGDJDLQFDQQRWEHUHDSSOLHGRWKHUGDWDW\SHV
7KHVH DSSURDFKHV WR JHQRPLF VRQLILFDWLRQ KDYH OLNH WKH
JHQRPLF YLVXDOL]DWLRQ EHHQ GRPDLQ VSHFLILF ZLWKRXW D JHQHULF
UHDSSOLFDWLRQWRRWKHUDUHDV&LUFRVDOWKRXJKGHYHORSHGE\DQG
IRU WKH FRPSDUDWLYH JHQRPLFV ILHOG KDV EHHQ UHDSSOLHG
VXFFHVVIXOO\WRRWKHU DUHDV EXW UHPDLQV D VROHO\YLVXDO IRUP RI
UHSUHVHQWDWLRQ7KHUHKDVQRWEHHQDQ\UHVHDUFKWRWKLVDXWKRU¶V
NQRZOHGJHWKDWLQYHVWLJDWHVWKHVRQLILFDWLRQRI&LUFRV
 6RQLILFDWLRQRIJUDSKVFKDUWVVSUHDGVKHHWVDQGWDEOHV
6LQFH³&LUFRVLVJHQHUDODQGXVHDEOHLQDQ\GDWDGRPDLQ´>@D
VRQLILFDWLRQRI&LUFRVVKRXOGFRQVLGHUVRQLILFDWLRQUHVHDUFKWKDW
LVJHQHUDODQGXVHDEOHLQDQ\GDWDGRPDLQ7KHVRQLILFDWLRQRI
JUDSKV FKDUWV VSUHDGVKHHWV DQG WDEOHV DUH LPSRUWDQW EHFDXVH
XQOLNHJHQRPLFVRQLILFDWLRQWKH\FDQEHDSSOLHGDQGXVHGLQDQ\
GDWDGRPDLQ
,QWKHFRQWH[WRIDXGLWRU\GLVSOD\VDQGHYHQWDFWLOHGLVSOD\V
WKH PRVW FRPPRQ JUDSK LQYHVWLJDWHG LV WKH OLQH JUDSK /LQH
JUDSKV DQG EDU JUDSKV DUH WKH PRVW FRPPRQ JUDSKV IRU GDWD
YLVXDOL]DWLRQ DQG DV VXFK WKHLU DXGLWRU\ GLVSOD\ KDV EHHQ
FRYHUHG H[WHQVLYHO\ >@ $ FRPSUHKHQVLYH VXPPDU\ RI
GHVLJQJXLGHOLQHVKDYHEHHQSUHVHQWHGE\%URZQ>@
$OHVVFRPPRQJUDSKEXWRIPRUHLQWHUHVWWRWKLVSDSHULV
WKH SLH JUDSK VLQFH WKH FLUFXODU JHRPHWU\ LV FRPSDUDEOH WR
&LUFRV 'RXVK et al. >@ SUHVHQW D KDSWLF GLVSOD\ RI WKH SLH
JUDSK ZKLOH )UDQNOLQ DQG 5REHUWV >@ SUHVHQW D SXUHO\
DXGLWRU\ DSSURDFK 6XUSULVLQJO\ WKH ODWWHU GHPRQVWUDWHG WKDW D
QRQVSDWLDO GLVSOD\ LQVSLUHG E\ 0RUVH FRGH DFKLHYHV EHWWHU
DFFXUDF\ ZKHQ FRPSDUHG WR D VSDWLDO DXGLR GLVSOD\ 'RXVK LV
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RQH RI WKH IHZ ZKR LQYHVWLJDWH FRPSDULVRQ RI SDLU ZLVH
FDWHJRULHV +LV IRUFH IHHGEDFN GHVLJQ HQDEOHV ³SDLU ZLVH
FRPSDULVRQVRIVHFWLRQVRIWKH>SLH@FKDUW«WKHXVHUFDQVHOHFW
WZR VHFWLRQV«DQG UHRUGHU >WKHP@ WR PDNH WKH WZR VHOHFWHG
VHFWLRQV DGMDFHQW´ 7KLV LQWHUDFWLYH UHDUUDQJHPHQW DFWXDOO\
DIIRUGVFRPSDUDWLYHVRQLILFDWLRQRISDLUVKRZHYHULWLVOLPLWHG
WRRQO\RQHSDLUDWDWLPH8QOLNH'RXVK&LUFRVYLVXDOL]HVWKH
UHODWLRQVKLSRIDOOH[LVWLQJSDLUV7KHLQWHUDFWLYLW\HPSOR\HGE\
'RXVK LV OLPLWHG WR FRPSRQHQWV RI WKH JUDSK UDWKHU WKDQ WKH
JUDSK DV D ZKROH 1HLWKHU RI WKH UHVHDUFK E\ 'RXVK et al. RU
)UDQNOLQ DQG 5REHUWV LQYHVWLJDWHV WKH FRPSDULVRQ RI PXOWLSOH
SLHFKDUWV
6LQFH WKH GDWD XVHG WR JHQHUDWH WKHVH VLPSOH JUDSKV DUH
XVXDOO\VWRUHGLQVSUHDGVKHHWVDQGWDEOHVLWLVDOVRLPSRUWDQWWR
ORRN DW WKH VRQLILFDWLRQ RI VSUHDGVKHHWV DQG WDEOHV *XLGHOLQHV
IRU DXGLWRU\ GLVSOD\ RI WDEXODU GDWD DUH DJDLQ SUHVHQWHG E\
%URZQ>@5DPOROO et al.>@XVHGPXVLFDOQRWHVLQDGGLWLRQ
WR VSHHFK WR LQFUHDVH DFFHVVLELOLW\ WR QXPHULF LQIRUPDWLRQ LQ D
WDEOH 6WRFNPDQ >@ GLVFXVVHV WKH ODFN RI DFFHVVLEOH
VSUHDGVKHHW DSSOLFDWLRQV DQG H[LVWLQJ VFUHHQ UHDGHUV WKDW DUH
FRPPRQO\ XVHG WR LQFUHDVH DFFHVVLELOLW\ 6WRFNPDQ¶V ZRUN
HIIHFWLYHO\ FRPSOLPHQWV VSHHFK UHDGHUV E\ VRQLI\LQJ QXPHULF
YDOXHV 6WRFNPDQ >@ GLVFXVVHV 0DQVXU ZKR VRQLILHG G OLQH
JUDSKV E\ PDSSLQJ WKH [D[LV DQG \D[LV WR WLPH DQG SLWFK
UHVSHFWLYHO\VLPLODUWR:DONHU¶V6RQLILFDWLRQ6DQGER[>@
6WRFNPDQ >@ FRQFOXGHV WKDW WKH ³LQWHUDFWLYH FRQWURO RI WKH
VRQLILFDWLRQ FDQ EH FRQVLGHUDEO\ LPSURYHG E\ UHPRYLQJ WKH
UHOLDQFH RQ &6281' DQG JHQHUDWLQJ DOO VRQLILFDWLRQV XVLQJ
SUHUHFRUGHGVRXQGV´(OHFWLQJWRQRWV\QWKHVL]HVRXQGDQGXVH
SUHUHFRUGHGVRXQGIRULQWHUDFWLYHSXUSRVHVZRXOGHQDEOHUHDO
WLPH LQWHUDFWLRQ ZLWKRXW ODWHQF\ 7KLV LV FXUUHQWO\ KRZ PDQ\
JDPH HQJLQHV UHQGHU DXGLR SULPDULO\ WR PDLQWDLQ UHDOWLPH
LQWHUDFWLRQ
 6RQLILFDWLRQDQGJDPLQJ
7KH SRWHQWLDO IRU FRPSXWHU JDPHV WR FRQWULEXWH WR WKH ILHOG RI
VRQLILFDWLRQ KDV DOUHDG\ EHHQ DUJXHG E\ &ROHPDQ >@ ZKR
IRXQG WKDW VRXQG GHVLJQ LV KLJKO\ FROODERUDWLYH DQG
LQVWUXPHQWDO WR WKH FRPSXWHU JDPH GHYHORSPHQW SURFHVV 7KLV
LV VSHFLILF WR &RPSXWHU JDPH GHYHORSPHQW UDWKHU WKDQ
PRGLILFDWLRQ 7KH ODWWHU LV DQ DFFHVVLEOH ORZ EXGJHW VROXWLRQ
WKDWUHTXLUHVIHZHUUHVRXUFHVVXFKDVWLPHWUDLQLQJDQGILQDQFH
7KH GLVDGYDQWDJH KRZHYHU LV WKDW PDMRU FXVWRPL]DWLRQ RI WKH
JDPHHQJLQHLWVHOILVQRWSRVVLEOHZLWKRXWH[SHUWLVH,QFRQWUDVW
WRPRGLI\LQJH[LVWLQJJDPHHQJLQHVDJURXQGXSDSSURDFKDLPV
WREXLOGDWRROFXVWRPL]HGIRUVRQLILFDWLRQ%DUUL¶V9HUVXP>@
LV DQ H[DPSOH RI D JURXQGXS GHYHORSPHQW ZKHUH D '
LQWHUDFWLYHYLVXDODQGDXUDOHQYLURQPHQWZDVFUHDWHGIRUVRXQG
VHTXHQFLQJ9HUVXPXVHV-DYD6XSHU&ROOLGHUDQG0D[063WR
DFKLHYH ZKDW FORVHO\ UHVHPEOHV D JDPLQJ HQJLQH ZLWKRXW D
GHVLJQRULHQWDWHGHGLWRU
*ULPVKDZ >@ FRQFHSWXDOO\ FRPSDUHV D )LUVW 3HUVRQ
6KRRWHU JDPLQJ HQJLQH WR D VRQLILFDWLRQ V\VWHP FRQYH\LQJ
SOD\HU LQWHUDFWLRQ )XUWKHUPRUH WKH SRWHQWLDO PRGLILFDWLRQ RI
H[LVWLQJFRPSXWHUJDPHHQJLQHVIRUWKHSXUSRVHRIVRQLILFDWLRQ
KDV EHHQ H[SORUHG > @ *DPH HQJLQHV KDYH EHHQ
UHFRJQL]HG IRU WKHLU SRWHQWLDO WR RIIHU UHDOWLPH FROODERUDWLYH
YLUWXDO HQYLURQPHQWV >@ XVLQJ ERWK YLVXDOL]DWLRQ DQG
³DXUDOL]DWLRQ´ %RWK *ULPVKDZ DQG /H *URX[ >@ XVH WKH
7RUTXH(QJLQHZKLOH1JX\HQ>@XVHV&U\(QJLQH
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)LJXUH)RXUDQJOHVQHHGHGWRGUDZDULEERQ
0DQ\JDPHHQJLQHGHYHORSHUVRIIHUDOHYHOHGLWRUVDQGER[
RU WRRONLW WKDW HQDEOHV LQWHUDFWLRQ LQ ' YLUWXDO HQYLURQPHQWV
LQWHUDFWLRQZLWKUHDOWLPHG\QDPLFGDWDVWUHDPVDQGPXOWLPRGDO
IHHGEDFN 7KH QH[W VHFWLRQ ZLOO GLVFXVV LQ GHWDLO WKH XVH RI D
JDPLQJHQJLQHDVDVRQLILFDWLRQWRRO


'(9(/230(17

7KLV VHFWLRQ ZLOO RXWOLQH LQ GHWDLO WKH GHYHORSPHQW RI WKH
&LUFR6RQLF V\VWHP $UHDV FRYHUHG LQ WKLV VHFWLRQ LQFOXGH GDWD
SUHSDUDWLRQGUDZLQJWKHJUDSKVRXQGSDUDPHWHUVLQWHUDFWLYLW\
DQGVRQLILFDWLRQ
 'DWDSUHSDUDWLRQ
7KH VRIWZDUH XVHG LV &U\VLV :DUV 6DQGER[  ZKLFK
LPSOHPHQWV&U\WHN¶V&U\(QJLQH KWWSFU\WHNFRP &RXSOHG
ZLWKWKH)*36 KWWSIJSVVRXUFHIRUJHQHW WKHJDPHHQJLQHLV
FDSDEOH RI UHDGLQJ ;0/ IRUPDW 7DEXODU GDWD IURP D
VSUHDGVKHHW DSSOLFDWLRQ VXFK DV ([FHO QHHGV WR ILUVW EH
FRQYHUWHG WR ;0/ 7KH ;0/ ILOH LV UHDG E\ &U\VLV :DUV
6DQGER[DQGHDFKFHOOYDOXHLVVWRUHGDVDYDULDEOHLQJDPH
:KHQWZRFDWHJRULHVLQWKHWDEOHDUHSDLUHG HJFROXPQURZ
URZFROXPQ IRXUDQJOHVDUHFDOFXODWHGWRGUDZWKHODEHOVDQG
ULEERQ VHH)LJ 
 'UDZLQJ&LUFRVLQ&U\VLV
$&LUFRVJUDSKFRQVLVWVRIJHRPHWULFFRPSRQHQWVVXFKDVODEHOV
DQG ULEERQV GHVLJQ FRPSRQHQWV VXFK DV VSDFLQJ FRORU DQG
WUDQVSDUHQF\ DQG WH[W FRPSRQHQWV VXFK DV FDWHJRU\ KHDGLQJV
VHH)LJ 8VLQJDJDPHHQJLQHDOORZVD&LUFRVJUDSKWREH
GUDZQ LQ UHDO WLPH IURP DQ H[WHUQDO ;0/ ILOH $OWKRXJK WKLV
SDSHU GLVFXVVHV &LUFR6RQLF¶V DSSOLFDWLRQ WR VWDWLF GDWDVHWV IRU
WKH SXUSRVH RI FRPSDUDWLYH HYDOXDWLRQ LWV DSSOLFDWLRQ WR
G\QDPLFGDWDVHWVLVSODQQHGLQIXWXUHZRUN
7KH ODEHOV DURXQG WKH SHULPHWHU DUH FRQVWUXFWHG E\
VSDZQLQJ WKLFN DUFV ZKLFK LQFOXGH D WLFN PDUN ZLWK VSHFLILHG
WUDQVODWLRQDQGURWDWLRQLQ'VSDFH/DEHOVGUDZWRWKHQHDUHVW
GHJUHH DQG ODEHOV VPDOOHU WKDQ D GHJUHH DUH QRW GUDZQ /DEHO
KHDGLQJVDUHGUDZQDVWH[WREMHFWVDGMDFHQWWRHDFKODEHO
5LEERQV OLQN WZR ODEHOV DQG LGHQWLI\ D UHODWLRQVKLS 7KH\
DUH FRQVWUXFWHG E\ VWDFNLQJ WKLQ DUFV WKDW DUH GUDZQ E\
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VSDZQLQJ D WHPSODWH DUF  GHJUHH DUF  7KH WHPSODWH DUF LV
SRVLWLRQHGDQGURWDWHGEHIRUHEHLQJVFDOHGLWLQWKHORFDO[D[LV
VSDQ DQGORFDO\D[LV KHLJKW 
&RORUV RI ERWK ODEHOV DQG ULEERQV DUH VHOHFWHG IURP D
SUHSDUHG FRORU SDOHWWH &RORUV RI ODEHOV FDQ HLWKHU EH DVVLJQHG
FKURPDWLFDOO\ RU GLYHUVHO\ 5LEERQ FRORUV DUH DVVLJQHG
DFFRUGLQJ WR WKH GRPLQDQW ODEHO¶V FRORU ZKLFK LV IRXQG E\
FRPSDULQJ WKH VL]H RI D ULEERQ¶V WZR ODEHOV 6SDFLQJ LV DGGHG
EHWZHHQ HDFK URZVHW IRU UHDGDELOLW\ DQG FDQ EH VSHFLILHG LQ
QXPHULFDO XQLWV RU GHJUHHV RI URWDWLRQ 7UDQVSDUHQF\ LV
XQLIRUPO\ DGMXVWDEOH IRU DOO FRORUV DQG DOORZV UHDGDELOLW\ RI
LQWHUVHFWLQJULEERQV
'UDZLQJWKHVHLQDYLUWXDO'HQYLURQPHQWDOORZVPXOWLSOH
&LUFRV JUDSKV WR EH GUDZQ DQG RYHUODLG &LUFRV LVRODWHG RQO\
DOORZVDVLGHE\VLGHFRPSDULVRQRIJUDSKV,QWKHQH[WVHFWLRQ
WKHLQWHUDFWLRQDQGVRQLILFDWLRQRIDVWDFNHGVHWRI&LUFRVJUDSKV
ZLOOEHGLVFXVVHG
 ,QWHUDFWLRQDQGVRQLILFDWLRQ
&LUFR6RQLF¶VVRQLILFDWLRQLVGHSHQGHQWRQXVHULQWHUDFWLRQ2QH
,QWHUDFWLRQQDPHO\URWDWLRQGLUHFWO\DIIHFWVWKHVRQLILFDWLRQE\
H[FLWLQJ VRXQG:KLOVW RWKHULQWHUDFWLRQV VXFKDV WRJJOLQJ VSLQ
VSHHG VHOHFWLQJ RFWDYH DQG PDSSLQJ PHWKRG LQGLUHFWO\ DIIHFW
WKH VRQLILFDWLRQ E\ GHILQLQJ WKH SDUDPHWHUV IRU VHOHFWLQJ ZKDW
VRXQGWRSOD\
:KHQ D XVHU URWDWHV D JUDSK HDFK ODEHO LV VRQLILHG DV LW
WRXFKHVDYLUWXDOQHHGOHIL[HGDWWZHOYHR¶FORFN7KHVL]HRIWKH
ODEHOGHWHUPLQHVWKHYDOXHWREHVRQLILHGZKLOVWWKHXVHUGHILQHG
SDUDPHWHUVGHWHUPLQHKRZWKHYDOXHLVVRQLILHG
 6RXQGSDUDPHWHUVDQGSUHSDUDWLRQ
7KHVWDWLFVRXQGSDUDPHWHUVLQFOXGHWLPEUHDQGYROXPHZKLOVW
WKH G\QDPLF VRXQG SDUDPHWHU LV OLPLWHG WR WRQH 7KH XVHU
GHILQHGSDUDPHWHUVLQFOXGHRFWDYHWHPSRDQGPDSSLQJPHWKRG
$OOVRXQGVDUHPXVLFDOWRQHVRIWKHZHVWHUQFKURPDWLFVFDOHDQG
ZHUH JHQHUDWHG IURP 0,', EHIRUH EHLQJ FRPSUHVVHG DV DQ
)0RGOLEUDU\ KWWSZZZIPRGRUJ IRUFRPSDWLELOLW\ZLWKWKH
JDPH HQJLQH 7KLV VWUDWHJ\ RI SUHUHFRUGLQJ VRXQGV DIIRUGV
UHDOWLPHLQWHUDFWLYLW\ZLWKRXWODWHQF\

)LJXUH&LUFR6RQLFLQDPRGLILHGFRPSXWHUJDPHHQJLQH
UHYHDOHGRUKLGGHQ7KLVJLYHVXVHUVDQRSWLRQWRUHGXFHYLVXDO
ORDGLQJWRDLGFURVVJUDSKFRPSDULVRQ
7KH XVHU FDQ VHOHFW IURP WZR PDSSLQJ PHWKRGV WR
GHWHUPLQH WKH PXVLFDO WRQH WR SOD\ 7KH ILUVW PHWKRG PDSV
YDOXHVWRDOLQHDUEXWLQYHUVHSURJUHVVLRQRIFKURPDWLFWRQHV$
KLJKYDOXHZLOOVRXQGDORZWRQHDQGDORZYDOXHZLOOVRXQGD
KLJK WRQH 7KH VHFRQG PHWKRG PDSV YDOXHV WR WRQDOLW\ LQ
DFFRUGDQFHZLWK>@LQZKLFKWKHFLUFOHRIILIWKVLVXVHGWR
GHWHUPLQH D QRQOLQHDU VSHFWUXP RI WRQHV 7KH DLP RI WKLV
PHWKRGLVWRDOORZXVHUVWROLVWHQWRZKDWVRXQGV³RXWRINH\´
)RUH[DPSOHD&DQGD&ZLOOLQGLFDWHYDOXHVRIQRYDULDQFH
ZKLOVWD&DQG)ZLOOLQGLFDWHYDOXHVRIPD[LPXPYDULDQFH
IXUWKHUPRUH D & DQG D * ZLOO LQGLFDWH YDOXHV RI PLQLPDO
YDULDQFH
8VHU FDQ DOVR VHOHFW XVLQJ DQRWKHU FKHFN ER[ WR SOD\
JUDSKVLQWKHVDPHRFWDYH:KHQVHOHFWHGDOOJUDSKVZLOOSOD\
LQDPLGGOHRFWDYH:KHQGHVHOHFWHGHDFKJUDSKZLOOSOD\LQD
GLIIHUHQWRFWDYHWKHWRSJUDSKLQDKLJKRFWDYHDQGWKHERWWRP
JUDSKLQDORZRFWDYH
7KHVH XVHU GHILQHG SDUDPHWHUV XOWLPDWHO\ DIIHFW KRZ WKH
VRQLILFDWLRQ ZLOO VRXQG DQG FDQ EH FKDQJHG UHDOWLPH ZKLOVW
URWDWLQJDJUDSK
 7LPEUHDQGYROXPH

 .H\ERDUGLQWHUDFWLRQ
8VHUVFDQURWDWHHDFKFLUFXODUJUDSKXVLQJWKHQXPSDGNH\VRQ
D NH\ERDUG 7KH WKUHH JUDSKV FDQ EH URWDWHG VHSDUDWHO\ RU
FROOHFWLYHO\ 7KH VSHHG RI URWDWLRQ LV WRJJOHG XVLQJ WKH ³VKLIW´
NH\ KROGLQJ GRZQ WR LQFUHDVH VSHHG DQG UHOHDVLQJ WR GHFUHDVH
VSHHG:LWKLQFUHDVHGVSLQVSHHGWKHWHPSRRIWKHVRQLILFDWLRQ
SURYLGHV DQ RYHUDOO VHQVH RI WKH GDWDVHW :LWK GHFUHDVHG VSLQ
VSHHGWKHGHWDLOHGVHFWLRQVRIWKHGDWDFDQEHLQWHUURJDWHGPRUH
FORVHO\7KH]RRPLVFKDQJHGE\XVLQJWKH³SOXV´DQG³PLQXV´
NH\V ZKLFK PRYHV WKH FDPHUD SRVLWLRQ UHVSHFWLYHO\ FORVHU RU
IDUWKHUIURPWKHJUDSKV
 0RXVHLQWHUDFWLRQDQGPDSSLQJPHWKRGV

7KH WLPEUH XVHG ZDVFRQFHUW JUDQG SLDQRDQGWKH YROXPH ZDV
VHW WR D IL[HG G% 9ROXPH GLG FKDQJH G\QDPLFDOO\ DV D
FRQVHTXHQFH RI XVHU LQWHUDFWLRQ $V D &LUFRV JUDSK LV URWDWHG
TXLFNO\ DQ\ VLPLODU GDWD YDOXHV ZLOO SOD\ WKH VDPH WRQH 7KH
HIIHFW LV PXOWLSOH VRXQG VRXUFHV SOD\LQJ WKH VDPH WRQH ZKLFK
VHHPLQJO\LQFUHDVHVYROXPH7KLVHQDEOHVXVHUVWRXVHYROXPH
DVDQLQGLFDWRURIGDWDSRLQWIUHTXHQF\
&LUFR6RQLF KDV WKH DELOLW\ WR UHSUHVHQW GDWD LQ ERWK YLVXDO
DQGDXUDOIRUPVZKLFKLGHQWLILHVUHODWLRQVKLSVDQGFRQYH\WKHLU
ELDVQHVV&LUFR6RQLFRQO\VRXQGVXSRQH[FLWDWLRQWKURXJKXVHU
LQWHUDFWLRQDQGFDQEHXVHGWRFRPSDUHPXOWLSOH&LUFRVJUDSKV
7KHQH[WVHFWLRQZLOOGLVFXVVWKHDSSOLFDWLRQRI&LUFR6RQLFWRD
UHDOGDWDVHW

$ PRXVH HQDEOHG WH[W EDVHG LQWHUIDFH VHH )LJ   DOORZV WKH
XVHU WR GHILQH SDUDPHWHUV ZKLFK DIIHFW WKH VRQLILFDWLRQ 7KH
³DFWLYH´ FKHFN ER[ DOORZV XVHUV WR VHOHFW ZKLFK JUDSKV DUH
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$33/,&$7,21

 +\SRWKHVLV

7KH GHYHORSHG V\VWHP &LUFR6RQLF ZDV DSSOLHG WR D GDWDVHW RI
KLVWRULFFXUUHQWDQGSURMHFWHGZDWHU DYDLODELOLW\RIWKH0XUUD\
'DUOLQJ %DVLQ 0'%  7KH 0'% LV WKH FDWFKPHQW V\VWHP
VHUYLQJWKHODUJHVWULYHULQ$XVWUDOLDWKH0XUUD\'DUOLQJ5LYHU
7KH0'%GDWDVHWXVHGLVSXEOLFDOO\DYDLODEOH>@7KHGDWD
LV LQ WKH IRUP RI D WDEOH DQG SUHVHQWV HLJKW FDVHV LQ YDULRXV
VWDJHV RI GHYHORSPHQW ZLWKRXW GHYHORSPHQW FXUUHQW
GHYHORSPHQW IXWXUH GHYHORSPHQW  DQG FOLPDWH KLVWRULFDO
UHFHQW ZHW GU\ DQG PHGLDQ   ZKLFK DUH IXUWKHU EURNHQ
GRZQ LQWR VXEFDWHJRULHV ZDWHU LQIORZ ORVVHV HQG IORZ
GLYHUVLRQVJURXQGZDWHUORVVHVDYHUDJHVXUIDFHZDWHUDYDLODEOH
DQGUHODWLYHOHYHORIVXUIDFHZDWHUXVH±DOOJLYHQLQJLJDOLWUHV
SHU\HDUH[FHSWIRUWKHODVWZKLFKLVJLYHQDVDSHUFHQWLOH )RU
WKLV SDSHU RQO\ WKUHH RI HLJKW FDVHV KDYH EHHQ VHOHFWHG  
KLVWRULFDO FOLPDWH ZLWKRXW GHYHORSPHQW   KLVWRULFDO FOLPDWH
ZLWK FXUUHQW GHYHORSPHQW   SURMHFWHG FOLPDWH IRU  ZLWK
IXWXUHGHYHORSPHQW7KHZDWHULQIORZV VHH)LJFDWHJRU\ 
DQG ORVVHV )LJ  FDWHJRU\   RI WKH  FDWFKPHQWV )LJ 
FDWHJRULHV   DUH WUDQVIHUUHG WR D VHSDUDWH VSUHDGVKHHW LQ
SUHSDUDWLRQIRULPSRUWDWLRQLQWRWKHJDPHHQJLQH
$ GHPRQVWUDWLRQ RI WKLV DSSOLFDWLRQ LV LQFOXGHG LQ WKH
VXSSOHPHQWDU\ PDWHULDOV DV YLGHRV GLVSOD\LQJ WKH VRQLILFDWLRQ
DQG LWV LQWHUDFWLYLW\ ,Q WKH QH[W VHFWLRQ WKH HYDOXDWLRQ ZLOO
FRPSDUHWKUHHV\VWHPVXVLQJWKHVDPH0'%GDWDVHW


7KH K\SRWKHVHV IRU WKH HYDOXDWLRQ FRPSDULQJ &&6 DQG &60
DUH

+ &6 ZLOO RXWSHUIRUP & DW JHQHUDWLQJ D KLJKHU DYHUDJH
QXPEHU RI D  WRWDO LQVLJKWV DQG E  W\SH & FRPSOH[
LQVLJKWV

+ &6 ZLOO RXWSHUIRUP &60 DW JHQHUDWLQJ D KLJKHU
DYHUDJH QXPEHU RI D  WRWDO LQVLJKWV DQG E  W\SH &
FRPSOH[LQVLJKWV
 3LORWHYDOXDWLRQ
7KH SLORW HYDOXDWLRQ DQDO\]HG LQVLJKWV SHU VHFRQG RYHU WZR 
PLQXWHVHVVLRQVKRZHYHULWEHFDPHDSSDUHQWWKDWWKLVDZDUGHG
DQXQGXHELDVWRZDUGVWKHQRQLQWHUDFWLYHYLVXDOL]DWLRQVLQFHLW
ZDV OHVV WLPH VHQVLWLYH WKDQ WKH LQWHUDFWLYH VRQLILFDWLRQ
/LVWHQLQJ WR DQG LQWHUDFWLQJ ZLWK &6 DQG &60 UHTXLUHG DQ
LQYHVWPHQW RI WLPH ZKLFK HIIHFWLYHO\ UHGXFHG WKH UDWH RI
JHQHUDWHGLQVLJKWVZKLOVWSRWHQWLDOO\LQFUHDVLQJWKHHQGWRWDORI
JHQHUDWHG LQVLJKWV GXULQJ DQ XQUHVWULFWHG VHVVLRQ )RU WKLV
UHDVRQWKHVHVVLRQVZHUHUHFRQGXFWHGLQWKHILQDOHYDOXDWLRQDV
RSHQHQGHGVHVVLRQV VHHVHFWLRQ 
 3DUWLFLSDQWV

(9$/8$7,21

7KH PHWKRG RI HYDOXDWLRQ ZLOO EH RXWOLQHG LQ WKLV VHFWLRQ 6HH
VHFWLRQIRUGLVFXVVLRQRIWKHRXWFRPHV
$Q LQVLJKW EDVHG PHWKRGRORJ\ LV XVHG WR HYDOXDWH
&LUFR6RQLF VLPLODU WR >@ LQ ZKLFK &LUFRV ZDV FRPSDUHG WR
*UHPOLQ %\ HPSOR\LQJ WKLV PHWKRGRORJ\ D GLUHFW FRPSDULVRQ
EHWZHHQ &LUFRV DQG &LUFR6RQLF LV HVWDEOLVKHG DQG DQ LQGLUHFW
FRPSDULVRQ RI &LUFR6RQLF WR *UHPOLQ LV DFFRPPRGDWHG $
PXWHG YHUVLRQ RI &6 ZDV LQFOXGHG WR HVWDEOLVK D FRPSDULVRQ
EHWZHHQ YLVXDOL]DWLRQV IURP ZKLFK D FRPSDULVRQ EHWZHHQ
YLVXDOL]DWLRQDQGVRQLILFDWLRQFRXOGEHH[WUDSRODWHG

7KHUHZHUHHLJKWSDUWLFLSDQWVLQFOXGLQJDPL[WXUHRIIHPDOHDQG
PDOH 0DVWHU JUDGXDWHV DQG 3K' VWXGHQWV VHH 7DEOH   1RQH
KDG H\HVLJKW RU KHDULQJ LPSDLUPHQWV DQG DOO GHPRQVWUDWHG
VLPSOH FRPSDUDWLYH SLWFK DQG YROXPH UHFRJQLWLRQ 0XVLF
H[SHUWLVH ZDV QRW D UHTXLUHPHQW VLQFH WKH OLQN EHWZHHQ PXVLF
H[SHUWLVHDQGSHUIRUPDQFHRIVRXQGSHUFHSWLRQWDVNVKDVQRW\HW
EHHQHVWDEOLVKHG>@$OOHLJKWKDGOLWWOHWRQRH[SHULHQFHZLWK
ERWK&LUFRVDQG&LUFR6RQLF6RPHKDGSUHYLRXVO\EHHQH[SRVHG
WR WKH GDWDVHW (DFK RI WKH SDUWLFLSDQWV ZDV DOORFDWHG D JURXS
QXPEHUWKDWGHWHUPLQHGWKHRUGHULQZKLFKWKH\ZRXOGXVHHDFK
V\VWHP VHH7DEOH 
 VH[
3 I
3 P
3 P
3 I
3 I
3 I
3 P
3 I

 ,QVLJKWEDVHGPHWKRGRORJ\
$Q LQVLJKW EDVHG PHWKRGRORJ\ > @ TXDQWLILHV WKH
SHUIRUPDQFHRIDV\VWHPEDVHGRQTXDOLWDWLYHLQVLJKWVJHQHUDWHG
E\DSDUWLFLSDQWXVLQJWKHV\VWHP,QWKLVFDVHWKHWKUHHV\VWHPV
EHLQJ FRPSDUHG DUH &LUFRV &  &LUFR6RQLF &6  DQG
&LUFR6RQLF0XWHG &60  7KH &LUFRV JUDSKV HYDOXDWHG ZHUH
JHQHUDWHGXVLQJWDEOHYLHZHU VHH)LJ 
,Q DFFRUGDQFH ZLWK >@ DQ ³LQVLJKW´ LV GHILQHG WR EH ³D
XQLTXHLQGLYLGXDOREVHUYDWLRQDERXWWKHGDWDE\DSDUWLFLSDQW´
DQGFDQEHIXUWKHUFDWHJRUL]HGE\FRPSOH[LW\

7\SH$ 6LPSOHGLVFHUQLEOHIURPWH[WXDODQDO\VLV

7\SH% 'HWDLOHG  QRW UHDGLO\ DSSDUHQW WKURXJK WH[WXDO
DQDO\VLV

7\SH& 'HWDLOHG &RQWH[WXDOL]DWLRQ  LQYROYLQJ FURVV
UHIHUHQFLQJRIREVHUYDWLRQVRUNQRZOHGJHEDVH
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7DEOH3DUWLFLSDQWV 3 
 6HVVLRQSURWRFRO
(DFKSDUWLFLSDQWSHUIRUPHGFRQVHFXWLYHVHVVLRQVLQZKLFKWKH\
ZHUHH[SRVHGWRWZRRIWKHWKUHHV\VWHPV &&6&60 (DFK
LQFOXGHG D   PLQXWHV WXWRULDO DQG H[SODQDWLRQ E  DQ RSHQ
HQGHGVHVVLRQXVLQJRQHV\VWHPDQG F DQRSHQHQGHGVHVVLRQ
XVLQJ D GLIIHUHQW V\VWHP 7KH WXWRULDO FRYHUHG KRZ WR UHDG &
DQG OLVWHQ WR &6 LQ WKDW UHVSHFWLYH RUGHU DQG XVHG H[DPSOH
GDWDVHWV XQUHODWHG WR WKH GDWDVHWV JLYHQ LQ WKH VHVVLRQV 7KH
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&LUFR6RQLF0XWHG

&LUFRV

&LUFR6RQLF

H[SODQDWLRQFRYHUHGWKHIRUPDWRIWKHVHVVLRQVEDFNJURXQGRQ
WKH GDWDVHW DQG LQVWUXFWLRQ WR PDNH REVHUYDWLRQV GXULQJ WKH
VHVVLRQVE\WKLQNLQJDORXG(DFKVHVVLRQZDVUHFRUGHGRQDXGLR
ZLWK WKH FRQVHQW RI SDUWLFLSDQWV DQG FRQFOXGHG ZKHQ WKH
SDUWLFLSDQW VWDWHG WKH\ FRXOG QRW PDNH DQ\ PRUH REVHUYDWLRQV
7KH RUGHU LQ ZKLFK SDUWLFLSDQWV ZHUH H[SRVHG WR HDFK V\VWHP
FRQVLGHUHGDSRWHQWLDOOHDUQLQJFXUYHDQGWKHHIIHFWVRIIDWLJXH
VHH7DEOH 
JURXS





VW
&
&6
&
&60

QG
&6
&
&60
&



7DEOH7KHRUGHULQZKLFKHDFKJURXSXVHGWKHV\VWHPV
 $VVHVVLQJLQVLJKWV
2EVHUYDWLRQV PDGH E\ SDUWLFLSDQWV ZHUH DVVHVVHG DJDLQVW WKH
GHILQLWLRQ RI DQ ³LQVLJKW´ VHH VHFWLRQ   ,QVLJKWV ZHUH
FDWHJRUL]HGE\FRPSOH[LW\LQWRW\SH$%DQG&DQGTXDQWLILHG
E\FRXQWLQJ
7KH W\SLFDO W\SH $ LQVLJKWV LQFOXGHG WKH LGHQWLILFDWLRQ RI
VL]H GLIIHUHQFHV RU VLPLODULWLHV RYHU WKH  JUDSKV WKH
UHFRJQLWLRQ RI RUGHULQJ DQG WKH UHFRJQLWLRQ RI ELDVQHVV RU
HTXDOLW\ EHWZHHQ YDOXHV 7\SLFDO W\SH % LQVLJKWV LQFOXGHG WKH
UHFRJQLWLRQ RI FKDQJHV WR RUGHULQJ UHFRJQLWLRQ RI FKDQJHV WR
ELDVQHVV DQG DUWLFXODWLQJ WKH UDWLR RI ELDVQHVV 7\SLFDO W\SH &
LQVLJKWV ZHUH OLPLWHG WR FRQFOXVLRQV GUDZQ E\ FURVVUHIHUULQJ
WKHDERYHW\SHVRUXVLQJWKHLUNQRZOHGJHEDVHWRFRQWH[WXDOL]H
WKHLQIRUPDWLRQ

D WRWDOLQVLJKWVSHUSDUWLFLSDQWFDWHJRUL]HGE\V\VWHPDQGW\SH
3



3
3

3




DYH

5(68/76
3

7KHUHVXOWVRIWKHHYDOXDWLRQDUHSUHVHQWHGLQ)LJ$OOFKDUWV
VKRZ&60&DQG&6UHVSHFWLYHO\IURPOHIWWRULJKW)LJ D 
VKRZV WKH QXPEHU RI LQVLJKWV PDGH E\ SDUWLFLSDQWV VHSDUDWHG
LQWRW\SH$%DQG&LQVLJKWV)LJ E VKRZVWKHWRWDOLQVLJKWV
RIHDFKSDUWLFLSDQWZLWKWKHDYHUDJHVLQGLFDWHGE\DFURVV(DFK
SDUWLFLSDQWLVUHSUHVHQWHGZLWKDGLIIHUHQWFRORUWKDWFRUUHVSRQGV
EHWZHHQ)LJ D DQG E /DVWO\)LJ F VKRZVWKHDYHUDJH
FRPSRQHQWEUHDNGRZQRIFDWHJRUL]HGLQVLJKWV
7KH UHVXOWV VKRZ WKDW DFURVV DOO WKUHH V\VWHPV &
RXWSHUIRUPHG ERWK &6 DQG &60 GHVSLWH & EHLQJ QRQ
LQWHUDFWLYH DQG VROHO\ YLVXDO & DFKLHYHG D KLJKHU QXPEHU RI
WRWDO LQVLJKWVDQG D KLJKHU QXPEHU RI LQVLJKWV SHU FDWHJRU\IRU
W\SH$%DQG&
7KHUH ZHUH WZR SDUWLFLSDQWV ZKR SHUIRUPHG EHWWHU RQ &6
WKDQ & ZKLFK LV D PDUJLQDO EXW SURPLVLQJ UHVXOW 7KHVH WZR
SDUWLFLSDQWVZHUHPHPEHUVRIJURXSZKLFKPD\VXJJHVWWKDW
SDUWLFLSDQWVZKRXVHG&6ILUVWZHUHVXEMHFWWRPRUHIDWLJXHWKDQ
WKHLUFRXQWHUSDUWVLQJURXS
)RUDOOSDUWLFLSDQWVW\SH$LQVLJKWVZHUHWKHPRVWFRPPRQ
DQG W\SH & ZHUH WKH OHDVW FRPPRQ 7KLV LV LQ OLQH ZLWK
H[SHFWDWLRQVVLQFHDOOSDUWLFLSDQWVZHUHHTXDOO\LQH[SHULHQFHGDW
& &6 DQG &60 (YHQ WKRXJK ERWK &6 DQG &60 IDLOHG WR
JHQHUDWH DQ\ W\SH & LQVLJKWV &6 GLG FRQVLVWHQWO\ RXWSHUIRUP
&60 DW JHQHUDWLQJ D KLJKHU QXPEHU RI W\SH $ DQG % LQVLJKWV
DQGFRQVHTXHQWO\DKLJKHUQXPEHURIWRWDOLQVLJKWV

DYH

3


3

DYH

3



E WRWDOLQVLJKWVSHUSDUWLFLSDQWFDWHJRUL]HGE\V\VWHP




7\SH$


7\SH%
7\SH&












F DYHUDJHLQVLJKWVSHUV\VWHPFDWHJRUL]HGE\W\SH
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 'LVFXVVLRQRILQVLJKWV
7KH PRVW FRPPRQ LQVLJKW PDGH ZDV LGHQWLI\LQJ PD[LPXP
YDOXH 7KLV ZDV DFWXDOO\ PD[LPXP YDOXH SURSRUWLRQDOO\ WR WKH
ZKROH VHW VLQFH WKH VL]H RI D ULEERQ LV UHODWLYH WR WKH ZKROH
FLUFOH 0LQLPXP YDOXH ZDV DOVR UHFRJQL]HG KRZHYHU LW ZDV
DOPRVW DOZD\V DIWHU PD[LPXP 7KLV FRXOG EH DQ HIIHFW RI WKH
WXWRULDOZKLFKGHPRQVWUDWHGKRZWRUHFRJQL]HPD[LPXPYDOXHV
EHIRUH KRZ WR UHFRJQL]H PLQLPXP YDOXHV %RWK WKH
LGHQWLILFDWLRQ RI PD[LPXP DQG PLQLPXP YDOXHV ZDV
FDWHJRUL]HGDVDW\SH$LQVLJKW
$FRPPRQW\SH%LQVLJKWZDVWKHUHFRJQLWLRQRIFKDQJHVLQ
RUGHULQJ 7KLV ZDV RQO\ SRVVLEOH XVLQJ V\VWHP & ZKLFK
DXWRPDWLFDOO\ UHRUGHUHG WKH OD\HULQJ RI ULEERQV EDVHG RQ VL]H
&6DQG&60GLGQRWIHDWXUHWKLVRUGHULQJPHFKDQLVP$QRWKHU
FRPPRQ W\SH % LQVLJKW PDGH EHWZHHQ WKH SDVW SUHVHQW DQG
IXWXUH GDWDVHWV ZDV WKH UHFRJQLWLRQ WKDW WKHUH ZHUH VLJQLILFDQW
FKDQJHV EHWZHHQ SDVW DQG SUHVHQW DQG RQO\ PLQRU FKDQJHV
EHWZHHQSUHVHQWDQGIXWXUH
7KHUH ZHUH RQO\ WZR W\SH & LQVLJKWV PDGH 2QH ZDV WKH
UHFRJQLWLRQ WKDW SURSRVHG FKDQJHV IRU WKH IXWXUH ZHUH
LQVXIILFLHQW WR UHVWRUH KLVWRULF SDWWHUQV 7KH RWKHU ZDV WKH
FRQFOXVLRQ RI D GLVWULEXWHG LQFUHDVH WR VXSSO\ WKH VLJQLILFDQW
ORVV RI LQIORZ LQWR WZR FDWFKPHQWV 7KHVH ZHUH PDGH E\ WZR
SDUWLFLSDQWVRIGLIIHUHQWJURXSVXVLQJ&


&21&/86,21

7KH RQO\ K\SRWKHVLV IRXQG WR EH WUXH ZDV + D  &LUFR6RQLF
RXWSHUIRUPHG &LUFR6RQLF0XWHG DW JHQHUDWLQJ D KLJKHU QXPEHU
RI WRWDO LQVLJKWV 1HLWKHU &LUFR6RQLF QRU &LUFR6RQLF0XWHG
JHQHUDWHG 7\SH & LQVLJKWV WKDW LV FRQWH[W UHIHUHQFHG LQVLJKWV
VHHVHFWLRQ LQWKHHYDOXDWLRQ
7KH FRPSDULVRQ RI &LUFRV WR &LUFR6RQLF0XWHG VXJJHVWV
WKDW WKH YLVXDO FRPSRQHQW RI &LUFR6RQLF KHDYLO\
XQGHUSHUIRUPHG OLPLWLQJ LWV RYHUDOO SHUIRUPDQFH 7KH VRXQG
FRPSRQHQWRI&LUFR6RQLFFRQVLVWHQWO\LPSURYHGWKHJHQHUDWLRQ
RI LQVLJKWV EH\RQG &LUFR6RQLF0XWHG ZKLFK GHPRQVWUDWHV WKDW
&LUFR6RQLFZLWKVRXQGSHUIRUPVEHWWHUWKDQ&LUFR6RQLFZLWKRXW
VRXQG 2QH RI WKH PRVW VLJQLILFDQW VWUHQJWKV RI &LUFRV LV WKH
DXWRPDWHG RUGHULQJ RI ULEERQV EDVHG RQ WKHLU VL]H 7KH
GLIIHUHQFH EHWZHHQ WKH RUGHUV LQ ZKLFK ULEERQV DUH OD\HUHG LV
FOHDUO\QRWLFHDEOHDQGJHQHUDWHVPRUHLQVLJKWVDVDFRQVHTXHQFH
&LUFR6RQLF¶V OD\HULQJ DQG WUDQVSDUHQF\ QHHGV WR EH GHYHORSHG
IXUWKHULILWVYLVXDOL]DWLRQLVWRSHUIRUPDVZHOODV&LUFRV
7KHUHVXOWVRIWKHHYDOXDWLRQVXJJHVWWKDWZKHQUHSUHVHQWLQJ
D VWDWLF GDWDVHW IRU WKH SXUSRVH RI GDWD PLQLQJ D VWDWLF
YLVXDOL]DWLRQ LV PRUH DSSURSULDWH WKDQ DQ LQWHUDFWLYH
YLVXDOL]DWLRQVRQLILFDWLRQ $Q HYDOXDWLRQ LQYROYLQJ G\QDPLF
GDWD PD\ VKRZ GLIIHUHQW UHVXOWV KRZHYHU &LUFRV GRHV QRW
FXUUHQWO\VXSSRUWG\QDPLFGDWDVHWV


)8785(:25.

7KLV SDSHU KDV SUHVHQWHG WKH GHYHORSPHQW RI DQ LQWHUDFWLYH
V\VWHP WR H[SORUH WDEOH GDWDVHWV WKURXJK YLVXDOL]DWLRQ DQG
VRQLILFDWLRQ,WKDVEHHQDSSOLHGWRDVWDWLFGDWDVHWKRZHYHULWLV
SODQQHGWKDWWKHVDPHV\VWHPEHDSSOLHGWRDG\QDPLFGDWDVHW
7KHUH LV FXUUHQWO\ D JDS EHWZHHQ ([FHO DQG &U\VLV ZKLFK
UHTXLUHVGDWDWREHUHIRUPDWWHGLQWRDFXVWRP;0/IRUPDW,WLV

111

SODQQHG WKDW WKLV JDS ZLOO EH ILOOHG E\ UHDGLQJ GLUHFWO\ IURP
([FHO YLD 2SHQ ;0/ IRUPDW 7KHUH LV DOVR VFRSH WR H[SORUH
VRXQGSDUDPHWHUVVXFKDVWLPEUHDQGPDSSLQJPHWKRGVVXFKDV
IUHTXHQF\DQGYROXPH7KHSRVLWLRQLQJRI&LUFR6RQLFZLWKLQD
JDPLQJHQJLQHDOVROHQGVLWVHOIWREHH[WHQGHGWRDQDPELVRQLF
RUFROODERUDWLYHLQWHUDFWLYHV\VWHP
&LUFR6RQLF LV FXUUHQWO\ EHLQJ DSSOLHG WR SHGHVWULDQ
PRYHPHQW DQGQDWXUDO VXUYHLOODQFHLQWKHILHOGRI DUFKLWHFWXUH
7KH NH\ERDUG DQG PRXVH LQWHUDFWLYLW\ SUHVHQWHG LQ WKLV SDSHU
KDV VLQFH EHHQ GHYHORSHG IXUWKHU WR LQFOXGH WKH DELOLW\ WR
FRQWUROURWDWLRQXVLQJWKH$SSOHL3KRQHDQG8'3
7KH QRYHO YLVXDOL]DWLRQ &LUFRV LV EXW RQH HPHUJLQJ
VFLHQWLILF YLVXDOL]DWLRQ WKDW UHTXLUHV LQYHVWLJDWLRQ IURP WKH
SHUVSHFWLYH RI DXGLWRU\ GLVSOD\V 7KH LQYHVWLJDWLRQ RI QRYHO
YLVXDOL]DWLRQV IURP WKH SHUVSHFWLYH RI DXGLWRU\ GLVSOD\V QHHGV
WR EH H[WHQGHG WR LQFOXGH WKRVH ZKLFK GHDO ZLWK PXOWLYDULDWH
DQGG\QDPLFGDWDVHWVZKLOVWVWLOORIIHULQJDEURDGHUDSSOLFDWLRQ
WRGLYHUVHGDWDGRPDLQV


$&.12:/('*0(176

7KLV UHVHDUFK LV MRLQWO\ IXQGHG E\ WKH $XVWUDOLDQ 5HVHDUFK
&RXQFLO $5& /3   WKH 8QLYHUVLW\ RI 1HZ 6RXWK
:DOHV 816: DQGWKH(PHUJHQF\,QIRUPDWLRQ&RRUGLQDWLRQ
8QLW (,&8 7KHDXWKRUZLVKHVWRWKDQN7LP6WXEEV et al.IRU
LQIRUPDWLYH GLVFXVVLRQ UHJDUGLQJ WKH 0XUUD\ 'DUOLQJ %DVLQ DW
WKH'DWD9LVXDOL]DWLRQ:RUNVKRS816:6\GQH\1RY
 5()(5(1&(6
>@ ( 7XIWH (QYLVLRQLQJ ,QIRU P DWLRQ &KHVKLUH &RQQHFWLFXW
86$*UDSKLFV3UHVV
>@ ( 7XIWH 7KH 9LVXDO ' LVSOD\ RI 4XDQWLWDWLYH ,QIRU P DWLRQ
&KHVKLUH&RQQHFWLFXW86$*UDSKLFV3UHVV
>@ * .UDPHU % :DONHU 7 %RQHEULJKW et al. The
6RQLILFDWLRQ 5HSRUW 6 WDWXV RI WKH ) LHOG DQG 5HVHDUFK
$JHQGD  3UHSDUHG IRU WKH 1DWLRQDO 6FLHQFH )RXQGDWLRQ E\
PHPEHUV RI WKH ,QW &RPPXQLW\ IRU $XGLWRU\ 'LVSOD\

>@ ' 6PLWK DQG % :DONHU ³7LFNPDUNV D[HV DQG ODEHOV
7KHHIIHFWVRIDGGLQJFRQWH[WWRDXGLWRU\JUDSKV´LQ 3URF
RI WKH WK ,QW &RQI RQ $XGLWRU\ ' LVSOD\  .\RWR -DSDQ

>@ . 1HVELWW ³&RPSDULQJ DQG UHXVLQJ YLVXDOLVDWLRQ DQG
VRQLILFDWLRQ GHVLJQV XVLQJ WKH 06WD[RQRP\´ LQ 3URF RI
WKHWK ,QW &RQIRQ$XGLWRU\ ' LVSOD\ 6\GQH\$XVWUDOLD

>@ % :DONHU DQG * .UDPHU ³0DSSLQJV DQG PHWDSKRUV LQ
DXGLWRU\ GLVSOD\V DQ H[SHULPHQWDO DVVHVVPHQW´ $ & 0
7UDQV RQ $SSOLHG 3HUFHSWLRQ YRO  QR  SS 
2FWREHU
>@ & 0F&RUPLFN DQG - )ORZHUV ³3HUFHLYLQJ WKH
UHODWLRQVKLS EHWZHHQ GLVFUHWH DQG FRQWLQXRXV GDWD D
FRPSDULVRQ RI VRQLILHG GDWD GLVSOD\ IRUPDWV´ LQ 3URF RI
WKHWK ,QW &RQIRQ$XGLWRU\ ' LVSOD\ 0RQWUpDO&DQDGD

>@ .%HLOKDU]DQG6)HUJXVRQ³$QLQWHUIDFHDQGIUDPHZRUN
GHVLJQIRULQWHUDFWLYHDHVWKHWLFVRQLILFDWLRQ´LQ 3URFRIWKH
WK ,QW &RQI RQ $XGLWRU\ ' LVSOD\  &RSHQKDJHQ
'HQPDUN
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>@ % :DONHU DQG 0 1HHV 7KHRU\ RI 6RQLILFDWLRQ 7KH
6RQLILFDWLRQ+DQGERRN7+HUPDQQHGSS%HUOLQ
*HUPDQ\/RJRV9HUODJ
>@ 6 )HUJXVRQ : 0DUWHQV DQG ' &DEUHUD 6WDWLVWLFDO
6RQLILFDWLRQ IRU ([SORUDWRU\ 'DWD $QDO\VLV 7KH
6RQLILFDWLRQ + DQGERRN  7 +HUPDQQ HG SS 
%HUOLQ*HUPDQ\/RJRV9HUODJ
>@ ( %UD]LO DQG 0 )HUQVWU|P $XGLWRU\ ,FRQV 7KH
6RQLILFDWLRQ + DQGERRN  7 +HUPDQQ HG SS 
%HUOLQ*HUPDQ\/RJRV9HUODJ
>@ 0 .U]\ZLQVNL - 6FKHLQ , %LURO et al. ³&LUFRV DQ
LQIRUPDWLRQ DHVWKHWLF IRU FRPSDUDWLYH JHQRPLFV´ *HQRP H
5HVHDUFKYROQRSS
>@ ' &RQVWDQWLQH ³&ORVHXSV RI WKH JHQRPH VSHFLHV E\
VSHFLHVE\VSHFLHV´ 1HZ<RUN7L P HVSS)-DQ
>@ ' 'XQFDQ ³:HOFRPH WR WKH IXWXUH´ &RQGH 1DVW
3RUWIROLRSS1RYHPEHU
>@ (2VWUDQGHU³*HQHWLFVDQGWKHVKDSHRIGRJV´ $ P HULFDQ
6 FLHQFH YROSS
>@ & =LPPHU ³1RZ WKH UHVW RI WKH JHQRPH´ 1HZ <RUN
7L P HVSS'1RYHPEHU
>@ $ .R]LN 0 $ 0DUUD DQG 5 0LFKHOPRUH
³*HQRPH3L[HOL]HU  D YLVXDOL]DWLRQ SURJUDP IRU
FRPSDUDWLYH JHQRPLFV ZLWKLQ DQG EHWZHHQ VSHFLHV´
%LRLQIRU P DWLFVYROQRSS
>@ 6 (NGDKO DQG ( 6RQQKDPPHU ³&KURPR:KHHO D QHZ
VSLQ RQ HXNDU\RWLF FKURPRVRPH YLVXDOL]DWLRQ´
%LRLQIRU P DWLFVYROQRSS
>@ 1 'DU]HQWDV ³&LUFROHWWR YLVXDOL]LQJ VHTXHQFH VLPLODULW\
ZLWK &LUFRV´ %LRLQIRU P DWLFV YRO  QR  SS 

>@ 6 $OWVFKXO et al. ³%DVLF ORFDO DOLJQPHQW VHDUFK WRRO´ -
0ROHFXODU%LRORJ\YROSS
>@ 7 2¶%ULHQ $ 5LW] % 5DSKDHO et al. ³*UHPOLQ DQ
LQWHUDFWLYH YLVXDOL]DWLRQ PRGHO IRU DQDO\]LQJ JHQRPLF
UHDUUDQJHPHQWV´ , ( ( ( 7UDQV RQ 9LVXDOL]DWLRQ
DQG&RPSXWHU* UDSKLFVYROQRSS
>@ 7 +DUULV et al. ³:RUP%DVH D FURVVVSHFLHV GDWDEDVH IRU
FRPSDUDWLYH JHQRPLFV´ 1XFOHLF $FLGV 5HVHDUFK YRO 
SS
>@ 6 :RQ ³$XGLWRU\ GLVSOD\ RI JHQRPH GDWD KXPDQ
FKURPRVRPH ´ LQ 3URF RI WKH WK ,QW &RQI RQ
$XGLWRU\' LVSOD\/LPHULFN,UHODQGSS
>@ - 'XQQ DQG 0 &ODUN ³/LIH 0XVLF WKH VRQLILFDWLRQ RI
SURWHLQV´ /HRQDUGRYROQRSS
>@ 5 5DPOROO : <X 6 %UHZVWHU et al. ³&RQVWUXFWLQJ
VRQLILHG KDSWLF OLQH JUDSKV IRU WKH EOLQG VWXGHQW ILUVW
VWHSV´ LQ 3URF RI WKH WK ,QW $ & 0 &RQI RQ
$VVLVWLYH7HFKQRORJLHV$UOLQJWRQ86$
>@ - 5REHUWV et al. ³9LUWXDO KDSWLF H[SORUDWRU\ YLVXDOL]DWLRQ
RI OLQH JUDSKV DQG FKDUWV´ LQ 3URF RI WKH &RQI
RQ6WHUHRVFRSLF ' LVSOD\V DQG 9LUWXDO 5HDOLW\ 6\VWH PV
,; 6DQ-RVH&$86$SS
>@ /%URZQ6%UHZVWHU55DPOROO et al.³%URZVLQJPRGHV
IRU H[SORULQJ VRQLILHG OLQH JUDSKV´ LQ 3URF RI WKH WK
%ULWLVK+ & ,&RQI./RQGRQ8.SS
>@ / %URZQ DQG 6 %UHZVWHU ³'UDZLQJ E\ HDU LQWHUSUHWLQJ
VRQLILHG OLQH JUDSKV´ LQ 3URF RI WKH WK ,QW &RQI RQ
$XGLWRU\' LVSOD\%RVWRQ86$
>@ , 'RXVK et al. ³0DNLQJ 0LFURVRIW ([FHO PXOWLPRGDO
SUHVHQWDWLRQ RI FKDUWV´ LQ 3URF RI WKH WK ,QW &RQI RQ

>@
>@

>@
>@
>@

>@
>@
>@

>@
>@
>@

>@
>@

>@
>@
>@

>@
>@
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&RPSXWHUV DQG $FFHVVLELOLW\ $ & 0 6 , * $ & & ( 66 
3LWWVEXUJK86$
% :DONHU DQG - &RWKUDQ ³6RQLILFDWLRQ 6DQGER[ D
JUDSKLFDO WRRONLW IRU DXGLWRU\ JUDSKV´ LQ 3URF RI WKH WK
,QW&RQIRQ$XGLWRU\' LVSOD\%RVWRQ86$
% 'DYLVRQ DQG % :DONHU ³6RQLILFDWLRQ 6DQGER[
UHFRQVWUXFWLRQ VRIWZDUH VWDQGDUG IRU DXGLWRU\ JUDSKV´ LQ
3URFRIWKHWK,QW &RQIRQ$XGLWRU\ ' LVSOD\ 0RQWUHDO
&DQDGDSS
/%URZQ et al.³'HVLJQJXLGHOLQHVIRUDXGLRSUHVHQWDWLRQ
RI JUDSKV DQG WDEOHV´ LQ 3URF RI WKH WK ,QW &RQI RQ
$XGLWRU\' LVSOD\%RVWRQ86$SS
. )UDQNOLQ DQG - 5REHUWV ³3LH FKDUW VRQLILFDWLRQ´ LQ
3URF RI WKH WK ,QW &RQI RQ ,QIRU P DWLRQ 9LVXDOL]DWLRQ 
SS
5 5DPOROO 6 %UHZVWHU : <X et al. ³8VLQJ QRQVSHHFK
VRXQGV WR LPSURYH DFFHVV WR ' WDEXODU QXPHULFDO
LQIRUPDWLRQ IRU YLVXDOO\ LPSDLUHG XVHUV´ LQ 3URF RI WKH
% & 6, + 0+ & , /LOOH)UDQFHSS
7 6WRFNPDQ ³7KH GHVLJQ DQG HYDOXDWLRQ RI DXGLWRU\
DFFHVV WR VSUHDGVKHHWV´ LQ 3URF RI WKH WK ,QW &RQI RQ
$XGLWRU\' LVSOD\6\GQH\$XVWUDOLD
76WRFNPDQ³,QWHUDFWLYHVRQLILFDWLRQRIVSUHDGVKHHWV´LQ
3URFRIWKHWK,QW &RQIRQ$XGLWRU\ ' LVSOD\ /LPHULFN
,UHODQG
* &ROHPDQ et al. ³$SSURDFKHV WR DXGLWRU\ LQWHUIDFH
GHVLJQ  OHVVRQV IURP FRPSXWHU JDPHV´ LQ 3URF RI WKH
WK ,QW &RQI RQ $XGLWRU\ ' LVSOD\  /LPHULFN ,UHODQG
SS
7%DUUL³9HUVXPDXGLRYLVXDOFRPSRVLQJLQ'´LQ 3URF
RI WKH WK ,QW &RQI RQ $XGLWRU\ ' LVSOD\  &RSHQKDJHQ
'HQPDUN
0 *ULPVKDZ ³6RXQG DQG LPPHUVLRQ LQ WKH ILUVWSHUVRQ
VKRRWHU´ LQ 3URF RI WKH ,QW &RQI RQ &RPSXWHU * D P HV
& * D P HV /D5RFKHOOH)UDQFH
6 /H*URX[ et al. ³955R%RVHU UHDOWLPH DGDSWLYH
VRQLILFDWLRQ RI YLUWXDO HQYLURQPHQWV EDVHG RQ DYDWDU
EHKDYLRU´ LQ 3URF RI WKH &RQI RQ 1HZ ,QWHUIDFHV IRU
0XVLFDO([SUHVVLRQ1HZ<RUN86$SS
91JX\HQ³7RQDO'LV&RGLVVRQDQFHDQGFRQVRQDQFHLQD
JDPLQJHQJLQH´LQ 3URFRIWKHWK,QW &RQIRQ$XGLWRU\
' LVSOD\%XGDSHVW+XQJDU\
- 0RORQH\ DQG / +DUYH\ ³9LVXDOL]DWLRQ DQG
DXUDOL]DWLRQ RIDUFKLWHFWXUDOGHVLJQLQDJDPHHQJLQHEDVHG
FROODERUDWLYHYLUWXDOHQYLURQPHQW´LQ 3URF RI WKH WK ,QW
&RQIRQ,QIRU P DWLRQ9LVXDOLVDWLRQSS
6 0DOLQRZVNL +DUPRQLF &RORULQJ %DVHG RQ WKH 3HUIHFW
)LIWKKWWSZZZPXVDQLPFRPPDPSILIWKKWP
&6,52:DWHU$YDLODELOLW\LQWKH0XUUD\'DUOLQJ%DVLQ
 6HH ³$SSHQGL[ $ 6XUIDFH ZDWHU DYDLODELOLW\ DQG
XVH´SSKWWSZZZFVLURDXILOHVILOHVSRQSGI
3 6DUDL\D & 1RUWK DQG . 'XFD ³$Q LQVLJKWEDVHG
PHWKRGRORJ\IRUHYDOXDWLQJELRLQIRUPDWLFVYLVXDOL]DWLRQV´
, ( ( (7UDQVRQ9LVXDOL]DWLRQDQG &R PSXWHU * UDSKLFV YRO
QRSS
&1RUWK³7RZDUGPHDVXULQJYLVXDOL]DWLRQLQVLJKW´ ,( ( (
&RPSXWHU* UDSKLFVDQG$SSO YROQR
7 / %RQHEULJKW DQG - + )ORZHUV (YDOXDWLRQ RI
$XGLWRU\ 'LVSOD\ 7KH 6RQLILFDWLRQ + DQGERRN  7
+HUPDQQ HG SS  %HUOLQ *HUPDQ\ /RJRV
9HUODJ
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ABSTRACT

This paper introduces tweetscapes1 , a system that transforms
message streams from Twitter in real-time into a soundscape
that allows the listener to perceive characteristics of Twitter
messages such as their density, origin, impact, or how topics
change over time. Tweetscapes allows the listener to be
in touch with the social platform/medium Twitter and to
understand its dynamics. We developed tweetscapes with
and for the Sound Art department of the Germany-wide radio
program Deutschlandradio Kultur where the sonifications
are now broadcasted several times per week for a few minutes
since October 2011. The goal was to create a new sense of
media awareness and an example of how sound can support
monitoring applications differently than mere alarms. This
paper introduces the methods, the ideas, the design, the
sounds, and it discusses our experiences with, and novel
interaction possibilities offered by tweetscapes.

Figure 1: Screenshot of the #tweetscapes media stream at
http://tweetscapes.de (2012-01-18): arrows show replies,
#hashtags occur at the location of the tweet.

1. INTRODUCTION
One of the major advantages of sonification is that it enables
the communication of information without requiring any
visual attention and thus without any interference with a
visual task. This makes sonification not only highly attractive
for process monitoring tasks, (see [1]), where a process is to
be followed while engaged into another primary task, or for
information displays for the visually impaired who cannot
access any visual information (e.g. see [2]), but also for radio
broadcasts where there is simply no visual channel.
Since sonification can convey complex and detailed information, and we live in a decade of steadily growing information spaces, it is astonishing that it is nowadays so rarely
used in established radio formats. To our knowledge the first
regular use of sonification in a radio program was broadcasting auditory weather forecasts2 , a system introduced
in [3] that represented many details of the expected weather
1 offical

name: ’#tweetscapes’; we omit the ’#’ to increase readability
title: ‘Die Wettervorhörsage’

2 German
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(e. g. temperature, humidity, precipitation, wind, etc.) and
its expected change over time for the next 24 hours in a 12
seconds soundscape, tuned to convey quickly and without
the detour via language processing a good impression of how
the weather is going to be like. From that project we learned
that sonification in radio faces the particular challenge that
sound needs to be as self-explanatory as possible and that the
sonifications will be heard in many different contexts such
as in the car, during work, in noisy environments – which
imposes specific constraints on the sonification design.
As partnership and cooperation between Deutschlandradio Kultur and the Ambient Intelligence group at CITEC, we
decided to create a new series called Sonarisations, where
sonifications will be featured within the nationwide radio
program Deutschlandradio Kultur. The given way of embedding the sonifications into the program – as gap filler between
broadcasts and the news – provided some constraints for the
selection of the domain as outlined in detail in Section 8. Furthermore we agreed that the tight cooperation of sonification
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scientists and artists/sound designers would be required.
Tweetscapes is the first and pilot project to establish and
kick-off the series of Sonarisations. We conducted a workshop and presentation with support from Sam Auinger and
Martin Supper at UdK Berlin (sound studies/acoustic communication) and decided subsequently to follow the second
authors’ proposal to create a real-time sonification of Twitter
traffic. The proposal was then jointly elaborated in tight dialogue between the involved artist and sonification scientist,
the process, interesting in itself and discussed in [4], will only
be referred to occasionally in this paper. The resulting soundscape aimed to be both aesthetically interesting and useful
as a sonification, i.e. key principles for sonification such as
reproducibility, precise algorithmic transformation [5] are
respected.
Twitter serves as a good example for communication
networks where complex interactions between agents have
shifted from the real world to the virtual/digital realm; as a
whole the network shows an an overall behavior which is
difficult to grasp, if at all, from merely looking at few tweets.
How do individual messages lead to tweet avalanches which
become trending topics? How does the Twitter community
respond to events in the worlds, ranging from simple events
like the onset of advertisement breaks in the big German
TV shows to breaking news? How can sound provide a new
level of experience of the digital medium? and how can we
best make sonification more widely known and accepted as
medium? Tweetscapes follows these questions and furthermore showcases an interdisciplinary experiment between
media, auditory display research and sound arts. This paper
aims at explaining the sonification side as the main focus,
but the other aspects will be touched on as well.
We start with a short introduction into the social communication medium Twitter and summarize the key phenomena
that we find relevant. This leads us in Section 3 to the goals
and design ideas of tweetscapes. In Section 5 we introduce
the sonification methods stream by stream. For the website,
we worked on an audiovisual stream (Section 6) where the
synchronization of visual and auditory events helps to better
understand the data. Section 7 provides and comments on
different tweetscapes for typical activity patterns. Finally, we
address some practical issues and share our experience when
integrating tweetscapes to the radio program of Deutschlandradio Kultur.
2. TWITTER — MICRO-BLOGGING DATA
STREAMS
Twitter is a social networking service that allows users to
send tweets: short text messages of up to 140 characters.
It has grown since 2006 to a globally known service. Registered users can follow the tweets of other users and thus
become ‘followers’. Topics are set by using hashtags which
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are simply words prefixed with the # symbol. Instead of
watching the posts of users they follow, users can also query
the Twitter stream for specific keywords and thus use Twitter
as a news filter. According to wikipedia, Twitter has 140 million users3 . The amount of information per day is incredible
and difficult to understand as a whole from the microscopic
views that the standard interfaces offer.
3. TWEETSCAPES: GOALS AND DESIGN IDEA
Tweetscapes follows several goals on different levels: from
the perspective of sonification research, the goal was to make
the idea of sonification more publicly known by integrating it
into the regular radio program. From the perspective of radio
makers, it should be aesthetically interesting and surprising,
and touch a subject that is of public and cultural interest. The
real-time sonification of Twitter traffic was a topic that is
compatible with these different goals.
The key design idea is to create a soundscape that involves several sound streams, similar to the sound- (or land-)
scapes that surround us in real environments. They typically have a foreground, middle- and background. Likewise,

trending topic background
#hashtag stream
chit chat: activity stream
Replies stream

whis
per

Figure 2: Sonic streams of #tweetscapes: salient hashtag
events dominate a multi-stream background with activity,
replies and topic streams.
tweetscapes represents the Twitter activity in several auditory
streams: (a) chit chat is a stream where all tweets occur that
are neither replies nor have hashtags, (b) replies is a stream of
sonic events for public tweets exchanged by users, (c) hashtag events form the acoustic foreground stream where distinct topics become clearly audible, and finally (d) a topic
stream makes the three most trending topics continuously
perceivable as a background stream.
Apart from (d), all streams consist of individual sound
events which are caused by tweets and thus are a true 1:1
3 on March 21, 2012, see Section on growth on
http://en.wikipedia.org/wiki/Twitter
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representation of the event-like communication in Twitter.
(a), (b), and (c) provide different filters or views. The sound
events are chosen from a huge library of with different sonic
material of large variation (as explained below) so that the
overall sonic shape becomes acoustically rich. Finally the
overall activity is estimated by a some features such as the
average frequency of tweets. This parameter is used to influence the sound on many levels, such as sound effects, global
parameters and post-processing.

feature
realtimestamp
created_at
is_a_reply
RT_count
text
user_followers_count

4. PRE-PROCESSING OF TWITTER DATA
Twitter can be accessed through the Streaming-API4 . This
returns all tweets matching the particular query parameters
in real-time. It is possible to filter by user names, keywords
or location. The query is transmitted by a parameter in the
HTTP5 request. Twitter doesn’t terminate the connection but
sends new, matching tweets in real-time.
Unfortunately, there is no way to query tweets according
a particular language. A series of tests showed that only
0.33 tweets per second are labeled with location information.
This issue is solved by logging tweets with a very generic
search query over a long time period. Based on this data the
word frequency is analyzed regarding words from German
users and non-German users. This results in a word list filled
with words which are mostly used in German language.
Due to performance issues Twitter limits the rate of results on highly general search queries. To cope with these
limits and collect nonetheless as complete as possible the
German Twitter traffic, we created a restricted word list. The
challenge is to filter these and suppress as good as possible
the non-German tweets that may appear since words on the
list are identical with words in other languages. This is also
taken into account with the word list selection.
Every transmitted tweet is encoded as JSON6 and contains approximately 54 parameters7 , which are related to
the tweet or its sender. These characteristics are filtered,
processed and enhanced as follows:
The location is important, especially for the visualization
(see Section 6, below). If no location is set in the tweet
the program takes a guess of coordinates based on location
settings in the user preferences. If this is not successful a
random position on the German map is created and cached
based on user ID for a short time period so that repeated
tweets from that user appear at the same location.
The hashtags need particular attention: A counter is
incremented for every occurring hashtag h. The relative
occurrence estimates the current popularity of the hashtag.
The value is updated every 10 s by mh = λmh + (1 −
4 https://dev.twitter.com/docs/streaming-api/
5 http://tools.ietf.org/html/rfc2616
6 http://www.json.org/

7 https://dev.twitter.com/docs/api/1/
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user_statuses_count
RT_created_at
RT_statuses_count
RT_followers_count
weekday
sec_since_midnight
mood
question
longitude
latitude
tophashtag
relative_rating
tweet_id
RT_tweet_id

description/ type
absolute time of tweet (by tweetscapes)
float, ms since 2011-08-01
absolute time of tweet (by Twitter)
float, ms since 2011-08-01
flag if tweet is a reply to another
integer (0/1)
number of retweets
integer, upper limit 100
chars of tweet text
integer
followers of User
integer
count of tweets from User
integer
seconds since retweeted status
integer, sec (default 0)
count of tweets from retweeted user
integer (default 0)
count of followers from retweeted user
integer (default 0)
current weekday
integer (mon=0)
seconds since midnight
integer, sec
mood of tweet (guessed by emoticons)
integer
number of question marks
integer
longitude of Tweet
float (default random)
latitude of Tweet
float (default random)
best rated hashtag used in Tweet
string (default " ")
best rated hashtag / current top hashtag
float (default 0)
ID of this tweet
string
ID of retweeted tweet
string (default " ")

Table 1: Extracted Features that characterize tweets in
#tweetscapes.

λ)Nh , where Nh is the number of occurrences over the
past 10 seconds. We set λ of this ‘leaky integrator’ to get
a half-life value of 5 minutes. This results in a dynamic
ranking of all incoming hashtags. A ranking of the top 20
popular keywords is continuously extracted and sent to the
visualization and sonification modules.
Additionally many more characteristics are processed,
starting from simple metrics such as the number of followers
of a user (followers count), retweet count of a tweet or character count of the tweeted message towards more complex
parameters such as the time difference between a tweet and
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later retweets, or ‘mood detection’ via the emoticons contained in tweets. Table 1 gives a complete overview of all
extracted features. Finally, and very relevant for tweetscapes,
statuses and users are filtered by a blacklist and identical
tweets are blocked in a given time period to avoid spam.
These preprocessing results in 20 features which are encoded in Open Sound Control8 (OSC) messages sent to the
visualization and sonification modules. To allow multiple applications to access the data (debug, visuals, sound, logging,
. . . ) the stream is not sent – as designed by OSC – over UDP
but using a TCP connection. This enables the encapsulation
into multiple servers and a clean interface between the different parts. The OSC processing applications usually require
UDP packets, so a reliable proxy is used for parsing OSC
packets out of the TCP stream and to translate them back to
UDP.

used according to the tweet’s feature value. In this way, we
automatically encode a data feature as a coherent auditory
unit. For instance, the sample selection is driven by the
number of followers of the tweet writer. Since tweets have
obviously a higher impact depending on that feature, this
‘impact’ becomes literally perceivable as keystroke impact,
which manifests in correlated level, brightness, complexity,
duration etc. Technically this method can be regarded as a
parameterized auditory icon [6] approach, yet the parameterization is here not achieved by a complex synthesis but via a
table look-up. The term ‘Sound Font’ can be used for this
battery of ordered samples.
In a nutshell the mapping11 to sonic features is:
• impact (couples attack, level, timbre, etc., achieved
via data-driven sample selection in ordered sample set
[0,19]) ← user_followers_count.

5. SONIFICATION METHODS FOR THE
TWEETSCAPES SOUND STREAMS

• stereo panning [left, right] ← longitude [eastern, western edge of Germany], i.e. stereo position is as if the
listener would be located in the center of Germany.

We will now discuss the sound streams and explain why
and how the tweet features control the parameters of the
sound events. Please navigate to http://tweetscapes.de9 to
familiarize yourself via the real-time stream with the sounds.
As outlined in Section 3, the sonification contains four sound
streams which we introduce next.

• reverberation [dry, wet] ← distance [0, 1000 km] from
the center of Germany

5.1. The chit-chat stream
As tweets are events, the most straightforward idea is to take
a 1:1 manifestation of tweets as sound events. This resembles the Geiger counter that represents individual radioactive
events as sound grains. Likewise a direct event sonification
creates perceptual units on a higher level, such as the perception of momentary density and its change, of rhythms
and waves. Beyond that, with the event sounds conveying
details of the tweets, temporal patterns emerge that may become auditory gestalts. Our first attempt for such a granular
texture of event actually used chirped sine tones to create a
soundscape similar to literally twittering birds. Two sound
examples are provided at our website.10 Obviously, the bird
sounds fill the sound space quite intensively. For that reason
we considered other timbre spaces. We finally decided to use
highly transient, non-pitched, short sounds. As sound source
material we chose 8 sample sets of each 20 sounds from the
area of communication, including single typewriter events,
computer keystrokes, morse keys and relay clicks. Instead
of modulating or manipulating features of single sounds, we
decided to start from ordered set of sounds, (e.g. keystroke
recordings at increasing force) and select the sample to be
8 http://opensoundcontrol.org/
9 english

10

version at http://tweetscapes.de/?lang=en
http://techfak.uni-bielefeld.de/ags/ami/publications/HNEBG2012-TRT
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• delay time decreases, and delay feedback increases
with increasing RT_count, so that retweets can be
recognized by their echo effect.
• sample set selection [complex, tiny] ← global activity [low, high], i. e. during lower activity the higher
sparseness allows the program to select more complex
sounds.
The algorithm is prepared to work with N -channel audio
systems so that beyond a stereo panning also the latitude
is properly mapped. Sound example S3 demonstrates chitchat events for two single tweets, one near east, the second
far away in the south. S4 contains two retweets, the first
with RT_count = 30, the second with > 100. The spatial
drift represents the spatial difference between the original
tweet and the retweet location. Sound example S5 contains 5 selected chit-chat events with increasing impact (i. e.
user_follower_count) Finally, sound example S6 is a typical
chit-chat stream for German Twitter traffic.
5.2. The Replies sound stream
Replies are part of the public conversation at Twitter, but they
are usually directed at a specific person. They should stand
out of the chit-chat stream and have their own character and
timbre so that listeners can perceive the ratio of non-replies
tweets to replies from their occurrence frequency. A good
metaphor is that of whispering. Similarly to the sound font
11 reported as sound parameter [min., max.] ← data feature [min., max.],
using a linear mapping if not otherwise stated.
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approach for chit-chat, here some longer samples of whispering are used where the whispering style gets more and
more excited and faster with time. The length of a reply in
characters is then mapped to the onset in this buffer to extract
a snippet of appropriate whispering density that is further
processed to deliver the reply sound event. Thereby longer
replies sound more excited and faster without becoming
unnatural.
Technically this method can again be regarded as a parameterized auditory icon mapping, but different from the
approach in the chit-chat stream with discrete events in a
sound font, we here realize a continuous selection process.
While the actual psychophysical judgments of excitement
may not increase strictly monotonously due to gaps and the
details in the recorded whispering, the general trend will be
dominating. The additional mappings are:

sample library with sounds from all areas of life, and (ii)
details such as what snippet is extracted from the file and
how it is distorted so that we obtain a very specific sound
event for that hashtag. There is no easy way of generating a
steady mapping between strings and sounds, so the hashtag
#icad may sound very different from #icad2012. There is no
underlying semantic analysis or categorization of words into
classes such as economy, leisure, etc. Such extensions may
be considered for specific continuations of the project.
Specifically the hashtag sound events are processed further using the following mappings:

• sample file selection ← mood estimation, from :-) via
:-| to :-( and nr. of ‘!’ in the tweet.

• delay, reverb, panning ← are consistent with chit-chat
mappings.

• granular synthesis (sample, trigger rate, grain duration,
etc.) ← hash(hashtag)
• sonority (how pitched vs. noise-like, via sample selection) ← ratio of consonants to hashtag length [0,1]

• position in sample (degree of excitement) [begin, end]
← length of the tweet [0, 140 characters]

• duration of hashtag events increase with decreasing
global average activity (tweets per minute)

• The position and reverberation is consistent with the
mappings for chit-chat events explained above.

Perceptually, hashtag events stand out and appear as if in the
foreground. Their unpredictability results in an element of
surprise and should make listening to tweetscapes interesting
even if there is no explicit interest to listen to it as a sonification. On longer and frequent listening to tweetscapes,
users may remember and recognize certain sounds, such as
#google, or #ff (short for #followfriday) on Fridays. Thematic changes are typically so slow that it is difficult to
perceive them in continuous listening, but when listening to
tweetscapes on different times or days, qualitative changes
can be heard.
Sound example S8 and S9 are the hashtags for #papst
(pope) and #piraten (a political party in Germany)12 . Note
that ‘piraten’ has more vocals and is somewhat more resonant. An example Tweetscape with these hashtags is discussed later on.

Sound examples S7 contains a number of replies with increasing excitement (length of text). S8 contains a sequence
of replies with average text length and different mood. They
sound all neutral in space as they are the versions before any
further post-processing.
5.3. The Hashtag sound stream
Hashtags are the parts of the tweets which we consider as
relevant for judging the topics. Since hashtags can be freely
invented by any user, it is impossible to set up a catalogue of
possible strings and organize them in any meaningful way.
As the sonification needs to create a sound in real-time without any intervention and reviewing by an editor, the sound
needs to be synthesized from the string alone. Certainly, the
first thought is to use any sort of text-to-speech system, or,
to save time and avoid cluttering, to compress these spoken
words just as spearcons do [7]. However, this would turn
the sonification into a very verbal soundscape and possibly it
would fail to convey what the Twitter dialogue is about. Thus
we selected a more abstract way of encoding hashtags into
sound-tags, oriented along two principles: (a) whenever a
hashtag reoccurs, it has to be sonified by the identical sound
as the previous one, (b) the hashtags cover a huge variety
of sound events, just as words cover a huge variety of topics. Practically, we solve the problem by computing a hash
which is reproducible for any hashtag string, with low risk
that different strings result in the same hash value. We then
use this hash to determine (i) a sound file in an extensible
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5.4. The Dominant Topics sound stream
As explained in Section 4, a ranking of hashtag frequencies
is computed with a leaky integrator with 5 minute half-life.
The technique to condense event streams into more complex
events that represent aggregate properties was introduced
in [8] and coined Auditory Information buckets. The idea is
that a bucket collects information incrementally and flushes
a more complex sound once the bucket is full. Here we take
inspiration from this tipping bucket idea to define analogue
structures that gather information about the dominance of
topics. Only the three most filled collectors are selected for
further sonification. Instead of a complex event localized
12 as

of Oct 2011, the algorithm has been refined meanwhile
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in time we here create a continuous background sound that
represents the hashtag sound as a stationary soundscape, so
that the acoustic space is soaked with the idea of that topic.
Certainly, this topic sound is the same as the corresponding
hashtag, but using granular synthesis looped into a stationary
pattern. Sound examples S10 and S11 present the corresponding topic sounds for the hashtags #papst and #piraten
discussed in the previous section. To avoid a permanent
overfilling of the sonic space with these topic sounds for the
first 3 ranked topics, they are furthermore only added when
they exceed a certain frequency (resp. counter value). The
detailed mappings are:
• stereo panning [left, center, right] ← rank [2, 1, 3]
• level ← frequency counter [fmin , fmax ], −∞ below
a threshold fmin
5.5. Putting streams together
It is a difficult design task to tune all parameters and source
sounds so that the individual streams work together as a coherent soundscape. Here particular effort was invested by the
second author. The tweetscapes were first tuned according
to our observation that the number of tweets rarely exceeded
5 per second using our filters. Sound example S12 is an
example tweetscape with these data. However, modifications
on the data interface to better capture the full German Twitter
traffic led to an increase of the data volume per minute. In
consequence a retuning was necessary since the soundscape
became too densely filled. Sound examples S13 and S14 are
two different versions for this more dense Twitter traffic. The
solution to better cope with the available sonic space in time
was to use the global activity (as already introduced above)
to select the complexity and duration of events. This leads
to less intrusive sounds once the intensity increases, as can
be heard in sound example S14. From a sonification standpoint this procedure is debatable, since it breaks with the
persistence of information. If we assume, however, that the
main information lies in the level, frequency, echoes, reverberations and location, and we know that the density-driven
selection process is reliable and reproducible we may simply
adapt our listening habits and understand the soundscape
correctly.
As a further extension we had considered including short
verbal utterances that simply ‘speak’ a hashtag from time to
time, at least on of the dominant topics. However, the speech
synthesis lacked sufficient quality and robustness, given that
hashtags are not necessarily words that can be spoken (e.g.
#ff or #s21). So we canceled this path, yet it would probably
be something valuable to consider for special application,
such as for instance if visually impaired users showed an
interest in using tweetscapes.
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6. TWEETSCAPES VISUALIZATION
A frequent question that came from listeners who were first
confronted with tweetscapes was ‘what do the sounds actually mean?’, ‘what topics are discussed right now?’. We
made clear that this is beyond the scope of the sonification
and information we actively decided not to give. For the
website at tweetscapes.de, fortunately the visual composer
and 4th author Tarik Barri joined the team and created a
real-time visual display (using his Versum [9]) that allows
much better to connect the hashtag sounds with a particular meaning. The visual display shows the frontier line of
Germany on a black background and dynamically creates
colored light flashes at the location of the tweet. Furthermore, if it is a tweet with hashtag(s), the strings appear as
text next to the light point. The synchronization of light and
sound has two effects: (a) sound draws the attention to visual
events, and (b) the textual display allows users to build up
an association between hashtag sounds and their meaning.
A particular feature is that replies to another tweet creates a
visual arrow between the locations. This allows users to see
how interconnected the Twitter space is.
7. TWEETSCAPES EXAMPLE SOUNDSCAPES
In this section we present three selected tweetscapes. The
videos S15, S16, S17 are all captured from the live stream.
S15 is a typical everyday activity. S16 represents a
tweetscape at night – this is a much less populated soundscape. Finally S17 is a Tweetscape at a specific event. More
detailed explanation will be given on the website with the
sound examples. Our general experience is that the visual
part is quite absorbing and draws the attention very much. So
we recommend listening to the tweetscapes also with closed
eyes, to investigate whether you can differentiate the situations by listening, or recognize or identify repeated topics.
8. EMBEDDING TWEETSCAPES INTO THE
RADIO PROGRAMME
Tweetscapes was tailored to a particular role within Deutschlandradio Kultur’s radio drama, documentary and sound art
program: In this department, productions rarely match the
precise length of their respective slots. The resulting time
gaps are usually filled with generic music to be faded out
when the news come in. In order to artistically shape this
gap, Deutschlandradio Kultur’s former sound art editor Götz
Naleppa introduced a special format in 1998: ‘Das Geräusch
der Monats’ (the noise of the month) were 5 minute sound
art compositions designed to be faded in and out at any
given time. This format was replaced by the Sonarisations
in October 2011.
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The piloting tweetscapes project meets the challenges of
this particular slot in many ways:
• since tweetscapes taps into a live data stream, it can
be faded in and out at ease
• Tweetscapes presents an artistic take on a topic of
general interest
• the elaborate sound design makes tweetscapes equally
accessible as a musical composition for a larger public
and as a carrier of relevant information for experts
Embedding tweetscapes into the structures of Deutschlandradio Kultur required a number of thorough preparations.
First, the concept needed to be communicated within the
hierarchy and different departments concerned. The risks of
real-time rendition, with unpredictable sound output needed
to be tackled, both in terms of reliability (i. e. what if the
synthesis fails?) and quality (i. e. what if Twitter traffic develops so that the tweetscape is unacceptable?). Furthermore,
the embedding demanded significant technical infrastructure,
from setting up a dedicated computer with the high security
standards inside the intranet of the broadcasting station, to
procedures to backup and access for maintenance.
Once these steps were taken, the integration into daily use
required the production of programs explaining the purpose
and idea of the project, as well as the setup of a project
website, the edition of short texts for moderators to read
before tweetscapes are played, etc.
Finally, the relaunch of tweetscapes.de with the audiovisual live stream challenged the means of a public broadcaster
in terms of supporting online projects. However, the website
and visualization have proven perfectly complementary to
the sound stream, offering greater transparency and accessibility for a wide range of users.
9. DISCUSSION
With tweetscapes, we have – for the first time – established
sonification into the regular program of a national broadcasting station. This project allowed us to learn many lessons
on many levels. One level is the interdisciplinary communication: drawing together radio professionals, sonification
researchers and artists/composers proved to be highly beneficial both for the involved persons that appreciated the
different views and for the project since it offered to go beyond typical paths that probably would have been taken if not
the mutual negotiations helped us to find a view ‘in between’
the poles. Our take is that it is definitively worth the effort.
The second level is the one of sonification for public
media: we were surprised by the huge interest from media
and press to report about tweetscapes, in fact the project
launch event was highly visible due to press releases from
DPA and even made it to several nation-wide newspapers.

119

The reception of the project, however, showed a wide range
of comments, from ‘useful’ / ‘nice artwork’ to ‘waste of
time’. Only few recognized tweetscapes as an example of
sonification and understood the idea behind it, which is the
general idea to represent complex information reliably by
using non-speech sound. They related to tweetscapes more
as ‘making music from Twitter’. Mostly the question arose
‘What is the practical use of listening to tweetscapes?’ Indeed, the practical use is very limited – it is the idea that we
here wished to transport. Understanding the Twitter space as
such by listening is a new experience and that may or may
not be inspiring for the listener. When getting in contact
with public media, apparently there is the need and tendency
to break complex ideas down into the most basic and raw
concepts that anybody can connect with. This led to headlines such as ‘turning Twitter into music’, a phrase where
sonification researchers will probably disagree.
9.1. Interactive participatory radio-making
On another level we see the potential of tweetscapes to establish something really new in radio broadcasting: the ability
that radio listeners can via tweetscapes participate and influence the radio broadcast in real-time. This may on first sight
only appear to be a neat gimmick, yet on second sight, it may
allow completely new forms of radio shows. For instance,
imagine that the moderator can ask the audience what they
find most interesting to focus on – the radio listeners in turn
tweet their opinion using pre-determined hashtags, and they
can experience in real-time the distribution and frequency of
opinions of others. The moderator can then use this information to refine or adapt the program or to select the next
questions in an interview, etc. Tweetscapes thus provides not
only a new ‘unconventional view’ on Twitter, it opens and
suggests new forms of interactions in radio culture.
10. CONCLUSION
We have introduced tweetscapes, a real-time sonification
system that allows users to become aware of Twitter traffic by listening. We have reported the goals, design ideas,
methods, sonification streams, and played concrete examples
for the various elements in tweetscapes. The multi-stream
event-based sonification uses established parameter-mapping
techniques and less frequently used ideas such as sound fonts
and continuous sample selection for parameterized auditory
icons. We explained how tweetscapes has been integrated
into the regular program of Deutschlandradio Kultur and we
have shown an audio-visual extension (live stream) which is
featured on the project website. Finally we outlined some
new ideas of how tweetscapes could in future inspire new
forms of participatory interactive radio. Tweetscapes is the
pilot project for the continued series ‘Sonarisations’ that
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aims at making sonification publicly known by featuring its
possibilities in a nation-wide radio program.

(ICAD 2006), T. S. et al., Ed., ICAD. London, UK:
Department of Computer Science, QMC, University of
London, 2006, pp. 63–68.
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C&! #4! 2$?)5'&! 4<! 0! 60$'! 4<! :426;&2&#)0'1! $#()'52&#)(! $#! )8&!
(4#$<$:0)$4#! 24/&;! &$)8&'@! X5')8&'! 9&! 066;1! 0! 25($:0;! (:0;&! )4!
'&6'&(&#)! )8&! ;52$#0#:&! (:0;&! <'42! C;0:=! )4! 98$)&@!
A426;&2&#)0'1! $#()'52&#)(! )8&'&<4'&! 25()! ,50'0#)&&! :&')0$#!
:80'0:)&'$()$:(@! X$'()-! )8&1! 25()! 64((&((! 0! '&;0)$%&;1! ()0C;&!
<'&>5&#:1! (6&:)'52! 4%&'! )$2&@! 780)! 2&0#(! )80)! $#! )&'2(! 4<!
L77%#/;m&#%@;9387%"*;J&'&%8&(;(L56'"732&(&*C&'.6&(>Lm9JA-!0(!
(849#! $#! X$,@! LL! YCZ-! )8&1! (845;/! 80%&! 0! (84')! L77%#/;! 0#/!
m&#%@;-!0#!$#<$#$)&!9387%"*;(0#/!0!(84')!J&'&%8&;N$%8&@!74!0%4$/!
25)50;! 20(=$#,! 4<! $#()'52&#)(-! )8&$'! <'&>5&#:1! (6&:)'0! (845;/!
80%&! #0''49! C0#/9$/)8(! Y$@&@! ;$));&! #4$(&! :4264#&#)(Z@! F#!
0//$)$4#! )4! 066'46'$0)&! Lm9JI:80'0:)&'$()$:(-! )8&'&! 0'&! <5')8&'!
:'$)&'$0!)80)!0!(&)!4<!S!:426;&2&#)0'1!$#()'52&#)(!80(!)4!<5;<$;;U!
9&6%0%B"'"7@! &#(5'&(! )80)! $#()'52&#)(-! 0(($,#&/! )4! 0/V0:&#)!
:4;4'(!:0#!C&!:;&0';1!/$()$#,5$(8&/!&%&#!98&#!)8&1!0'&!6;01&/!0(!
2$?)5'&(@! 78$(! :'$)&'$4#! /4&(! #4)! #&&/! )4! C&! 2&)! C1!
:426;&2&#)0'1!$#()'52&#)(@!+&:4#/!9&!#&&/!n*"o3&*&88P(a%&#!
:426;&2&#)0'1! $#()'52&#)(! #&&/! )4! C&! 5#$>5&! &#45,8! )4! C&!
0((4:$0)&/! 9$)8! $)(! 60')$:5;0'! :4;4'@! X$#0;;1-! 9&! 90#)! )4! 20=&!
(5'&! )80)! 2$?)5'&(! 4<! $#()'52&#)(! /4! #4)! (45#/! ;$=&! 4)8&'-! #&9!
$#()'52&#)(@!X$,@!LL!Y0Z!(849(!45'!<$#0;!(&;&:)$4#!4<!$#()'52&#)(U!
A84$'!Y'&/Z-!C0,6$6&!Y1&;;49Z-! 4',0#!Y,'&&#Z-!()'$#,(!YC;5&Z!0#/!
<;5)&! Y98$)&-! C;0:=-! ,'01Z@! 78&! (4<)90'&! 0;;49(! 5(&'(! )4! 0(($,#!
49#! (&;&:)$4#! 4<! 6'&<&''&/! $#()'52&#)(@! 78&! (6&:$<$:! '4;&! 4<!
,'01I(:0;&-! C;0:=! 0#/! 98$)&! 9$)8! 4#;1! 4#&! $#()'52&#)! 9$;;! C&!
&?6;0$#&/!$#!)8&!#&?)!(&:)$4#@!!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!!!!!!!!!!!!!!Y0Z!!!!!!!!!!!!!!!!!!!!YCZ!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!Y:Z!!!!!!!!!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
X$,5'&!LQU!Y0Z!QG!(6;$#&@!YCZ!+02&!QG!(6;$#&!/&<4'2&/!,$%&#!^!
:4#)'4;!%0;5&(!#@!Y:Z-.'35&(9$%6&!p>$?8A!(:8&2&!0'45#/!1&;;49@!
!
hDQDRD!<$&(4.*#&67(.+(G9H;4.'.0(9.*"+"#%7".*(
P(! &?6;0$#&/! $#! (&:)$4#! \! )8&! G9H! :4;4'! 24/&;! /&(:'$C&(! 0!
:&')0$#!:4;4'!5($#,!85&!$-!0(!0#!0#,;&!<'42!dh!)4!R^dh-!;$,8)#&((!'!
0#/! (0)5'0)$4#! 8@! 78$(! :4;4'! $#<4'20)$4#! 4<! 0! 6$?&;! $(! ()4'&/! $#!
)8&!<$'()!)8'&&!&;&2&#)!4<!">=?@AP( $(b(2Q>=?@A?(8(b(2R>=?@A?('(b(2S>=?@A@!
f0(&/! 4#! 45'! $/&0! )4! 0(($,#! :426;&2&#)0'1! $#()'52&#)(! )4!
:&')0$#!85&(-!9&!(4#$<1!$#)&'2&/$0)&! :4;4'! )4#&(!0(! 2$?)5'&(! 4<!
)94! 0/V0:&#)!$#()'52&#)(-!0#/! '&6'&(&#)! )8&! :4;4'! 2$?)5'&!'0)$4!
C1!)8&$'!60')$0;!%4;52&@!78&!<0/&!4<!(0)5'0)$4#!8-!24%$#,!$#90'/!
)4!)8&! :&#)&'!4<!X$,@!LL!Y0Z-!$(! :4#($/&'&/!0(!0!,&#&'0;!0C(4;5)&!
/&:'&0(&! $#! %4;52&(! 4<! 0#1! )94! :4;4'! $#()'52&#)(! 6;01$#,!
($25;)0#&45(;1-!98$;&!)8&$'!'&;0)$%&!%4;52&!'0)$4#!$(!20$#)0$#&/@!
b49&%&'-!C&;49! 0!:&')0$#!)8'&(84;/!85"*( 9&! '&,0'/! )8&! :4;4'! 0(!
,'01!0#/!(4#$<1!$)!5($#,!0!($#,;&!$#()'52&#)-!)8&!<;5)&@!F#!,&#&'0;-!
,'01!$(!#4)!:4#($/&'&/!0!:4;4'-!0#/!)8&!G9H!24/&;!0(($,#(!$)!0#!
0'C$)'0'1! 85&! $( e! IL! 0#/! 0! (0)5'0)$4#! 8! e! d@! +)$;;-! 9&! <45#/! $)!
8&;6<5;! )4! 5(&! 0! (&60'0)&! $#()'52&#)! <4'! ,'01-! 98$:8! 60');1!
'&<;&:)(!)8&!<0:)!)80)!20#1!;0#,50,&(!80%&!0!(&60'0)&!#02&!<4'!$)@!
78&! ;$,8)#&((! '! 4<! ,'01! 4'! 0#1! 4)8&'! Y:42C$#0)$4#! 4<Z! :4;4'(! $(!
(4#$<$&/! 0(! )8&! 6$):8! 4<! )8&! )4#&@! 3'01! (:0;&! $20,&(-! )8&'&<4'&!
9$;;!C&! (4#$<$&/!0(!0! <;5)&!6;01$#,!0)! %0'1$#,!6$):8@!f0(&/! 4#!0!
25($:0;! (:0;&-! 0(! (849#! $#! X$,@! LL! Y:Z-! C;0:=-! 0(! )8&! ;49&()!
;$,8)#&((!%0;5&-!$(!0(($,#&/!)4!)8&!)4#$:!=&1#4)&-!98&'&0(!98$)&!
)4! $)(! 4:)0%&@! F#! C&)9&&#! )8&'&! 0'&! ($?! 984;&! )4#&(! 0#/! LL!
(&2$)4#&(@!X4'!80'24#$:!'&0(4#(!9&!4#;1!5)$;$T&!)8&!984;&!)4#&(!
4<!)8&!4:)0%&!0#/!206!&0:8!;$,8)#&((!%0;5&!'(C&)9&&#!d!0#/!L!)4!
4#&! 4<! )8&! &$,8)! )4#&(@! X5')8&'-! 9&! 0//! )8$'/(! )4! 0;;! ($?!
$#)&'2&/$0)&! )4#&(@! 78$(! :'&0)&(! 0! 24'&! :42<4')$#,! 0#/!
0&()8&)$:0;! '&(4#0#:&! 0#/! 4<<&'(! 0#! &;&,0#)! 901! )4! '&:4,#$T&!
98&)8&'!4#&!80(!'&0:8&/!)8&!)46!4'!C4))42!4<!)8&!(:0;&-!0(!)8&1!
0'&!6;01&/! 9$)845)!)8$'/(@!E)8&'9$(&-! 5(&'(!945;/!#&&/! 6&'<&:)!
6$):8!)4!'&:4,#$T&!C;0:=!0#/!98$)&@!D8&#!94'=$#,!9$)8!(:0;&(!$#!
.FGF-!&0:8!#4)&!80(!)4!C&!)'$,,&'&/!0#/!'&;&0(&/-!98$:8-!0,0$#-!
$(! 981! 0! %&'1! (84')! L77%#/;! 0#/! m&#%@;0#/! 0(! 9&;;! 0! (84')!
J&'&%8&;N$%8&! $(! &((&#)$0;! )4! 20$#)0$#! 0! :;4(&I)4I:4#)$#545(!
($,#0;@!F#!:4#)'0()-!2$?$#,!:4;4'(!4#!0!:4#()0#)!;52$#0#:&!)0=&(!
6;0:&! (4;&;1! 9$)8$#! )8&! 9387%"*( 6$%8&( <4'! 0'C$)'0'1! )$2&! I! )8&!
#4)&!$)(&;<!/4&(!#4)!:80#,&@!
hDQDSD!4%'#3'%7".*(.+(-.'35&(9$%6&8(
A0;:5;0)$#,!)8&!%4;52&(! 4<!$#()'52&#)(!$#!0!2$?)5'&!4<!(45#/(!
<4'! 0;;! $#)&'2&/$0)&! :4;4'(! $(! 0#! $#)&'64;0)$4#! 6'4C;&2@! +$26;&!
;$#&0'! YC0'1:&#)'$:Z! $#)&'64;0)$4#! 945;/! C&! )44! '&()'$:)&/!
C&:05(&!4#:&!)8&!4%&'0;;!%4;52&!4<!&0:8!$#()'52&#)!$(!(&)-!)8&'&!
945;/! C&! #4! 901! )4! :45#)&'0:)! )8&! /42$#0#:&! 4<! (42&!
$#()'52&#)(! $#! (42&! (6&:$<$:! 2$?)5'&(@! 78&'&<4'&-! 9&! 5(&! 7$"*(
6'%7&(86'"*&("*7&06.'%7".*(KRSM!C0(&/!4#!0!(&)!4<!:4#)'4;!64$#)(@!
78&!<5#/02&#)0;!$/&0!C&8$#/!)8&!2&)84/!$(!)8&!681($:0;!24/&;!
4<!0!<;0)!)8$#!2&/0;!6;0)&!0(!$#!X$,@!LQ!Y0Z!)80)!$(!/&<4'2&/!C1!0!
<&9! 65#:)50;! ()'0$#(-! 98$:8! 9&! 9$;;! :0;;! :4#)'4;! %0;5&(! #@! 78&!
6;0)&!$(!)80#!<4':&/!$#)4!0!#&9!<4'2!)80)!2$#$2$T&(!)8&!!
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!

!!Y0Z!!!!!!
!!
!!Y0Z!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!YCZ!!!!!!!!!
!!!!!!!!
!
X$,5'&!LRU!Y0Z!7&()!(&)@!YCZ![4(($C;&!4'$&#)0)$4#(!4<!4CV&:)(@!
!
/&<4'20)$4#!&#&',1!YX$,@!LQ!YCZ@!D&!:0;:5;0)&!0!-.'35&(9$%6&(
p>$?8A!)80)!206(!0!%4;52&!p()4!&0:8!:4;4'!>$?8A@!X4'!)8&!C0,6$6&!
Y:4;4'U! 1&;;49Z-! )8$(! $(! %$(50;$T&/! $#! X$,@! LQ! Y:Z@! 78&! %4;52&!
(845;/!C&!Lddp!0)!85&!$(e!^dh!0#/!<5;;!(0)5'0)$4#!8!e!L-!0#/!dp!
0)! 85&(! $( &>50;! )4! dh! 0#/! LQdh! 4'! ,'&0)&'-! /$('&,0'/$#,! 0#1!
(0)5'0)$4#! 8@! 74! :4#)'4;! )8&! %4;52&(! $#! 2$?&/! (45#/(-! 9&! 0//!
:4#)'4;!%0;5&(!#!$#!#&9!64($)$4#(!>$#?8:A@!78&!:0;:5;0)$4#!4<!(5:8!
%4;52&! (806&(( p>$?8A! $#%4;%&(! ;$#&0'! :42C$#0)$4#(! 4<! 0%2"%'((
B%8"8(+3*#7".*8(+>$?8A!KRSMU!
j
!
!
!!YSZ!
4 Y$- 8Z 2
3 + Y$- 8Z !!

.

" )L

"

"

98&'&( q"! '&6'&(&#)(! 9&$,8)$#,! 4<! &0:8! +">$?8A! $#%4;%&/@! 78&(&!
9&$,8)(! 0'&!<45#/!C1! 2$#$2$T$#,! 0!:4()!<5#:)$4#!)80)!$#%4;%&(!
)8&!(52!4<!(>50'&/!/$()0#:&(!)4!0;;!:4#)'4;!%0;5&(!#"-!0(!9&;;!0(!
)8&! $#)&,'0;! 4<! )8&! (>50'&(! 4<! )8&! (&:4#/! 60')$0;! /&'$%0)$%&(! 4<!
p>$?8A?((&'%$#,!0(!0!(244)8#&((!)&'2U!
j
'; < Q4 8 Q ; < Q4 8 Q ; < Q4 8 Q $
Q
Y\Z!
66 / 99 Q 66 " 2$28
F ) . #" ( 4 Y $- 8 Z / 55 %99 Q 66 / 99
" )L
%&: <$ 7 : < $8 7 : <8 7 "#
P676! /@A=I=L;?=@A"@I"+EM?GBE".AI@BJ;?=@A"
+4#$<1$#,!C4)8!)&?)5'&! 0#/!:4;4'!$#<4'20)$4#!$(!:80;;&#,$#,!$#!
20#1! 901(@! E#! )8&! 4#&! 80#/! 9&! 80%&! )4! 20=&! (5'&! )80)!
($25;)0#&45(;1! 6;01&/! $#<4'20)$4#! $(! /$()$#,5$(80C;&-! 4#! )8&!
4)8&'!80#/!9&!90#)!)4!20$#)0$#!0!6;&0($#,!(45#/@!!
hDRDQD!L#.387"#%'(J&'"&+8(;(G&%0"*I(:0"&*7%7".*(!%68(
D&!/&:$/&/!)4!5)$;$T&!<45'!24'&!$#()'52&#)(-!6;01$#,!0#!4:)0%&!
C&;49! 45'! =&1#4)&-! )4! '&6'&(&#)! 4'$&#)0)$4#! 206(! 4<! \! e! gdh-!
S\h-! cdh-! LR\hj@! 78&! $#()'52&#)(! 9&! :84(&U! G$/,&'$/44! YdhZ-!
944/! 6&':5(($4#! YS\hZ-! 5$;;&0##! 6$6&(! YcdhZ-! 2&)0;! 6&':5(($4#!
YLR\hZ-!:'&0)&!0!852!0;$=&!(45#/!0)!dh!0#/!cdh!0#/!0!6&':5(($4#!
(45#/! 0)! S\h! 0#/! LR\h-! )4! >5$:=;1! /$()$#,5$(8! 84'$T4#)0;! 0#/!
%&')$:0;!<'42!/$0,4#0;!()'5:)5'&(@!P,0$#-!)8&!<'02&94'=!0;;49(!
&?:80#,$#,! $#()'52&#)(! 0::4'/$#,! )4! 6&'(4#0;! )0()&@! 74! 0%4$/!
%32"7.0@(5%8/"*I(KR\M!9&!(845;/!,50'0#)&&!)80)!)8&!B4;52&(-\(!
4<!0;;!4'$&#)0)$4#!206!$#()'52&#)(!0'&!0;901(!;49&'!)80#!p>$?8A(
<4'! 0;;( $( %*2( 8D! 78&! <45'! 4'$&#)0)$4#! 206(! $#! C&)9&&#! \! e!
gQQ@\h-!^_@\h-!LLQ@\h-L\_@\hj!0'&!&?6'&((&/!5($#,!:42C$#0)$4#(!
4<!)94!#&$,8C4'&/(:0"&*7%7".*(5%6($#()'52&#)(-!C4)8!6;01$#,!0)!
\d!p!-\@!
!
-`a(>=?@A(b(2g(>=?@A?(((((((((-RRDUa(>=?@A(b(2U(>=?@A?(((((-gUa(>=?@A(b((2h(>=?@A?((
-heDUa(>=?@A(b((2e(>=?@A?(((((-i`a(>=?@A(b(2[(>=?@A?((((((-QQRDUa(>=?@A(b(2i(>=?@A?(
-QSUa(>=?@Ab(2Q`(>=?@A?((((((-QUeDUa(>=?@A(b((2QQ(>=?@A(((((((((((((

hDRDRD!L32"B'&(J.3I$*&88(;(9.*"+"#%7".*(.+(!"#0.;<&=730&8(
.$:'4I7&?)5'&(!0'&!(4#$<$&/!5($#,!4#&!24'&!$#()'52&#)!)80)!80(!
0! %$C'0#)! )&26&'@! P(! KR^M! 64$#)&/! 45)! H0! ,44/! C"B0%7.! $(! 0!
65;(0)$4#! 4<! 6$):8-! 5(50;;1! 0::4260#$&/! 9$)8! (1#:8'4#45(!
65;(0)$4#(!4<!;45/#&((!0#/!)$2C'&-!4<!(5:8!&?)&#)!0#/!'0)&!0(!)4!
,$%&!0!6;&0($#,!<;&?$C$;$)1-!)&#/&'#&((-!0#/!'$:8#&((!)4!)8&!)4#&J-!
98$:8!$(!0#!$#)5$)$%&!901!)4!'&6'&(&#)!'45,8#&((!0:45()$:0;;1@!!
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!

!!YCZ!!!!!!
!!
!
X$,5'&! LSU! b$()4,'02(! <4'! Y0Z! a?6@! L0mC! 0#/! YCZ! a?6@! Q0mC@! j!
&;&2&#)(!Y@(E(%="8Z!'&:4,#$T&/!$#!849!20#1!(&:@!Y=(E(%="8Z!&0:8@!!!
!
P(! 0#$(4)'46$:! '45,8! ()'5:)5'&(! 0'&! %$(50;;1! (0;$&#)! 0#/! '0'&;1!
4::5'!$#!24()!&#%$'4#2&#)(-!)8&1!0'&!(4#$<$&/!24'&!%$C'0#)!0#/!
0)!0!B4;52&!-!"#0.!C&$#,!;45/&'U!
!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!dp-!!$<!!2QR>=?@A(e!d!!Y85..7$(830+%#&A(
-!"#0.(!>=?@Ae!!!!!!!!!!!\dp-!($<!!2QR>=?@A(e!Q!!Y"8.70.6"#(0.3I$*&88A!!!!!!!!!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!Lddp-!!$<!!2QR>=?@A(b(L!!Y%*"8.70.6"#(0.3I$*&88A!!!!!!!(((

Q6! &/,("/+&%.,/"
D&! /$/! 5(&'! ()5/$&(! 4#! )94! ,'456(! 4<! 60')$:$60#)(-! <4;;49$#,!
/$<<&'&#)! 24)$%0)$4#(@! ! X$'()-! 0(! 0! 6'44<! 4<! :4#:&6)! 4<! 45'!
<'02&94'=-! 9&! 0(=&/! 0! :4#,&#$)0;! C;$#/-! \S! 1&0'! 4;/! 0/5;)!
0:0/&2$:-! 984! 80/! 0:>5$'&/! 0! ,&42&)'$:! 5#/&'()0#/$#,! 0#/!
(60)$0;! (&#(&! )8'45,845)! 8$(! ;$<&! )4! (4;%&! (&%&'0;! )&()(! 0<)&'! S!
845'(!4<!)'0$#$#,!9$)8!45'!(1()&2@!!78&!60')$:$60#)!90(!)4!(4;%&!
)8'&&!#02$#,!)0(=(!0)!$#:'&0($#,!/$<<$:5;)1U!!
!! F=6&0"5&*7( Q%! 90(! 0C45)! $/&#)$<1$#,! 4#&! 45)! 4<! <45'!
&;&2&#)(!Y4'0#,&-!)420)4-!066;&!0#/!;&24#!W!0(!$#!X$,@!LR!
Y0ZZ! 4#;1! C1! :4;4'! 98$;&! (4#$<$:0)$4#! 4<! 4'$&#)0)$4#! 206(!
0#/! 2$:'4I)&?)5'&(! 90(! /&0:)$%0)&/@! O4)&! )80)! )8&! )0',&)!
4CV&:)(!5(&/!<4'!)8&!)0(=!80%&!)8&!(02&!(68&'$:0;!(806&@!F#!
&0:8! 4<! ^d! )'$0;(-! 4#&! 4<! )8&! S! 4CV&:)(! 90(! (&;&:)&/! 0)!
'0#/42!0#/!/$(6;01&/!0)!0#!0'C$)'0'1!64($)$4#!4#!)8&!)45:8!
(:'&&#@! 78$(! 90(! 0:8$&%&/! C1! (&;&:)$#,! 4#&! 45)! 4<! Sd!
$20,&(! YLd! 6&'! 4CV&:)-! 9$)8! )8&! 4CV&:)! $#! /$<<&'&#)!
64($)$4#(Z! 0)! '0#/42@! 78&! )0(=! 4<! )8&! 60')$:$60#)! 90(! )4!
<$#/! 0#/! #02&! )8&! 4CV&:)@! F#! )8&! &%0;50)$4#-! 9&! <4:5(! 4#!
)8&! )$2&! C&)9&&#! )8&! 242&#)! 98&#! )8&! 60')$:$60#)! <$#/(!
)8&! 4CV&:)! Y98$:8! /&6&#/(! 4#! 98&'&! 8&! ()0')(! 0#/! $(!
)8&'&<4'&!#4)!%&'1!$#<4'20)$%&Z-!0#/!)8&! 242&#)!98&#!8&!
#02&(!)8&!4CV&:)!%&'C0;;1!)4!)8&!&?6&'$2&#)&'!Y70C;&!L!0#/!
X$,@! LSZ@! 78&! 0%&'0,&! )$2&! )4! ($26;1! <$#/! 0#! 4CV&:)](!
64($)$4#!4#!)8&!(:'&&#!90(!0C45)!L@_!(&:4#/(@!A80#:&!;&%&;!
Y65'&!,5&(($#,Z!$(!Q\p!$#!)8$(!&?6&'$2&#)@!!
!! F=6&0"5&*7( R%! $#%4;%&/! 4'$&#)0)$4#! 206(! 0#/! :4;4'@! 78$(!
)$2&-! )8&! 60')$:$60#)! 80/! )4! '&:4,#$T&! 4#&! 45)! _! 4CV&:)(!
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ABSTRACT

In this section, he questions the role of timbre in stream segregation, and seeks a method to monitor two or more processes that
are co-occurring in real time. We believe this paper answers some
of these questions. This is also an example of using timbre as a
medium for projecting the complexity of data, as urged in the notable publications [5, 6, 7].
In this paper, we explore the gestalt principle and the effect
of overtone mapping by theoretical considerations and sound examples, rather than merely conducting a user-evaluation test. We
request that our readers spend some time exploring the sound examples provided online. All of the sound examples that we discuss
in this paper are uploaded on this Website:
http://www.tara.tsukuba.ac.jp/%7Eterasawa/ICAD2012/
In the following sections, we first briefly review the commonfate principle in gestalt perception. Then we describe overtone
mapping by generic data examples and apply overtone mapping in
ECoG data sonification.

This paper introduces a mapping method, overtone mapping,
that projects multichannel time-series data onto a harmonic-series
structure. Because of the common-fate effect of the Gestalt principle, correlated signals are perceived as a unity, while uncorrelated
signals are perceived as segregated. This method is first examined with sonification of simple, generic data sets. Then overtone
mapping is applied to sonification of the ECoG data of an epileptic seizure episode. The relationship between the gestalt formation
and the correlation in the data across channels is discussed in detail
using a reduced 16 channel data set. Finally, sonification of a 56channel ECoG data set is provided to demonstrate the advantage
of the overtone mapping.
1. INTRODUCTION
We report a method to represent correlation structures of multichannel signals. This method, called overtone mapping, projects
large-scale, multichannel data onto a harmonic series (a.k.a. an
overtone series) of a sound, and the correlated elements across
channels are perceived as a fused “auditory gestalt1 .” The benefit
of the method is that humans can intuitively perceive the similarity patterns across channels in the data without statistical analyses.
We first describe the principle of this method, and then we introduce the application for electrocorticography (ECoG) data during
an epileptic seizure episode.
A harmonic series is a commonly found structure in voices and
instrumental sounds. We perceive harmonic series as a single, integrated stream of sound, when they share common fate, and their
temporal deviations are perceived as deviations in timbre. Using
this property, we could present a set of independently measured
data channels as a coherent auditory unit when the data share a
common fate across channels–i.e., when the data are correlated.
Although this work might seem to be just another example
of parametric mapping sonification of brain-wave data, in addition to the previously introduced, sophisticated sonification examples [1, 2, 3], we trust that this work contributes to finding a
design-by-principle method for perceptually meaningful sonification. Readers might recall the problems Flowers pointed out in his
paper in ICAD2005 [4] as “things we need to know more about.”

2. AUDITORY GESTALT FORMATION AND THE
SONIFICATION OF CORRELATED DATA
2.1. Auditory gestalt and its principles
Gestalt perception is the perception of a specific whole or unity,
by integrating its parts. Similar to the visual domain, gestalt perception also occurs in the auditory domain. The phenomenon of
auditory gestalt is well discussed in “Auditory Scene Analysis” by
Bregman [8]. The formation of gestalt perception is described by
several principles. Elements such as proximity, symmetry, similarity, continuation, closure, and common fate contribute to the
perceptual organization.
2.2. Common fate shared across harmonic series produces a
perception of unity
Among those, the common-fate effect was well-investigated in the
writing and compositions by John Chowning. He introduced how
to form auditory gestalt in terms of the common-fate principle
[9, 10, 11]. On a harmonic series of sinusoids, he applied subtle frequency modulations (micro-modulation) at a few different
modulation frequencies that mimick vibrato, with some overtones
at one vibrato frequency and some other overtones at another vibrato frequency. As a result, the sinusoids that were modulated
with the same vibrato frequency became perceived as a unity, and
a few voices can exist simultaneously in a stream. In other words,

1 In this paper, we use “auditory gestalt” meaning “a perceived auditory unity,” and “Gestalt principle” meaning the grouping law proposed by
German Gestalt school of psychology.
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the “common fate” in Chowning’s examples is afforded by sharing the same vibrato frequency among harmonic series. Using this
technique, he was able to render gradually arising vibrato voices
out of a static sinusoidal superposition. This effect is well employed in his pieces Phoné (1980-1981), and Voices (2005).
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2.3. The correlation across channels can function as common
fate for an auditory gestalt
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Formation of a unity perception by the harmonics sharing common fate provides a good opportunity for data sonification of
multichannel, correlated, time-series data. In multichannel timeseries data, such as electromyograph (EMG), electroencephalogram (EEG), and electrocorticography (ECoG), the acquired data
are often strongly correlated across channels. The similarity analysis, or any other kind of statistical analysis of the correlated yet
separately measured time-series data is computationally demanding. Using the common-fate effect, in other words, interpreting
the correlation as a common fate, we can easily present the correlated data as a perceived unity, arising out of uncorrelated elements, without applying statistical analysis beforehand.
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Figure 1: Sound 1. Each row in the figure shows the amplitude pattern over time of each harmonic, from the 1st to the 8th harmonics
from the bottom to the top row, respectively. This example has the
same sinusoidal amplitude pattern for all the eight harmonics.

3. OVERTONE MAPPING WITH GENERIC DATA
In this section, we describe the formation of auditory gestalt by the
common-fate effect using generic data and their sonification examples. The sound examples are provided as sounds 1-6 on the Website. Readers are strongly recommended to listen to these sounds
to experience the auditory gestalt formation by the common-fate
effect.
3.1. Sound 1: Harmonic series with sinusoidal amplitude
modulation
This is the reference pattern for the rest of the examples. Figure
?? shows the amplitude pattern for the time course of this sound.
The fundamental frequency is 440 Hz, and the sound has eight
harmonics (i.e., overtones at integer-multiples of the fundamental
frequency). Each of eight harmonics is amplitude modulated with
a sinusoidal pattern of a single modulation frequency. Sharing a
single modulation pattern, all the harmonics are perceived as unity.
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3.2. Sound 2: Static and sinusoidal patterns
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In Sound 2, the modulations of the 3rd, 6th, and 7th harmonics are
removed as shown in Fig. 2. Now these harmonics with a static
pattern are perceptually segregated, forming another unity of static
tone. The rest of the harmonics with sinusoidal modulation forms
another unity. The degree of segregation is moderate compared
with some of the following examples.
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Figure 2: Sound 2. The 3rd, 6th, and 7th harmonics are static
without modulation, providing a static tone unity.

3.3. Sound 3: Sinusoidal patterns with two frequencies
In Sound 3, the modulations of the 3rd, 6th, and 7th harmonics
are slower, as shown in Fig. 3. These harmonics with the slower
modulation pattern are perceived segregated forming a clear unity.
The rest of the harmonics with sinusoidal modulation form another
unity.
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we hear this sound, these harmonics are perceived as a quickly decaying unity, against the sinusoidally modulated unity of the rest.
This segregation is clearly perceived.
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Figure 3: Sound 3. The 3rd, 6th, and 7th harmonics are modulated
with a slower modulation frequency.
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3.4. Sound 4: Chirp-like and sinusoidal patterns

Figure 5: Sound 5: The 3rd, 6th, and 7th harmonics share the
decaying-amplitude pattern.

Sound 4 provides a dynamic transition in the temporal pattern as
shown in Fig. 4. The frequency of amplitude modulation at the
3rd, 6th, and 7th harmonics increases over time, forming a chirplike pattern. When two modulation frequencies (one for 3, 6, 7,
and another for the rest) are very distant, the segregation is easier.
However, when the two modulation frequencies are crossing, all
the harmonics are perceived fusing into a unity.

3.6. Sound 6: Sinusoidal patterns with a phase difference
After considering the patterns varying with their duration, it is now
worthwhile seeing whether we could create segregation just by
changing the phase of the same sinusoidal pattern. Sound 6 provides such an example: the 3rd, 6th, and 7th harmonics are now
presented with a π/4 phase difference from the rest of the harmonics, as shown in Fig. 6. The segregation is ambiguous yet
noticeable. As the phase difference reaches the opposite (a difference of π), the segregation becomes slightly clearer. However the
unities that differ only by their phase are easily confused.
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Figure 4: Sound 4: The modulation frequency for the 3rd, 6th, and
7th harmonics increases over time.
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3.5. Sound 5: Non-sinusoidal and sinusoidal patterns
Figure 6: Sound 6: The 3rd, 6th, and 7th harmonics differ only by
their phase from the rest of the harmonics.

So far, we have considered only sinusoidal and static patterns. This
example, Sound 5, provides the case that a temporal pattern does
not need to be sinusoidal. As shown in Fig. 5, the 3rd, 6th, and
7th harmonics now share a pattern of decaying amplitude. When

131

Proceedings of the 18th International Conference on Auditory Display, Atlanta, GA, USA, June 18-21, 2012

3.7. Discussion of the generic data examples
In this section, we demonstrated the principle of auditory gestalt
formation by common fate with the sonification of simple, generic
temporal patterns. The more the temporal patterns differ from each
other, the clearer the perceptual segregation is. These temporal
patterns could be sinusoidal as having shown by Chowning’s examples, or they could be non-sinusoidal patterns as provided in
Sound 4 and 5 examples, as long as a set of harmonics shares the
same common fate. The grouping by phase is noticeable but not
prominent.

50

40

4. OVERTONE MAPPING APPLIED TO ECOG DATA
channel #

4.1. About the ECoG data
In this section, we consider the overtone mapping method applied
to a set of ECoG signals. The ECoG measurement was done as
a part of clinical procedure by Josef Parvizi at Stanford University Hospital, under the guidance of Stanford Institutional Review
Board. The patient was personally consulted about the project and
gave full consent. The original signals were measured with 56
channels, and the measurement lasted for many days. In this discussion, we focus on the excerpt of only 10 s. This excerpt captures a very interesting moment in the epileptic seizure episode, in
which multiple channels show the mixture of coherent and noncoherent neural activities.
This excerpt for 56 channels is plotted in Fig. 7. These 56
channels show complex correlation patterns, to which we will return at the end of this section. However, in order to address the
relationship between the correlation and common fate effect, 56
channels are just too many. Therefore, we decided to select some
prominent channels out of 56. Figure 8 shows a stem plot of the
mean absolute amplitude of the 56-channel data. As you can see
from the figure, some of the signals are stronger than others, and
we selected the 16 strongest mean-absolute-amplitude channels,
assuming those strong channels carry more meaningful information with less measurement noise.
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Figure 7: Plot of 56-channel ECoG data for 10 s. Each line shows
the signal for each channel, from the bottom to the top showing
channels 1 to 56, respectively.

4.2. Sonification of ECoG data
600

The sonification of the 16-channel excerpt data was done using the
following procedure.

500

mean absolute amplitude

1. The fundamental frequency was set to 180 Hz.
2. Harmonics of 16 sinusoids (up to the 16th harmonics) were
created.
3. Each harmonic was amplitude-modulated by each channel:
the 1st harmonic is modulated with channel 1, the 2nd with
channel 2, and so on.

400

300

200

4. All of the harmonics were summed, creating a single audio
signal.

100

5. The audio signal was linearly scaled with its maximum
value, so that the scaled signal could fit within the .wav file
dynamic range.
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Figure 8: Mean absolute amplitudes of channels 1-56. 16 channels
with strong amplitudes were selected for the following discussion.

The 16-channel ECoG sonification is available as “ECoG
Sound 1” on the Website.
Listening to the sonified sound, we notice some clear patterns
existing within the dynamically transitioning harmonic series, although the mapping was decided blindly without signal analysis.
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Table 1: Groups of Correlated Signals
amplitude

Channels
1, 2, 3, 4, 5, 8, 9, 10
6, 7, 11, 12
13, 14, 15, 16
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When we listen to the 16-channel ECoG data sonification, we notice that there are a few recognizable gestalts, which can be identified with correlation analysis. Figure 9 shows the correlation
matrix of 16 channel signals on 16 ×16 square color tiles. Each
square at (n, m) position represents the value of correlation between the signals at channel n and channel m. By viewing this
figure, we could find a few islands of more correlation–namely
groups 1, 2 and 3–of the channels listed in Table ??.
By creating subset-tones of the sonification, we can verify the
formation of auditory gestalt. This could be done by replacing
the step 4 of the procedure introduced in Section 4.2. Instead of
summing all of the harmonics, we now sum only the harmonics
that correspond to each group. Figure 10 shows the wave plot of
each subset-tone for groups 1, 2, and 3. These subset-tones can be
heard as ECoG sound 2-4 on the Website.
As verified in the waveform plot and sound examples, each
group of correlated signals clearly forms an auditory gestalt, which
is easily recognized. The recognizable patterns in the 16-channel
sonification were the auditory unities arising from the correlated
signal patterns.

6

0.5

−1

4.3. Discussion on the ECoG data sonification
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Figure 10: Waveform plot of subset-tones of sonification: Group
1 (top), group 2 (middle), and group 3 (bottom).

way as Fig. 9, but its correlation patterns are not easily recognizable. However, when we listen to the sonification of the 56 channels (fundamental frequency: 120 Hz; number of harmonics: 56),
we can hear a handful of patterns with rich textures arising from
the broad spectral components, in the same way as its 16-channel
version. The 56-channel sound is provided as “ECoG Sound 5” on
the Website.
The visual representation of the correlation is not trivial, but
the auditory representation of the correlation by common fate effect is more recognizable.

Figure 11: Correlation matrix of the full 56-channel signals.

Figure 9: Correlation matrix of the selected 16-channel signals.

5. CONCLUSION AND FUTURE WORK

4.4. Demo: 56-channel ECoG data sonification
Finally, we want to introduce the full-data example. However, analyzing the similarity in 56-channel signals becomes increasingly
challenging. Figure 11 shows the correlation matrix in the same

In this paper, we discussed the formation of auditory gestalt by
the common-fate principle. With the generic data sonification, we
demonstrated that two distinct temporal patterns can be mapped to
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[6] G. Kramer, B. Walker, T. Bonebright, P. Cook, J. Flowers,
N. Miner, and J. Neuhoff, “The sonification report: Status
of the field and research agenda,” tech. rep., Prepared for
the National Science Foundation by members of the International Community for Auditory Display Editorial Committee
and Co-Authors, 1999.

amplitudes of harmonic series, and that this mapping can provide
a auditory segregation. The degree of segregation–i.e. how clearly
the auditory gestalts can be perceptually segregated–depends on
the degree of similarity between the two temporal patterns. The
temporal pattern could take any shape other than sinusoids, as long
as it holds a distinct temporal pattern. In the later section of the
paper, we introduced another example that applied the same mapping to real 56-channel ECoG data. With the reduced 16-channel
version, we could see the clear correspondence between the data
correlation and auditory gestalt formation by overtone mapping.
Furthermore, the 56-channel version serves as an example that auditory gestalt formation is much easier and simpler than statistical
analysis of the data similarity across many channels. The advantage of overtone mapping is that our auditory perception can easily
judge the similarity of the signals across channels.
In this paper, we presented the gestalt formation by overtone mapping by conceptual and theoretical considerations and by
sound examples. Quantitative formalization of this technique remains as a future consideration. Overtone mapping seems to be a
useful approach not only for ECoG signals but also for EEG and
EMG signals. Investigating the applications for these, and other
types of signals would be desirable in the future. Finally, while this
paper describes the auditory gestalt formation using the commonfate principle, another paper by the first author on the sonification
of the genetically modified C. Elegans [12] provides an example
for the gestalt formation by proximity principle. Investigating the
sonification according to the rest of the principles (i.e., symmetry,
similarity, continuation, and closure) will enable further theorization of the auditory gestalt formation in data sonification.
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ABSTRACT
The effective navigation and analysis of large data sets
is a persistent challenge within the scientific community. The
objective of this experiment was to determine whether
participants who received no training were able to identify
audified data sets at a rate above chance in a forced-choice
listening task. Nineteen participants with various levels of
musical and scientific expertise were asked to place audio
examples into one of the five following categories: Digitally
Generated Sound - White Noise, Solar Wind Data, Neuron
Firing Data from a Human Brain, Seismic Data (Earthquake
Activity), and Digitally Generated Sound - Sinusoidal
Waveform. At no time were participants made aware of the
accuracy of their responses during the experiment. Participants
who had never been exposed to audified data sets were able to
recognize audification examples at a rate that was 23 percentage
points above chance performance; however, the sample size of
individuals with no previous exposure to audified data was not
large enough to determine statistical significance. When
controlling for previous exposure to any of the provided
listening examples, all participants performed well above the
statistical likelihood of chance responses in the recognition of
digitally generated white noise and sinusoidal waveforms. This
indicates that participants with no previous exposure to audified
data were able to discriminate between audified data and
digitally generated sounds.
1.

INTRODUCTION

Sonification is the science that concerns the transfer of
information through sound. The Sonification Report broadly
defines this term as “the use of non-speech audio to convey
information.” [1] Audification is a specific form of auditory data
analysis in which data samples are isomorphically mapped to
audio samples.
This method has proven successful in
uncovering new insights that would otherwise be overlooked
through traditional analysis methods [2, 3]. However, no
methodological framework has been established for how this
process may be successfully implemented for exploratory data
analysis across a wide range of scientific disciplines. One goal
of this experiment is to establish a baseline measurement for
human ability to recognize audified data sets.
Formal research in the field of auditory data analysis
can be traced back to the year 1946, when a volume was
published on the Principles of Underwater Sound with the goal
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of advancing sonar techniques [4]. Three years later The
Mathematical Theory of Communication laid the foundation for
our modern understanding of signal processing techniques [5].
Early auditory display research demonstrating that multi-modal
stimulation could greatly increase the rate of information
transfer to a human operator [6-8]. This investigation was later
extended to human pattern matching abilities, finding that
known visual-analysis methods were often inferior to auditory
analysis in the representation of multivariate data [9]. Several
additional experiments utilizing multivariate data were
conducted by Bly, and it was noted that “sound can indeed
increase the information about multivariate data when it is
presented to a human analyst.” [10, 11]
Sonification techniques have been employed in a wide
range of scientific studies that build upon these early
foundations. In An Illustrated Analysis of Sonification for
Scientific Visualization it was noted that, “all aspects of sonic
display of information need further research.” A discrete set of
possible areas where sonification research could be beneficial
were offered, including: data representation, interaction
processes, and validation of graphical processes [12].
Modern auditory data analysis techniques are
commonly taught in academic settings, though this instruction is
geared towards expertise in music-production. A course at the
University of entitled “Timbral Ear Training” teaches students
to notice subtle changes in the spectral composition of white and
pink noise fields [13]. It is possible that this type of training
could also prove effective in enabling researchers to recognize
subtle differences between audified data sets. The objective of
this experiment is to determine a pre-training baseline rate for
successful recognition of audified data sets, with a comparison
against chance performance utilized as a metric. Audified data
sets will be presented in conjunction with digitally manufactured
noise and sinusoidal waveforms, as previous research has
suggested that auditory data analysis can be beneficial in the
identification of equipment-induced noise [2].
2.

METHODS

2.1. Participants
Nineteen participants took part in this experiment (6
female, 13 male; age 21 to 40). A pre-test questionnaire
established that four participants had received a high school
diploma, ten had received a bachelor’s degree, and five
participants had received a Masters or PhD. Three participants
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had no musical training, one participant had a single year, four
participants had two to three years, seven participants had four
to six years, and four participants reported seven or more years
of musical training.
All but three participants self-reported average to
above-average hearing. A single-frequency auditory threshold
test was administered after the listening portion of the survey.
This test provided 300ms bursts of a 440hz sinusoidal waveform
spaced evenly at 1 second intervals. The gain of each
successive waveform was reduced by 6db. Individuals who
self-reported below average hearing showed no statistically
significant difference in performance on this task (P < 0.22).
A post-test questionnaire revealed that of the nineteen
participants, thirteen had previously been exposed to audified
data in one form or another. All participants reported average or
above average expertise with computers, and ten reported
average or above average computer-music expertise (nine
reported below average). All but two participants reported
experience with data analysis, mathematical modeling, and/or
scientific research.

questions), such that they could track their progress towards
completion. An on-screen clock began counting upwards at the
beginning of the pre-test questionnaire. An on-screen levelmeter provided visual feedback as to the volume of the audio
file at 50ms intervals.

2.2. Procedure

Figure 1. Participants were provided with a list of potential audio
sources and asked to guess which example they were currently
listening to.

The experiment was administered within a custom
software-interface built in the Max/MSP programming
environment (see Figure 1). After completing a short pre-test
questionnaire, participants were asked to listen to a series of
audio examples played back over headphones. Participants
were verbally informed that they could either push a button with
the mouse, or press the space bar to play back audio examples.
Before beginning the listening task, participants were provided
with a spoken-word listening example, and asked to set their
audio-playback to a comfortable level utilizing a volume-slider
provided within the software interface. The participants’ task
was to correctly identify the source of a sound from a list of five
choices. This forced-choice task included the following
available responses for all listening examples: Digitally
Generated Sound - White Noise, Solar Wind Data, Neuron
Firing Data from a Human Brain, Seismic Data (Earthquake
Activity), and Digitally Generated Sound - Sinusoidal
Waveform.
On-screen instructions informed participants that
audio files were either generated from scientific data or digitally
manufactured. It was also made clear that multiple examples of
each type could appear over the course of the experiment. A
total of 8 audio files were utilized for the listening task, these
included two examples of audified neuron firing data from a
human brain, two examples derived from solar-wind data, two
examples of audified earthquake data, and one example of both
white noise and a sinusoidal waveform. Each audio example
was provided 3 times: Once at full speed, once at 75% full
speed, and once at half speed. Twenty-four listening examples
were provided in total.
Participants were asked to make their best guess as to
the source of the audio, and then press a separate button labeled
“submit” to enter their selection. At no time were participants
made aware of the accuracy of their selection during the
experiment (the experimental coordinator was always present
within the room, but did not answer any questions pertaining to
accuracy of responses). Participants were provided with a
number corresponding to the current question (out of 46 total

2.3. Stimuli
A total of 8 audio files were utilized for the listening
task, all files were 16-bit AIFF format at a sampling rate of
44.1kHz. The seismic data files were downloaded from a server
in an audified data format (.wav). The solar wind and neuronalfiring examples were audified with a novel algorithm in the
Matlab programming environment. This algorithm transferred
the original comma-separated data files into 2-dimensional
arrays, and then determined minimum and maximum values in
each column of data. These values were utilized to scale the
data as floating-point values between -1 and 1. These values
were then sequentially mapped to 16-bit audio samples with the
“wavwrite” function (all files were ultimately converted to AIFF
format for playback in Max/MSP).
All audio files in this experiment were balanced to a
similar playback amplitude (RMS). Examples ranged from
approximately one to eight seconds in length, with a mean
length of 5.3 seconds. All samples (except for the seismic data)
were smoothly faded in and out over the course of
approximately one to two seconds. A total of eight audio files
were utilized for the listening task, each audio example was
played back at total of three times: once at full speed, once at
seventy-five percent of the full playback speed, and once at half
speed. Changes in the rate of sound file playback were
calculated in real-time utilizing the “groove~” object in the
Max/MSP programming language.
Seismic data was downloaded as audio files from a
publicly accessible website maintained by the United States
Geological Survey (USGS) science program. The first example
contained data from a magnitude 5.1 event that was recorded in
Parkfield, California (1994). The second example contained
data from a magnitude 6.5 event that was recorded in Petrolia,
California (1992). Researchers from U.C. Berkeley recorded
both seismograms [14].
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Figure 2. Individual performance on the identification task sorted by number of correct responses (highest to lowest). This stacked bar
graph provides the number of correctly identified audification examples (bottom) as well as the number of correctly identified digitally
manufactured examples (top).
Two examples of audified solar wind data were
created for this experiment. The first example was downloaded
from the NASA’s Coordinated Data Analysis Web (CDAWeb)
as a comma-separated text file. This type of data, which merges
records from multiple satellites, is referred to as OMNI data and
is available to the general public publically available. This
specific file contained solar wind hourly averaged bulk proton
flow speed (km/s) measurements spanning the years 1963 to
2010 inclusively, and was 421,057 entries in length.
The second solar wind example was generated with
data collected by the Solar Wind Ionic Composition
Spectrometer (SWICS) instrument on the Advanced
Composition Explorer (ACE) satellite. This data measured the
variance of the solar magnetic field at 16-second intervals, and
was gathered over the course of the year 1997. The source file
was downloaded from a publically accessible data repository
[15], this file was 112,104 data samples in length.
The neuronal firing data was collected from a probe
during a Deep-Brain Stimulation (DBS) surgical procedure.
The probe, measuring approximately 40-microns in
circumference
circumference,
recorded
micro-voltage
fluctuations at a rate of 30,000 samples per second. This audio
was converted to a sampling rate of 44,100 for playback within
the experimental interface. The two neuronal firing examples
were taken from separate files; one file measured 83.3
megabytes in size, while the other measured 1.69 gigabytes.
After audifiaction, a sub-section was chosen from each file that
contained prominent firings from a single-neuron (as identified
by a researcher experienced in close-listening to audio from
DBS procedures).
The white noise and sinusoidal listening examples
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were generated with the Max/MSP computer-music
programming language, utilizing the “noise~” and “cyle~”
objects respectively. The frequency of the sine wave example
was 440hz.
2.4. Apparatus
The experiment was conducted utilizing a 15-inch
MacBook Pro running the Mac OS X operating system (Version
10.6.7). All participants used Sony MDR-7509HD Dynamic
stereo headphones for all listening examples. The software
interface was designed and constructed within the Max/MSP
computer-music programming environment (Version 5.1.8). A
standalone application was created, which saved experimental
data as files in “.txt” format. Before beginning the experiment,
participants were prompted to provide their first name,
middle initial, and last name; this data was parsed and the
resulting initials were used to create unique file names.
3.

RESULTS

3.1. Overview
In this forced-choice listening task with 5 possible
responses, a 20% success rate across all 24 listening examples
would result in an average of 4.8 correct responses. This
success rate would indicate chance-performance. Results from
this identification task have been summarized in figure 2. The
average number of correct responses across all participants (and
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all listening examples) was 14.68, with a standard deviation of
4.41. This finding is considered to be extremely statistically
significant when compared against chance performance (P <
0.0001). Measures of statistical significance in all cases were
calculated utilizing a t-test, unless otherwise noted the statistical
mean was measured against chance performance. The highest
number of correct responses was 21 (1 participant) and the
lowest number of correct responses 8 (recorded by 3
participants). Information regarding the number of correct
responses for each listening example has been provided in
figure 3.

Figure 4. No statistically significant correlation was found
between a participant’s level of musical training and
performance on the identification task.

3.3. Controlling For Pre-Exposure

Figure 3. Complete list of audio examples, relative playback
speed, and percentage of correct responses. This is the order in
which the listening examples were provided to all participants.
3.2. Correlative Evaluation
Participants completed the pre-test questionnaire,
listening task, and post-test questionnaire in an average of
eleven minutes. No correlation was found between aboveaverage and below-average completion time and the number of
correct responses (P < 0.7524). Similarly, no significant
correlation was found between gender and recognition ability (P
< 0.73). There was no significant difference between the
performance of participants aged 24 and younger, or 25 and
older (P < 0.8541). Participants with Masters or PhD degree
correctly identified an average of 16 examples (out of a total
24), while participants who completed high school or a received
a bachelor’s degree correctly identified an average of 14.21 (P <
0.45). Participants with 7 or more years of musical training
successfully identified an average of 17.75 examples, while
participants with zero to six years of musical training identified
an average of 13.87 (P < 0.12). These results were determined
to be statistically insignificant based on the small sample size
(see figure 4).

The following section independently evaluates
recognition ability for the six digitally generated sounds (three
white noise and three sinusoidal) as opposed to the eighteen
audified examples (six solar wind, six neuronal and six seismic).
All participants correctly identified an average 9.21 of the 18
audified examples, which indicates a performance significantly
better than chance (P < .0001). The 13 participants who had
previously been exposed to at least one of the listening examples
were able to correctly identify an average of 9.85 of the 18
audified data examples, this is considered to be extremely
statistically significant when compared to chance (P < 0.0001).
The 6 participants who had not previously been exposed to any
of the listening examples were able to correctly identify an
average of 7.83 of the 18 audified data sets. This performance is
23 percentage points higher than chance, however, the sample
size is not large enough to determine statistical significance (P <
0.09).
All participants correctly identified an average of 5.47
of the 6 digitally manufactured sounds, which indicates a
performance significantly better than chance (P < .0001).
Participants who had never previously been exposed to any of
the audio examples correctly identified an average of 5.67 of the
6 digitally manufactured sounds (P < .0001), while participants
who had been previously exposed to some of the audio
examples correctly identified an average of 5.38 out of 6 of
digitally generated sounds (P < .0001). The performance
difference between the two groups in the identification of the
digitally generated sounds was statistically negligible (P < 0.6).
4.

DISCUSSION

The objective of this experiment was to determine
whether participants who received no training were able to
identify audified data sets at a rate above chance. One notable
outcomes of this experiment was that participants who had
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never been exposed to audified data sets (6 of the total 19) were
able to recognize the audification examples at a rate of 43.5%,
which was 23 percentage points above chance. However, the
sample size of individuals with no exposure was not large
enough to determine statistical significance (P < 0.0907). A
future experiment should pre-select individuals with no
exposure to audified data of any kind in order to determine
recognition ability for individuals with no previous exposure.
The success rate for identifying audified data sets was
found to be 11% higher for participants with pre-exposure to
audified data sets (54.7%) than individuals without pre-exposure
(43.7%,), and this success rate was found to be statistically well
above chance. This finding indicates that exposure to audified
data could greatly assist in the future recognition of audified
data sets, which supports the previous finding that individuals
can improve recognition of non-musical auditory stimuli with
training [13].
When controlling for previous exposure to any of the
provided listening examples, all participants statistically
performed well above chance in the recognition of white noise
and sinusoidal waveforms. This indicates that participants with
no previous exposure to audified data were able to discriminate
between audified data and these digitally manufactured sounds
without training. This provides strong support for the previous
assertion that auditory data analysis can be beneficial in the
identification of equipment-induced noise, particularly in the
training of non-experts [2].
Many steps could have been taken to improve upon
the design of this experiment. Several participants, when
prompted for additional feedback in the post-test questionnaire,
mentioned that they recognized repeated audio examples,
despite the fact that recurring examples were always played
back at different speeds. It was noted that this could be a
“confounding element” as participants may try to “match…
answers to the pervious ones to be as consistent as possible.”
As suggested by Levitin, the order of examples could have been
randomized in order to minimize any bias imposed by potential
“order effects” [16]. All participants correctly identified the
sinusoidal waveform upon first listening, while the identification
rate dropped slightly the second and third time it was presented.
A randomization of presentation order across participants would
be necessary in order to determine whether the playback rate of
this specific sample had any impact on the number of correct
responses.
One participant provided the following additional
feedback: “Sometimes I wanted to put none of these I felt like
the noise presented didn't sound like any of the 5 categories.”
This points to potential priming effects induced by the limited
forced-choice selection. Participants may have responded
significantly differently had they been provided with an option
for “Other – This sounds like a type of audified data which is
not included in this list.” If the purpose of a future study were to
examine the benefits of audification in exploratory data analysis,
a forced choice paradigm might include an “other” option with
space provided for free response. In this way the experiment
could extract some ideas as to what untrained listeners believing
they are hearing when they are free to craft novel responses in
their own words.
In addition to these improvements, a multi-frequency
auditory threshold test could have been administered to establish
the presence of a healthy audiometric threshold in all
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participants. A single-band threshold test was not found to be
sufficient in this task
5.

CONCLUSION

Audification has proven successful in uncovering new
insights that would otherwise be overlooked through traditional
analysis methods [2, 3]. However, no methodological
framework has been established for how this process may be
successfully implemented for exploratory data analysis across a
wide range of scientific disciplines. The objective of this
experiment was to determine whether participants who received
no training were able to identify audified data sets at a rate
above chance in a forced-choice listening task. Participants who
had never been exposed to audified data sets were able to
recognize the audified examples at a rate that was 23 percentage
points above chance performance; however, the sample size of
individuals with no exposure was not large enough to determine
statistical significance. When controlling for previous exposure
to any of the provided listening examples, all participants
statistically performed well above chance in the recognition of
digitally generated sounds (White Noise and Sinusoidal
waveforms). This indicates that participants with no previous
exposure to audified data were able to discriminate between
audified data and digitally generated sounds.
Upon repeated listening, pattern-recognition processes
within the brain rapidly begin to enhance deeply embedded
structural details of extremely noisy signals [17]. Exposure to
audified data could greatly assist in the future recognition of
audified data sets, which supports the previous finding that
individuals can improve recognition of non-musical auditory
stimuli with training [13]. A future experiment should pre-select
individuals with no exposure to audified data of any kind in
order to determine recognition ability for individuals with no
previous exposure. Another future study should examine the
benefits of audification in exploratory data analysis through a
forced choice paradigm with an “other” option. This freeresponse space would allow participants to craft novel responses
in their own words, which could provide valuable insight.
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ABSTRACT

Information Theory’s definition of noise to signal.
Equivalents II 3 , realized in 1992, is another interactive digital media artwork that implements 2D midpoint fractal synthesis as a way
to create organic-looking abstract images whose abstract cloudlike visual forms were defined by textual input provided by viewers. Both artworks integrated synthesis algorithms to generate cultural content through computational creation of images.
Most experiments examining the relationships between sound
and image begin with sounds or music that influence the visuals. Chladni’s famous 18th century “sound figures” experiment
involves visual patterns generated by playing a violin bow against
a plate of glass covered in sand[2]. 20th century visual music
artists often worked by tediously synchronizing visuals to preexisting music. Though, in some cases, the sounds and visuals were
composed together as in Tarantella by Mary Ellen Bute. Today,
visual artists often use sound as input to produce audio-reactive
visualizations of music in real-time.
Less common are technical methodologies requiring images
as input to generate sound. However, in 1929 Fritz Winckel conducted an experiment in which he was able to receive and listen to
television signals over a radio[2], thus resulting in an early form
of image audification. Rudolph Pfenninger’s Tnende Handschrift
(Sounding Handwriting), Oskar Fischinger’s Ornament Sound Experiments, and Norman McLaren’s Synchromy utilized a technique
of drawing on film soundtracks by hand to synthesize sounds. Voice
of Sisyphus continues in the tradition of the aforementioned works
by using visual information to produce sound.

Voice of Sisyphus is a multimedia installation consisting of
a projection of a black and white image sonified and spatialized
through a 4 channel audio system. The audio-visual composition
unfolds as several regions within the image are filtered, subdivided, and repositioned over time. Unlike the spectrograph approach used by most graphical synthesis programs, our synthesis
technique is derived from raster scanning of pixel data. We innovate upon previous raster scanning image to sound techniques by
adding frequency domain filters, polyphony within a single image,
sound spatialization, and complete external control via network
messaging. We discuss the custom software used to realize the
project as well as the process of composing a multimodal artwork.
1. INTRODUCTION
Voice of Sisyphus relies on an Eisensteinian process of montage
[1], the assembling of phrases with contrasting visual and tonal
qualities as a way to activate change that can be considered as
a narrative unfolding. Whereas cinematic montage involves the
contrast of discontinuous audio-visual sequences as a way to build
complexity in meaning, in this work, the referent photograph that
is processed does not ever change, except through the filtering that
generates the tonal and visual changes. As the composition evolves
but then returns to where it began, the event brings to mind the
Greek myth of king Sisyphus who was compelled to ceaselessly
roll an immense boulder up a hill, only to watch it roll back down
repeatedly. The intent is to have a continuously generated visual
and sound composition that will keep the spectator engaged at the
perceptual, conceptual, and aesthetic levels even though the referent visual source is always present to some degree.
Voice of Sisyphus was partially inspired by the overlay of image processing techniques in Peter Greenaways 2009 film,
Wedding at Cana1 , a multimedia installation that digitally parses
details of the 1563 painting by the late Renaissance artist
Pablo Veronese in a 50 minute video. The filmmaker skillfully
uses computer vision techniques to highlight, isolate, and transform visual details to explore the meaning of the visual elements
in the original painting.
The project evokes two early digital works by Legrady.
Noise-To-Signal2 (1986) is an installation artwork that uses digital processing to explore the potential of image analysis, noise, and

2. SOFTWARE
Custom software was developed to realize the artist’s vision of
translating an image into a sonic composition. Although Voice of
Sisyphus is based on a particular photograph, the software was designed to be used with any image. Once an image file is imported
one may select any number of rectangular regions within the image
as well as the entire image itself to sonify. Greyscale pixel values
within a region are read into an array, filtered, output as a new image, and read as an audio wavetable. The wavetables of multiple
regions are summed to produce polyphonic sound. Consideration
was taken for real-time manipulation of region locations and sizes
during a performance or installation without introducing unwanted
audio artifacts.

1 http://www.factum-arte.com/eng/artistas/
greenaway/veronese_cana.asp
2 http://www.mat.ucsb.edu/g.legrady/glWeb/
Projects/noise/noise.html

3 http://www.mat.ucsb.edu/g.legrady/glWeb/
Projects/equivalents/Equi.html
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2.1. Related Work
Realization of Voice of Sisyphus necessitated the development of
custom software for our approach to image sonification. A vast
majority of existing image sonification software uses the so-called
”time-frequency” approach [3] in which an image acts as the spectrograph for a sound. These systems include Iannis Xenakis’ UPIC
and popular commercial software such as MetaSynth and Adobe
Audition. Their shared approach considers the entire image much
like a musical score where the vertical axis directly corresponds
to frequency and the horizontal axis to time. Usually the image is
drawn, but some software like Audition allows the use of bitmap
images and considers color as the intensity of frequencies on the
vertical axis. MetaSynth uses the color of drawn images to represent the stereo position of the sound. In any case, all of the aforementioned software reads images left to right at a rate corresponding to the tempo. Reading an entire image left-to-right as a means
to image sonification has been termed as scanning by Yeo[4].
However, our approach was to focus on different regions within
an image over the course of the composition. Yeo has termed this
approach probing [4]. Thus, unlike scanning, the horizontal axis
of the image is not related to time. The composer must move or
probe different regions of the image to advance the time of the
composition. We also sought a more literal translation of images
to sound than the typical spectrograph scanning approach. We felt
that, although novel in their own right, spectrograph scanning approaches adhere too closely to a traditional musical score. We
wanted a departure from the common practice of viewing images
as time-frequency planes and sought a technique to listen to variations between different regions of an image. We wanted the resulting composition to unfold like one perceives a photograph in
a non-linear fashion– first noticing some region, person, or object
and then shifting the focus to other objects within the scene.
To produce a literal translation of image regions to sounds we
began by looking at the pixel data itself. One convenient constraint
was that the image chosen by the artist for the project was black
and white so we did not have to consider color in our sonification approach. We began with a straight-forward audification of
the 8-bit greyscale pixel values rescaled to be floating-point audio samples. The pixel values are read via raster scanning, that is
line by line, top down into a 1 dimensional array of audio samples. We were aware of similar image sonification work by Yeo
and Berger [5], but only became aware of their software interface,
Rasterpiece [6], after we completed Voice of Sisyphus. Rasterpiece
allows for regions of an image to be converted to sound via raster
scanning with in-between filtering, a process similar to our own
which we describe in later sections of this paper. As we will also
detail in later sections, our software adds a more desirable filtering
technique, multiple regions within the same image, Open Sound
Control[7], removal of unwanted sound artifacts when manipulating regions, and sound spatialization.
2.2. Interface
The interface has both editing and presentation modes. Editing
mode displays a panel of sliders for manipulating region parameters and clearly outlines all active regions within the image with
colored rectangular boxes. One may create, remove, reposition, or
resize regions via the mouse. Presentation mode removes the panel
of sliders and region outlines from sight, making the application
suitable for an artistic installation or performance to be controlled
via Open Sound Control (OSC).
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Interactive sonification has been defined as “the discipline of
data exploration by interactively manipulating the data’s transformation into sound.”[8] Our software’s ability to drastically change
the sound obtained from image regions through interactive manipulation of spectral amplitude thresholds and segmentation of regions into a melody of subsections (both described in section 2.3)
could be classified as a form of interactive sonification. The composition process for the resulting artwork described in section 3 involved interactive adjustment of parameters within a given model
defined by the composer. While the final artwork is not interactive, the process of its creation could be described as working with
a model-based sonification[9], which is interactive by definition.

Figure 1: Software Interface for Voice of Sisyphus

2.3. Sound Synthesis from Image Data
Currently, our software only deals with 8-bit greyscale images, and
any color or other format images imported to the software will first
be converted to 8-bit greyscale. The synthesis algorithm begins
with a back-and-forth, top-down raster scanning of the greyscale
pixel values, which range from 0 to 255 (black to white respectively). Simply scaling these values to obtain floating-point audio samples in the -1.0 to 1.0 range results in harsh, noisy sounds
without much variation between separate regions in most images.
These initial noisy results were not at all surprising given that
the greyscale variation of an arbitrary image will contain a dense,
broad range of frequencies. For instance, given a picture of a landscape, analyzing variations in each pixel value over a region containing thousands of blades of grass would easily produce a noisy
spectrum with no clear partials. Of course, images can be specifically produced to contain particular spectra and result in tonal
sounds [5], but we were interested in exploring the sounds resulting from different regions of any arbitrary image. In our case,
Voice of Sisyphus uses an evocative photograph of a formal gala reception, so we might ask ”What does a face sound like compared to
a window?” Of course, the ability to determine high-level descriptions of image regions such as a ”face” or ”window” is a problem
of feature recognition in computer vision, but we were interested
in examining the objective differences in the pixel data of a ”face”
or ”window” rather than what sounds we might normally associate
with each of those objects. So, such high-level descriptions were
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not necessary. We took a spectral-based approach to analyzing and
processing each region’s pixel data so that we could filter image regions to produce less noisy sounds with greater distinguishability
between regions.
We applied a selection of frequency domain filters to our audification of pixel data by implementing a short-time Fourier transform (STFT) for each region. The STFT is obtained by computing a fast Fourier transform (FFT) of each region at the graphics’
frame rate. Each FFT gives us amplitudes and phases for frequencies contained in that region at that time. Manipulation of these
amplitudes and phases allows us to control the the spectrum of the
image and, therefore, the resulting sound in real-time. Zeroing
the amplitudes of frequencies above or below a cutoff produces
a low-pass or high-pass filter respectively, while scrambling the
phases of an FFT scrambles the pixels in an image without affecting is spectrum. Our key filter was to remove all frequencies below
a variable amplitude threshold, leaving only the most prominent
partials present and, thus, accentuating tonal differences between
regions within a single image. Implementing this threshold denoises the resulting sounds, leaving clear tones that change as the
region is moved or resized. The pixel data of regions is continuously updated to show the effect of the filters so the observer is
always seeing and hearing the same data. As the sound becomes
clearer from the filter’s removal frequencies, the image becomes
blurry. An interesting conclusion from this process is that most
perceptually coherent images sound like noise while perceptually
clear, tonal sounds result from very abstract or blurry images. This
imposed a challenge for the composer of Voice of Sisyphus as he
describes in later sections of this paper.
To obtain the final image and sound data after applying filters in the frequency domain we compute an inverse short-time
Fourier transform (ISTFT) for each region, which gives the filtered pixel values. These new values are then scaled to the range
-1.0 to 1.0 and read as an audio wavetable via scanned synthesis,
a technique that can be used to scan arbitrary wavetables of audio data at variable rates using interpolation[10]. A control for
the scan rate of these wavetables affects the fundamental pitch of
the resulting sounds. However, the perceived pitch also changes
as regions are moved and resized, causing new partials appear and
disappear from the spectrum.
Before computing the FFT we can also scale the pixel data to
effect the brightness of the resulting image and, therefore, amplitude of the sound. A masking effect can also be applied at this
point, which acts as a bit reduction to the image and sound by
quantizing amplitude values. Overall, it is important to note that
the software only manipulates the image data and not the audio
data. Since the audio data is continually produced in the same
manner (scanning the IFFT results), changes in the sound are always directly produced from changes in the image. Simply put, in
Voice of Sisyphus we are always seeing and hearing the same data.
Figure 3 summarizes the sonic effects of the image filters.
The composition dictates the rapid movement and resizing of
specific regions which caused discontinuities in our wavetables,
resulting in an unwanted audible popping noise. To account for
the resizing of images, all resulting audio wavetables, originally a
length equal to the number of pixels in an image region, are upsampled or downsampled to a fixed size before linear interpolation is
used to read the table at the desired frequency. Wavetables are then
cross-faded with each other at the audio buffer rate to prevent discontinuities from the dynamically changing wavetables resulting
from the movement and resizing of regions. If the region’s position
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Figure 3: Effects of Image Processing on Sound

and size remain static, then the wavetable is simply looped. Scrambling the phases of the image region during the spectral processing
effectively scrambles the time information of our wavetable without altering its spectra and the result is a perceptually continuous
rather than looped sound.
Another challenge imposed by the composition was the desire
to listen to the entire image at once. Using our STFT technique
with N-point FFTs in which N is the number of pixels in the image meant taking over 1 million point FFTs at frame rate for images greater than a megapixel in size. Such computations were
not suitable for the desired real-time operation. To solve this problem we added a segmentation mode for large regions which automatically subdivides them into several smaller regions of equal
size. The sounds from these regions are then played-back successively left-to-right and top-down. The result of this is quite
interesting–the segmentation technique is reminiscent of the step
sequencers found in common electronic music hardware. Moving
the segmented region produces different melodies from the resulting tones of each subsection of a region. The software’s tempo
slider controls the rate at which each subsection is played. Applying filters to the regions can also lead to rests in the patterns.
Regions’ sounds are spatialized according to their location within
the image. If a region is segmented, then the spatialization algorithm updates the position of the sound as each subsection is
played, thus adding a spatial component to the aforementioned sequencer. Our method of spatialization is similar to that used in
vOICe[11], an augmented reality project for the totally blind– a
way to see with sound. In vOICe sounds are spatialized in 1 dimensional stereo according to their pixels’ position in the horizontal image plane. Voice of Sisyphus uses a 2 dimensional sound
plane to spatialize sounds based on to their pixels’ horizontal and
vertical position in the image. The installation involved a quadraphonic speaker layout, so the top left of the image was mapped
to the front left speaker, the bottom left to the rear left and likewise for the right side. When more than one region is present, the
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Figure 2: Sound Synthesis Algorithm for Voice of Sisyphus
2.4. Implementation

spatialization provides a useful cue as to which sounds are coming
from which regions.
The software is completely polyphonic– that is, one is free
to add as many regions as desired, limited only by processor performance. Filtering and segmentation can be controlled independently for each region. Figure 4 shows an screen shot from Voice
of Sisyphus containing 2 overlapping segmented regions producing different melodies. The screen shot also shows the software’s
ability to change opacity of the source image to hide or reveal it in
the background.

The software was programmed in C++ using OpenFrameworks4 ,
FFTW5 , and custom sound synthesis routines. OSC6 allows for
control of the software via any computer on the same network. In
our case, the composer created a Java application with Processing that controls events in the composition. Using OSC it is also
possible for many individuals to send control events to a single
instance of the software, allowing a collaborative performance in
which each individual controls his or her own region(s) of an image.
3. COMPOSITION
Voice of Sisyphus was conceived as an installation within a small
gallery exhibition. Therefore, we wanted to compose it such that it
would be compelling over a wide range of timescales. Specifically,
it should have enough variation to reward prolonged engagement
while also being diverse enough over the course of a couple minutes to give passing viewers a full experience.
The piece itself is an audiovisual composition that continuously cycles through a series of 8 phrases, each of which is used
to convey a characteristic affect or mood. In order to prevent this
repetition from becoming monotonous, the individual OSC commands or “notes” that sequence the events within each of these
stages are not pre-defined but are generated in real-time based on
a set of constraints. This choice ensured a theoretically limitless
4 http://www.openframeworks.cc/

Figure 4: Excerpt from Voice of Sisyphus Containing 2 Segmented
Regions

5 http://www.fftw.org/

6 http://opensoundcontrol.org/
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difficult to identify, repetition suggests to the viewer semantical
patterns, analogous to similar techniques used in film montage.
The fundamental frequency of both regions is set by tuning
the scan rate in relation to the regions size. This tuning system
provided a shorthand version of vertical harmony and values were
chosen as simple ratios between the large background and small
foreground region (1:2, 5:8, 10:1 etc.). Since the large region almost always remains stationary within the image and therefore
has a fixed selection of pixels from which to derive frequencies,
it functions like a slowly shifting drone or fixed bass over which
the smaller region plays counterpoint as it moves through areas of
different frequency content within the image.
Quality, which can be thought of similar to musical timbre,
is actually a group of low-level filtering parameters that together
determine a particular look and sound. As previously described,
these include volume, mask, high-pass filter, low-pass filter, noise,
and threshold. Each quality corresponds to series of suggested
ranges for each of these parameters. At the beginning of a phrase,
a smaller range of acceptable values is chosen from within this
larger suggested range determined by the regions selected quality.
While the phrase is playing, on each beat a new target is chosen
from within this range of acceptable values, toward which the region interpolates. The speed at which this interpolation occurs
is dictated by an independent parameter provided for the section.
Large ranges of suggested values for each filter parameter are used
to create phrases with a high range of timbres and quickly shifting
forms, whereas a smaller range ensures that sights and sounds remain somewhat static. As a final method to ensure variation, some
parameters are built in sets of 6 or 16 instead of 8, so exact repetition only occurs every 24 phrases, or 3 times through the cycle.

number of variations over the same basic form throughout the duration that the piece was running.
Although our software supports the use of many simultaneously sonified regions, for the sake of simplicity we chose to limit
ourselves to two, each of which play a distinct musical and visual role. The first region generally covers the entire width and
height of our image and provides a stationary background over
which moves the contrasting second region which selects smaller
areas of focus. For the purposes of distinction we refer to them
respectively as the “large” and “small” region.
3.1. Notation and Control
The Processing sketch that functions as our compositional score
contains a series of parameters for each phrase that together determine its characteristic mood. Some values are set explicitly and
remain constant though each cycle of the piece while others are
chosen from within suggested constraints dynamically at the beginning of each section:
• Tempo dictates the speed at which new targets would be chosen for each parameter of the sonified regions (see quality below), as well as how quickly each region would jump about
the screen if movement parameter 3 or 4 were selected. These
range from 20 to 600 BPM and were set explicitly.
• Phrase lengths were chosen at random within 0.5 to 1.2 times
a suggested value. The smallest suggested value was 15 seconds while the largest was 60, meaning that actual lengths
range between 7.5 and 72 seconds.
• Movement type, which is the most distinguishing visual parameter, determines the way that each region moves over the
image. Four main types of movement were defined, as well
subtypes within each of these categories:

3.2. Compositional Themes
We wanted to depict abstracted and time-stretched methods of human/computer visual analysis. Specifically, we were interested in
how an image is divided both geometrically and contextually, as
well as how objects move between incoherence and recognizability. Each time our piece begins a new cycle, the entire scene is
shown as a blurry and somewhat static mass of shapes. After some
time the smaller region breaks off and begins to scan the image
both smoothly and in jumping grid divisions. During this process,
filtering of the underlying image continues to change, occasionally
allowing viewers to distinguish faces and objects while at other
times obscuring them completely. This is meant to mirror the way
our eyes might initially try to make sense of a complicated scene.
What are at first just masses of lines and shapes coalesce into identifiable forms. Likewise, as the smaller region eventually starts to
directly target regions of interest within the image- faces, glasses,
windows, lights, etc.- it mimics how we might scan different objects, categorizing them and placing them into logical groups based
upon distinguishing features. At the climax of the piece, the entire image is shown unfiltered while the smaller region bounces as
quickly as possible between important features in the image. After
a few seconds this clarity fades back into a blur and the cycle starts
once again.

1. Stationary: this was the type usually assigned to the
large background region, which remains still while the
small foreground region moves over it. During some
sections both regions remain stationary.
2. Smooth scanning: the region scans over the image either horizontally or vertically and either smoothly or in
a randomized back-and-forth manner.
3. Rectangular divisions: cycling randomly or in a sequential patterns in various directions, a region jumps over
grid divisions of the image based upon powers of 2.
4. Regions of interest selection: coordinates were manually gathered for all of the faces, groups of people, windows, glasses, lines, etc. within the image. These could
be cycled through in various sequences.
For the regions of interest selection a “region group” variable
controlled what type of object would be highlighted during each
phrase or sub-phrase. For instance if face was selected, the smaller
region would hop (on tempo) between ten pre-specified regions of
the photo containing a person’s face. Groups of people, windows,
and glasses could each be highlighted in the same way, creating
a total of 45 selectable features. The line setting, selects vertical
strips of the image, corresponding to logical subdivisions of shapes
within the scene. The ability to group visual information in this
way demonstrates intent in what might otherwise appear to be a
random system. Although these features are distorted and often

3.3. Composition Through a Linked Audio-Visual Method
The compositional process was complicated immensely by the nature of our synthesis technique. Because sound material is generated directly by the pixels that comprise each sonified region, we
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found that very interesting visuals often produced harsh or inappropriate sounds. Likewise, beautiful sonic harmonies could require very subdued or otherwise monotonous visual activity. For
each section we were forced to run through countless variations
and experiments in order to find parameters that produced unified
and appropriate material in each sensory domain. However, as
compensation for this difficulty, when the right settings are found,
this method produces an audio-visual relationship that is perfectly
synchronized and intuitively understood by unfamiliar audiences.
From a signal processing point of view, the results of the previous paragraph were not surprising. Non-acoustical data is inherently noisy when audified since it is not a time series of pressure
data obeying the wave equation. Recognizable and meaningful
visuals such as human faces are a complex arrangement of pixel
values containing many frequencies when audified. The use of a
variable amplitude threshold applied to the spectra of regions (outlined in section 2.3) allowed us to reduce noisy content of regions
to obtain clearer, tonal sounds from otherwise complex regions.
On the other hand, regions containing a simple arrangement of
pixel values such architectural features (windows, edges of walls,
lights, etc.), while less meaningful, lend themselves more naturally
to coherent audification without heavy spectral modification.
In composing, we were not trying to substitute the visual modality of the image with a new sonic identity, but rather “add value”
to the image in terms of Chion’s “audio-visual contract,” which
describes how in film “we do not see the same thing when we also
hear, and we do not hear the same thing when we also see.”[12]
The visual composition process of temporalizing a single image
resulted in a sonic composition that in turn influenced modifications to our visual composition. The sound complemented and
influenced the perception of the photograph to create an entirely
new work of art. While clear portions of the image may produce
otherwise unrelated abstract sounds (and vice versa), the audiovisual relationships are effective because of their precise synchronization and synthesis from the same data. We believe Chion’s
term “synchresis”[12] to describe a combination of synchronism
and synthesis in film can also be used to describe our work.

teners standing near the entrance were drawn to the center of the
room once they heard the rapid movement of sounds.

Figure 5: Installation of Voice of Sisyphus

5. FUTURE WORK
Future work in the area of visualization will be to implement automatic feature recognition to identify image regions of cultural
interest (people, faces, etc.) using computer vision. The composition may then become autonomous from the sequential real-time
sonification of image features as they are recognized by the computer. We are also interested the reverse– developing an algorithm
that given a desired pitch or sound spectrum could find the best
matching region within an image, thus automatically producing
visuals for a composition.
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+7,! #$*&4$&,! +7,2! $-,! %5'C,*! /*F! ?,$*/*&84#! %5,,.7! 3,%%$&,%6!
7'(,0,-6!.$*!A,!%#'(,-!+'!'4+54+!+7$*!'+7,-!$4D/+'-2!.4,%!O;MPF!
N4D/+'-2! ).'*%! @D,%.-/A,D! A2! "$0,-! O[P! DV ³HYHU\GD\ VRXQGV
3$55,D! +'! .'354+,-! ,0,*+%! A2! $*$#'&2! (/+7! ,0,-2D$2! %'4*DB!
SURGXFLQJ HYHQWV´  FUHDWH UHDOLVWLF RU PHWDSKRULFDO PDSSLQJV
A,+(,,*!%/&*/8/,-!$*D!%/&*/8/,D!4%/*&!-,$#!('-#D!%'4*D%!+'!-,5-,B
%,*+!0/-+4$#!'AX,.+%!'-!$.+/'*%F!1/*.,!+7,!%'4*D%!%7$-,!$!%,3$*+/.!
-,#$+/'*%7/5! (/+7! +7,! 3,%%$&,%! +7,2! .'334*/.$+,! +7,2! .$*! A,!
,$%2! +'! #,$-*! $*D! -,3,3A,-F! H7,/-! %4..,%%6! 7'(,0,-6! /%! 84*D$B
3,*+$##2! D,5,*D,*+! '*! +7,! %4..,%%! '8! +7,! 3,+$57'-! 4%,D! O;;P!
$*D! %/*.,! +7,-,! /%! *'+! $#($2%! $! 3$55/*&! A,+(,,*! $! -,$#! ('-#D!
%'4*D!$*D!$!0/-+4$#!/*+,-8$.,!$.+/'*6!/+!.$*!A,!D/88/.4#+!+'!D,%/&*!
$! %,+! '8! 4*/0,-%$##2! %4..,%%84#! N4D/+'-2! ).'*%F! Q$-.'*%! $-,! $AB
%+-$.+!$*D!7$0,!+'!A,!#,$-*,DF!H7,2!$-,!D,8/*,D!A2!^#$++*,-!27$(*<$
O=P! DV ³QRQB0,-A$#! $4D/'! 3,%%$&,%! 4%,D! /*! +7,! 4%,-B.'354+,-!
LQWHUIDFH´DQGE\%UHZVWHU27$(*<!O\P!DV³DEVWUDFWV\QWKHWLFWRQHV
+7$+!.$*!A,!4%,D!/*!%+-4.+4-,D!.'3A/*$+/'*%!+'!.-,$+,!$4D/'!3,%B
VDJHV´2QFHWKHDVVRFLDWLRQEHWZHHQWKHVLJQLILHUDQGVLJQLILHG
/%! #,$-*,D6! 7'(,0,-6! Q$-.'*%! 7$0,! A,,*! D,3'*%+-$+,D! +'! A,! $!
%4..,%%84#!($2!+'!D,#/0,-!$4D/+'-2!3,%%$&,%!O\PF!
8787! -:@CBD>@EBFGBEH$$
T-/0$.2!'-!.'*8/D,*+/$#/+2! .$*!A,!$*!/35'-+$*+!8$.+'-!/*!D,%/&*B
/*&! *'+/8/.$+/'*%! %/*.,! +7,! 3,%%$&,%! +7,2! D,#/0,-! 3$2! .'*+$/*!
5,-%'*$#!'-!%,*%/+/0,!/*8'-3$+/'*! @%4.7!$%!(/+7! 3,D/.$#!'-!5,-B
%'*$#! 72&/,*,! -,3/*D,-%E6! '-! A,! D,#/0,-,D! /*! $! 54A#/.! .'*+,L+!
(7,-,!'*#2!+7,!-,./5/,*+!($*+%!+'!/*+,-.,5+!+7,!3,%%$&,!@%4.7!$%!
(7,*!4%/*&!$!3'A/#,!D,0/.,!/*!$!54A#/.!5#$.,EF!I'+/8/.$+/'*%!+7$+!
$-,! ,$%/,-! +'! #,$-*! @%4.7! $%! %5,,.7! '-! N4D/+'-2! ).'*%E! D'! *'+!
$#($2%! '88,-! +7,! %$3,! #,0,#! '8! .'*8/D,*+/$#/+2! $%! 3'-,! $A%+-$.+!
$4D/+'-2! *'+/8/.$+/'*%! @%4.7! $%! Q$-.'*%EF! Q$-.'*%! A,$-! *'! %,B
3$*+/.! -,#$+/'*%7/5! (/+7! +7,! .'*+,*+! +7,2! .'334*/.$+,! $*D! %'!
+7'%,! (7'! D'! *'+! C*'(! +7,! -,#$+/'*%7/5! (/##! *'+! $4+'3$+/.$##2!
4*D,-%+$*D! +7,! 3,%%$&,%F! Q$-.'*%! @'*.,! #,$-*,DE! .$*! +7,-,8'-,!
A,!3'-,!.'*8/D,*+/$#!+7$*!N4D/+'-2!).'*%!'-!%5,,.7F!!
15,$-.'*%!$-,!³VXSHUVSHHGHGXSVSHHFK´!O<P!!(7/.7!$/3!+'!
%'#0,!%'3,!'8!+7,!5-'A#,3%!$%%'./$+,D!(/+7!%5,,.7!'4+54+F!H,L+!
+'!A,!.'334*/.$+,D!/%!%5,D!45!+'!+7,!5'/*+!(7,-,!/+!/%!*'+!*,.B
,%%$-/#2! -,.'&*/Y$A#,! $%! %5,,.7! 2,+! +7,! 3,%%$&,! .$*! %+/##! A,!
.'35-,7,*D,D!O<P6!O;<PF!H7/%!+25,!'8!.4,!3$2!5-'0/D,!$!#,0,#!'8!
5-/0$.2!*'+!$88'-D,D!(/+7!.'*0,*+/'*$#!%5,,.7!'4+54+]!/8!$!5,-B
%'*!/%!*'+!+7,!/*+,*D,D!-,./5/,*+!+7,*!+7,!3,%%$&,!/%!3'-,!D/88/B
.4#+!+'!/*+,-.,5+!4*/*+,*+/'*$##2F!?'-,!$A%+-$.+!*'+/8/.$+/'*%!.$*!
5'+,*+/$##2! '88,-! $! &-,$+,-! #,0,#! '8! .'*8/D,*+/$#/+2! %/*.,! +7,-,! /%!
*'!%,3$*+/.!-,#$+/'*%7/5!A,+(,,*!%/&*/8/,-!$*D!%/&*/8/,DF!
87I7! -=>FEB:@$
H7,! C,2! +'! 4%/*&! $4D/+'-2! %+/34#/! +'! .'*0,2! /*8'-3$+/'*! %4.B
.,%%84##2!/%!+7,!$A/#/+2!+'!5$-$3,+,-/%,!+7,!,#,3,*+%!'8!+7,!%'4*D!
/*!'-D,-!+'!,*.'D,!/*8'-3$+/'*F!_/+7!%5,,.7!'-!15,$-.'*%!+7/%!/%!
$.7/,0,D! A2! +7,! .'*.$+,*$+/'*! '8! /*D/0/D4$#! ('-D%! /*! '-D,-! +'!
3$C,! %,*+,*.,%! '-! %+-4.+4-,%! +7$+! .'*0,2! +7,! 3,$*/*&F! ! _7,*!
4%/*&! %5,,.7! '-! 15,$-.'*%6! 3,*4%! .$*! A,! -,$--$*&,D! '-! $4&B
3,*+,D! D2*$3/.$##2! (/+7'4+! D/%+4-A/*&! +7,! 3$55/*&! A,+(,,*!
%'4*D%!$*D!3,*4!/+,3%6!+74%!$##'(/*&!/*+,-8$.,%!+'!,0'#0,!(/+7B
'4+!7$0/*&!+'!,L+,*D!+7,!$4D/'!D,%/&*F!!
! _7,*! 4%/*&! Q$-.'*%! '-! N4D/+'-2! ).'*%6! +7,! 3$55/*&! 8-'3!

%'4*D!+'!3,$*/*&!7$%!+'!A,!.-,$+,D!,/+7,-!$A%+-$.+#2!'-!+7-'4&7!$!
3,+$57'-F! H7,! C,2! D/88,-,*.,! A,+(,,*! Q$-.'*%! $*D! N4D/+'-2!
).'*%!/%!+7,!,$%,!'8!5$-$3,+,-/%$+/'*F!Q#,3,*+%!+7$+!3$C,!45!$*!
Q$-.'*!%4.7!$%!+/3A-,6!3,#'D2!$*D!5/+.76!.$*!A,!,L+-$.+,D6!$*$B
#2%,D! $*D! 3$*/54#$+,D! 4%/*&! %'3,! 34%/.$#! %C/##! $*D! %+$*D$-D!
34%/.$#! +''#%! +'! .-,$+,! .#$%%,%! '8! %'4*D%F! ^-,(%+,-! 27$ (*<$ O;UP6!
8'-! ,L$35#,6! D,8/*,! $! %,+! '8! &4/D,#/*,%! 8'-! +7,! .-,$+/'*! '8!
Q$-.'*%! +7$+! /*.#4D,! -,.'33,*D$+/'*%! '8! (7/.7! 5$-$3,+,-%! +'!
4%,!$*D!7'(!+'!3$*/54#$+,!+7,3!+'!3$L/3/%,!D/%+/*&4/%7$A/#/+2F!
Q$-.'*%!$##'(!.-,$+/'*!'8!8$3/#/,%!'8!%'4*D%!%4.7!+7$+!*'+/8/.$B
+/'*%! $*D! $#,-+%! +7$+! $-,! -,#$+,D! %'4*D! %/3/#$-F! `4-+7,-3'-,6! /8!
Q$-.'*%!$-,!D,%/&*,D!$-'4*D!$!&-$33$-6!$!4%,-!*,,D!'*#2!#,$-*!
$!%,+!'8!-4#,%!+'!4*D,-%+$*D!$!#$-&,-!*43A,-!'8!*'+/8/.$+/'*%!O;VPF!
! a,%5/+,! +7,! 8$.+! +7$+! $*! N4D/+'-2! ).'*! /%! .'35'%,D! '8! $!
.'##,.+/'*!'8!%'*/.!,#,3,*+%6!/+!/%!&,*,-$##2!-,.'-D,D!$%!$*!$+'3B
/.! 4*/+F! H7/%! 3$C,%! $4D/+'-2! /.'*%! 3'-,! D/88/.4#+! +'! 5$-$3,+,-B
/%,F!H7,-,!/%!('-C!'*!+7,!4%,!'8!572%/.$#!3'D,#%6!8'-!,L$35#,6!+'!
$##'(!+7,!%/34#$+/'*!$*D!3$*/54#$+/'*!'8!-,$#B('-#D!%'4*D%!A4+!
+7,-,!%+/##!-,3$/*!'*#2!$!%3$##!*43A,-!'8!&''D!3'D,#%!$*D!3$B
*/54#$+/'*%!O;KPF!H7/%!.$*!3$C,!+7,!.-,$+/'*!'8!D2*$3/.!%,+%!'8!
N4D/+'-2!).'*%!D/88/.4#+F!
! )*!%433$-26!+7,-,!/%!$!.#,$-!+-$D,B'88!A,+(,,*!,$%,!'8!.'3B
5-,7,*%/'*! $*D! .'*8/D,*+/$#/+2! (7,*! 4%/*&! $4D/'! %+/34#/6! '*,!
(7/.7! /%! /*7,-,*+! /*! +7,! D/88,-,*.,! A,+(,,*! +7,! $A%+-$.+! $*D!
3,+$57'-/.$#! 3$55/*&! '8! %/&*/8/,-! +'! %/&*/8/,DF! T-/0$.2! /%%4,%!
$-/%,! (/+7! 3,+$57'-/.$#! 3$55/*&%! %/*.,! '+7,-%! .$*! 5'+,*+/$##2!
'0,-7,$-!+7,!,L5#/./+!-,3/*D,-%F!b*!+7,!'+7,-!7$*D6!+7,!-,./5/,*+!
3$2!8/*D!$A%+-$.+!3$55/*&%!3'-,!D/88/.4#+!+'!#,$-*F!H7,!,$%,!'8!
.-,$+/'*! $#%'! /35$.+%! '*! +7,! 4%,84#*,%%! '8! $4D/'! %+/34#/6! %/*.,!
+7'%,!+7$+!$-,!,$%/,-!+'!.-,$+,! 3$C,!,L+,*D/*&!+7,!$4D/'!D,%/&*!
%/35#,-6!+74%!$##'(/*&!+7,!4%,-!/*+,-8$.,!+'!A,!3'-,!8#,L/A#,F!!!
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?4%/.'*%! DUH GHILQHG DV ³H[WUHPHO\ EULHI VDPSOHV RI ZHOOB
C*'(*! 34%/.!4%,GLQDXGLWRU\LQWHUIDFHGHVLJQ´!$*D!7$0,!A,,*!
5-'5'%,D! $%! $*'+7,-! %'#4+/'*! +'! $DD-,%%! +7/%! &$5! /*! +7,! $4D/'!
D,%/&*!%5$.,!O;PF!^2!%$35#/*&!$!%7'-+!%*/55,+!'8!$!34%/.!+-$.C6!$!
D/%+/*.+! $4D/+'-2! .4,! .$*! A,! .-,$+,DF! ?4%/.'*%! .$*! ,*$A#,! D,B
%/&*,-%!+'!,L5#'/+!,L/%+/*&!$%%'./$+/'*%!$*D!,3'+/0,!3,3'-/,%!$!
4%,-!3$2!7$0,!(/+7!$!5/,.,!'8!34%/.!+'!.-,$+,!-,3/*D,-%!+7$+!$-,!
$A%+-$.+!/*!+7,/-!-,#$+/'*%7/5!(/+7!+7,!%/&*/8/,D!$%!(,##!$%!A,/*&!
3'-,!3,3'-$A#,!$*D!5'+,*+/$##2!,$%/,-!+'!#,$-*F!!
"$-Y'*/%! 27$ (*<! O;;P! 4%,D! 5/,.,%! '8! 34%/.! /*! %'3,! '8! +7,/-!
$4D/+'-2!/.'*%F!H7,!^^9!I,(%!$*D!+7,!<M+7!9,*+4-2!`'L!+7,3,%!
(,-,!4%,D!8'-!*,(%!$*D!,*+,-+$/*3,*+!*'+/8/.$+/'*%6!-,%5,.+/0,B
#2F!:%,-%!(,-,!$A#,!+'!4%,!+7,%,!,88,.+/0,#2!%'!+7/%!%455'-+%!+7,!
*'+/'*! +7$+! 34%/.! 3$2! A,! $! 4%,84#! 3,D/43! +7-'4&7! (7/.7! +'!
.'*0,2!/*8'-3$+/'*F!17,##,*A,-&!27$(*<!OUP!$%C,D!4%,-%!+'!/D,*+/B
82! 5'5! +-$.C%! 8-'3! %7'-+! %*/55,+%! '8! 34%/.! $*D! %4&&,%+,D! +7$+!
5,'5#,!.'4#D!/D,*+/82!5/,.,%!'8!34%/.!(,##!8-'3!0,-2!%7'-+!%*/5B
5,+%F! ?.",,BR,**'*! 27$ (*F! O;P! .-,$+,D! ?4%/.'*%! 8-'3! (,##B
C*'(*!5/,.,%!'8!34%/.!$*D!3$55,D!+7,3!+'!,0,-2D$2!-,3/*D,-%!
%7'(/*&! +7$+! 4%,-%! $.7/,0,D! $! 7/&7! #,0,#! '8! -,.'&*/+/'*! @=\cE!
%4%+$/*,D!'0,-!!$!;!(,,C!+,%+/*&!5,-/'DF!!
)*!%'3,!-,%5,.+%6!?4%/.'*%!$-,!.'35$-$A#,!+'!15,$-.'*%!/*!
+,-3%! '8! .'*8/D,*+/$#/+2F! H7,2! .$*! A,! 34.7! %7'-+,-! +7$*! '+7,-!
+25,%!'8!$4D/'!%+/34#/!$*D6!/8!5,'5#,!D'!*'+!C*'(!+7,!$%%'./$+/'*!
'8!3,%%$&,!+'!34%/.$#!+-$.C6!+7,!*'+/8/.$+/'*!.$*!5-'0/D,!.'*8/B
D,*+/$#/+2! 8'-! +7,! +$-&,+! 4%,-F! ^4+Y! $*D! d4*&! O;WP! D,3'*%+-$+,D!
+7,!4%,!'8!$!%2%+,3!+7$+!.'334*/.$+,D!*'+/8/.$+/'*%!+'!$!4%,-!/*!
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34%/.$#! 3'+/8%! +7$+! $55,$-,D! /*! $3A/,*+! A$.C&-'4*D! 34%/.F!
T-/0$.2!($%!/*.-,$%,D!A,.$4%,!+7,!3'+/8%!4%,D!(,-,!%5,./8/.!+'!$!
4%,-! $*D! ('4#D! %/35#2! %'4*D! #/C,! 5$-+! '8! +7,! 34%/.! +'! '+7,-%F!
`4-+7,-3'-,6!+7,!*'+/8/.$+/'*%!('4#D!*'+!D/%-45+!+7'%,!8'-!(7'3!
+7,2!(,-,!*'+!/*+,*D,DF!G'(,0,-6!+7,!$4+7'-%!.'*.#4D,D!+7$+!+7,!
3,+7'D!($%!/35-$.+/.$#!A,.$4%,! '8!+7,!7/&7!'0,-7,$D!/*0'#0,D!
/*!.'35'%/*&!$!5/,.,!'8!34%/.!/*+'!(7/.7!+7,!*'+/8/.$+/'*%!.'4#D!
A,!/*%,-+,D!%,$3#,%%#2F!H7,!84##!5'+,*+/$#!'8!?4%/.'*%!8'-!D,#/0B
,-2!'8!3'-,!5,-%'*$#/%,D!$*DZ'-!.'*8/D,*+/$#!3,%%$&,%!7$%!2,+!+'!
A,!84##2!,L5#'-,D6!+7'4&7!?4%/.'*%!D'!*'+!7$0,!$%!7/&7!$!.'3B
5'%/+/'*$#!'0,-7,$D!$%!+7,!+,.7*/S4,!D,%.-/A,D!$A'0,F!
b*,!5'+,*+/$#!$D0$*+$&,!'8!?4%/.'*%!'0,-!Q$-.'*%!'-!N4D/B
+'-2! ).'*%! /%! +7$+! +7,2! .'4#D! A,! %/35#,-! +'! .-,$+,F! N! D,%/&*,-!
'*#2!*,,D%!+'!5/.C!$!5/,.,!'8!34%/.!$*D!+$C,!$!%7'-+6!/D,*+/8/$A#,!
%*/55,+!+'!.-,$+,!$!?4%/.'*F!I'!34%/.$#!'-!%'4*D!D,%/&*!,L5,-B
+/%,!/%!*,,D,D!$*D!+7,-,!/%!$!#$-&,!$3'4*+!'8!%'4-.,!3$+,-/$#!+'!
.7''%,!8-'3F!:%,-%!.'4#D!$#%'!,$%/#2!.-,$+,!+7,/-!'(*!?4%/.'*%!
$*D! +7,2! .'4#D! A,! .-,$+,D! $4+'3$+/.$##2! '*.,! ?4%/.'*%! $-,!
3'-,!84##2!4*D,-%+''DF!1.7,##,*A,-&$27$(*<$OUP!%,#,.+,D!%*/55,+%!
WR EH ³PD[LPDOO\ UHSUHVHQWDWLYH´ RI WKH WUDFN EDVHG RQ WKH HLB
SHULPHQWHU¶V MXGJPHQW +RZHYHU H[FHSW WKDW VQLSSHWV ZHUH
%,#,.+,D! +'! %+$-+! '*! +7,! D'(*A,$+! $+! +7,! A,&/**/*&! '8! $! A$-6! *'!
'+7,-!&4/D,#/*,%!(,-,!&/0,*!8'-!%4/+$A#,!%,.+/'*%!8-'3!$!34%/.$#!
+-$.C!+7$+!(,!.'4#D!4%,!+'!.-,$+,!?4%/.'*%F!!
! T-,0/'4%!('-C!'*!$4D/'!+743A*$/#/*&!.'4#D!5-'0/D,!$!4%,84#!
/*%/&7+! /*+'! +7,! .-,$+/'*! '8! ?4%/.'*%F! N*! $4D/'! +743A*$/#! /%! $!
%7'-+6! -,5-,%,*+$+/0,! %$35#,! '8! $! 5/,.,! '8! 34%/.! 4%,D! $%! $! 5-,B
0/,(!/*!'-D,-!+'!$/D!%,$-.7!$*D!-,+-/,0$#!'8!34%/.!+-$.C%!8-'3!$!
#$-&,!.'##,.+/'*!O;[PF!G'(,0,-6!%4.7!3,+7'D%!'*#2!$/3!+'!.-,$+,!
'*,!-,5-,%,*+$+/0,!+743A*$/#!5,-!+-$.C!OVP6!OWP!(7/.7!('4#D!A,!
4%,D!A2!$##!4%,-%F!1/*.,!(,!$-,!/*+,-,%+,D!/*!,L5#'/+/*&!,L/%+/*&!
5,-%'*$#! -,#$+/'*%7/5%! $*D! ,3'+/0,! 3,3'-/,%! 4%,-%! 3$2! 7$0,!
(/+7! +7,/-! '(*! 34%/.! +-$.C%6! (,! *,,D! +'! /*0,%+/&$+,! 3'-,! %4AB
X,.+/0,! $%%,%%3,*+! '8! -,5-,%,*+$+/0,*,%%6! $! S4,%+/'*! (7/.7! (,!
$DD-,%%!/*!+7/%!5$5,-F!!!
I7! +'%,-&($#MN#4,+#(!$O$&/#4/,#P$
T-,0/'4%!%+4D/,%!7$0,!%7'(*!+7$+!5/,.,%!'8!34%/.!.$*!A,!-,.'&B
*/Y,D! 8-'3! %*/55,+%! $%! %7'-+! $%! MF<! %,.'*D%! /*! #,*&+7! O;P6! OUPF!!
e,-2!#/++#,!/%!C*'(*6!7'(,0,-6!$A'4+!(7$+!3$C,%!$!%*/55,+!&''D!
'-!A$D!8'-!4%,!$%!$!?4%/.'*F!)+!/%!*'+!.#,$-!)":!+'!5/.C!+7,!5$-B
+/.4#$-! %,.+/'*! '8! +7,! 34%/.! +-$.C! 8-'3! (7/.7! +'! .-,$+,! +7,!
?4%/.'*!/*!+,-3%!'8!,/+7,-!5,-8'-3$*.,!@-,.'&*/+/'*!$*D!3,3'B
-$A/#/+2E!'-!5-,8,-,*.,!@7'(!5#,$%$*+!/+!%'4*D%EF!
! H7,! %,#,.+/'*! '8! +7,! -/&7+! %,.+/'*! '8! +7,! 34%/.! +'! 4%,! 8'-!
.-,$+/*&! ?4%/.'*%! /%! 5'+,*+/$##2! 7/&7#2! %4AX,.+/0,F! H7,-,! /%! *'!
XQLYHUVDO PHWULF WR GHILQH µUHSUHVHQWDWLYHQHVV¶ LQ WHUPV RI D
%,.+/'*!'8!$!5/,.,!'8!34%/.F!_,!.$**'+!$%%43,! +7$+!$!4*/0,-%$#!
%,+!'8!?4%/.'*%!/%!5'%%/A#,!'-!/D,$#6!$*D!%'!/+!/%!*,.,%%$-2!+'!+,%+!
5,-8'-3$*.,!$*D!5-,8,-,*.,!8'-!?4%/.'*%!&,*,-$+,D!8-'3!34%/.!
%,#,.+,D!A2!4%,-%!+7,3%,#0,%!8-'3!+7,/-!'(*!34%/.!.'##,.+/'*%F!!
! )*! T7$%,! ;! '8! $! +7-,,! 5$-+! %+4D2! (,! $%C,D! 4%,-%! +'! A-/*&! K!
34%/.!+-$.C%!8-'3!+7,/-!'(*!5-/0$+,!.'##,.+/'*!8'-!4%,!/*!&,*,-B
$+/*&! 5,-%'*$#/%,D! ?4%/.'*%F! )*! T7$%,! <6! -,.'&*/+/'*! 5,-8'-B
3$*.,! $*D! 5-,8,-,*.,! 8'-! +7,! ?4%/.'*%! (,-,! /*0,%+/&$+,DF! )*!
T7$%,!U!(,!,L5#'-,D!+7,!4*D,-#2/*&!5-'5,-+/,%!'8!&''D!$*D!A$D!
?4%/.'*%F!H7,!8'##'(/*&!%,.+/'*!(/##!5-,%,*+!,$.7!57$%,!'8!+7,!
%+4D2!/*!+4-*!$*D!+7,*!D/%.4%%!7'(!'4-!8/*D/*&%!3/&7+!A,!4%,D!+'!
'88,-!/*/+/$#!&4/D,#/*,%!8'-!+7,!D,%/&*!'8!&''D!?4%/.'*%F!
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J7! N"1%#$6$±$+'%,-&($-4#1!,&($
H'! /*0,%+/&$+,! +7,! 3'%+! %$#/,*+! $*D! 4%,84#! 8,$+4-,%! '8! 34%/.$#!
+-$.C%! 8-'3! (7/.7! +'! .-,$+,! ?4%/.'*%6! $*! ,L$35#,! %,+! '8!
?4%/.'*%!($%!-,S4/-,DF!f,%4#+%!8-'3!O;P!$*D!OUP!%4&&,%+,D!+7$+!
5,'5#,!.$*!/D,*+/82!(,##BC*'(*!+-$.C%!8-'3!0,-2!%7'-+!%*/55,+%!
.7'%,*! A2! ,L5,-+%! A4+! +7,-,! 7$0,! A,,*! *'! %+4D/,%! /*0,%+/&$+/*&!
7'(! (,##! 4%,-%! .$*! -,.'&*/%,! %*/55,+%! 8-'3! +-$.C%! +7,2! 7$0,!
.7'%,*!+7,3%,#0,%F! H'! /*0,%+/&$+,! +7/%6! 5$-+/./5$*+%! (,-,! $%C,D!
+'! %455#2! +-$.C%! 8-'3! +7,/-! '(*! 34%/.! #/A-$-2! 8-'3! (7/.7! $!
*43A,-!'8!?4%/.'*%!.'4#D!A,!&,*,-$+,DF!!
H7,!%$3,!8/8+,,*!5$-+/./5$*+%!+''C!5$-+!/*!A'+7!T7$%,!;!$*D!
<F! H7,-,! (,-,! W! 8,3$#,%! $*D! \! 3$#,%6! $&,D! ;\! B! KU6! *'*,! '8!
(7'3! -,5'-+,D! $*2! 7,$-/*&! 5-'A#,3%F! I/*,! '8! +7,! 5$-+/./5$*+%!
-,5'-+,D! 7$0/*&! 7$D! 8'-3$#! 34%/.$#! +-$/*/*&! @+('!7$D! $! D,&-,,!
/*!34%/.!$*D![!7$D!%'3,!5-/0$+,!+4/+/'*!'-!+-$/*/*&!D4-/*&!%,.B
'*D$-2!%.7''#EF!H7,!-,3$/*D,-!7$D!*'!34%/.$#!+-$/*/*&F!
T$-+/./5$*+%! (,-,! $%C,D! +'! %455#2! K! +-$.C%! 8-'3! +7,/-! '(*!
34%/.!#/A-$-2!3$=(.7/&/8(+7$>.(&?#<$)*!$DD/+/'*6!K!@"+7."*$>.(&?#!
(,-,!4%,D!+'!.-,$+,!?4%/.'*%!+7$+!(,-,!+7,!%$3,!$.-'%%!$##!5$-B
+/./5$*+%F! H7,! 9'*+-'#! H-$.C%6! (7/.7! /*.#4D,D! +7'%,! 4%,D! /*!
O;<P6!(,-,g!
x! 7KH 5HPEUDQWV ,¶OO EH WKHUH IRU \RX  )ULHQGV 79
%7'(!+7,3,E!
x! f$2!T$-C,-!d-g!"7'%+A4%+,-%!
x! d'7$*!T$.7,#A,#g!9$*'*!
x! d'7*!_/##/$3%g!H7,3,!8-'3!d4-$%%/.!T$-C!
x! H7,3,!8-'3!d$3,%!^'*D!!
!
H7,%,! +-$.C%! (,-,! .7'%,*! A,.$4%,! +7,2! 7$D! %+-'*&! +7,3$+/.!
$%%'./$+/'*%!(/+7!5'54#$-!.4#+4-,!8'-!+7,!%$35#,!&-'45!'8!(,%+B
,-*/Y,D!$D4#+%!#/0/*&!/*!+7,!:h!$*D!+7,!8/-%+!8'4-!7$D!5-'0,D!+'!
A,!,88,.+/0,!/*!$!5-,0/'4%!%+4D2!'8!?4%/.'*%!O;PF!!
! ^2! /*.#4D/*&! A'+7! .'*+-'#! $*D! 5$-+/./5$*+! %455#/,D! 34%/.6!
+7,!,88,.+!'8!!=FLQ$!H<>!@=(.7/&/8(+7!0%F!@"+7."*E!'*!?4%/.'*!
-,.'&*/+/'*! $*D! 5-,8,-,*.,! .'4#D! A,! %+4D/,D! /*! T7$%,! <F! Q$.7!
SDUWLFLSDQWZDVDOVRDVNHGWRFKRRVHWZRµA>G>LEB:@A¶IURPHDFK
34%/.$#! +-$.C! @A'+7! +7,/-! '(*! +-$.C%! $*D! +7,! 9'*+-'#! H-$.C%EF!
H7,! 8/-%+! +$%C! ($%! +'! %,#,.+! +7,! %,.+/'*! +7$+! ($%! +7,/-! 5,-%'*$#!
8$0'4-/+,!5$-+!'8!+7,!+-$.C!@A(;"B./72EF!H7,!%,.'*D!($%!+'!%,#,.+!
+7,! %,.+/'*! +7,2! 8,#+! ($%! 3'%+! -,5-,%,*+$+/0,! '8! +7,! +-$.C! /*!
&,*,-$#! @C##2+&2DF! T$-+/./5$*+%! (,-,! $%C,D! +'! .7''%,! A'+7! A(3
;"B./72!$*D!C##2+&2!+'!7,#5!4%!4*D,-%+$*D!+7,!D/88,-,*+!3'+/0$B
+/'*%! A,7/*D! +7,! %,#,.+/'*! '8! +7,! 5'-+/'*! '8! 34%/.! 4%,-%! 3/&7+!
($*+!+'!4%,!8'-!.-,$+/*&!$!?4%/.'*!8-'3!$!C*'(*!5/,.,!'8!34B
%/.F!T$-+/./5$*+%!.7''%,!+7,%,!%,.+/'*%!'*!+7,/-!'(*6!4%/*&!.4%B
+'3!%'8+($-,F!`'-!,$.7!+-$.C6!+7,!%'8+($-,!5-,%,*+,D!+('!%#/D,-!
A$-%!@+7,!C*'A!'*!(7/.7!.'--,%5'*D,D!+'!$!8/0,!%,.'*D!%#/.,!'8!
+7,!%'*&E6!'*,!8'-!µ`$0'4-/+,¶!$*D!'*,!8'-!$*!Q%%,*.,!%,.+/'*EF!
T$-+/./5$*+%!.'4#D!$DX4%+!+7,!%#/D,-%! $*D!5#$2!+7,!%,#,.+,D!.#/5%!
4*+/#!+7,2!(,-,!7$552!(/+7!+7,/-!.7'/.,%F!b*.,!+7,2!.'*8/-3,D!
+7,/-! %,#,.+/'*%6! +7,! %'8+($-,! 3'0,D! '*+'! +7,! *,L+! +-$.CF! H7,!
'-D,-! /*! (7/.7! +-$.C%! (,-,! 5-,%,*+,D! +'! 5$-+/./5$*+%! ($%! -$*B
D'3/%,DF! )+! ($%! ,*+/-,#2! 5'%%/A#,! +7$+! +7,%,! +('! %,#,.+/'*%!
('4#D!'0,-#$56!'-!/*D,,D!A,!,L$.+#2!+7,!%$3,F!H7/%6!/8!/+!+4-*,D!
'4+!+'!A,!+7,!.$%,6!('4#D!/*!/+%,#8!5-'0/D,!4%,84#!/*8'-3$+/'*F!!
! Q$.7! '8! +7,! %,.+/'*%! %,#,.+,D! (,-,! K! %,.'*D%! #'*&F! H7,!
D,./%/'*!+'!.7''%,!+7/%!#,*&+7!($%!3$D,!+'!A$#$*.,!+7,!+-$D,B'88!
A,+(,,*! 7'(! ,$%2! +7,! +$%C! ('4#D! A,! 8'-! 5$-+/./5$*+%! $*D!7'(!
34.7!34%/.!+7,-,!('4#D!A,!8-'3!(7/.7!+'!&,*,-$+,!?4%/.'*%F!
97''%/*&! %7'-+,-! %,#,.+/'*%! .'4#D! 7$0,! A,,*! +''! D/88/.4#+! 8'-!
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!
5$-+/./5$*+%!$*D!7$0/*&!$*2+7/*&!#'*&,-!('4#D!7$0,!-,%4#+,D!/*!
+''!34.7!3$+,-/$#!8-'3!(7/.7!+'!&,*,-$+,!&''D!?4%/.'*%F$
! b*.,!5$-+/./5$*+%!7$D!.7'%,*!$##!<M!'8!+7,!8/0,!%,.'*D!%,.B
+/'*%! @K! @"+7."*EA(;"B./726! K! @"+7."*EC##2+&26! K! =(.7/&/3
8(+7EA(;"B./72! $*D! K! =(.7/&/8(+7EC##2+&2E6! %/L! ?4%/.'*%! (,-,!
&,*,-$+,D! 8-'3! ,$.7! ±! $! #)".7! @MF<! %,.'*DE! ?4%/.'*! 8-'3! +7,!
%+$-+6! 3/DD#,! $*D! ,*D! '8! ,$.7! %,.+/'*6! $*D! $! F25/BF! @MFK! %,B
.'*DE!?4%/.'*!8-'3!+7,!%+$-+6!3/DD#,!$*D!,*D!'8!,$.7!%,.+/'*F!
H('! D4-$+/'*%! (,-,! 4%,D! +'! $*$#2%,! +7,! ,88,.+%! '8! ?4%/.'*!
G>@RE?!'*!5,-8'-3$*.,!$*D!5-,8,-,*.,F!!
! H7,!%+$-+6!3/DD#,!$*D!,*D!'8!+7,!%,.+/'*%!(,-,!4%,D!+'!&,*B
,-$+,!$!-$*&,!'8!?4%/.'*%!$%!(,!D/D!*'+!C*'(!(7,-,!+7,!3'%+!
-,5-,%,*+$+/0,!5$-+!(/+7/*!+7,!%,.+/'*!($%!#'.$+,DF!?'%+!'8!+7,!
%'*&%!%,#,.+,D!A2!4%,-%!.'4#D!A,!D,%.-/A,D!$%6!'-!$%!$!%4AB&,*-,!
'86!3'D,-*!(,%+,-*/%,D!5'5!'-!-'.CF!b*#2!'*,!%'*&!($%!%,#,.+B
,D! A2! 3'-,! +7$*! '*,! 5$-+/./5$*+F! b8! $##! '8! +7,! 5$-+/./5$*+! %45B
5#/,D! +-$.C%6! +7,-,! (,-,! '*#2! +7-,,! 84##2! /*%+-43,*+$#! +-$.C%!
(7/#,! +7,! -,%+! .'*+$/*,D! $+! #,$%+! '*,! %/*&,-F! H7/%! -,%4#+,D! /*! $!
%,+!'8!;<M!?4%/.'*%!8'-!,$.7!5$-+/./5$*+6!(7/.7!($%!+7,*!,0$#4B
$+,D!(/+7!+7,!%$3,!%,+!'8!4%,-%!/*!T7$%,!<F!Q$.7!5$-+/./5$*+!'*#2!
,0$#4$+,D!7/%!'-!7,-!'(*!%,+!'8!;<M!?4%/.'*%F!!

S767! "H<:E?>A>A$
!".!! f,.'&*/+/'*! -$+,! 8'-! ?4%/.'*%! &,*,-$+,D! 8-'3! =(.7/&/3
8(+7$ >.(&?#! (/##! A,! &-,$+,-! +7$*! +7'%,! 8-'3! @"+7."*$ >.(&?#<!
?,$%4-,D!A2!7/&7,-!*43A,-!'8!&"..2&7*0$/52+7/K/25$7.(&?#!$*D!$!
#'(,-!+BFL2.$"K$.28*(0#]!
!
!#$$ T$-+/./5$*+%!(/##!7$0,!$!7/&7,-!8.2K2.2+&2$.(7/+M!8'-!+7,!
?4%/.'*%!8-'3!=(.7/&/8(+7$>.(&?#!+7$*!@"+7."*$>.(&?#H$
$
!%$! f,.'&*/+/'*! -$+,! 8'-! ?4%/.'*%! .-,$+,D! 8-'3! C##2+&2$
62*2&7/"+#! (/##! A,! 7/&7,-! +7$*! +7$+! 8'-! ?4%/.'*%! .-,$+,D! 8-'3!
A(;"B./72$ 62*2&7/"+#F! ?,$%4-,D! A2! +7,! *43A,-! '8! &"..2&7*0$
/52+7/K/25$7.(&?#!$*D!+7,!+BFL2.$"K$.28*(0#H$
$
!&$! f,.'&*/+/'*! -$+,! 8'-! +7,! I<J#! ?4%/.'*%! (/##! A,! 7/&7,-!
+7$*! 8'-! +7,! I<4#! '*,%F! ?,$%4-,D! A2! +7,! *43A,-! '8! &"..2&7*0$
/52+7/K/25!7.(&?#!$*D!+7,!+BFL2.$"K$.28*(0#<$
S787! 4>AKGEA$±$4>L:R@BEB:@$4FE>$

S7! N"1%#$8$±$+'%,-&($4#-122$!#%!$
H7,!%,.'*D!57$%,!'8!+7,!%+4D2!+''C!+7,!%,+!'8!?4%/.'*%!&,*,-B
$+,D!/*!T7$%,!;!$*D!+,%+,D!+7,3!(/+7!4%,-%!+'!/*0,%+/&$+,!-,.'&B
*/+/'*!'86!$*D!5-,8,-,*.,!8'-!+7,!%,+!'8!?4%/.'*%F!T7$%,!<!4%,D!$!
(/+7/*B%4AX,.+%! D,%/&*! $*D! +''C!5#$.,! D4-/*&! +7,! %$3,! %,%%/'*!
$%! T7$%,! ;F! N%! /*+-'D4.,D! /*! T7$%,! ;6! +7,! +7-,,! )*D,5,*D,*+!
e$-/$A#,%!(,-,g!!
!=FLQ$ !H<>G$ (7,+7,-! $! 5$-+/./5$*+! 5/.C,D! $! 5/,.,! '8! 34%/.!
8-'3!7/%Z7,-!'(*!.'##,.+/'*!'-!(7,+7,-!/+!($%!8-'3!+7,!.'*+-'#!
%,+!@=(.7/&/8(+7$>.(&?E@"+7."*$>.(&?E]!
%>G>LEB:@G! (7,+7,-! 5$-+/./5$*+%! 5/.C,D! +7,! %,.+/'*! '8! +7,! +-$.C!
$%!,/+7,-!8$0'4-/+,!'-!,%%,*.,!@A(;"B./72EC##2+&2DH$
2>@RE?G!+7,!#,*&+7!'8!+7,!?4%/.'*!@I<4$#$E$I<J$#D<$
! `'-! ,$.7! 5$-+/./5$*+6! T7$%,! ;! 5-'D4.,D! ;<M! 4*/S4,!
?4%/.'*%g! ;M! H-$.C%! @K! 9'*+-'#! $*D! K! T$-+/./5$*+! +-$.C%E! L! <!
1,#,.+/'*%!@`$0'4-/+,!$*D!Q%%,*.,E!L!<!R,*&+7%!@MFK%!$*D!MF<%E!
L!U!T'%/+/'*%!@1+$-+6!?/DD#,!$*D!Q*DEF!)*!T7$%,!<6!5$-+/./5$*+%!
(,-,!$%C,D!+'!#/%+,*!+'!,$.7!'8!+7,!?4%/.'*%!$*D!+'!/D,*+/82!+7,!
+-$.C!8-'3!(7/.7!/+!($%!.-,$+,DF!! !
?4%/.'*%! (,-,! 5-,%,*+,D! /*! $! -$*D'3/%,D! '-D,-F! b*! 7,$-B
/*&!$!?4%/.'*6!5$-+/./5$*+%!(,-,!$%C,D!+'!5-,%%!$!A4++'*!'*!+7,!
,L5,-/3,*+!/*+,-8$.,!.'--,%5'*D/*&!+'!+7,!.'--,.+!+-$.CF!)*!+'+$#!
+7,-,!(,-,!;M!A4++'*%6!'*,!8'-!,$.7!+-$.C!/*!+7,!,L5,-/3,*+!@K!
.'*+-'#!+-$.C%6!K!5$-+/./5$*+!+-$.C%EF!H7/%!5-'0/D,D!$!3,$%4-,!'8!
-,.'&*/+/'*!5,-8'-3$*.,!8'-!,$.7!?4%/.'*F!)*!$DD/+/'*6!5$-+/./B
5$*+%!(,-,!$%C,D!+'!-$+,!,$.7!'8!+7,!?4%/.'*%!/*!+,-3%!'8!5-,8B
,-,*.,F!H7,!+7-,,!a,5,*D,*+!e$-/$A#,%!3,$%4-,D!(,-,g!!
,D>@EBCBFTBGBEHG$_7,+7,-!'-!*'+!+7,!5$-+/./5$*+!($%!$A#,!+'!.'-B
-,.+#2!/D,*+/82!+7,!+-$.C!8-'3!(7/.7!+7,!?4%/.'*!($%!&,*,-$+,D]!
(K;T>=$ :C$ 4><GFHAG!T$-+/./5$*+%!(,-,!$##'(,D!+'!-,5#$2!,$.7!
?4%/.'*!45!+'!+7-,,!+/3,%!A,8'-,!%4A3/++/*&!+7,/-!$*%(,-F!`-'3!
+7/%6!/+!('4#D!A,!5'%%/A#,!+'!/*0,%+/&$+,!*'+!'*#2!/8!$!+-$.C!.'4#D!
A,!/D,*+/8/,D!A4+!$#%'!7'(!D/88/.4#+!/+!($%!+'!/D,*+/82]!
N=>C>=>@L>G! T$-+/./5$*+%! (,-,! $%C,D! +'! -$+,! ,$.7! ?4%/.'*! /*!
+,-3%! '8! 5-,8,-,*.,! '*! $! K! 5'/*+! R/C,-+! %.$#,! @1+-'*&! a/%#/C,6!
a/%#/C,6! I,4+-$#6! R/C,6! 1+-'*&! R/C,E! A$%,D! '*! (7,+7,-! +7,2!
8'4*D!+7,!?4%/.'*!5#,$%$*+!%'4*D/*&F!

H7,!-,.'&*/+/'*!-$+,!'8!,$.7!?4%/.'*!/%!%7'(*!/*! H$A#,!;<!H'B
+$#%! %7'(*! $-,! '4+! '8! <<K! @;K!5$-+/./5$*+%! L!K! 1'*&%! L! U!T'%/B
+/'*%! @1+$-+6! ?/DD#,! $*D! Q*DEF! ?4%/.'*%! +7$+! 5,-8'-3,D! A,++,-!
+7$*!'+7,-%!(,-,!3'-,!.'--,.+#2!/D,*+/8/,D!(/+7!$!8,(,-!*43A,-!
'8!-,5#$2%F!

!
H$A#,!;g!I43A,-!'8!.'--,.+#2!/D,*+/8/,D!?4%/.'*%F!
J<4<,<! N52+7/K/(L/*/70$$
N! +7-,,B8$.+'-6! -,5,$+,DB3,$%4-,%! NIbeN! '*! H-$.C! H25,6!
1,#,.+/'*! $*D! R,*&+7! 8'-! +7,! *43A,-! '8! .'--,.+#2! /D,*+/8/,D!
?4%/.'*%! %7'(,D! $! %/&*/8/.$*+! 3$/*! ,88,.+! 8'-! H-$.C! H25,!
@`@;6[VEJKFK;U6! 5iMFMKE! $*D! $! %/&*/8/.$*+! 3$/*! ,88,.+! 8'-!
R,*&+7!@`@;6[VEJ=;F[\\6!5iMFM;EF!H7,!3$/*!,88,.+!8'-!1,#,.+/'*!
($%! *'+! %/&*/8/.$*+! @`@;6[VEJMF;V=6! 5JMF[MEF! H7,-,! (,-,! *'!
%/&*/8/.$*+!/*+,-$.+/'*%6!H-$.C!H25,!L!1,#,.+/'*!@`@;6[VEJMF<[=6!
5JMFWE6!H-$.C!H25,!L!R,*&+7!@`@;6[VEJ!MFUW\6!5JMFKVKE6!1,#,.B
+/'*! L! R,*&+7! @`@;6[VEJUF<=W6! 5!JMFM[E! $*D! H-$.C! H25,! L! 1,B
#,.+/'*!L!R,*&+7!@`@;6[VEJ!<FV<W6!5JMF;<VEF!!
! H7,! ?4%/.'*%! &,*,-$+,D! 8-'3! +7,! 9'*+-'#! H-$.C%! (,-,!
.'--,.+#2!/D,*+/8/,D!%/&*/8/.$*+#2!3'-,!'8+,*!+7$*!+7'%,!&,*,-$+B
,D! 8-'3! +7,! T$-+/./5$*+! H-$.C%! $*D! +7,! MFK%! ?4%/.'*%! (,-,!
.'--,.+#2! /D,*+/8/,D! %/&*/8/.$*+#2! 3'-,! '8+,*! +7$*! +7,! MF<%!
?4%/.'*%F!H7/%!5$-+/$##2!-,X,.+%!G25'+7,%/%!;!$*D!5$-+/$##2!.'*B
8/-3%!GVF!H7,-,!($%!*'!,0/D,*.,!8'-!GUF!

151

Proceedings of the 18th International Conference on Auditory Display, Atlanta, GA, USA, June 18-21, 2012
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

J<4<4<! OBFL2.$"K$!28*(0#$
N!?4%/.'*!.'4#D!A,!-,5#$2,D!45!+'!+7-,,!+/3,%F!`/&4-,!;!%7'(%!
+7,! +'+$#! *43A,-! '8! -,5#$2%! '0,-! $##! 5$-+/./5$*+%! 8'-! +7,! (7'#,!
,L5,-/3,*+F! H7,! $0,-$&,! *43A,-! '8! -,5#$2%! 5,-! ?4%/.'*! ($%!
%3$##!@?JMFK;6!1aJMF=VE6!7'(,0,-6!$%!.$*!A,!%,,*!/*!`/&4-,!<6!
+7,!+'+$#!*43A,-!'8!-,5#$2%! 8'-!MF<%!?4%/.'*%!($%!7/&7,-!+7$*!
+7,!+'+$#!*43A,-!'8!-,5#$2%!8'-!MFK%!?4%/.'*%F!!
! N!+7-,,B8$.+'-6!-,5,$+,DB3,$%4-,%!NIbeN!'*!H-$.C!H25,6!
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,L$.+!-,$%'*%!8'-!(72!+7,!5$++,-*!/%!*'+!-,5,$+,D!8'-!+7,%,!+-$.C%!
/%!4*C*'(*6!A4+!A'+7!'8!+7,%,!+-$.C%! D'!*'+!.'*+$/*!0'.$#%6!$-,!
3'-,!.#$%%/.$#!/*!*$+4-,!$*D!D'!*'+!7$0,!+7,!%$3,!&,*,-$#!%+-4.B
+4-,!$%!+7,!(,%+,-*!5'5!%'*&%F!)+!.'4#D!A,!+7,!.$%,!+7$+!+7,!5$-B
+/./5$*+%! (,-,!3'-,! 8$3/#/$-! (/+7!+7,!`-/,*D%!$*D!"7'%+A4%+,-%!
+-$.C%6! '-! (/+7! (,%+,-*! 5'5Z-'.C! /*! &,*,-$#6! $*D! (,-,! %4A%,B
S4,*+#2!$A#,!+'!3$C,!A,++,-!%,#,.+/'*%F!N#+7'4&7!*'!%+-'*&!.'*B
.#4%/'*%!.$*!A,!D-$(*6!/+!/%!%+/##!/*+,-,%+/*&!+'!*'+,!+7,!%/3/#$-/+2!
A,+(,,*! +7,! %,.+/'*%F! )+! %4&&,%+%! +7$+! /8! +7,-,! $-,! 3$*2! 5,'5#,!
(7'! $-,! 8$3/#/$-! (/+7! $! 5$-+/.4#$-! %'*&6!+7,2! 3$2! 7$0,! %/3/#$-!
YLHZVRQZKDWLVµUHSUHVHQWDWLYH¶RIWKDWVRQJ!
P<,<4<! =(.7/&/8(+7$>.(&?#$
H7,! 3$X'-/+2! '8! +7,! #$A,#%! ,3,-&/*&! (,-,! %+-4.+4-$#! /*! *$+4-,F!
1+-4.+4-$#!#$A,#%!(,-,!4%,84#!/*!+7/%!.'*+,L+!$%!+7,2!(,-,!$A#,!+'!
+-$*%.,*D!34%/.$#!D/88,-,*.,%!/*!&,*-,6!3,#'D26!-72+736!+/3A-,!
$*D!'+7,-!/*+-/*%/.$##2!34%/.$#!5-'5,-+/,%!(/+7!(7/.7!$!.'35'%,-!
3$C,%! $! +-$.C! 4*/S4,F! 1+-4.+4-$#! %/3/#$-/+/,%! .$*! &-'45! 0,-2!
D/%5$-$+,!5/,.,%!'8!34%/.!$*D!+74%!$-,!4%,84#!8'-!?4%/.'*!$*$#2B
%/%F! 1/*.,! $#3'%+! $##! '8! +7,! 4%,-! .'*+-/A4+,D! %'*&%! (,-,! ,L$3B
5#,%!'8!3'D,-*!(,%+,-*!5'5!'-!-'.C6!+7,2!(,-,!$##!%+-4.+4-,D!/*!$!
%/3/#$-! ($2F! Q$.7! %'*&! *'-3$##2! 8,$+4-,D! $*! /*+-'D4.+/'*! %,.B
+/'*6!8'##'(,D!A2!'*,!'-!3'-,!0,-%,%!(7/.7!(,-,!+7,*!8'##'(,D!
A2! $! .7'-4%Z-,8-$/*F! H7,-,8'-,6! /D,*+/82/*&! (7/.7! %+-4.+4-$#!
%,&3,*+! @,F&F! /*+-'D4.+/'*Z0,-%,Z.7'-4%E! +7,! K! %,.'*D! %,.+/'*!
8,##!/*+'!($%!$!4%,84#!($2!'8!/D,*+/82/*&!%/3/#$-/+/,%!A,+(,,*!$##!
'8! +7,! K! %,.'*D! %,.+/'*%F! )*! +'+$#! +7,-,! (,-,! ;KM! %,.+/'*%! @;K!
5$-+/./5$*+%!L!@K!`$0'4-/+,!%,.+/'*%!k!K!Q%%,*.,!%,.+/'*%EEF!
)*!$DD/+/'*!+'!+7,!%+-4.+4-$#!#$A,#%6!$!*43A,-!'8!3,#'D/.!$*D!
+/3A-$#!#$A,#%!,3,-&,D!$%!%$#/,*+F!H7,! 3,#'D/.!#$A,#%!&,*,-$##2!
/*D/.$+,D!+7,!5-,%,*.,!'8!$!%+-'*&!'-!5-'3/*,*+!3,#'D/.!8,$+4-,6!
VXFKDVDPDLQULII HJWKHPDLQULIILQ6WHYLH:RQGHUµ6XSH-B
VWLWLRQ¶RU LQEOLQNB µ$SSOH 6KDPSRR¶  RU LQVWUXPHQWDO VROR
HJ WKH JXLWDU VROR LQ 6DQWDQD µ6PRRWK¶ RU WKH EUDVV VROR LQ
/RXLV 3ULPD µ$QJHOLQD =RRPD =RRPD¶  7KH WLPEUDO IHDWXUHV
+7$+! ,3,-&,D! $%! %$#/,*+! &,*,-$##2! D/%+/*&4/%7,D! A,+(,,*! +7,!
5-,%,*.,!'-!$A%,*.,!'8!0'.$#%!/*!+7,!%,.+/'*F!b8!$##!'8!+7,!5$-+/.B
/5$*+! %455#/,D! +-$.C%6! +7,-,! (,-,! '*#2! +7-,,! 84##2! /*%+-43,*+$#!
+-$.C%!(7/#,!+7,!-,%+!.'*+$/*,D!$+!#,$%+!'*,!%/*&,-F!b8!+7,!+-$.C%!
ZLWK YRFDOV ZKHWKHU WKH SDUWLFLSDQW¶V FKRVH VHFWLRQV WKDW IH$B
+4-,D!+7,!%/*&,-!5-'0,D!7/&7#2!%$#/,*+F!
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H7,!3'%+!8-,S4,*+#2!'A%,-0,D!5-'5,-+2!($%!+7,!5-,%,*.,!'8!
$!0'.$#/%+6!'A%,-0,D!/*![Uc!'8!%,.+/'*%F!)*!3'D,-*!5'5!'-!-'.C!
34%/.6! +7,! 0'.$#/%+! /%! '8+,*! .$--2/*&! +7,! 3$/*! 3,#'D2F! H74%6!
5/.C/*&!$!%,.+/'*!'8!+7,!+-$.C!.'*+$/*/*&!+7,!0'.$#/%+!/%!/35'-+$*+!!
!
2FT>G$
-FE>R:=H$ *=>VK>@LH$
e'.$#%!

H/3A-$#!

;M\!

97'-4%Zf,8-$/*!

1+-4.+4-$#!

V=!

?$/*!f/88!

?,#'D/.!

VV!

)*%+-43,*+$#!

H/3A-$#!

V;!

e,-%,!

1+-4.+4-$#!

UW!

9'*+$/*%!H-$.C!H/+#,!

H/3A-$#!

U;!

97'-4%Zf,8-$/*!±!e,-2!1+$-+!

1+-4.+4-$#!

U;!

?$/*!f/88!±!e,-2!1+$-+!

?,#'D/.!

UM!

`/-%+!e,-%,!

1+-4.+4-$#!

<\!

)*+-'D4.+/'*!

1+-4.+4-$#!

<K!

e,-%,!±!e,-2!1+$-+!

1+-4.+4-$#!

;\!

`/-%+!e,-%,!±!e,-2!1+$-+!

1+-4.+4-$#!

;\!

`4##!)*%+-43,*+$+/'*!

H/3A-$#!

;U!

)*+-'D4.+/'*!±!e,-2!1+$-+!

1+-4.+4-$#!

;U!

?/DD#,!=!

1+-4.+4-$#!

\!

)*%+-43,*+$#!1'#'!

?,#'D/.!

\!

9#/3$.+/.!Q*DB1,.+/'*!

1+-4.+4-$#!

=!

?$/*!?,#'D/.!H7,3,!

?,#'D/.!

W!

97'-4%Zf,8-$/*!±!e,-2!Q*D!

1+-4.+4-$#!

K!

H$A#,!<g!b..4--,*.,%!'8!#$A,#%!/*!+7,!$*$#2%/%!O;\PF!
+'! 5/.C/*&! $! %,.+/'*! +7$+! .'*+$/*%! +7,! 3$/*! 3,#'D2! B! $! 8,$+4-,!
8-'3!(7/.7!+7,!+-$.C!3$2!A,!,$%/#2!/D,*+/8/,DF!!
! 7KH QH[W WZR KLJKHVW UDQNLQJ ODEHOV ZHUH µ&KRUXV5HIUDLQ¶
RIVHFWLRQV DQGµ0DLQ5LII¶  ZKLFKDFFRXQWIRUWKH
7/&7,%+! -$*C/*&! %+-4.+4-$#! $*D! 3,#'D/.! #$A,#%F! ^'+7! +7,! 97'B
-4%Zf,8-$/*!$*D!+7,!?$/*!f/88!$-,!$#%'!+25/.$##2!-,5-,%,*+$+/0,!'8!
(,%+,-*! 3'D,-*! 5'5! '-! -'.C! 34%/.F! H7,-,! (,-,! $! *43A,-! '8!
ODEHOV ZKLFK DSSHDUHG QHDUO\ DV IUHTXHQWO\ DV ERWK µ&K'B
UXV5HIUDLQ¶ DQG µ0DLQ 5LII¶ 7KH ODEHO µ9HUVH¶ DSSHDUHG IU,B
S4,*+#2!  DVGLGµ,QWURGXFWLRQ¶ cEF!!
! /DEHOVDXJPHQWHGZLWKµ9HU\6WDUW¶!$#%'!'..4--,D!8-,S4,*+B
#2F! )8! $! K! %,.'*D! %,.+/'*! .'*+$/*,D! +7,! 0,-2! %+$-+! '8! +7,! 97'B
UXV5HIUDLQLWZDVODEHOOHGZLWKERWKµ&KRUXV5HIUDLQ¶DQGµ&K'B
-4%Zf,8-$/*! ±! 9HU\ 6WDUW¶ )URP WKLV LW ZDV SRVVLEOH WR DQDO\VH
+7,!5-'5'-+/'*!'8!K!%,.'*D!%,.+/'*%!:/7)/+!$!5$-+/.4#$-!#$A,#!@,F&F!
$##!+7,!K!%,.'*D!%,.+/'*!+7$+!(,-,!#$A,##,D!(/+7!97'-4%Zf,8-$/*E!
+7$+!(,-,!$#%'!#$A,##,D!(/+7!$*!/*D/.$+/'*!'8!5'%/+/'*!@,F&F!1+$-+6!
e,-2!1+$-+6!Q*D6!e,-2!Q*DEF!N%!.$*!A,!%,,*!/*!H$A#,!<6!+('!'8!
+7,!7/&7,%+!-$*C/*&!#$A,#%!@?$/*!f/88!$*D!97'-4%Zf,8-$/*E6!7$0,!
$!7/&7!5-'5'-+/'*!'8!#$A,#%!(/+7!$*! /*D/.$+/'*!'8!5'%/+/'*F!WVc!
RIDOOVHFWLRQVODEHOOHGZLWKµ&KRUXV5HIUDLQ¶ZHUHDOVRODEHOOHG
ZLWK µ&KRUXV5HIUDLQ ±!9HU\ 6WDUW¶ DQGRI DOO VHFWLRQV O$B
EHOOHG ZLWK µ0DLQ 5LII¶ ZHUH DOVR ODEHOOHG ZLWK µ0DLQ 5LII ±!
9HU\6WDUW¶7KLVSDWWHUQFRQWLQXHD!ZLWKWKHODEHOVµ9HUVH¶ 
DOVR KDYH µ9HUVH ±! 9HU\ 6WDUW¶  DQG µ,QWURGXFWLRQ¶  DOVR
KDYHµ,QWURGXFWLRQ±!9HU\6WDUW¶ $OOODEHOVZLWKWKLVSDWWHUQDUH
,/+7,-!1+-4.+4-$#!'-!?,#'D/.!/*!*$+4-,F!H7,!D$+$!%4&&,%+!+7$+!/8!$!
3,#'D/.! '-! %+-4.+4-$#! 8,$+4-,! /%! /D,*+/8/,D! $%! 7/&7#2! -,5-,%,*+$B
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+/0,!'8!+7,!+-$.C6!/+!/%!#/C,#2!+7$+!+7,!;2.0$#7(.7!'8!+7$+!3,#'D/.!'-!
%+-4.+4-$#! 8,$+4-,! /%! .'*%/D,-,D! 7/&7#2! -,5-,%,*+$+/0,! '8! +7,!
+-$.CF!
! H7,!D$+$!%4&&,%+!+7$+!+7,-,!($%!$!5-,8,-,*.,!8'-!%,.+/'*%!+7$+!
$55,$-,D! *,$-,-! +7,! A,&/**/*&! '8! +-$.C%! @%,.+/'*%! A,+(,,*! +7,!
/*+-'D4.+/'*! $*D! 8/-%+! .7'-4%EF! `'-! ,L$35#,6! #$A,#%! %4.7! $%!
µ0LGGOH ¶! @ RI VHFWLRQV  µ&OLPDFWLF (QGB6HFWLRQ¶ @.7$-$.B
+,-/%,D!$%!$!4*/S4,!%,.+/'*6!$55,$-/*&!$+!+7,!,*D!'8!$!%'*&!+7$+!/%!
*'-3$##2!/*+,*%,Z,L./+/*&!B!/+!$.+%!$%!$!.#/3$L!+'!+7,!%'*&E! @Kc!
RIVHFWLRQV DQGµ2XWUR¶ ;c!'8!%,.+/'*%E!'..4--,D!/*8-,S4,*+#2F!!
! H7,!%$35#,!'8!4%,-!%455#/,D!34%/.!/*!+7,!%+4D2!($%!$#3'%+!
,*+/-,#2! #/3/+,D! +'! (,%+,-*! 5'54#$-! 34%/.F! )+! /%! +-4,! +7$+! 3$*2!
4*D,-#2/*&!%/3/#$-/+/,%!(,-,!D/%.'0,-,D!/*!+7,!K!%,.'*D!%,.+/'*%!
.7'%,*! 8-'3! +7,%,! +-$.C%]! 7'(,0,-6! +7,! 5-,%,*.,!'8! +7,%,! %/3/B
#$-/+/,%!.$**'+!A,!,L+,*D,D!A,2'*D!+7/%!34%/.$#!&,*-,F!H7/%!.$*!
A,! D,3'*%+-$+,D! (/+7! '*,! +-$.C! 8,$+4-,D! /*! +7,! ,L5,-/3,*+g!
'XNH(OOLQJWRQDQG-RKQ&ROWUDQH¶Vµ7KH)HHOLQJRI-D]]¶7KLV
5/,.,!D',%!*'+!%7$-,!3$*2!'8!+7,!8,$+4-,%!(/+7!+7,!'+7,-!+-$.C%!
/*! +7,! %+4D2g! /+! /%! *'+! %+-4.+4-,D! /*! +7,! %$3,! ($26! *'-! D',%! /+!
.'*+$/*! $*2! '8! +7,! %$3,! %$#/,*+! 8,$+4-,%F! H7,! 5$-+/./5$*+! (7'!
.7'%,!+7/%!5/,.,! 5/.C,D!+7,!0,-2! %+$-+!'8!+7,!/*+-'D4.+/'*!$%! 7/%!
'-! 7,-! C##2+&2! VHOHFWLRQ DQG D VHFWLRQ ODEHOOHG µ,QVWUXPHQWDO
6ROR¶ZKLFKRFFXUUHGURXJKO\KDOIZD\WKURXJKWKHWUDFNDV7/%!
'-!7,-!A(;"B./72!%,#,.+/'*F!G'(,0,-6!%/*.,!+7,!+-$.C!/%!*'+!%+-4.B
WXUHG LQ WKH FRPPRQ µ,QWURGXFWLRQBe,-%,B&KRUXV¶ IRUP RI
_,%+,-*! T'5Zf'.C! 34%/.6! /+! ($%! D/88/.4#+! +'! D-$(! %+-'*&! .'3B
5$-/%'*%! A,+(,,*! +7/%! +-$.C! $*D! $##! '8! +7,! '+7,-%! /*! +7,! ,L5,-/B
3,*+F!!
! b0,-$##6! +7,-,! ($%! $! &-,$+! D,$#! '8! %/3/#$-/+2! A,+(,,*! +7,!
%,#,.+/'*%! 3$D,! A2! 5$-+/./5$*+%! $.-'%%! +7,! %'*&%! 4%,D! /*! +7,!
,L5,-/3,*+6!%4&&,%+/*&!+7$+!+7,-,!3$2!A,!.'33'*!34%/.$#!8,$B
+4-,%!+7$+!.$*!A,!4%,D!+'!$/D!+7,!%,#,.+/'*!'8!34%/.!8-'3!(7/.7!
?4%/.'*%!+7$+!$-,!-,5-,%,*+$+/0,!'8!+7,!5/,.,!.$*!A,!.-,$+,DF!H7,!
3'%+! 8-,S4,*+#2! $55,$-/*&! #$A,#! /*! +7,! ?4%/.'*! $*$#2%/%! ($%!
Q"&(*#6! %4&&,%+/*&! +7$+! (7,*! %,#,.+/*&! %,.+/'*%! 8-'3! (7/.7! +'!
3$C,! ?4%/.'*%6! +7,! 5-,%,*.,! '8! $! 0'.$#/%+! /%! $! 5-'5,-+2! +7$+!
5,'5#,!.'*%/D,-!-,5-,%,*+$+/0,F!
W7! +'%,-&($0',)#2,(#%$
`-'3!+7,!-,%4#+%!'8!+7,!5-,0/'4%!57$%,%!+7,!8'##'(/*&!&4/D,#/*,%!
8'-!+7,!D,%/&*!'8!?4%/.'*%!.$*!A,!D-$(*!'4+g!!
$ >.(&?$ >082G! ?4%/.'*%! .-,$+,D! 8-'3! +-$.C%! +7$+! $-,! A'+7!
8$3/#/$-!+'!$*D!#/C,D!A2!+7,!4%,-!8'-!(7'3!+7,2!$-,!/*+,*D,D!$-,!
3'-,!#/C,#2!+'!A,!8.2K2..25!'0,-!+7'%,!.-,$+,D!8-'3!3'-,!&,*,-B
$##2! (,##!C*'(*!+-$.C%F!H7,-,8'-,6!?4%/.'*%!.$*!A,!.-,$+,D!A2!
%$35#/*&!%*/55,+%!'8!34%/.!8-'3!+-$.C%!.7'%,*!A2!+7,!,*D!4%,-!
+'!,*%4-,!$!7/&7,-!$*D!3'-,!%+$A#,!#,0,#!'8!5-,8,-,*.,F!G'(,0,-6!
+7/%! .'3,%! (/+7! $! +-$D,B'88! /*! 5,-8'-3$*.,! ±! ?4%/.'*%! 8-'3!
5$-+/./5$*+! %455#/,D! +-$.C%! (,-,! *'+! /D,*+/8/,D! $%! $..4-$+,#2! $%!
+7'%,! 8-'3! (,##! C*'(*! +-$.C%F! `4+4-,! -,%,$-.7! %7'4#D! $/3! +'!
/*0,%+/&$+,!(7,+7,-!+7,!+-$D,B'88!/*!5,-8'-3$*.,!$*D!5-,8,-,*.,!
.7$*&,%!'0,-!+/3,6!'*.,!+7,!5$-+/./5$*+!7$%!A,.'3,!3'-,!8$3/#B
/$-!(/+7!+7,!%+/34#/F!!
$ '2+M7)G! QL5,-/3,*+$#! ,0/D,*.,! %4&&,%+%! +7$+! ?4%/.'*%!
(7/.7!$-,!MFK%!/*!#,*&+7!$-,!/D,*+/8/,D!.'--,.+#2!$*D!(,##!#/C,DF!!
$ %B#/&(*$ =."82.7/2#G! H7,! 5-,%,*.,! '8! 0'.$#%! ($%! +7,! 3'%+!
.'33'*! 8,$+4-,! %,#,.+,D! A2! 5$-+/./5$*+%F! 97''%/*&! $! %,.+/'*!
(/+7!0'.$#%!/%!#/C,#2!+'!&/0,!&''D!?4%/.'*!5,-8'-3$*.,!/8!4%/*&!
(,%+,-*!5'5Z-'.C!34%/.F!
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!
$ 67(.7$"K$@)".B#E!2K.(/+G$)+!($%!.'33'*!8'-!4%,-%!+'!%,#,.+!$!
5$%%$&,! '8! +7,! +-$.C! .'*+$/*/*&! +7,! 0,-2! A,&/**/*&! '8! +7,! 8/-%+!
.7'-4%!'-!-,8-$/*F!H7,-,8'-,6!?4%/.'*%!%7'4#D!A,!%$35#,D!8-'3!
$!%,.+/'*!'8!+7,!+-$.C!+7$+!.'*+$/*%!0'.$#%!$*D!+7,!A,&/**/*&!'8!
+7,!8/-%+!.7'-4%!'-!-,8-$/*6!/8!4%/*&!(,%+,-*!5'54#$-!34%/.F!
$ 67(.7$ "K$ (+0$ %2*"5/&$ ".$ 67.B&7B.(*$ A2(7B.2G! N#+7'4&7! +7,!
.7'-4%Z-,8-$/*!($%!+7,!3'%+!5'54#$-!5$%%$&,!/*!'4-!%+4D26!+7,-,!
(,-,!'+7,-%!+7$+!(,-,!%,#,.+,D!$#3'%+!$%!'8+,*F!)8!$*2!3,#'D/.!'-!
%+-4.+4-$#! 8,$+4-,! /%! /D,*+/8/,D! $%! 7/&7#2! -,5-,%,*+$+/0,! '8! +7,!
+-$.C6!/+!/%!#/C,#2!+7$+!+7,!;2.0$#7(.7!'8!+7$+!3,#'D/.!'-!%+-4.+4-$#!
8,$+4-,! /%! $#%'! .'*%/D,-,D! 7/&7#2! -,5-,%,*+$+/0,! '8! +7,! +-$.CF!
H7,-,8'-,6! (7,*! %$35#/*&! $! ?4%/.'*! 8-'3! (+0! 1+-4.+4-$#! '-!
?,#'D/.!5$%%$&,6!%$35#,!8-'3!+7,!0,-2!%+$-+!'8!+7$+!5$%%$&,F!!
X7! -&(-2'%,&(%$
H7/%! -,%,$-.7! 7$%! D,3'*%+-$+,D! +7$+! A2! $##'(/*&! 4%,-%! +'! %,#8B
%,#,.+!%4AX,.+/0,#2!-,5-,%,*+$+/0,!%,.+/'*%!8-'3!+7,/-!'(*!34%/.!
+-$.C%6! /D,*+/8/$A#,! $*D! (,##! #/C,D! ?4%/.'*%! .$*! A,! .-,$+,DF!
`4-+7,-3'-,6!/+!($%!$#%'!'A%,-0,D!+7$+!+7,!%,#8!±%,#,.+,D!%,.+/'*%!
(,-,! %/3/#$-! ,*'4&7! /*! +7,/-! 4*D,-#2/*&! 34%/.$#! 8,$+4-,%! +'! $#B
#'(!8'-!+7,!5'%%/A/#/+2!'8!$4+'3$+/.!?4%/.'*!&,*,-$+/'*!8-'3!$*!
$-A/+-$-2!5/,.,!'8!34%/.F!
! `4+4-,!('-C!'*!?4%/.'*%!/%!4*D,-($2!+'!8'.4%!'*!7'(!(,##!
+7,!$A'0,!D,%/&*!&4/D,#/*,%!.$*!A,!4%,D!+'!.-,$+,!?4%/.'*%!(/+7!
5,-8'-3$*.,! $*D! 5-,8,-,*.,! -$+,%! .'35$-$A#,! +'! +7,! '*,%! 'AB
%,-0,D!7,-,F! _'-C!/%!$#%'!5#$**,D! +'!%+4D2!7'(!(,##!?4%/.'*%!
%.$#,! $*D! (7,+7,-! +7,-,! /%! $*! 455,-! #/3/+! '*! +7,! *43A,-! '8!
?4%/.'*%!$!5,-%'*!.$*!,88,.+/0,#2!-,3,3A,-F!
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We introduce a parameter mapping sonification to support situational awareness of surveillance operators during their task of
monitoring video data. The presented auditory display produces
a continuous ambient soundscape reflecting the changes in video
data. For this purpose, we use low-level computer vision techniques, such as optical-flow extraction and background subtraction, and rely on the capabilities of the human auditory system
for high-level recognition. Special focus is put on the mapping
between video features and sound parameters. We optimize this
mapping to provide a good interpretability of the sound pattern,
as well as an aesthetic non-obtrusive sonification: precision of the
conveyed information, psychoacoustic capabilities of the auditory
system, and aesthetical guidelines of sound design are considered
by optimally balancing the mapping parameters using gradient descent. A user study evaluates the capabilities and limitations of
the presented sonification, as well as its applicability to supporting
situational awareness in surveillance scenarios.

 
 



ABSTRACT





Figure 1: Segment-based feature processing and mapping to auditory parameters.

• controlling the entry/exit of the control room.
Such responsibilities lead to distraction from monitoring and
hinder the detection of relevant actions and events. Further, human
perception is subject to limitations that constrain the operator’s
event recognition ability. Such perceptual characteristics that have
a strong influence on video surveillance performance include:

1. INTRODUCTION

• the short period of attention when monitoring video screens
(approximately 20 minutes [3]),
• difficulties to identify unexpected changes during blinks,
flickers, or disruptions, called change blindness [4], and
• poor recognition of changes that are outside the focus of attention, termed inattentional blindness [5].

The goal of video surveillance is to spot irregular, abnormal, or
suspicious behavior of persons and objects to identify and prevent illegal or threatening actions. The huge increase of closed
circuit television (CCTV) installations over the last decade shows
that video surveillance has been recognized to be an appropriate
method for crime prevention and evidence recording. Though, in
contrast to the rapidly growing number of surveillance cameras,
the monitoring capabilities stay far behind this development. The
reasons are manifold, but a major factor is the high expense associated with human resources. The extent of the imbalance between
recording and monitoring capabilities becomes obvious in the high
camera-to-operator ratio. In their observation of 13 control rooms,
Gill et al. [1] came across camera-to-operator ratios from 20:1 to
520:1. Keval [2] reports camera-to-operator ratios from 4:3 to
120:1 in his study of 14 control rooms. In addition to the large
number of cameras to monitor, operators are often responsible for
a wide variety of other tasks. A brief enumeration of such additional and often concurrently processed tasks includes [1, 2]:

All these issues (mismatch of camera-to-operator ratio, additional responsibilities of CCTV operators, and perceptual constraints) point out that acceptable task performance in such high
stress, multiple tasks environment requires proper situational
awareness of the operators. As demonstrated by Höferlin et al. [6],
sonification of surveillance data can support situational awareness
and reduce subjective workload in multiple task scenarios.
In this paper, we apply feature extraction from video and map
these features to auditory parameters (cf. Figure 1). One advantage
of applying sonification to video surveillance is the complementary modality of the auditory display to the visual display, which
is especially helpful when multiple target tracking and recognition
tasks are performed [7]. According to the multiple resource theory,
only a small degree of interferences of cognitive resources is expected in dual-task scenarios that require different mental modalities [8]. Such dual-task scenarios are typical in video surveillance [6]. Situational awareness in video surveillance further benefits from the complementary auditory display due to the excellent
ability of the human auditory system to detect small changes in

• logging of incidents,
• preparation of working copies for evidence to the court or further investigation,
• tape management,
• communication with individuals inside and outside the control room, and
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sound patterns and to attract attention to those changes. As various studies pointed out (for a comprehensive overview see [9]),
human auditory recognition is able to mask specific (e.g., recurrent) sound patterns from attentional processing, while being still
sensitive to small variations of the sonic properties as well as to
deviations to abstract rules, such as lexical, semantic, and syntactic information of human speech [10]. Such preattentive detection
of change is often followed by orientation of the auditory focus of
attention to the source (or auditory channel) of change. Preattentive change detection and subsequent switching of attention was
well explored by magnetoencephalographical studies that explain
these phenomena by differences in change-specific components of
the auditory event-related brain potential, such as the mismatch
negativity (MMN) [11].
Our approach exploits these beneficial properties of human auditory processing to support situational awareness in video surveillance. A basic assumption we make is that information relevant to
surveillance monitoring is represented by changes in video signal.
This means that we ascribe static parts of the video little or no
relevant information. To leverage change detection capabilities of
the human auditory system, our approach produces a continuous
sonic pattern or soundscape of the change in video data. Further,
recurrent changes in video generate an auditory texture that fades
from attentional monitoring after some time of familiarization. In
this state of background monitoring, sufficiently large changes of
the auditory texture with respect to the familiar acoustic reference
pattern reallocate attention, again. This is supported by research
of the central auditory processing system that proved that MMN is
only elicited after a few repetitions of a standard stimulus and only
if the deviation exceeds a particular threshold [9]. Hence, we focus
on the design of a non-obtrusive auditory display. Further, the parameter mapping should, to some extent, allow the interpretation
of the sonification to infer from auditory display some information
of the event that occurred in the monitored video. This supports a
rough classification of the change recognized by the auditory signal and thus enables decision making, such as if the occurred event
requires further attention by switching the visual focus to a screen.
These two main criteria for the design of our auditory display
(interpretability and non-obtrusiveness) are reflected by the emphasis of this paper: the optimization between aesthetical and psychoacoustic aspects of this sonification. The goal is to find an aesthetically pleasing sonification that still conveys all of the relevant
information in an interpretable manner.

onto sound properties, such as volume, playback frequency, and
stereo panning. Visual programming allows interactive definition
of the mapping between sounds parameters and the features extracted from areas of interest. In the security context, Cambience provides an auditory display for process monitoring. This is
closely related to the scenario we present in this paper. However,
there is a distinct difference in the complexity of activities that are
monitored between Cambience and the sonification presented in
this paper. Cambience relies on user-defined areas of interest and
is fixed on the recognition of apriori known events, such as a person entering a room. For this reason, it is constrained to be used
mainly for auditory alarms. Abnormal behavior and more complex
actions are thus hardly recognizable. In contrast, our approach is
designed to guide attention also for apriori unknown activities and
complex events that occur in the context of video surveillance.

1.1. Related Work

According to the problem definition and related work, we aim for
an auditory display meeting the following requirements:

The system by Höferlin et al. [6] utilizes trajectories of moving objects extracted from video data to support situational awareness of surveillance operators via a spatial auditory display. In
their approach, each object trajectory is mapped to an auditory
icon that moves along the object’s trace in 3D sound space. By
user interaction, the virtual listener’s position and other parameters
can be adopted to suit the monitored site. Further, the selection of
auditory icons for each object class help produce a natural sound
environment. The approach presented in this paper, follows a different path: one of the major differences is that we do not rely on
high-level computer vision techniques, such as object tracking and
classification, since these methods come with high computational
cost and are not fully reliable [15]. Another difference is that we
intend to avoid the mental reconstruction of the video from the
auditory display. Such a translation from auditory stimulus to familiar mental representation was observed many times [16]. However, in the case of video sonification, maintenance of an imaginary video representation can be mentally demanding. We aim for
a rather abstract auditory representation of relevant information
and rely on the excellent capabilities of human auditory perception to detect deviations in the acoustic pattern. Although we aim
for interpretability of the sonification, our primary goal is to enable
auditory change detection on signal level, not on semantic level.

1.2. Contribution

Little work has yet been published in the field of video sonification.
Moreover, most of these sonifications were developed for artistic
purposes (e.g., [12]) or as assistance of visually impaired people
(e.g., [13]). In the context of video monitoring, we identified two
related publications.
The first one is the Cambience system, which was developed
by Diaz-Marino [14]. Besides its application in interactive arts,
and as a technique to provide informal awareness between collaborators, Cambience was intended by its developer to be used
as a security system that provides auditory alarms or notifications
when changes occur in video. Therefore, Cambience maps video
data from webcams to a sonic ecology. Differences between video
frames are used to measure the level of activity in a video. Features derived from the level of activity in user-defined regions (e.g.,
amount of change, center of activity, and velocity) are mapped

• usage of reliable low-level computer vision features,
• comprehensive and abstract auditory display to leverage auditory change detection on signal level,
• synthesis of non-obtrusive continuous soundscape, and
• interpretability of the sonification to guide visual attention.
In the remainder of the paper, we present a novel parameter
mapping sonification that copes with these requirements. This
is our main contribution. As a major aspect, we tackle the often
discussed issue of finding a trade-off between interpretability and
aesthetics of sonification using non-linear optimization. Further,
we evaluate our sonification with respect to its interpretability and
support of situational awareness in video surveillance.
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2. SONIFICATION DESIGN
To support the situational awareness in video surveillance, we propose a sonification system with the structure outlined in Figure 2.
Besides the video display, users are provided with an auditory display based on low-level features extracted from video. These features are subsequently mapped to sonic properties of the continuous sonification. Our research prototype uses the CSound toolkit1
for offline sound synthesis. Besides adjustment of a small set of
parameters to select precision and mapping range, the auditory display does not need user intervention. Adapted values are not directly applied to the sonification, but used as input for parameter
optimization to find an appropriate mapping with respect to aesthetic and psychoacoustic constraints of the auditory system.

 
 



 

 
 

 

Figure 2: Data flow of the auditory display. Blue boxes depict
data preparation steps by computer vision techniques. The yellow boxes represent the steps necessary for the parameter mapping
sonification, described in this paper.

2.1. Data Preparation
From another point of view, each segment can be regarded to play
its own instrument that is defined by stereo panning and frequency.
If a segment shows no activity, the according instrument is muted.
The complete orchestra of instruments represents the auditory display. Without aggregation to segments, motion features would be
too sensitive to noise, or features of higher processing levels (e.g.,
trajectories) have to be used, which are prone to errors. Segmentation allows efficient sonification of low-level feature.

Since we assume that only changes in video data are relevant for
surveillance monitoring, we use as basic feature the dense optical
flow field of two subsequent video frames. We extract the optical
flow using the global method of Horn and Schunck [17]. The advantage of extracting dense optical flow over fast to compute frame
differences is the availability of size and velocity information of
the moving objects. For frame differencing this information is not
available in the case of homogeneous colored objects, whereas the
global optimization method of Horn and Schunck fills in the missing flow information by a regularization term. In addition to the
motion vectors, we calculate a running average background model
for foreground segmentation of the video data. This step is necessary, since optical flow calculation is prone to errors in the presence of noise and coding artifacts. Hence, motion vectors calculated in background regions are neglected for further processing.
This approach helps reduce background noise and thus decrease
obtrusiveness of the auditory display.
Next, we split the optical flow field into non-overlapping segments aligned in a regular grid as illustrated in Figure 1. For each
segment, we calculate the average length of the contained motion
vectors. This value represents the extent of activity for each segment. Please note that both the number of moving pixels and the
length of the motion vectors (i.e., the velocity) influence the activity value. Hence, there are three properties for each segment to be
mapped to auditory parameters: the segment’s horizontal coordinate, its vertical coordinate, and its activity.

A key requirement of the auditory display is to convey the
relevant information in an interpretable fashion. Additionally, the
sonification has to be aesthetically pleasing to be non-obtrusive
and broadly accepted [16]. To achieve these goals, we account for
psychoacoustic aspects when defining the mapping and transfer
functions. A formative user study (see Section 3) emphasized the
importance of psychoacoustic aspects.
Pure tones are perceived to be unnatural, thus we use complex
tones to increase natural sound sensation. For sound synthesis,
each segment is represented by a periodic waveform synthesized
by an additive synthesis model with 8 harmonics. Hence, the number of harmonic components we consider in the experiments is
NH = 8. Please note that we add only overtones that are whole
multiples of the fundamental frequency in order to maintain pitch
perception of complex sounds. Users can adjust the numbers of
harmonics, if desired. However, although natural sounds generally have an arbitrary number of harmonics, their amplitude drops
fast with higher harmonics. Thus, only few are audible and necessary for an almost natural sound sensation. By using a sine wave
generator instead of MIDI sonification, we are able to tune the perceptual parameters of the sonification in much more detail, as described below. Employing the orchestral metaphor again, data features of each segment are mapped to perceptually calibrated mini
instruments as proposed by Grond and Berger [18]. By adjusting
the number of segments in each direction (horizontal and vertical),
the users can trade the resolution and precision of the sonified information for the complexity of the produced soundscape.

2.2. Mapping Function
There are many possible design choices for mapping the segment
properties to sound parameters. However, preliminary experiments considering the users’ expectations suggest the use of:
• stereo panning representing horizontal position component,
• frequency to represent the vertical component of position (rising frequency with increasing position), and
• amplitude to represent activity (low activity - soft sound).

The temporal sampling rate of the continuous sonification is
set to the temporal resolution of the video data, and phases of the
sine waves are adapted according to this rate to produce the impression of a continuous signal. We assume that the temporal sampling of online surveillance footage ranges from 15 fps to 30 fps.
Hence, the temporal resolution of the human auditory system is capable of detecting sound changes between two successive frames.
Typically, the temporal resolution for auditory change detection is
beyond 20 ms, even for low frequencies (cf. [19]).

Stereo panning and frequency dimensions are quantized,
whereas amplitude is a continuous parameter. The directional information of motion in the segments is neglected. However, the
direction of object movement is indirectly encoded in the temporal
transition of the amplitude level between neighboring segments.
1 CSound

homepage: http://www.csounds.com/
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2.3. Amplitude Mapping


To achieve linear scaling of amplitude that is necessary to interpret
the information conveyed by the auditory display in the right way,
we linearly map the activity value of a segment to the perceptual
measure of subjective loudness S (sone at 1 kHz). Thereby, we
scale the activity level to the sone interval that fits into the userdefined volume range. For the evaluation in Section 3, this range
is fixed to the interval of 20 to 80 dB in the accordingly defined
interval of frequency. Next step is to map loudness S to loudness
level L (phon at 1 kHz) according to the non-linear relation [20]:
�
40 + 10 ld(S), if S > 1
L=
(1)
40S 0.379 ,
else









Further, we describe how we selected the transfer functions for
each mapped parameter. To consider aesthetics and interpretability, we map the data properties not directly to physical sonic properties, but introduce an intermediate perceptual mapping layer.













    









Figure 3: Perceived dissonance of pure tones as a function of the
ratio of the critical bandwidth. Experimentally obtained dissonance function by Plomp and Levelt [24] (dashed line), Benson’s
approximation [25]: 4|x|e1−4|x| (green), Sethares’ approximation
cited in [25] (blue), and our fitting in Equation 5 (red).
with γx being a user-defined factor to emphasize particular cost
terms Ψx that are described in the subsections below. Note that
we require the cost terms Ψx to be differentiable, since we use
gradient descent. Further, we found that an equal distribution of
the N fundamental frequencies ϕ ∈ Φ in the user-defined frequency range is a suitable initial value to start the gradient descent.

Finally, we map the loudness level with respect to equal-loudnesslevel contours to sound pressure level (dB-SPL); this value is directly fed into the CSound system and represents the amplitude of
the fundamental frequency. Amplitudes of overtones are adapted
accordingly and normalized by CSound. An analytical expression
of equal-loudness-level contours fitted to experimental data was
developed by Suzuki and Takeshima [21].
Obviously, this approach is only a rough approximation to adjust the perceived loudness of a data segment. We neglect any influence of overtones of complex sounds. Furthermore, dependencies between the complex tones of different data segments are not
considered, too. A more elaborated loudness model will be considered in future work, a thorough evaluation of advanced models
was presented by Skovenborg and Nielsen [22].

Linear Scaling. The first cost term Ψl represents the linearity of
the perceived pitches: a property that is important for understanding the conveyed information. To rate the ordered set of fundamental frequencies Φ, we map each of the frequencies ϕi ∈ Φ (in Hz)
to Zwicker’s bark scale (critical bandwidth rate, CBR), a perceptual scale of pitches that accounts for the place-spectral analysis of
the cochlea [23]:
CBR(ϕ) = 13 atan(0.00076ϕ) + 3.5 atan(ϕ/7500)2

2.4. Stereo Panning

(3)

As a natural measure of linearity, we take the second (smaller)
eigenvalue λ2 of the 2 × 2 covariance matrix of the set of vectors
� �
�
�
��
��
CBR(ϕ2 )
CBR(ϕN )
CBR(ϕ1 )
,
, ...
1
2
N

A segment’s horizontal position component is a linearly mapped
between left and right channel and scaled to fit the complete panning range. The energy of the panned signal is kept constant with
the source signal. Note that we do not account for directional dependencies of loudness and pitch perception, since we expect the
sonification to be used with headphones.

Therefore, we assume that at least a minimum of linearity
already exists. Further, we assume the influence of sound pressure level on the perceived pitch to be already compensated by
loudness-based amplitude mapping.

2.5. Frequency Mapping
To map the vertical position component of a segment to frequency,
we have to consider different, sometimes opposing objectives.
First, we require a linearly perceived increase of frequency for interpretability reasons; while for a pleasing sonification the tone
heights of two segments should match consonant intervals. These
criteria have to be met under the constraint of a limited frequency
spectrum to be used. And finally, frequencies should increase
monotonically with a step size of at least the perceptual just notable difference.
To find the most suitable distribution of frequencies Φ (ordered increasing set of fundamental frequencies in Hz) that copes
with these competing goals, we formulate a cost function Ψ to be
minimized by gradient descent in combination with simulated annealing as follows

Consonant Intervals. To improve acceptance and reduce obtrusiveness and annoyance of our sonification, we account for aesthetics and musicality in terms of consonant intervals. Consonant
complex tones exhibit harmonic vibration ratios of their partials
(integer multiples) and thus sound pleasant to most people. As
measure of consonance of the complex tones of the ordered set
of fundamental frequencies Φ (in Hz) with NH harmonics, we apply the method reported by Plomp and Levelt [24]. The dissonance
costs Ψd therefore represent the sum over the degree of dissonance
of two successive fundamental frequencies ϕi , ϕi+1 ∈ Φ (in Hz)
with their overtones:

Ψd (Φ) =

Ψ(Φ) = γl Ψl (Φ) + γd Ψd (Φ) + γo Ψo (Φ) + γr Ψr (Φ) (2)
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Table 1: Coefficients for sine approximation of dissonance term.
i
1
2
3

α
2.035
3.424
1.680

β
4.340
5.662
6.469

3. EVALUATION

γ
-1.387
0.4757
2.873

We conducted two separate user studies to cover two different
purposes. The first user study was conducted during an early
stage of development and had a formative character. The goal
of such formative evaluation is to provide “insight into which
problems occur and why they occur”, as well as to provide
design feedback [26]. The second user study was designed as
a validating user study and conducted in order to evaluate the
effectiveness of our sonification approach. The study procedure,
as well as the experimental setup, and given tasks were identical
for both user studies. However, the participants and the presented
auditory stimuli differed between the two user studies. Due
to space constraints, we only provide a brief conclusion of the
formative user study results here, and include, in exchange, a
more detailed discussion on the results of the validating user study.

The dissonance function d is a perceptual measure that was
experimentally derived by Plomp and Levelt [24]. Although several analytical approximations have already been published, we
propose a more precise fitting on sine basis (see Table 1 for coefficients, and Figure 3 for a comparison with the original data):

d(x) =

� �3

i=1

αi sin(βi x + γi )
d(1.2)

, if x ≤ 1.2
, else

(5)

Experimental Setup. The experiments were conducted in a
laboratory insulated from auditive distractions. The audio samples
were presented with stereo headphones with volume control.

The function CB(f�
c ) provides the critical bandwidth of the
� of the two compared harmonics ϕ, ϕ
�
center frequency fc = ϕϕ
according to Zwicker and Terhardt [23]:
CB(fc ) = 25 + 75(1 + 1.4 · 10−6 fc2 )0.69

Stimuli and Tasks. The user study consisted of six sets (S1 –
S6) of stimuli and tasks with the purpose to answer different research questions. Auditory stimuli created from video data were
presented, without showing the according videos. For S1 – S4, artificial videos with moving textured hexagons were rendered (cf.
Figure 4(a)). For S5 – S6, surveillance footage was used (cf. Figure 4(b) and (c)). Stimuli with video data are available at our
homepage2 .

(6)

Finally, Ψd is normalized to fit the interval [0, 1].
Frequency Order. It is a main requirement of our approach that
frequencies in the ordered set Φ increase monotonically. Hence,
we have to assure that this criterion is met for all possible solutions
of the optimization. The term Ψo insures this by penalizing pairs
of similar fundamental frequencies in Φ by the sum
�α
N
−1 �
�
0.056 CB(ϕi )
1
Ψo (Φ) =
N − 1 i=1
ϕi+1 − ϕi

Frequency Range. The frequency range available for mapping
is limited. Obviously, the human auditory system is restricted to
the interval between 20 Hz and about 20 kHz. Furthermore, users
may want to narrow this interval even more, for example to the
range of musical pitch perception (50 Hz to 5 kHz). The cost term
Ψr judges the fitness of Φ to match the user-defined frequency interval. Since we presume a monotonic increase in frequency (see
section ”Frequency Range”) , we only have to compare the first
and the last fundamental frequency (ϕ1 , ϕN ) with the lower and
upper frequency limits (fl , fu ), respectively. However, we allow
the range to exceed these limits at the penalty of rising Ψr , represented by sigmoid function terms
1
1+e

6+

12(fu −ϕN )
CB(fu )

1

+
1+e

6+

12(ϕ1 −fl )
CB(fl )

Research Question: How well can object movement be detected and localized from sonification? (Accuracy)
Stimuli: Five stimuli, each with a single moving object.
The object movement describes a rhombus, circle, two
semicircles with an interruption, an eight, and a triangle.
Task: Sketching trajectories.

S2:

Research Question: How well can similar object movements be distinguished? (Discrimination)
Stimuli: Six pairs of stimuli. Each pair consists of two objects with similar movement trajectories presented in succession. The pairs of object movements describe the following patterns: line (back and forth) – with varying slope;
circle – var: radius; line (one direction) – var: acceleration;
circle – var: object size; rotating object – var: object positions (long distance); rotating object – var: object positions
(short distance).
Task: Sketch trajectories.

S3:

Research Question: How sensitive is the sonification to
distractors and noise? (Distraction)
Stimuli: Three stimuli, each including the movement of a
single object. The applied distractors are Gaussian noise
(50% normally distributed luminance changes), an image
of cluttered background, and MPEG4 coding artifacts (also
with cluttered background image).
Task: Sketch trajectories.

S4:

Research Question: Is it possible to detect and distinguish
several simultaneously occurring objects? (Distraction)
Stimuli: Three stimuli, showing (1) two coexistent objects,

(7)

Monotonicity is enforced by the cost function approaching infinity
as differences of neighbored frequencies approach zero. Each
term of the sum becomes 1 if the frequency differences reach the
frequency difference limen, which is about 1/18 ≈ 0.056 times
the critical bandwidth [19]. The parameter α > 0 is used to adjust
the steepness of the function.

Ψr (Φ) =

S1:

(8)

To account for different severities when exceeding the limits at
different frequencies (violation of 20 Hz of a limit at 50 Hz is more
severe than it is for a limit at 10 kHz), the sigmoidal cost function
is scaled to the critical bandwidth (cf. Equation 6) at the particular
limit frequency.

2 http://www.vis.uni-stuttgart.de/projekte/
visual-analytics-of-video-data/sonification.html
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(a)

(b)

(c)

(d)

Figure 4: (a) Artificial video showing a hexagonal object); (b) / (c) screenshots of stimuli S5 / S6 that were provided as context in the user
study; (d) template used in the study to sketch recognized trajectories. The blue circles denote the position and order of the calibration
objects in the context cue. The grid shows the granularity of the auditory display used in evaluation.
had the option to correct and enhance their sketch by drawing the
recognized trajectories into a second template.
For S5, each recognized trajectory had to be drawn on a separate template, the study operator noted the times when trajectories
were identified.
For S6, the subjects had to verbally express recognized events.
The study operator noted the events including their times.

(2) three coexistent objects, and (3) two coexistent objects,
where the second appears delayed.
Task: Sketch trajectories.
S5:

S6:

Research Question: How well can object movement be detected and localized in real surveillance footage?
Stimuli: One stimulus based on a video from the i-LIDS
multi-camera tracking scenario (duration 2:12 min). A contextual image of the video was presented along with the auditory stimuli to facilitate interpretation (cf. Figure 4(b)).
Task: Sketch trajectories.

3.1. Formative User Study
Subjects. Fifteen participants (average age 29.1 years, minimum 27 years, maximum 37 years). Sex was not considered
as confounding factor for this study. Twelve participants were
students or employees of our university, three participants were
professional security guards. Subjects were volunteers and not
paid for participation. The audiometry showed that all participants
had normal hearing.

Research Question: Does the sonification allow users to
detect new and abnormal patterns?
Stimuli: One stimulus based on video [27] showing a
pedestrian walk (duration: 8:02 min). Additional to the
sonification, a context image was provided to facilitate interpretation (c.f. Figure 4(c)). The first 1:30 min of the
stimulus was provided without task in order to learn auditory patterns of normal behavior.
Task: Identification of abnormal behavior.

Study Results. The formative user study showed that the early
version of the sonification was capable of communicating the
coarse locations of the objects as well as their trajectories. The
study also unveiled that aesthetics and the psychoacoustic of the
sonification are critical and have to be taken into account.

Study Procedure. First, subjects were asked for basic information, such as their age and profession, followed by an audiometry3
that took about 5 min. Thereafter, they completed a PowerPoint
tutorial (duration ∼10 min) that explained the approach and introduced the parameter mappings with the aid of artificial sample
videos and their sonifications. After the tutorial, the participants
were asked to answer a control question to check whether they
understood the technique or not.
Then, we continued with the main evaluation that consisted of
the six sets of tasks (S1 – S6) and took about 40 min. Preceding to
each stimulus, a context cue [16] was provided to enable the participants performing the interpretation tasks. The context cue was
the sonification of a calibration pattern that successively showed a
rotating textured object at the top left, bottom left, top right, and
bottom right. After the context cue, an earcon was played that
marked the beginning of the actual stimulus. For S1 – S4, the
participants sketched the recognized trajectories on a paper template (cf. Figure 4(d)) while the sonification was played. Acceleration/deceleration had to be marked in green, changes of the object
size in red. Further, the trajectories had to be numbered according
to their order of appearance. Right after each stimulus, participants

3.2. Validating User Study
Subjects. Fourteen participants (average age 32.9 years, minimum 27 years, maximum 57 years). Sex was not considered
as confounding factor for this study. Thirteen participants were
students or employees of our university. One subject was a
physician. Subjects were volunteers and not paid for participation.
The audiometry showed that all participants had normal hearing.
Study Results. To judge and compare the accuracy of the sketched
trajectories, we consider their start position, end position, and
length. The positions are quantized on a lattice with 10 cells for
each dimension (x and y, c.f. Figure 4(d)). We chose this granularity according to the expected accuracy and to limit the evaluation effort. We use the Euclidean distance between the cells of
the sketched trajectory and the trajectory from ground truth (GT).
The distance is normalized
to [0,1] by division of the maximum
√
cell distance (i.e., 102 + 102 ≈ 14.14). To compare lengths between a sketched trajectory and a GT trajectory, we count the transitions between the cells, calculate their difference, and normalize
this difference by division with the GT length. A missed trajectory

3 Applied audiometry: HTTS-Hörtestprogramm 2.10. URL:
http://www.sax-gmbh.de/htts/httsmain.htm
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Figure 5: Boxplots of the user study results. Accuracies of the
tasks are visualized as relative distances [0,1] to the ground truth.
Blue boxplots represent distances of a single parameter (start position, end position, or trajectory length), while yellow boxplots
show the combination of the parameters’ distances. S3.x denotes
the xth stimulus of S3. First column: general accuracies of particular parameters; second column: accuracies at distinguishing
similar object movements; third column: accuracies of start and
end positions for all artificial stimuli; fourth column: sensitiveness
of the accuracies with respect to distractors.




















































































































































































































































































































































































































































Figure 6: Example of heatmaps for the first pair of stimuli of S2.
The frequency of how many sketched trajectories traverse a region
is mapped to saturation and denoted by the numbers. The black
borders denote ground truth trajectories. Left: sonification without optimization, measured during the formative study; right: proposed sonification with optimization; top: first stimulus; bottom:
second stimulus with a slightly varied slope.

is penalized with the maximum distance 1 for each parameter. To
summarize the accuracies, a combination
of the relative
�
� distances
dstart +dend +dlength
of the parameters is calculated
.
3

Figure 6 shows an example of a heatmap with the results of
S2.1 of the formative study (left) and the validating user study
(right) Obviously, sonification of trajectories is more difficult to
interpret, if psychoacoustic and aesthetic are not considered. As
Figure 6 exhibits, perceptually correct scaling is essential to comprehend the conveyed information. Without the proposed optimization, perception among subjects seems to be more diffuse.
The results of S5 show that it is – with some limitations –
possible to detect and localize trajectories in surveillance footage.
The participants were able to sketch most of the trajectories (mean:
0.79, stddev: 0.06) qualitatively correct. It is further possible to
detect abnormal behavior (mean: 0.75, stddev: 0.07) due to irregularities in the auditory pattern (S6). Moreover, the false detection
rate is quite small: on average, there was one false positive detection for each positive example in GT.
Please note that the time the subjects had to learn the standard
pattern (1:30 min) as well as the time to learn the video sonification was very short. The effectiveness of the sonification can
be expected to be much better when training time increases: it
is likely that surveillance operators listening to the sonification for
months will be able to identify smaller variations and classify them
accordingly.

The study results of S1 – S4 are depicted in Figure 5. The
results of the task and stimuli set S1 show that localization of the
start (median distance: 0.16) and end position (median distance:
0.21) is possible. Moreover, the length of the trajectories can also
be estimated roughly (median distance: 0.23).
The results of S2 show that it is difficult to distinguish similar
trajectories. Figure 5 shows that the combined detection accuracies of both the first (median: 0.33) and the second (median 0.39)
object of the pair are worse than those of S1 (median: 0.24). This
may have two reasons: First, only a rough localization of a sonified trajectory is possible. Subjects that hear two similar trajectories focus on the movement differences and overestimate them.
Second, the context cue is likely to be remembered less accurately
for the second object. This is indicated by the worse results of
the object appearing second. Another observation made during the
study point into the same direction: the accuracy measurements of
the start and end positions for all artificial video stimuli S1 – S4
(cf. Figure 5 (third column)) exhibit that end positions are generally detected less precisely (median: 0.30) than start positions
(median: 0.22).
The localization of trajectories distracted by a background image (S3.2, median: 0.19) or a background image with standard
MPEG4 artifacts (S3.3, median: 0.28) are quite robust (cf. Figure 5, median of S1 (without distraction): 0.24). Contrary, strong
noise (S3.1) hinders motion detection and consequently highly interferes with the sonification approach (median: 0.39). Detection
of several trajectories simultaneously emerged to be most challenging: sonifying multiple trajectories at the same time drastically
reduces localization accuracy (median: 0.47). While most of the
subjects detected the existence of two trajectories in S4.1 and S4.3
(89%), it was nearly impossible to identify that there were three
trajectories present in S4.2: only one of the fourteen participants
was able to detect it. In S4, S4.3 performed best (median 0.28): it
is easier to localize two trajectories when they appear temporally
shifted.

4. DISCUSSION AND CONCLUSION
In this paper, we introduced a sonification for video data that relies
on parameter mapping of quantized optical flow fields. The sonification indicates activity in the video by an abstract sonic pattern
with the aim to support situational awareness in the surveillance
context. Besides this, we sketched a way to find an optimal balance between the partially opposing goals of an interpretable and
aesthetically pleasing sonification. A user study showed that participants are capable of identifying abnormal events by recognizing relevant deviations of the presented soundscape. These results
are a requisite to support surveillance operators and indicate that
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the proposed sonification can be used as component to support situational awareness. The evaluation also exhibited the limitations
of our approach, such as constraints on detection of multiple trajectories or accuracy limits for the estimation of fine movement. A
consequence of these results may be the application of such sonification as supportive display.
Future work will extend the mapping by yet neglected psychoacoustic aspects, such as a more sophisticated loudness model
that accounts for masking of complex tones. Besides this, optimization of other psychoacoustic aspects should be investigated,
such as auditory channel separation, scalability to many displays,
and change deafness.
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2. BACKGROUND

ABSTRACT

2.1. Non-visual Interaction with Diagrams

We present a detailed description of the design and integration
of auditory and haptic displays in a collaborative diagram editing
tool to allow simultaneous visual and non-visual interaction. The
tool was deployed in various workplaces where visually-impaired
and sighted coworkers access and edit diagrams as part of their
daily jobs. We use our initial observations and analyses of the
recorded interactions to outline preliminary design recommendations for supporting cross-modal collaboration in the workplace.

Interest in supporting non-visual access to visually represented information grew in parallel with early developments in auditory display research [5]. A major drive of such endeavours has been and
still is the potential to support individuals with temporary or permanent perceptual impairments. For example, a sonification technique pioneered in [6] displayed a line graph in audio by mapping
its y-values to the pitch of an acoustic tone and its x-values to
time. This sonification technique allows visually-impaired individuals to examine data presented in line graphs and tables. Current approaches to supporting non-visual interaction with visual
displays employ one or a combination of two distinct models of
representation; Spatial or Hierarchical. The two models differ in
the degree to which they maintain the original representation when
translating its visual content [7], and hence produce dramatically
different non-visual interactive displays.

1. INTRODUCTION
Every day our brains receive and combine information from different senses to understand our environment. For instance when
we both see and hear someone speaking we associate the words
spoken with the speaker. The process of coordinating information
received through multiple senses is fundamental to human perception and is known as cross-modal interaction [1]. In the design
of interactive systems, the phrase cross-modal interaction has also
been used to refer to situations where individuals interact with each
other while accessing a shared interactive space through different
senses (e.g. [2, 3]). Technological developments mean that it is
increasingly feasible to support cross-modal interaction in a range
of devices and environments. But there are no practical examples
where auditory displays are used to support users when collaborating with coworkers who employ other modes of interaction.
We are interested in exploring the potential of using auditory
display in cross-modal interaction to improve the accessibility of
collaborative activities involving the use of diagrams. Diagrams
are a key form of representation often becoming common standards for expressing specialised aspects of a particular discipline
(e.g. meteorologists use weather maps, architects use floor plans).
However, there is currently no practical way for visually-impaired
co-workers to view, let alone collaborate with their colleagues
on diagrams. This is a major barrier to workplace collaboration
that contributes to the exclusion and disengagement of visuallyimpaired individuals. Indeed, the Royal National Institute of Blind
People (RNIB) estimates that 66% of blind and partially sighted
people in the UK are currently unemployed [4]. Addressing the
challenge of designing support for cross-modal collaboration in
the workplace has thus the potential to significantly improve the
working lives and inclusion of perceptually impaired workers.

2.1.1. Spatial Models
A spatial model allows non-visual access to a visual display by
capturing the spatial properties of its content, such as layout, form
and arrangements. These are preserved and projected over a physical or a virtual space so that they could be accessed through alternative modalities. Because audio has limited spatial resolution [8],
spatial models typically combine the haptic and audio modalities
to support interaction. The GUIB project [9] is one of the early
prototypes that employed a spatial model of representation to support non-visual interaction with a visual display. The prototype
combines braille displays, a touch sensitive tablet and loudspeakers to allow blind users to interact with MS Windows and X Windows graphical environments. More recent solutions adopting the
spatial model of representation typically use tablet PC interfaces or
tactile pads as a 2D projection space where captured elements of a
visual display are laid out in a similar way to their original arrangements. Other solutions use force feedback devices as a controller.
In such instances, the components of a visual display are spatially
arranged on a virtual rather than a physical plane, and can thus be
explored and probed using a haptic device such as a PHANTOM
Omni device 1 . The advantage of using a virtual display lies in the
ability to add further haptic representational dimensions to the captured information, such as texture and stiffness, which can enhance
1 Sensable
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the British Computer Association of the Blind and RNIB. Activities ranged from round table discussions exploring how participants encounter diagrams in their workplaces, to hands-on demonstrations of early audio and haptic prototype diagramming systems. The discussions highlighted the diversity of diagrams encountered by the participants in their daily jobs; from design diagrams for databases and networks, to business model diagrams,
and organisation and flow charts. Additionally, participants discussed the various means they currently use for accessing diagrams
and their limitations. Approaches included using the help of a human reader, swell paper, transcriptions and stationary-based diagrams, all of which share two main limitations; the inability to create and edit diagrams autonomously, and inefficiency of use when
collaborating with sighted colleagues.
We chose to focus on nodes-and-links diagrams because they
are frequently encountered in the workplace and we already have
evaluated a single user version for audio-only interaction with such
diagrams [19]. A set of requirements was thus drawn together from
the workshop and other discussions to form the input to the iterative development process that followed in which a cross-modal
collaborative tool was developed. Our tool 2 supports autonomous
non-visual editing of diagrams as well as real-time collaboration.
It allows simultaneous access to a shared diagram by augmenting a graphical display with non-visual auditory and haptic displays combining hierarchical and spatial models of representation.
The tool supports user-defined diagram templates which allows it
to accommodate various types of nodes-and-links diagrams such
as organisation and flow charts, UML and database diagrams and
transportation maps.

the representation of data. The virtual haptic display can also be
augmented and modulated with auditory cues to further enhance
the interactive experience [10, 11].
2.1.2. Hierarchical Models
A hierarchical model, on the other hand, preserves the semantic properties of visual displays and presents them by ordering
their contents in terms of groupings and parent-child relationships.
Many auditory interfaces are based on such a model as they inherently lend themselves to hierarchical organisation. For instance,
phone-based interfaces support interaction by presenting the user
with embedded choices [12]. Audio is therefore the typical candidate modality for non-visual interaction with visual displays when
using hierarchies. One of the early examples that used a hierarchical model to translate visual displays into a non-visually accessible representation is the Mercator project [13]. Like the GUIB
project, the goal of Mercator was to provide non-visual access to
X Windows applications by organising the components of a graphical display based on their functional and causal properties rather
than their spatial pixel-by-pixel on-screen representations. Other
examples have employed a hierarchical model of representation to
support non-visual interaction with technical drawing [14], relational diagrams [15] and molecular diagrams [16].
2.2. Cross-modal Collaboration
Despite significant progress in the use of audio and haptics in multimodal interaction design, research into cross-modal collaboration
remains sparse. In particular, very little research has addressed the
challenge of supporting collaboration between visually-impaired
and sighted users. Nonetheless, initial investigations have identified a number of issues that impact the efficiency of collaboration in a multimodal interactive environment. An examination of
collaboration between sighted and blind individuals on the Tower
of Hanoi game [17], for instance, highlighted the importance of
providing visually-impaired collaborators with a continuous display of the status of the shared game. Providing collaborators with
independent views of the shared space, rather than shared cursor
control, was also found to improve orientation, engagement and
coordination in shared tasks [2]. A multimodal system combining
two PHANTOM Omni haptic devices with speech and non-speech
auditory output was used to examine collaboration between pairs
of visually-impaired users [18] and showed that the use of haptic
mechanisms for monitoring activities and shared audio output improves communication and promotes collaboration. Still, there are
currently no studies of collaborations between visually-impaired
and sighted coworkers. We therefore know little about the nature
of cross-modal collaboration in the workplace and ways to support
it through auditory design.

3.1. Graphical View
Figure 1 shows a screenshot of the graphical view of the tool. This
view presents the user with an interface similar to typical diagram
editors where a toolbar is provided containing various functions to
create and edit diagram content. The user construct diagrams by
using the mouse to select the desired editing function and has the
ability to access and edit various object parameters such as labels,
position, etc.

3. AUDITORY DESIGN IN A COLLABORATIVE
CROSS-MODAL TOOL
To address the issues identified above we gathered requirements
and feedback from potential users to inform an ongoing development process. We ran a workshop to engage with representatives
from end user groups in order to encourage discussion and sharing
of experiences with using diagrams in the workplace. Eight participants attended the workshop including participants from British
Telecom and the Royal Bank of Scotland and representatives from

Figure 1: Graphical view (right) augmented by an auditory hierarchical view (left) embedded in the editor.

2 An open source release of the tool and a video showcasing its features can be downloaded from: http://ccmi.eecs.qmul.ac.uk/
downloads
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3.2. Auditory Design

produce a sweep that ends with a bell like sound. A Collapse
earcon is composed from the reversed sequence of the Expand
earcon (e.g. “Associations” + (Expand earcon) for expanding the
Associations branch, and (Collapse earcon) + “Associations” for
collapsing it). Additionally, when a branch is expanded, a speech
output is displayed to describe the number of items it contains
(e.g. “Associations” + (Expand earcon)+“three” to convey that
the diagram contains three associations). The tool allows a user
to switch from one perspective on the hierarchy to another; essentially rapidly transporting to the top level of a given branch type
from anywhere on the hierarchy using a single keystroke. The
successful switch from one perspective to another is conveyed using a one-element earcon combined with the spoken description
of the destination node. Finally, a one-element earcon is used to
highlight the occurrence of illegal moves. This is referred to as the
Error sound and designed as a low pitched version of the single
tone browse sound. An example of an illegal move is attempting
to expand an already expanded branch, or attempting to browse
beyond available levels on the hierarchy.
In addition to inspecting a given diagram, the hierarchy can
also be used to edit its content. To do this, the user first locates the
item of interest on the hierarchy before executing a particular editing action that alters its state. For example, to remove a class from
the diagram, the user would inspect the appropriate path to locate
it on the hierarchy then, once found, issue the command using the
keyboard to delete it. The tool then interprets the current position
of the user on the hierarchy together with the issued command as
one complete editing expression and executes it appropriately. The
auditory hierarchical view is thoroughly described and evaluated
in [15, 19].

The design of the auditory view is based on the multiple perspective hierarchical approach described in [19]. According to this approach, a diagram can be translated from a graphical to an auditory form by extracting and structuring its content in a tree-like
form such that items of a similar type are grouped together under a
dedicated branch on a hierarchy. This is aimed to ease inspection,
search and orientation [ibid.].
Figure 1 shows how this is achieved for a UML Class diagram. In this case, the diagram’s classes – represented as rectangular shapes – are listed under the “Class” branch of the hierarchy.
The information associated with each class, such as its attributes,
operations and connections to other classes, is nested inside its
tree node and can be accessed individually by expanding and inspecting the appropriate branches. Similarly, the diagram’s associations – represented as solid arrows – are listed under the “Association” branch, and information associated with each connection
can be accessed individually by inspecting its branches (see Figure 2). This allows the user to access the information encoded in
a diagram from the perspectives of its “Classes”, “Associations”
or its “Generalisations”. To inspect the content of a diagram, the
user simply explores the hierarchy using the cursor keys, similar
to typical file explorers, and receives auditory feedback displaying
the content that they encounter.

3.3. Audio-Haptic Design
In addition to the auditory hierarchical view, we implemented a
spatial model of representation to capture the layout and spatial arrangements of diagrams content. To do this, we use a PHANTOM
Omni haptic device (Figure 3) to display the content of a diagram
on a virtual vertical plane matching its graphical view on a computer screen (Figure 4). We designed a number of audio-haptic
effects to both represent the content of a diagram and support nonvisual interaction in this view.
Figure 2: Hierarchical auditory view (left) where a Class diagram
is accessed from the perspective of its associations.

3.3.1. Audio-Haptic Representation
The main haptic effect that we use to represent diagrams nodes and
links is attraction force. Diagram nodes are rendered as magnetic
points on the virtual plane such that a user manipulating the stylus of the PHANTOM device in proximity of a node is attracted
to it through a simulated magnetic force. This is augmented with
an auditory earcon (of a similar timbre to the one-element earcon
used in the auditory view) which is triggered upon contact with the
node. A similar magnetic effect is used for the links with the addition of a friction effect that simulates a different texture for solid,
dotted and dashed lines. The user can thus trace the stylus across a
line without deviating away to other parts of the plane while feeling the roughness of the line being traced, which increases from
smooth for solid lines to medium and very rough for dotted and
dashed lines respectively. Contact with links is also accompanied
by one-element earcons with distinct timbres for each line style,
and the labels of encountered nodes and links are also displayed in
synthesised speech upon contact.

We use a combination of speech and non-speech sounds to
display encountered content. The choice of these sounds was informed through the use of an iterative prototyping approach in
which candidate sounds were played to both sighted and visuallyimpaired users. The successful movement from one node to another is conveyed by displaying the text label of the node in speech
together with a one-element earcon in the form of a single tone
with a distinct timbre assigned to each type of item. This is displayed as the sequence (earcon) + “<node name>”. The same
technique is used to highlight reaching the end or the top of a
list, but in such a case a double beep tone is used instead of a
single tone, and is displayed as the sequence (earcon) + “<node
name>”, in which case the user is looped to the other end of the
list. The successful expansion or collapse of a branch is also displayed using one-element earcons. An Expand earcon mixes frequency and amplitude modulation on a basic pulse oscillator to
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like sound) and that it has been successfully dropped in the new
location (the sound of a dart hitting a dartboard). Second, a haptic
spring effect is applied, linking the current position of the stylus to
the original position of where the item was picked up from. This
allows the user to easily relocate the item to its original position
without loosing orientation on the plane. Once an item is picked
up, the user is automatically switched to the loose mode of interaction to allow for free movement while still able to inspect encountered items as their corresponding auditory feedback is displayed
upon contact.
Finally, we implemented a synchronisation mechanism to allow the user to switch between the haptic and auditory hierarchical
views of the diagrams. The user can locate an item on the hierarchy then issue a command on the keyboard which would cause the
PHANTOM arm to move and locate that item on the haptic plane.
If the user is holding the stylus, they are then dragged to that location. Similarly, the user can locate an item on the virtual haptic
plane then issue a command on the keyboard to locate it on the
hierarchy.

Figure 3: Interacting with the spatial haptic view using the stylus
of a PHANTOM Omni haptic device.

3.4. Collaborative Interaction
Simultaneous shared access to a diagram is currently achieved
by connecting collaborators’ computers through a local network
with one of the computers acting as a server. We have incorporated locking mechanisms which prevent collaborators from concurrently editing the same item on a diagram. Besides these locking mechanisms, the tool does not include any built-in mechanisms
to regulate collaboration, such as process controls that enforce a
specific order or structure of interaction. This was done to allow
users to develop their own collaborative process when constructing diagrams – indeed, there is evidence that imposed structure can
increase performance but at the expense of hindering the pace of
collaboration and decreasing consensus and satisfaction amongst
group members [20]. Thus, the cross-modal tool provides collaborators with independent views and unstructured simultaneous
interaction with shared diagrams.

Figure 4: Spatial haptic view (right) matching the physical layout
of the diagram on the graphical view.

3.3.2. Audio-Haptic Interaction
In addition to representing diagram content using various audiohaptic effects, we implemented two modes of interaction in the
spatial haptic view which we refer to as sticky and loose. In a
sticky mode of interaction, the magnetic attraction forces of the
diagrams nodes and links are increased to make it harder for the
user to snap away from contact with a given item. This simulates
an impression of being “stuck” to the diagram content and thus
one can trace its content by following the connections from point
to point. In a loose mode of interaction on the other hand, the
magnetic attraction forces are decreased such that a user can freely
move around the virtual space without necessarily having to be in
contact with any diagram content – in which case the haptic force
is set to neutral and no auditory feedback is displayed.
The magnetic attraction forces and friction effect in the haptic view were introduced as a direct result of prototyping with
visually-impaired users who found this helpful in maintaining their
current position or following connections in the diagram. Similarly, the auditory feedback provided to support the haptic view
was chosen to be synergistic to that in the audio-only view and
was used to provide confirmatory information which was not appropriate for haptic display.
Additionally, the user has the ability to move nodes and bend
links in space. This can be achieved by locating an item – or a
point on a link – on the virtual plane, clicking on the stylus button
to pick it up, dragging the stylus to another point on the plane, then
dropping it in a new desired location with a second button click.
We designed two extra features to support this drag-and-drop action. First, three distinct auditory icons are used to highlight that
an item has been successfully picked up (a short sucking sound),
that it is being successfully dragged in space (a continuous chain-

4. WORKPLACE STUDIES
We are conducting an ongoing study of cross-modal collaboration
between visually impaired and sighted coworkers. The aim is to
explore the nature of cross-modal collaboration in the workplace
and assess how well the tool we designed supports it in real world
scenarios. So far, we have deployed the tool to support the work
of three professional pairs; these were employees in the head office of a London-based Children and Families Department in local
government, an international charity, and a private business.
4.1. Approach & Setup
We first asked pairs to provide us with samples of the type of diagrams that they encounter in their daily jobs. We then created appropriate templates to accommodate these diagrams on the crossmodal tool. Because we wanted to observe the use of the tool in
real world scenarios, involving diagrams of real world complexity,
we did not control the type of tasks that the pairs performed nor
the way in which they went about performing them. Rather, we
deployed the tool in their workplaces and observed their collaborations as they naturally unfolded over a working session. Study
sessions lasted for up to two hours, where we introduced the pairs
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5. DESIGN RECOMMENDATIONS FOR CROSS-MODAL
COLLABORATION

to the features and functionalities of the tool in the first half, then
observed them as they used it to access and edit diagrams in the
second half. Visually-impaired participants used the audio-haptic
views of the diagrams, where audio was displayed through speakers so that their colleagues could hear what they were doing, while
the sighted participants used the graphical view of the tool. In all
three cases, the pairs sat in a way that prevented the sighted participants from seeing the screen of their colleagues (see Figure 5),
and, naturally, the visually impaired participants did not have access to the graphical view of their partners. We video recorded all
sessions and conducted informal interviews with the pairs at the
end of the working sessions 3 .

Due to the nature of the study – a small number of participants and
uncontrolled workplace environments – we opted for conducting a
qualitative analysis of the recorded interactions rather than attempt
to capture quantitative aspects of the collaborations. We also focus
on aspects of the cross-modal collaborative interaction rather than
on the multimodal representation of diagrams. In the following,
we present a series of excerpts from the video transcripts 4 to highlight the impact of using audio-haptic displays within the context
of cross-modal collaboration and use these example to outline a
set of preliminary design recommendations. All videos were transcribed by the first author.
5.1. Extract 1: Exploring and Discussing Diagram Content
In the excerpt shown in Table 1, the pair are editing an itinerary
on a transportation map. The excerpt starts off with the visuallyimpaired user (VI) locating and deleting a node from the diagram
while the sighted user (S) edits the label of another node. As soon
as the node is deleted, S interrupts VI to inform them about the visible changes that resulted from their action:“you didn’t just delete
the node[..]”. Here the VI user was not aware that deleting a node
caused the automatic deletion of the links that were coming in
and out of it. The VI user responds with an exclamatory “yeah?”
while manipulating the haptic device in an attempt to explore the
parts of the diagram where the declared changes are said to have
occurred. Meanwhile S continues to reason about the outcome of
their partner’s action:“we can recreate the .. part of it needed to be
deleted anyway” while the VI user switches to the audio view to
check the diagram, correctly deducing the status of its nodes: “so
it only deleted one node..”.
What we wish to highlight with this excerpts is the way in
which the auditory and haptic views were used in the exchange
that occurred between the two colleagues. The VI user was able
to seamlessly integrate the discussion about the diagram with their
partner with the inspection and exploration of the its content. Here,
the cross-modal tool formed and effective part of the collaborative
exchange; that is, just as S was able to glance at the diagram while
discussing and reasoning about its content, so was the VI able to
access and explore the diagram while actively partaking in the discussion.

Figure 5: An example of the setup used in the workplace.

4.2. Collaborative Scenarios
We observed two types of collaborative scenarios. The first pair,
a manager and their assistant, accessed and edited organisation
charts to reflect recent changes in managerial structures. The second and third pairs, a manager and an employee assistant and two
business partners inspected and edited transportation maps in order to organise a trip. All pairs were able to complete the tasks that
they chose to undertake using the cross-modal tool.
Our initial observations showed that collaborations typically
evolved over three distinct phases with differing dynamics of interaction. A first phase is characterised as being driven by the
visually-impaired user and includes exploring the diagram, editing its content and altering its spatial arrangements. The sighted
coworker in this instance typically engages in discussions about
the diagram and providing general guidance about where things
are located and how to get to them. In a second phase of the collaborations, the visually-impaired user continues to drive the interaction with active input from the sighted user who engages in
refining the content and spatial arrangements produced by their
coworker. In a third phase, both users engage in manipulating the
diagram, working independently on different parts of its content
while continuing to discuss the task and updating each other about
their progress. These dynamics did not necessarily occur in a particular order. For instance, it is likely that the first phase results
from the visually-impaired user’s desire to establish orientation
within the interactive space at the onset of the collaboration, which
might be unnecessary for the sighted user, but such reorientation
might occur again after a diagram’s content has been extensively
altered.

Recommendation 1 – Provide explicit representation of the
effects produced by a given action to its original author.
While the sighted user was able to detect the results of an
action as they occurred on the screen, this information was
completely oblivious to the original author. It is therefore
recommended to explicitly convey the consequences of an
action to its original author in the non-visual view. This
could also be conveyed in the form of a warning before
finalising the execution of an action.

5.2. Extract 2: Providing Directional Guidance
There were instances in the collaborations where the sighted user
provided directional guidance to their partner while they were executing a given editing action. An example of this is shown in the
4 Since the constructed diagrams were the property of the organisations
that we worked with, we deliberately edited out some content and/or concealed it on the transcripts due to the sensitive nature of the information
they contain.

3 Example videos will be uploaded with the paper and/or shown during
the conference presentation.
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Table 1: Extract 1: Smooth embedding of interaction with device and discussion about content.
visually-impaired user

VI actions/audio output
<locates node>
<deletes node>

OK, so now I need to
what?
yeah?

but that segment had to be removed didn’t it?
let me just .. can i just look for a sec
so it only deleted one node..

Sighted user

S actions
<edits node label>

<moves the omni>

hold on a second

<moves the omni>
<moves the omni>
<moves the omni>

you didn’t just delete the node
but also every line that was coming in and out of it
we can recreate the ...
part of it needed to be deleted anyway
but one didn’t

<explores audio view>
<explores audio view >

yeah, but every single line ..

Table 2: Extract 2: Directional guidance.
visually-impaired user

VI actions/audio output
<moves the omni to locate a node W>
<encounters a node X>

I’ve got X
doesn’t let me go left
it’s literally stopping me from going left
diagonally up or down?
from Y or from X?

yeah I’m on ..

Sighted user

S actions

then go diagonal left
up left

<moves the omni to the left >
<moves the omni to the left >
<moves the omni>
<moves the omni>
<moves the omni upwards >
<moves the omni>
<moves omni to relocate X>
<system speaks: “Z”>

up
from X
that’s the right link, follow Z

<follows Z >
<locates node W >

Table 3: Extract 3: Smooth transition between actions.
visually-impaired user

yup

VI actions/audio output
<explores the auditory hierarchy>
<locates node X and selects it>
<explores the auditory hierarchy>
<locates node Y and selects it>
<creates a link between X and Y>
<System confirms the creation of a new link>

Sighted user

alright so I’m gonna move that now

S actions

<selects node X and drags it>

Table 4: Extract 4: Executing a spatial task.
visually-impaired user
OK, shall we try the others
yes, X
got ya
I’m gonna put it down here somewhere
What do you recon?
I’m gonna put it here
What do you think?

VI actions/audio output
<moves the omni towards a node>
<locates a node X>
<picks up the node>
<drags X downwards>
<drags X downwards>
<drops X>

Sighted user
yup

I can’t see where you’re pointing, drop it first
that is again on the same level as the Y

Table 5: Extract 5: Shared locus.
VI actions/audio output
<edits the label of node X>
<types new label for X>
<explores X on the auditory hierarchy>
<explores X the auditory hierarchy>
<synchronise the audio and haptic views to the location of X>
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Sighted user’s actions
<Hovers mouse over node X>
<drags X to a new location>
<drags X to another location>

S actions
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Table 6: Extract 6: Exchanging updates.
visually-impaired user

yeah
OK
I’ve created the two ...

VI actions/audio output
<explores the auditory hierarchy>
<creates a new node X>
<explores the auditory hierarchy>
<selects node X on the hierarchy>
<explores the auditory hierarchy>

Sighted user

so I’m going though Y and Z just adding
their details

S actions
<edits node Y’s parameter>
<edits node Y’s parameter>
<edits node Y’s parameter>
<edits node Z’s parameter>
<edits node Z’s parameter>

not only add or remove content from the diagram but also engage
with their sighted colleagues to alter content’s locations on the diagrams. The excerpt in Table 4 shows an example of this. Here,
the VI user uses the omni device to locate a node on the diagram,
picks up, drags it across the virtual plane and drops it in a new
location. Notice how the VI user engages their sighted partner at
each step in the execution of this spatial task by supplying cues
about what they are doing: “yes, X, got ya”, “I’m gonna put it
down here somewhere, what do you reckon?”. There is therefore
a clear attempt by the VI user to use the spatial layout of the diagram as a common reference when negotiation execution steps
with their partner. This was indeed a novelty that was well commended by all participants in our study. The sighted user in the
excerpt, however, highlights and important point that contributed
to his inability to fully engage with their partner to use this common frame of reference: “I can’t see where you’re pointing, drop
it first”. Once the VI user drops the node in the new location it appears on the screen of the sighted user, who could then supply the
relevant confirmations to their partner: “that is again on the same
level as the Y”. Because the tool did not provide the users with
any explicit representation of their partner’s actions – besides final
outcomes – it was hard for them to fully engage with each other
during execution. In the case of the excerpt on Table 4, the users
compensate for this by supplying a continuous stream of updates
of what they are about to do.

excerpt in Table 2. Here, the pair are editing an organisation chart
and the visually-impaired user attempts to locate a node on the diagram using the haptic device. The excerpt begins with the VI user
moving the device to locate the node in question, encountering an
unexpected node X and announcing: “I got X”. The sighted user
then uses this information to provide their colleague with relevant
directions: “then go diagonal left”. The VI user attempts to follow
their colleague’s guidance but, failing to go in the specified direction, seeks more clarification: “diagonally up or down?”, “from Y
or from X?”. Moving around the haptic plan, the VI user encounters another item on the diagram; a link labelled Z. The sighted
user picks up on the audio triggered by their partner to tailor the
guidance they provide them with: “that’s the right link, follow Z”.
This tailored guidance helps the VI user to locate the node in question.
The fact that the audio output was shared amongst the pair
helped the sighted user to engage with their partner’s activity. The
overlap in presentation modalities in this case created more opportunities for interaction. Information displayed in audio allowed the
sighted user to keep track of their partner’s progress and, by referring to the graphical view, they were able to map such information
and tailor their own discourse to match such progress.
5.3. Extract 3: Transitions Between Collaborative Tasks
The next excerpt, shown in Table 3, shows an example where collaborators executed two dependent actions sequentially. The VI
user’s task was to create a link between two nodes on the diagram.
To achieve this, the VI user first locates the two nodes in question, selects them, then issues a command to create a connection
between them. The sighted user’s task was to arrange the spatial position of the newly created connection. What is noticeable
in this excerpt is that the sighted user was able to determine the
exact point in the execution where they were required to take action without being explicitly prompted by their partner: “alright
so I’m gonna move that now”. Here again, having access to their
partner’s audio output allowed the sighted user to keep track of
their partner’s progress resulting in a seemingly effortless transition between the two dependent actions. Thus, allowing an overlap
of presentation modalities helps users to structure sequentially dependent actions.

Recommendation 3 – Provide a continuous representation
of partner’s actions on the independent view of each user
in order to increase their awareness of each other’s contributions to the shared space and hence improve the effectiveness of their collaborative exchange.

5.5. Extract 5: Shared Locus
The excerpt shown in Table 5 does not involve any conversational
exchange. However, the pair’s interaction with their independent
views of the shared diagrams reveals another way in which the two
representations were used as a shared locus. In this excerpt, the VI
user has created a new node and is in the process of editing its
label. Meanwhile, the sighted user moves his mouse and hovers
over the node that is currently being edited by their partner then
drags it to a new location. The interaction in this excerpt enforces
recommendation 2. That is, allowing an overlap of presentation
between the visual and audio-haptic display modalities allowed
the sighted user to identify the part of the diagram being edited
by their partner, to follow the editing process, and to seamlessly
introduce their own changes to it (in terms of adjusting the location of the node). The VI user in turn, once finished with editing
the label of the node, seamlessly synchronises their auditory and
haptic views to explore the new location of the node as introduced
by their partner. All of this is done smoothly without any need for
verbal coordination.

Recommendation 2 – Allow an overlap of presentation
modalities to increase opportunities for users to engage
with each other’s actions during the collaboration.

5.4. Extract 4: Executing a Spatial Task
A major advantage of using a spatial model of representation to
support non-visual interaction with diagrams is the ability to execute spatial tasks. The visually-impaired users where able to
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5.6. Extract 6: Exchanging Updates

[6] D. L. Mansur, M. M. Blattner, and K. I. Joy, “Sound graphs:
A numerical data analysis method for the blind,” Journal of
Medical Systems, vol. 9, no. 3, pp. 163–174, 1985.
[7] E. D. Mynatt and G. Weber, “Nonvisual presentation of
graphical user interfaces: contrasting two approaches,” in
Procs. of the SIGCHI’94, 1994, pp. 166–172.
[8] V. Best, A. Van Schaik, and S. Carlile, “Two-point discrimination in auditory displays,” in Proc. of the 9th Inter. Conf.
on Auditory Display, E. Brazil and B. Shinn-Cunningham,
Eds. Boston University Publications Production Department, 2003, pp. 17–20.
[9] G. Weber, “Adapting direct manipulation for blind users,” in
CHI ’93: INTERACT ’93 and CHI ’93 conference companion on Human factors in computing systems, 1993, pp. 21–
22.
[10] F. Avanzini and P. Crosato, “Haptic-auditory rendering and
perception of contact stiffness,” in Haptic and Audio Interaction Design, vol. 4129/2006, 2006, pp. 24–35.
[11] W. Yu, K. Kangas, and S. A. Brewster, “Web-based haptic applications for blind people to create virtual graphs,” in
Haptic Interfaces for Virtual Environment and Teleoperator
Systems. HAPTICS 2003., March 2003, pp. 318–325.
[12] G. Leplatre and S. Brewster, “Designing non-speech sounds
to support navigation in mobile phone menus,” in Proc. of
the 6th Inter. Conf. on Auditory Display.
[13] E. D. Mynatt and K. W. Edwards, “The mercator environment: A nonvisual interface to x windows and unix workstations, Tech. Rep. GVU Tech Report GIT-GVU-92-05, 1992.
[14] H. Petrie, C. Schlieder, P. Blenkhorn, G. Evans, A. King,
A.-M. OâNeill, G. Ioannidis, B. Gallagher, D. Crombie,
R. Mager, and M. Alafaci, “Tedub: A system for presenting
and exploring technical drawings for blind people,” Computers Helping People with Special Needs, pp. 47–67, 2002.
[15] O. Metatla, N. Bryan-Kinns, and T. Stockman, “Constructing relational diagrams in audio: the multiple perspective hierarchical approach,” in Proc. of the 10th inter. ACM SIGACCESS conference on Computers and accessibility, 2008, pp.
97–104.
[16] A. Brown, S. Pettifer, and R. Stevens, “Evaluation of a nonvisual molecule browser,” in Proc. of the 6th inter. ACM
SIGACCESS conference on Computers and accessibility,
2004, pp. 40–47.
[17] F. Winberg and J. Bowers, “Assembling the senses: towards
the design of cooperative interfaces for visually impaired
users,” in Proc. of the ACM conference on CSCW, 2004, pp.
332–341.
[18] D. McGookin and S. A. Brewster, “An initial investigation
into non-visual computer supported collaboration,” in CHI
’07 extended abstracts on Human factors in computing systems, 2007, pp. 2573–2578.
[19] O. Metatla, N. Bryan-Kinns, and T. Stockman, “Interactive
hierarchy-based auditory displays for accessing and manipulating relational diagrams,” Journal on Multimodal User Interfaces, 2011.
[20] J. S. Olson, G. M. Olson, M. Storrøsten, and M. Carter,
“Groupwork close up: a comparison of the group design process with and without a simple group editor,” ACM Trans. Inf.
Syst., vol. 11, no. 4, pp. 321–348, 1993.

The final excerpt in Table 6 shows a different style of collaborative
interaction. Instead of waiting for partners to finish executing an
action before proceeding with an another, the pair in this excerpt
are working in parallel on two independent actions. The VI user in
this case is adding new nodes to the diagram and exploring its content using the auditory hierarchical view, while the sighted user is
editing nodes parameters. The pair are working in parallel and updating each other about the editing actions that they are currently
executing: “I’m going through Y and Z just adding their details”,
“I’ve created the two..”. Each user is therefore engaged with their
own task, and unless an update is supplied, the participants remain
unaware of each others progress. Supplying awareness information while both users are jointly engaged with one task is different
from supplying it when each one of them is engaged with an independent task. The former, as exemplified in Table 4 was in the
form of updates about what the user intends to do, whereas in this
excerpt it is in a form of what is currently occurring or what has
taking place.
Recommendation 4 – While providing a continuous representation of partner’s actions, as outline in Recommendation 3 above, care must be taking to choose the most
relevant type of awareness information to provide. This
changes in accordance with whether the collaborators are
executing independent actions in parallel, or engaged in
the same dependent tasks in sequence.

6. CONCLUSION
We presented the design of a collaborative cross-modal tool for
editing diagrams which we used to explore the nature of crossmodal collaboration between visually impaired and sighted users
in the workplace. An ongoing study that we are conducting in the
wild with real world collaborative scenarios allowed us to identify
a number of issues related to the impact of cross-modal technology
on collaborative work, including coherence of representation, collaborative strategies and support for awareness across modalities.
We used our observations to outline an initial set of preliminary design recommendations aimed at guiding and improving the design
of support for cross-modal collaboration.
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ABSTRACT
In Navy command operations, individual watchstanders must
often concurrently monitor two or more channels of spoken
communications at a time, which in turn can undermine
information awareness and decision performance. Recent basic
work on this operational challenge has shown that a virtual
auditory display solution, in which competing messages are
presented one at a time at faster rates of speech, can achieve
large and significant improvements on diminished measures of
listening performance observed in concurrent monitoring at
normal speaking rates with equivalent materials. In the third of
a series of experiments developed to address performance
questions the parameters of this framework raise for listeners,
dependent measures of attention and comprehension were
compared in a two factor design that manipulated how serial
turns among four talkers were organized and their rate of
speech. Although both factors impacted performance, the
resulting measures remained substantially higher than
corresponding measures of performance with concurrent talkers
in an earlier study.

1.

INTRODUCTION

In Navy command operations, individual watchstanders must
often interact with and monitor two or more concurrent
channels of spoken radio communications, and this, coupled
with the demands of visual tasks, can easily impact information
awareness and decision performance [1]. Even so, efforts to
increase productivity and streamline operational requirements,
have recently raised the possibility of giving watchstanders a
range of new display technologies and enlarging their
responsibilities to as many as four active communications
circuits. A 2001 operational study with a diverse group of
experienced watchstanders, however, found that overall
message comprehension and awareness of time-critical events
fell significantly in a realistic tactical scenario when
communications monitoring involving only three channels of
competing speech was tasked [2]. This outcome and other
findings in the same study suggest that the challenge of
attending to multiple streams of concurrent aural information
can quickly become overwhelming in high-paced operations.
Monitoring voice communications serially (one at a time)
could reduce the considerable requirements of the
watchstander’s listening task, but would almost certainly result
in cumulative and, in some cases, unacceptable presentation
This work was supported by the Office of Naval Research
under work request N0001410WX20448.

172

delays during periods of high volumes of message traffic.
Digitally buffered and recorded speech, however, can be
artificially sped up with signal processing techniques that allow
the essential timbral features needed for intelligibility and other
expressive and informational factors to remain intact.
Synthesizing a faster version of what is said on a given radio
channel naturally requires a processing delay before it can be
aired for the listener—minimally, the time required to receive
the original transmission plus a marginal amount of additional
processing time. But since competing messages can be
processed in parallel, speech rate acceleration techniques can be
used to limit the accumulating cost of serial presentation delays
and, therefore, provide an opportunity to study serial
monitoring as an effective alternative to current
communications monitoring practices.
A straightforward model of just under three minutes of
activity on four concurrent channels, for instance, would take
approximately five minutes to listen to serially, assuming a
relatively busy, mean use rate of 40% on each channel and a
nearly continuous overlap of two or more messages (see Figure
1a and b). Just doubling the speed of all but the initial message,
however, (assuming the first message would be monitored in
real-time while competing messages are concurrently buffered
and accelerated in parallel) substantially reduces the extent of
accumulating delays. Under the acceleration scheme shown
here, serialization never adds more than half of the running
time required to monitor all four channels concurrently, and
a)

b)

c)
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Figure 1: a) Randomized 3-minute model of ten spoken radio
transmissions (numbered from S1 in the order they are received)
on four concurrent channels. b) Time required to buffer and
display the same ten signals serially, in the same order and at
the same speaking rate as received (i.e., with no acceleration). c)
Time required to buffer, process, and display the same signals at
an accelerated speaking rate of 100% (i.e., twice as fast as the
original speaking rate). Unserialized messages in the figure
(messages presented as they are received) are shown in black.
The letter “a” indicates accelerated signals, as in “S2a.”
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total listening time is just over three minutes (Figure 1c). More
efficient accelerated monitoring and message organization
tactics are also possible, but might only rarely be needed due to
routine lulls in most real-world patterns of communications
traffic.
1.1. Performance concerns for listeners
Although the idea of synthetically accelerating concurrently
received messages for subsequent display makes serial
monitoring an operationally feasible concept—at least in the
sense that it allows serial monitoring to be carried out in nearly
the same amount of overall time concurrent monitoring
requires—it also raises specific human performance questions
for listeners. The most important practical concerns are: a) the
performance strengths and weaknesses of human auditory
attention; b) performance differences associated with listening
to different rates of accelerated speech; and c) the impact of
having to shift between communications contexts in an
“interleaved” manner, as depicted in Figure 1b and c, or as
dictated by some other prioritization scheme.
1.1.1. Auditory attention
Intuitively, listening for content from two or more talkers is
harder to do when the parties speak at the same time, as
opposed to when they speak individually. Listening to
competing talkers requires what is called “divided attention.”
Both Broadbent [3], and, more recently, Shinn-Cunningham
[4], attribute the difficulty of divided listening to an essential
limitation of the human auditory attention resource. When
divided attention is required, despite anecdotal claims to the
contrary, it appears listeners are not really able to focus on two
or more auditory streams simultaneously. Instead, while they
may be aware of multiple sources and alert to salient features of
those sounds, they can only give their attention, selectively, to
one coherent stream at a time, and consequently must resort to
ad hoc, though possibly practiced, listening strategies that entail
rapidly switching their focus back and forth between competing
threads of information. What makes giving divided attention to
competing auditory streams more difficult than giving sustained
attention to one at a time is the mental effort that switching
between aural information contexts requires.
As part of a series of experiments that includes the study
reported here, Brock et al. [5] examined the question of divided
and undivided listening in a quasi-applied context. Working
with a corpus of spoken commentaries on everyday topics,
inferential measures of auditory attention and comprehension
were used to compare listening performance in four
manipulations involving either concurrent or serial talkers. The
manipulations with concurrent talkers (two talkers in one
condition and four in the other, and both at normal speaking
rates) reflected current and proposed Navy communications
monitoring practices. The serial talker manipulations (one at
normal speaking rates, the other at an accelerated rate of 75%,
and both with four talkers) allowed serial monitoring to be
compared directly with concurrent listening and provided an
initial look at the impact of accelerated speech on serial
listening performance. The resulting measures of attention and
comprehension proved to be highly correlated with each other,

and all pairwise comparisons between the manipulations were
significant. Listening performance was respectively poor and
poorest in the two and four concurrent talker conditions, and
better and best in the accelerated and normal serial conditions.
The outcome was thus consistent with the current
understanding of auditory attention and demonstrated a clear
performance advantage for serial monitoring over current
practice, even with faster speech.
1.1.2. Rate-accelerated speech
Techniques for synthetically compressing (and, therefore,
accelerating) the nominal speaking rate of normal, recorded
speech—without altering its pitch—were first studied in the
early 1950s. Research by Miller and Licklider [6] showing that
brief segments of continuous speech could be either
systematically blanked out (“interrupted”) or masked with only
modest impacts on perceived intelligibility led to the idea of
splicing together what remained to reduce listening time [7].
Eventually, as interest in accelerated speech grew, and access to
digital signal processing technology became widespread, more
sophisticated speech-rate modification techniques were
developed that are capable of preserving most, if not all, of the
vocal features involved in clear enunciation at rates of
compression that exceed 200% (see [8] for an outline of
research up to the beginning of the 1990s). The technique used
in the work reported here is a computationally efficient method
for modulating the time scale of speech known as “pitch
synchronous segmentation” (PSS) that was developed by the
Navy in 1994 [9]. Human performance and perceptual studies
associated with rate accelerated speech have focused primarily
on the intelligibility of individual words and the practical limits
of acceleration, as well as the impacts of acceleration and
prosodic modifications (particularly, the removal of pauses) on
the more practical question of comprehension performance.
Additional work has also explored the impacts of training and
practice and, more recently, performance differences associated
with aging (see, e.g., [10]).
Since varied pacing might be needed to accommodate
changing amounts of message traffic in a serial
communications monitoring scheme, two experiments ([1] and
[11])—one planned as a follow on for [5] and another
developed by Wasylyshyn—were recently conducted to
examine listening performance with different rates of
accelerated speech using the PSS technique [9]. Although
different materials and exposure regimes were used in each
protocol, the outcomes of both studies are in general agreement
with the findings of earlier research on this question using other
speech rate compression methods. Brock et al. [1] found
comprehension of compressed speech up to a 100% increase in
ordinary speaking rates (i.e., twice as fast) to be essentially
equivalent to listening to normal speech. Similar equivalence
was observed in Wasylyshyn’s study [11] up to a rate of 80%,
or 1.8 times as fast as normal speech. Above these levels, as in
other research, performance was found to slowly but
significantly decline in a relatively steady manner as the degree
of acceleration grows. In both studies, however, even at the
highest levels of accelerated speech rates (175% in [1] and
140% in [11]), mean comprehension was much better than, or
as good as, the listening conditions involving two and four
concurrent talkers in [5]. The consistency of these performance
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outcomes with the findings of others suggests that the ability of
listeners to follow and make verifiable sense of synthetically
accelerated speech at speeds up to and beyond a 100% increase
in normal speaking rates is a readily acquired skill.
1.1.3. Listening to serially interleaved communications
Questions concerned with interleaving, specifically, shifting
back and forth between communication contexts, are motivated
by the insight that competing communications are just that. If
one message is more timely or important than another, the
listener will want to give its presentation priority, even if this
means withdrawing attention from or suspending the less urgent
of the two and returning to it later. Suspension would be the
case in a serial monitoring scheme, and the issue then becomes,
what is the likely impact of system-imposed interruptions on
listening performance when messages are subsequently
resumed. Even more to the point in a communications setting is
the fact that what is said on most radio nets is not just one
individual talking, but discourse among multiple talkers. Thus,
upon resuming a suspended channel, the listener not only faces
the problem of attending while reengaging with the channel’s
operational context and recalling its state, but also of
recognizing who the talker is and/or what the talker’s role in the
current communications context is. Mastering these additional
aspects of the serial listening task may well be made more
difficult by accelerating what is displayed for the listener, even
if the increase falls within the range of equivalent-to-normal
comprehension performance.
However, other factors may measurably impact listening
performance, too. The most important concerns are: message
complexity; where suspensions occur within a message stream;
and whether or not the pace of display provides opportunities to
reflect on or rehearse a suspended context before it is resumed.
For instance, in addition to difficulties that ordinarily arise for
listeners when speech materials in any format are syntactically
complex (e.g., [10]), listening performance is known to be hurt
when unexpected pauses occur in sentences, as opposed to at
grammatical clause boundaries [12]. From this, it follows that
listeners are likely to find arbitrary suspension points more
difficult to work with than suspensions that occur at the end of
clauses or on sentence boundaries, or perhaps breaks that occur
between different talkers on a given channel.
As for the pace of display, listening that involves
interrupting one informational context and attending to another
can be likened to a sequential multitasking paradigm [13].
Current cognitive theories of multitasking model the ability to
juggle more than one task at a time as interacting goal
hierarchies [14] and, more recently, as separate “threads” of
goal directed activity [15]. For comprehension tasks, people
often need to maintain an informational context or “problem
state”—a small amount of applicable knowledge, and/or
intermediate results, that is temporarily buffered for working
access. Recent work by Borst et al. [16] has concluded that the
cognitive resource for this intermediate store can only be used
by one task thread at a time. Thus, part of the difficulty of
managing even two ongoing comprehension tasks at once,
whether they are perceptually concurrent or sequentially paced,
is explained by the mental effort that is needed to repeatedly
reinstate their respective contexts. The time this requires can
become an issue, too, if the wait before the next episode of
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attention to a task becomes too long. In a serial monitoring
scheme, a progression of different channels may intervene
before a given interrupted channel is resumed, depending on
how the incoming spoken information is prioritized and
segmented. As the pace of imposed switching between
suspended contexts slows, listeners will have increasing
difficulty recalling each channel’s respective problem state
[17]. Empirical studies and related modeling work by Trafton et
al. [18] and Altmann and Trafton [19] have shown that to
counteract this quantifiable tendency to forget, listeners need to
rehearse an interrupted context—ideally, at the point when the
interruption occurs. Consequently, if in addition to relatively
slow pacing, switches between channels are effectively
immediate (with no gap to briefly think about what was just
interrupted), listening performance can be impacted in two
ways. Either, listeners will try to rehearse the previous context
anyway, and initial attention to the new context will be
impaired, or listeners will fail to think about the previous
context and have greater difficulty recalling it later, which will
also impair initial attention to the new context.
1.2. Listening study
The listening study reported here—an initial 2x2 comparison of
interleaved and non-interleaved listening with normal and rateaccelerated speech—is the third in a series of experiments that
includes the work presented in [5] and [1]. For consistency with
the previous studies, the speech materials used for auditory
display in the present experiment were again developed from a
public radio archive of spoken essays by four professional
commentators. (An essay from an additional commentator was
also used for training purposes—see Section 2.1.3 below). This
category of talk sidesteps potential confounds and has specific
advantages for the population of non-specialist listeners
recruited to participate in the study. In particular, each
commentary is presented by a single talker and, so, avoids
contextual confusions that could arise from the presence of
more than one voice on the same channel. Each commentary
also covers a single everyday topic in ordinary conversational
language that is easy to follow and quickly establishes an easily
recognized contextual theme for the channel it corresponds to
during its presentation.
A serially interleaved communications display in an
operational setting would probably exhibit some of the
characteristics depicted in Fig. 1c, notably, a mix of
communications sounded at normal and accelerated rates and a
mixed range of message lengths. The present study’s chief aim,
however, was to examine the impact of interleaving itself on
listening performance with normal and faster speech, as
opposed to other issues interleaved listening designs may raise.
Consequently, the main questions addressed here are: a) Is the
problem of having to follow and understand four different
spoken information contexts harder to do when, instead of
being allowed to listen to each talker’s full presentation, one at
a time, what each talker has to say is broken into an ordered
series of utterances that are displayed as a randomized sequence
of turns among the talkers? And b) how does making the
speech materials in these contrasting conditions much faster
affect the ability of listeners to follow and understand all of
what each talker has to say?
Because serially interleaved listening can be characterized
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as an example of sequential multitasking, the performance
concerns raised in Section 1.1.3 related to the interruption of
contexts are addressed in the experimental design by the
insertion of a brief gap after each talker’s turn in the
manipulations that involve interleaved listening. The intent in
doing this, though, was not to measure the impact of remedial
measures for interruptions, but rather to organize the design of
the interleaved listening task in a theoretically principled way.
To ensure talkers had equal priority throughout, each
commentary was edited to approximately the same length and
segmented into a congruent (equally numbered) sequence of
utterances or “turns.” Four commentaries (one per talker) were
presented in each of the listening exercises, and in those with
interleaved utterances, the order of sequential turns among the
talkers was randomized for each listener (see Section 2.1.3
below for additional details). As a result, the wait between a
given talker’s completed turn and that talker’s next turn in the
interleaved listening exercises might be short or long, but, on
average, entailed the span of time defined by the first inserted
gap, plus three turns from the other talkers, plus the gaps
inserted after each of these intervening turns. Each gap thus
provided a moment to think about the completed turn’s context,
but for consistency with the non-interleaved portion of the
study, no constraint was placed on how listeners were expected
to manage their time during any of the listening exercises.
Other aspects of the experimental task design that were
similarly informed by current theory are the use of separate
virtual locations for each talker in the auditory display and the
manner in which commentaries were divided into turns. Giving
the apparent source of each talker’s voice its own virtual
location, and keeping this constant throughout the study,
provided two, closely related theoretical benefits for listeners.
First, it capitalized on the spatial skills listeners routinely use to
discriminate between sources of auditory information in
selective attention (cf. [20]). And second, it provided an
external set of talker-specific, contextual cues in the aural
information environment. That is, listeners could use each
talker’s virtual location as an aural reminder for returning to
that talker’s corresponding problem space during the serially
interleaved listening exercises. (Listeners were also able to
exploit an external set of visual cues in these exercises; see
Section 2.1.1 and 2.1.2 below.) As for turns, speech on
competing radio channels could no doubt be broken into
separate utterances in several different ways for interleaved
display in an operational serial monitoring scheme. Empirical
findings such as those in [12], however, suggest that forming an
understanding of interrupted speech is facilitated when
interruptions occur on grammatical and/or conceptually
complete boundaries, and that listeners perform best when this
is the case. Thus, to minimize performance confounds related to
encoding, in addition to dividing each commentary into an
equal number of turns, all of the partitions were made so
utterances were sentences or complete phrases.
2.

METHOD

Sixteen participants, two female and fourteen male with a mean
age of 29.3 years (s.d. = 10.7), all personnel at NRL, and all
claiming to have normal hearing, took part in the experiment,
which employed a within-subjects design. The visual part of the
study was displayed on an NEC MultiSync LCD 2090UXi flat-

panel monitor and the aural component was rendered with
VRSonic Vibestation runtime spatial audio software, Sony
MDR-600 headphones, and an InterSense InertiaCube3 for
head tracking. The main experiment consisted of four listening
exercises, which were performed by all participants in
counterbalanced order. A brief introductory session before the
study explained each of the ways participants were asked to
respond and described what they would hear and see in the
study. Each condition in the main experiment was preceded by
a short training session that resembled the format of the
listening exercise that followed. These sessions allowed
participants to become familiar with the auditory manipulations
and their corresponding listening requirements.
2.1. Apparatus
Listeners were asked to make two types of responses in the
experiment—the first while listening and the other performed
immediately after. Both of these tasks are largely the same as
those used to assess listening performance in [5] and [1].
2.1.1. Response tasks
In the first response task, participants were instructed to mark
items in a set of lists that were displayed on the flat-panel
monitor during the auditory portions of both the training
sessions and the main listening exercises. Each list (as well as
its left-to-right position onscreen) corresponded to one of the
commentaries being presented in the current segment of the
experiment and was composed of an ordered set of noun
phrases. There were four lists and four commentaries in each of
the main experimental manipulations and two lists and two
commentaries in each of the respective training sessions. Each
list functioned as a visual contextual cue when its talker’s
commentary was active. Participants were asked to use a mouse
to successively check off exactly worded phrases if they heard
them spoken (targets) and to ignore any intervening, though
topically similar, phrases they did not hear (foils). Lists in the
main listening exercises were each composed of twenty targets
and an equal number of foils, with zero to three intervening
foils placed at random between targets, and no more than three
targets in a row. (Shorter lists were used in the training
sessions.) In part, because participants were not made aware of
the arrangement of targets and foils, and in part because of the
potential to become lost while trying to perform the phrase
recognition task (thus, undermining the overriding goal of
listening), a portion of the currently active list was highlighted
as a pale blue region that functioned as a position marker
corresponding roughly to the utterance that was currently being
presented in the active commentary (see Figure 2a). To ensure
that listeners could not game the task, the highlighted area
moved continuously and always encompassed several phases in
the active list.
In the second response task, which is derived from a
technique for measuring reading comprehension developed in
[21], participants were given a series of representative
sentences to read and asked to judge whether each contained
“old” or “new” information based on the spoken materials they
had just listened to. “Old” sentences were of two types:
verbatim renderings and synonymous paraphrases of sentences
in the commentaries. “New” sentences were similarly of two
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types: “distractors”—sentences stating something that was not
implied or said—and commentary sentences with one or two
words changed to make the meaning clearly different from
what was said. Participants were also given the option to
indicate that they did not know whether a sentence they were
asked to evaluate was old or new. In the training sessions,
participants were given only two sentences per commentary to
assess, one old and the other new. Eight sentences per
commentary (two of each of the old and new sentence types)
were given in the main listening exercises.
In the present study, participants were also asked to
indicate how confident they were in their judgments. They did
this with an appropriately labeled onscreen widget resembling a
slider, with end points labeled “Low” and “High.” When
participants indicated they could not evaluate a particular
sentence, the confidence scale was grayed out.
2.1.2. Auditory display
All of the auditory manipulations were presented in a virtual
listening environment organized somewhat similarly to the
auditory displays used in [5] and [1]. In this experiment,
however, head tracking was also used to implement an
a)

b)

Figure 2: a) Illustration of the visual display showing the four
lists of target and foil noun phrases used for the phrase
recognition task in the listening exercises. Each list corresponds
to a talker, and the pale blue region about midway down the
third list indicates that the middle-right talker is speaking.
Listeners were asked to mark any noun phrases in each list they
heard the corresponding talker say. b) Diagram of the runtime
spatial audio environment showing the virtual locations of the
four talkers in the listening exercises and their left-to-right
correspondence with the onscreen lists used for the phrase
recognition task.
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augmented auditory reality display, meaning that the apparent
referential frame of the virtual aural setting remained the same
as that of the actual visual setting, regardless of how participants
moved their heads. Each of the normally spoken and rateaccelerated commentaries was binaurally filtered and rendered
with headphones using a non-individualized head-related
transfer function. To ensure that participants could quickly focus
their aural attention on the active commentary (cf. [20], [22]),
the apparent locations of the four talkers in each of the main
listening exercises were positioned, from left to right on the
virtual horizontal plane in front of the listener, at -75°, -25°, 25°,
and 75°, with 0° being straight ahead in the visual environment
(see Fig. 2b). In the training sessions, only the -25° and 25°
positions were used. Each talker’s virtual location was
maintained across all manipulations and, as was noted above,
each of these locations corresponded in a left-to-right manner to
the visual location of its matching phrase list in a given exercise
on the flat screen monitor.
2.1.3. Listening materials and experimental manipulations
Each participant in the study listened to a total of 18 spoken
essays by two female and three male commentators selected
from an internet archive of public radio broadcasts. Both of the
women and two of the men were designated as the set of talkers
participants would hear in each of the study’s main listening
exercises. Four pieces from each of these individuals were
chosen and edited to remove music and other non-speech
sounds. The resulting 16 commentaries ranged from 2 min. 9
sec. to 2 min. 32 sec. in length, with a mean length of 2 min. 19
sec. Listeners heard one commentary per talker in each of four
experimental manipulations in the main body of the
experiment. In addition to these commentaries, two shorter
pieces were also selected and similarly edited for the study’s
training sessions. Both were spoken by male talkers, of whom,
one was the remaining male commentator from above.
Participants trained with appropriately manipulated versions of
these two commentaries before each of the main listening
exercises. These short training sessions allowed participants to
become acquainted with the format of each of the auditory
display manipulations and practice the listening requirements.
All of the commentaries were further edited into ordered
sequences of successive, non-overlapping clips, with each clip
corresponding to an utterance. The edits were made so that
utterances were either complete sentences or grammatically
complete clauses. Additionally, each utterance was edited to
start and end with its talker’s voice, meaning that any preceding
or trailing silence at these specific points was removed. The 16
commentaries used in the main listening exercises were divided
in to 15 clips each, with utterances ranging from 4 to 16 sec.
and averaging about 9.5 sec. The short commentaries used for
the training sessions were also similarly divided into six clips
each. Next a version of each clip at double the rate of its
original speech was generated with the PSS algorithm [9].
100% acceleration was chosen for the study because listening
performance at progressively faster rates of speech markedly
declined above this point in [1].
Each of the four main listening exercises implemented a
separate treatment within a two-factor, 2x2, repeated measures
design. The first factor, presentation, manipulated the serial
organization of talker turns (two levels: Full turns, with each
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Condition
FN
FA
IN
IA

Description
Full turns, Normal speech
Full turns, Accelerated speech (100% faster)
Interleaved turns, Normal speech
Interleaved turns, Accelerated speech (100%
faster)
Table 1: A summary of the four experimental conditions and
their coded designations.
turn being a full commentary vs. Interleaved turns, with each
turn being an utterance). The second factor manipulated each
talker’s speaking rate (two levels: Normal speech vs.
Accelerated speech). Table 1 summarizes the manipulations in
each of the four conditions and serves as a key for their coded
designations in the remainder of the paper. Overall listening
performance was predicted to be best in condition FN, and
progressively worse in conditions FA, IN, and IA, in that order.
The treatments and listening materials were organized in the
following way. The 16 commentaries developed for the main
listening exercises were divided into four groups of four
commentaries with one from each of the four talkers. These four
groups were used for the four listening exercises each
participant carried out. Participants were assigned to one of four
different treatment orders based on a 4x4 latin square, in the
order of their enrollment. Further, to ensure that all pairings of
treatments and commentaries appeared in the study an equal
number of times, each order of treatments was combined with a
different ordering of the four commentary groups (also based on
a 4x4 latin square).
Silent pauses of pre-defined lengths were inserted between
clips at runtime in each of the listening exercises, as well as in
the training sessions, to simulate natural pauses talkers
frequently add between clauses and sentences in normal speech.
The lengths of inserted pauses were proportional to the speed of
the speech materials: 400 ms was used for pauses in normal
speech and 200 ms for pauses in accelerated speech.
In each of the listening exercises involving full turns (the
FN and FA conditions), commentaries were presented from left
to right. Thus, the sequence of clips corresponding to the first
talker’s full commentary were played in order, with pauses
inserted between them, followed by the next talker’s full set of
clips and inserted pauses, and so on, until all four commentaries
had been aired. In contrast, in the listening exercises involving
interleaved turns (the IN and IA conditions) the following
algorithm was used to alternate among each of the talkers’
commentaries: The first talker was chosen at random, and the
first clip from the corresponding commentary was removed
from its sequence of utterances, played with a pause inserted at
the end, and followed by an additional gap of 300 ms (this is
the “brief gap” discussed in Section 1.2 above). This set of
actions completed the first “interleaved” turn. Each successive
clip was then selected from the commentary with the greatest
amount of time remaining and played in the same manner as the
first clip. In the event of a tie (e.g., two or more commentaries
had an equal amount of time remaining), the next talker was
again chosen at random. This procedure continued until all four
sequences of utterances were exhausted. The addition of the
300 ms gap after each interleaved clip and its inserted pause
made the net pause between interleaved utterances 700 ms in
the IN condition and 500 ms in the IA condition. 300 sec. gaps

were not added in the FN and FA manipulations because full
turns allowed listeners to focus on each talker for over two
minutes at a time, and all of the commentaries had a clear
beginning, middle, and end.
2.2. Dependent Measures
In the series of studies this experiment is part of, the
participant’s task of listening for information is regarded as
having two successive stages of perceptual performance: aural
attention and aural comprehension. Neither of these functions is
directly observable, so indirect techniques are needed to
estimate how well the listener discharges them. As in [5] and
[1], phrase recognitions and sentence judgments are used for
this purpose.
2.2.1. Attention
The first response task, which required participants to recognize
specific noun phrases in the speech materials (see Section
2.1.1), is used here as a measure of attentional performance—
specifically, how well listeners were able to attend to and
identify what each of the talkers said during the listening
exercises. The use of targets and foils in this task allows
performance to be scored in two ways—as a proportion of
correctly identified targets and rejected foils and, alternatively,
as a d!. The latter, which is reported here, is a signal detection
sensitivity score derived from the respective rates of “hits”
(targets correctly identified) and “false alarms” (foils marked as
targets). d! can be thought of as the distance between the means
of the observed distributions of hits and false alarms. Higher
values for this measure indicate that listeners marked many of
the targets and very few of the foils1.
2.2.2. Comprehension
Aural comprehension performance is measured here as the
combined proportion of sentences participants correctly judged
to be consistent or inconsistent (i.e., “old” or “new”; see
Section 2.1.1) with the speech materials they had just listened
to in each of the experimental manipulations. Because a strong
correspondence between respective patterns of attention and
comprehension performance was previously observed in this
series of experiments (see [5] and [1]), a similar
correspondence was expected in the present study. Other
measures associated with listeners’ sentence judgments are
their confidence scores—a self-reported measure of how certain
they were about each judgment, ranging from “not at all” to
“very” (see Section 2.1.1)—and the number of “I don’t know”
responses each listener made. Analyses of these data will be
reported elsewhere.
3.

RESULTS

A two-factor, repeated measures analysis of variance, with two
levels for each factor (presentation: Full vs. Interleaved turns;
1

d! was calculated with substitute fractional rates of 1-(1/(2N))
and 1/(2N) for listeners with a perfect hit rate of 1 and/or a false
alarm rate of 0, using the number of targets or foils for N.
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and speaking rate: Normal vs. Accelerated speech), was
performed for each of the dependent measures derived from the
response task data. Performance in each of the treatments was
largely consistent with the expected pattern of differences.
3.1. Attention
There were significant main effects of speaking rate and
presentation on participants’ d!s, which index aural attention
performance (the ability to follow what was said) in terms of
how often participants chose targeted noun phrases and
incorrectly chose foils as they listened to the commentaries.
Specifically, phrase discrimination was hurt by accelerating the
rate of speech, regardless of whether talkers took full or
interleaved turns (F (1, 15) = 98.15, p < 0.001, !2 = 0.867).
Additionally, performance fell when talkers took interleaved
turns, regardless of the rate of speech (F (1, 15) = 4.98, p =
0.041, !2 = 0.249). There was no interaction between the factors
(p = 0.72). Figure 3 shows mean d! scores plotted by
presentation and speech rate.
3.2. Comprehension
Participants’ mean scores in the comprehension response task
are given in Figure 4. The proportion of correct sentence
judgments participants made after listening to the commentaries
in a given exercise dropped significantly when the rate of
speech was doubled (F (1, 15) = 37.8, p < 0.001, !2 = 0.716).
As the plots in the figure show, accelerated speech undermined
how well participants were able to decide if representative
sentences were consistent with their understanding of the
speech materials when talkers took full and interleaved turns. In
contrast, there was no main effect of presentation—
comprehension performance was not significantly impacted
when commentaries were displayed as a series of interleaved
turns among talkers (p > 0.10). Additionally, there was no
interaction between factors (p > 0.10).
4.

DISCUSSION AND CONCLUSION

ll turns
Interleaved turns
3.559740664 3.410924099
2.827539717 2.727610471
0.08272
0.08
0.07601
0.07

The first and most pressing question the present study intended
to address is the effect of serial interleaving (dividing what
multiple talkers have to say at the same time into an alternating
sequence of turns) on the ability of listeners to keep track of and

Attention: dʼ

4.0

Normal speech

Accelerated speech

3.0
2.0
1.0
0

3.56

2.83

Full turns: FN, FA

3.41

2.73

Interleaved turns: IN, IA

Figure 3: Mean aural attention performance, indexed by the
signal detection score d!, showing the extent of participants’
ability to recognize targeted noun phrases and minimize the
selection of foils (phrases not present in the speech materials)
while listening in each of the experimental treatments. Higher
scores indicate better performance. Error bars show the standard
error of the mean (s.e.m.).
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1.0

Normal speech

Accelerated speech

0.8
0.6
0.4
0.2
0

0.81

0.66

Full turns: FN, FA

0.76

0.64

Interleaved turns: IN, IA

Figure 4: Mean aural comprehension performance as measured
by the proportion of representative sentences participants
correctly judged as consistent or inconsistent with their
understanding of the spoken materials after listening in each of
the experimental treatments. Error bars show the s.e.m.
understand the import of each thread of spoken information. The
motivations for examining this way of intercepting and
organizing competing contexts of speech are the inherent
performance costs of attending to them at the same time and,
conversely, the likely operational drawbacks of listening to each
at length and one-at-a-time.
Serially interleaved listening reconciles the requirements of
competing information priorities and alleviates the more
difficult work of divided attention by allowing one context to
be interrupted by another and resumed later. However, it also
poses all of the challenges of sequential multitasking for
listeners. Consequently, listening performance in the study’s
comparison of commentaries spoken in full turns and in
interleaved turns was expected to be somewhat worse in the
latter two manipulations because of the disruptive effects of
repeated interruptions. As it turned out, though, while
interleaving did have a significant impact on listeners’ aural
attention scores, the effect was not large, and, surprisingly,
there was no corresponding effect of interleaving on listeners’
comprehension performance at all.
Several theoretically motivated elements in the design of
the listening task (outlined above primarily in Section 1.2) may
have contributed to this outcome, including: the insertion of
300 ms gaps between interleaved turns; the external contextual
cues provided by each talker’s aural location and corresponding
onscreen phrase lists (as well as linguistic cues in these
displays); how the commentaries were divided into separate
utterances; and the wide spatial separations between talkers in a
stable virtual listening environment. If this is the case, it
suggests that while serial interleaving necessarily imposes
attentional costs on listeners, it can, in fact, be designed and
displayed in ways that help to ameliorate the more decisive
performance tolls sequential multitasking can potentially levy
on tasks, particularly, functional loss of contextual
understanding.
Although the second outcome of the study—the significant
impact of accelerated speech on both measures of listening
performance, regardless of how turns were organized—was not
wholly unexpected, it also included an unanticipated
development that may be a consequence of workload and how
performance was measured. The decision to compare listening
to normal and 100% faster speech in the study’s design was
made on the premise that acceleration rate should be at or just
above the range where empirical performance begins to fall
(e.g., per [1]). Moreover, because interleaving and accelerated
speech were both expected to produce performance effects, an
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important aim of the study was to evaluate how profoundly the
upper end of effective accelerated speech might hurt serially
interleaved listening performance. What was unexpected was
that accelerated speech, rather than interleaving, would be
responsible for the largest effects in the study (thus the
anticipated order of performance declines across manipulations
given in Section 2.1.3). A plausible explanation for this result,
though, may be tied to differences in the respective ways aural
attention and comprehension were measured here and in [1] and
[11]. In [1], in particular, the method and specific
manipulations were much the same as the FN and FA
treatments above. However, in [1], participants only listened to
two commentaries per exercise, which suggests that the use of
four talkers per exercise here may have increased the workload
associated with the response tasks enough to impair both
measures of performance with faster speech at or near
previously observed ceilings.
Still, to place the study’s key performance result in context,
it is worth noting that while the combined impacts of
interleaving and accelerated speech respectively reduced
attention and comprehension performance in the IA
manipulation to a mean d! of 2.73 and to a mean proportion of
correct sentence judgments of 0.64, both of these scores are
substantially higher than the corresponding scores for the two
and four concurrent talker conditions reported in [5]. In those
manipulations, listeners’ mean d!s were 1.93 and 1.45,
respectively, and their mean proportions of correct sentence
judgments were respectively 0.47 and 0.25.
Analyses of additional measures collected in the study will
be reported at a later date. Future research on the applied use of
this framework should begin with issues raised by more
operationally realistic speech materials and performance
questions raised by its integrated use in a mixed-purpose
auditory display.
5.
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ABSTRACT

2. the sensory array of the participant
3. the manifold of environmental streams that make up the auditory scene the observers and participants find themselves
immersed in

The auditory environment has been described as a biased competition: The juxtaposition of an array of pre-formed auditory streams
and a process of attentional selection [1, 2]. The orientation of
attentional selection toward environmental streams is differentiated towards different modes of streaming: Speech, music and
sound effects are only three examples in a potentially open polymorphism of perceptual strategies through which we access the
sounding world.
This differentiable-simultaneous manifold of environmental
streams allows perceptual participation only within a certain number of processes at the same time—only one speaking voice, one
sense of ”harmony”, a single ”rhythm”, and so forth.
We propose a re-basing of sonification strategies not on the
definition of external mechanisms, but on the definition and application of new modal strategies that are circumscribed and accessible through what is not possible to perceive at the same time.

Evidently, we find the polyphonies we experience in the audio content itself (layer 3 in this model) encoded and transmitted through
layers 1 and 2. However, each of these connected layers is characterized by the a potential for structural independence. Especially
the relationship between a loudspeaker signal and an environmental stream is a source of potential confusion. We usually do not
encounter the voices that make up a musical polyphony projected
from distinct physical sources, channels or spatial locations—a
string quartet represented by four discrete loudspeakers for example. Instead, the count of transmitted and projected media channels tends to conform to the properties of the sensory array of the
participant—stereo loudspeakers, headphones, (video screens in
the audio-visual case, sometimes with two simultaneous images,
one for each eye). But we are increasingly confronted with cases
in which the count of discrete audio channels that are projected
from loudspeakers is greater than the number of ears in a listener’s
head. We can shed light on this by describing the environmental
role of a loudspeaker as an interpolation within a structural triangle
with the following corners:

1. INTRODUCTION: THE
DIFFERENTIABLE-SIMULTANEOUS MANIFOLD
The phenomenon of multiple parallel channels of information encounters on many structural levels in time-based media artifacts:
The distinct intertwined voices of contrapuntal music, the parallel polymorphism of dialog, music and sound effects projected
onto the audience from a multichannel loudspeaker array in movie
soundtracks, radio drama and news reports that combine locationsound with added voice-over, and the two ears that we both hear
with at the same time. We find ourselves addressed by representations and expressions of a multiplicity of simultaneously present
streams, objects and events. Auditory media, which unfold exclusively in temporal developments, seem to imply the potential to
display a manifold of simultaneous signals and processes to the
participant. But before we can approach a structural description of
the phenomena of perceptual simultaneity, we should first generate
transparency in an area of potential misunderstanding.

• The audio channel projected from a single loudspeaker is a
stand-in for an environmental stream.
• The audio channel is directly connected to one of the ears of
the participant as a sensory channel, e.g. by headphone.
• The channel is part of a multi-channel array to be projected
from loudspeakers that are each heard by both ears. Spatial
impressions are encoded in inter-channel signals.
We find the first case realized for example by the projection of
film dialog from the center channel in order to constrain the localization of the actor’s voices to the center of the screen. The second
case conforms to the binaural application of sound to the listener’s
ears via headphones, and the third case is found in all loudspeaker
arrays that surpass the two stereo channels in number, such as the
cinema and home-theater audio formats promoted by the movie
industry (5.1, 7.1, 9.1, et cetera). and finds its most extreme realization in wavefield synthesis systems in which a single loudspeaker is never heard as a discrete sound-source on its own and
instead always appears as a contributing element in the synthetic
creation of an environmental sound field. A more detailed investigation into the relationship environmental streams, audio channels
and the sensory array of the participant needs to be topic of a future

1.1. The distinction between audio channels, sensory channels
and environmental streams
We can distinguish three structural levels on which we find arrays
of parallel streams:
1. the array of audio channels that are stored and transmitted
by the medium and projected by the loudspeakers or headphone
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alternatively span multiple sensory modalities or become segregated within a single sensory stream—but also in distinction from
perceptual streams that emerge from a bottom-up fusion of sensory stimuli. What we mean by modal streams is the performance
of a perceptual strategy by the perceiving participant in a continuous process of active perception in the senses of Noë —a perceptual involvement the participant might be unaware of [6]: Both
the conscious effort of looking up a youtube video and involuntary
eye movements in the observation of an image can be regarded as
aspects of a modal strategy of active perception.

publication.
1.2. The Auditory Scene: Stream formation and selection or
perception-as-action?
The process by which acoustic energy that arrives at the ear is
transformed into auditory experience is the concern of psychoacoustics research. The description of principles and processes
involved in the formation of objects and streams in the perception of time-based content can be approached from a variety of
perspectives. A very influential school of thought in the area of
perceptual object formation are the Gestalt Principles of Perception, a set of rules and tendencies that seem to underlie our structural interpretation of the environment—the emergence of forms,
boundaries, shapes, foregrounds and backgrounds and so forth [3].
While Gestalt Psychology has its origin and focus in the analysis
and description of visual perception, we can interpret A.Bregman’s
well known work on Auditory Scene Analysis as a correlate for auditory domain [1]. Similar to the grouping principles of gestalt
psychology, Bregman sees auditory perception as a process of fusion and segregation that results from properties and features of
the acoustic signal: On the one hand the fusion of perceptual elements depending on their spectro-temporal structure (harmonicity,
common onset/offset, common fate in the frequency or amplitude
domain, et cetera), and on the other hand the linking of distinct
events into perceptual streams depending on their similarity in auditory feature-spaces: For example, the distinct timbre- and pitchspaces of a flutes, violins, birds and cars cause them to segregate
into distinct perceptual objects and continuous perceptual streams.
Here, spatial location is one factor among others.
It has been argued that the role of the perceptual object is not
sufficiently described as a bottom-up coagulation juxtaposed to the
process of attentional selection, but that there exists an important
infusion of low-level stream segregation by cognitive processing,
and that the objects of perception can in fact simultaneously be
regarded as a basic unit of both cognition and attention [4]. In the
psycho-acoustic domain these relationships are being investigated
in the work of B.Shinn-Cunningham [2].
Another approach to the structural interpretation of perception occurs in the wake of the theory of environmental perception
established by J.J.Gibson [5]. Gibson avoids the bottom-up and
top-down structures of gestalt theory and instead sees perception
as a direct process that dispenses with the differentiation between
the stimulus, the environment and its perception. Alva Noë in turn
interprets this direct perception as action—the involvement of the
participant’s body in a direct performance of perceptual enactment
[6].
From these diverse backgrounds, we can consider the segregation of perceptual objects, streams and behaviors that are available
to selection by focus and attention not only as the outcome of a
feature-based coagulation, but also as inference of patterns and
expectations by the observer and finally, following Noë, the activation and involvement of specific perceptual strategies: In the
context of this presentation, we would like to address this conceptual fusion between the formation of perceptual streams and
objects and the involved strategies of it active perception as the an
outward perceptual activity of modal streaming that is performed
by participants. Perceptual involvement with media displays can
be regarded as an application of modal strategies by which participants discover, approach and become involved with the environment. Modal streams are distinct from sensory streams as they can

1.3. The simultaneous manifold
In audio-visual media, perceptual objects and streams can span
multiple sensory modalities: A car driving by, people talking in
the background, a record player playing diegetic (in-scene) music,
et cetera. We experience independent simultaneous multi-modal
objects that form relationships and groupings, a whole that consists of simultaneous parts: Our experience of a time-based media
artifact could be described as a differentiable simultaneous manifold.
As we attend the multiple seemingly independent entities that
occur in juxtaposition, superposition and sequence within the mediated content, we tend to become oblivious to the technological
transmission channels or the way the media system addresses our
sensory channels we have described in 1.1. And instead become
immersed in a mobile panorama of perceptual objects and streams
that is at the same time coherent and navigable.
While the strict definition of attention allows the perceptual selection of only a single object or stream [2], the perceptual simultaneity of distinct but coherent perceptual streams we encounter
in auditory media suggest that the shape of what we can attend to
simultaneously is wider than a single perceptual object or auditory
stream in the definitions of Bregman and Koehler.
Evidently, our potential for simultaneous perception is characterized by limitations. Barbara Shinn-Cunningham describes
the middle-ground between perceptual object formation and attentional selection as a biased competition that is decided either by the
volition and attentional direction of the perceiver or the salience of
the perceptual object. Following the idea of perception as combination of simultaneously activated modal strategies, we may describe these potentials for simultaneous perception as a repository
of perceptual resources that is available to the observer.
2. PERCEPTUAL STREAMS AS PERSISTENT
PERCEPTUAL INTERFACE
Auditory streams in the sense of Bregman are characterized by
a dichotomy of mobility and persistence: On the one hand, the
stream itself persists over time and is attributed to or accountable
for the emergence of persistent objects within our environment.
On the other hand, its appearance can change and modulate, and
its variability has the potential to encode information within itself:
A speaking voice, figuring prominently in the famous auditory
scene example of the cocktail-party [7], is characterized by a persistence that allows the party guest to navigate the auditory scene
with their attentional focus. But the interior, the content of the
stream is characterized by variability: What is being talked about,
how it is being said, the specific sounds of vowels, consonants,
phonemes, how the physiological performance of the speaker contextualize the individual voice, et cetera: The modal stream can be
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3.1.2. Parallel simultaneity and polyphony

interpreted as an interface that allows the discovery of previously
unknown aspects and properties of the environment. Upon closer
inspection, streams can in turn disintegrate into a manifold of independently observable features: Streams within streams, accessible
within one another through progressive attentional disclosure as it
was described for example in Merleau-Ponty’s phenomenological
analysis of perception [8].
As a perceptual interface toward our environment, modal
streams provide us with an access of relative persistence through
which we provide attention to environmental processes. In this
way, we can see them as a bidirectional relationship: On the one
hand, they form a channel through which environmental information reaches us, on the other hand, a pre-set strategy to interpret the
environment is already implied in the establishment of the stream
itself.

In certain cases, modal streams can become accessible in parallel simultaneity: We can experience a collection of streams in simultaneous superposition while they still retain their own identity and potential for an increase of depth of attention. We can
see an example in the potential of speech and music to be present
simultaneously—as opposed to the superposition of two musics
or the presence of two speaking voices simultaneously which is
immediately characterized by conflict. We can compare this to
musical polyphony which represents another example: In a 4-part
fugue, the voices retain independence to an approach of analytic
listening, but cohere to form an aggregate: Attentive selection may
shift between focusing on a single stream or the global perception
of the harmonic relationships resulting from their combination.
The layers of a movie soundtrack can be seen as another example: Each of the layers of the soundtrack—dialog, music and the
various sound effects—is characterized independence that allows
them to be created by different production teams, can reside in a
different phenomenological area as Michel Chion describes in his
book Audio-Vision[10]. Nevertheless, a coherent experience is created that has the potential to subsume the individual constituents
within it. In contrast to the navigable multiple from which the participant can freely pick streams to attend, we can call this case in
which distinct streams form a new coherent whole the polyphonic
multiple.
But next to the formation of navigable and polyphonic manifolds, perceptual objects and streams can also merge or obstruct
each other.

3. APPROACH FROM INSIDE: PERCEPTUAL
RESOURCES
Multiple streams can be present in our environment simultaneously, but often we can not attend all of them at the same time:
We see ourselves surrounded by opportunities to involve our perception and action, but we can only realize a very limited subset of
them at any given time. In cognitive science, we find this formalized as a juxtaposition between an array of disclosed perceptual
objects and streams on the one hand and the process of our shifting attentional selection on the other hand [9, 2].
However, we need to acknowledge that in the pre-attentional
formation of perceptual objects the a type of object is already defined, and moreover, these different phenomenological types of
streams are characterized by a different potential to be attended
simultaneously. More than a general sensitivity for sound waves,
hearing involves an a priori listening-for, a perceptual top-down
pre-organization, and it appears to be that different types of listening engagement are characterized by a varying potential for simultaneity, to be occurring in parallel or at the same time as other
engagements.
For example, it seems evident that we only have the potential to fully engage and understand a single stream of type speech.
Multiple simultaneous language streams will lead to a discrimination of the streams into attended and peripherally attended
speech—or, if that is not possible, confusion and unintelligibility are the consequence. We find an even more extreme case in
music, in which the addition of a second music stream into the environment leads to an effective destruction of the music with only
very limited potential to selectively attend one of the coinciding
streams. Then again, we seem to be able to let multiple different
non-speech environmental sounds occur simultaneously without a
similar destructive effect. In a structural analysis of these relationships, we can distinguish the following cases:

3.2. Correlative merge
If modal streams contain correlated behaviors this may result in
their perceptual fusion into a single more complex stream or group
of connected developments. This is the case for example for complex sound objects or audio-visual coherence in the context of cinema sound (for example, a car drive-by).
It is important to note that while correlative effects occur within our perceptual environment, for example the microcorrelation between a sound source and its reflection that leads
to the encapsulation of the reflection into the spatial timbre of the
sound source, correlation can also be discovered as an effect of
self-motion: We may hypothesize that the impression of spatial
persistence, for example of architecture, could be interpreted as an
effect of correlation between the self-motion of a participant and
the perceptual change in the appearance of the architectural environment. The merging of perceptual elements that show correlated
behavior is in accordance with the rules governing the perceptual
fusion and segregation of streams [1].
3.3. Destructive merge

3.1. The navigable multiple and polyphony

The destructive merge is an everyday experience: Streams mingle
together and overlap making each other mutually indistinguishable, comparable to two layers of handwriting written in top of
each other. For example the projection of two speaking voices
from the same loudspeaker, or the simultaneous presence of two
violin sonatas usually lead to a destructive merge of the simultaneous streams.
In the hierarchical perspective of bottom-up and top-down formation of perceptual objects, the mutual obstruction of perceptual

3.1.1. Navigable multiple
As we can see in the example of the cocktail party, perceptual
streams can form a navigable multiple: While not all streams can
be attended simultaneously, the streams are still accessible to participant’s select and engagement. We can only attend to one conversation at a time, but which one is up to our attentional navigation of the auditory scene.
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5. PERCEPTUAL RESOURCES: LISTENING AS
SELF-APPLICATION

objects and streams can occur on any level of formation or attentional selection—from energetic masking in the sensory channel to
various effects of informational masking or failure in attentional
selection [2]. Coming from the perspective of direct perception,
we can describe the mutual merging and masking of modal streams
as perceptual resource conflict. Like the navigable and polyphonic
manifold, we can interpret merging and masking as a structural
dependence and relationship between the perceptual resources that
we apply to different aspects of the environment over time.

We often find music tracks organized into a playlist, the reason being that we are generally unable to appreciate two musics playing
simultaneously—we prefer to attend them in sequence. When we
superimpose two musics, they usually do not combine navigable
multiple. While details of each music track remain accessible to
attentive selection, others merge into a combined perception that
appears not so much a summation of its parts but a different experience in itself. We may pick up on familiar instrumental timbres,
vocalists, melodic fragments and recognizable moments of each
music even when it is superimposed with another music, but certain aspects become very hard or even impossible to perceive when
presented in temporal coincidence. To pull it down to a common
sense statement: Music is a time-based art and lives from the fact
that elements are presented in succession, with specific duration,
intensity—and the attentive presence of the listener.

4. INTERLUDE1: PITCH, SPECTRAL MORPHOLOGY
AND THE MODAL STRATEGY OF MELODIC
LISTENING
A popular example of perceptual fusion is the phenomenon of instrumental timbre. As we know, the perception of timbre is related to the amplitude and phase relationships of partial frequencies that are connected by a common fate in frequency and amplitude. Preferably, the partial frequencies have harmonic ratios
[11].
But beyond the emergence of pitch and timbre as independent
categories, we might say that to hear a sound as a musical note,
as an element within the context of a melody, is more than just
an effect that emerges from a partial relationship within the signal itself. Music implies a self-application of the participant to the
melody through a strategy of melodic listening. What we mean
by that is exemplified in the speech-to-song illusion described by
Diana Deutsch[12]: A repeated fragment of spoken word is initially approached with a strategy of speech listening. Upon multiple repetition, the strategy shifts, and what is heard becomes more
and more a sung melody. The signal has stayed the same, what
has moved is the listener. We can say that the strategy of melodic
listening we apply to music in fact determines our attitude and
thereby our interpretation of the music.
In the opposite direction, we can also find musical examples
in which our—intuitive or trained—strategies of melodic listening have been intentionally subverted: If the harmonicity of the
spectrum or the common fate of the partials is disturbed, the fusion into a sound characterized by a single pitch and timbre can
break up and begin to sound bell-like: We may hear multiple simultaneous pitches within a single sound, especially if we have
trained ourselves to navigate such frequency mixtures. If furthermore the common fate of the partials is disturbed, the experience
of the sound can split up into even more independent entities all
together.
A music piece in which these effects can be experienced
in an exemplary way is Karlheinz Stockhausen’s piece Cosmic
Pulsesin which sound layers, clearly delineated by a common fate
in the area of frequency, amplitude, spatialization, develop interior worlds due to the inharmonic split spectra and the micromodulations within the spectral composition of each layer: An unsettling experience as we find our modal approach to the hearing
of sound constantly challenged and on the edge of disintegration,
all the while new layers are piled atop one another [13]. In his own
words, Stockhausen admits that one might not be able to attend all
contained streams during one individual listening run:

While simultaneous melodic lines for example can add up to a
navigable polyphony—whether this occurs in the confines of musical meter and harmonic counterpoint as in Bach’s music or as
a stochastic and chaotic process one such as in Xenakis or Ligeti
shall be another question—but it appears that only one sense of
harmony or tonality seems to be possible at any moment: If multiple harmonies coincide, we do not hear both at the same time. In
the case of harmony, we also have difficulties to listen to them as
navigable parallel presence in the same way that we might attend
to two talkers at a cocktail party. What emerges is a new bi-tonal
harmony—a new tonality in itself.
We can find a similar behavior in the perception of rhythm. If
two different repetitive rhythmic structures coincide, we seem to
be unable to hear them as two separate rhythms at the same time.
In some cases they might form a navigable multiple if they can
be attributed to different modal streams, but more often they will
combine into a new rhythmic structure. Even while we might be
able to discern what meter each music piece is by selectively attending to individual instrument timbres if one of the coinciding
musics is characterized by repetitive patterns, the overall impression of the rhythm will be lost.
The phenomena of harmony and rhythm contain phenomenological aspects that resist the formation of a navigable multiple or
even a polyphonic multiple. We can describe them as perceptual
resources: A limited potential to simultaneously attend to environmental phenomena. The musical features of harmony and rhythm
are akin to our ability to only attend to one language stream at any
given time, albeit with different structural demands on simultaneity and another navigation strategy for the participant. While cocktail parties encourage a manifold of simultaneous conversations,
there usually is only a single music track playing in the room.
Our listening can handle a coincidence of rhythm, harmony and
an environment of navigable conversations, but not two incoherent
harmonies and rhythms. 1

1 The first modern composer to exploit the collision of different harmonies and rhythm was arguable Charles Ives who is known for experimenting with marching bands performing pieces of different harmony and
rhythm while marching through his home town—an experience he would
later emulate in the polymetric sections of his symphonies.

If it is possible to hear everything, I do not yet know–
it depends on how often one can experience an 8channel performance. In any case, the experiment is
extremely fascinating! [14]
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Sweet Anticipation, David Huron traces musical experience back
to the evolutionary history of auditory processing the central nervous system [17].
Emergent modalities address us from a stream of perceptual
events that enters our perception from our environment: Something catches our attention without a clear pre-formed interpretation or expectation: There is an a-priori sense and experience
of potential meaning in the experience of the signal, motivating
a process of attentional observation which leads to the accumulation of hypotheses, inferred persistencies like patterns, objects and
agencies: The self-organizing emergent collection of assumed and
expected underlying behaviors. This can immediately be observed
in the process of listening to music.
A learned modality can be seen in the ability to attend speech:
While we might be endowed with an innate, potentially physiologically pre-disposed [18] tendency to attribute meaning to reoccurring sound patterns, the specific language we speak comes
toward us from the environment we grow up in—the interactions
we have as children with our environment. We might say the
speech channel emerges in a self-driving process of improvisatory
rehearsal by a continued contribution of trial, error, conscious effort in production and attention.

Figure 1: You can shift between seeing an old or young woman
in this famous image [15]. However, it appears problematic to see
both at the same time.

7. INTERLUDE2: POLYRHYTHMS AND THE SHIFT OF
PERSPECTIVE AS PERCEPTUAL SELF-APPLICATION

" # ! ! ! ! ! ! ! ! !
3

3

3

" # ! !!! ! !!! ! !!!

The strategies by which we listen to our environment are characterized by a degree of conscious control. We can see this in the
case of polyrhythm perception. The perception of polyrhythms is
split into the perception of a primary beat that conforms to the perceived meter of the rhythmic structure, and a secondary beat which
is heard as being offset or as “standing against” the primary beat.
While the temporal structure of the events themselves stay identical, listeners have the potential to consciously navigate between
different listening perspectives on the polyrhythm by applying the
modal strategy of the meter to each of the two layers, shifting the
way the polyrhythmic stream of beats. We can compare this process to way ambiguous images appear, for example the famous
picture that can be seen as an old or a young woman, depending
on the way we apply our strategy of seeing a face. In both cases,
we can not take both perspectives at the same time.

" 43 ! ! ! ! ! ! ! ! !

" 43 ! ! ! ! ! ! ! ! ! ! ! !
4

4

4

Figure 2: You can shift between hearing this time sequence as 4/3
or 3/4 polyrhythm—as two distinct rhythms occurring in 4/4 or 3/4
time respectively.

6. POTENTIAL ORIGINS OF MODAL STRATEGIES
The different morphology of the modal strategies involved in the
perception of speech and music begs the question what origin they
can be traced back to.
Of course we have to assume that the establishment of see-as
and listen-for patterns that underlie these phenomena is subject to
continuous improvisational adaptation, optimization and intuitive
experimentation. Our taste in music changes, as does our perspective on all other aspects of life. One way to describe this open
epistemological field is the area of the cognitive body I have described in [16]. However, we could for example list three potential
channels through which modal strategies could emerge: Learning
and experience, evolutionary development and emergence.
Evolutionary we can assume that basic modal strategies are
made available to us through an expression of our genes. For example, our basic sense of hearing—the potential to perceive sound
in general can be attributed to the fact that we have ears which
evidently evolved through natural selection. In this area there are
also the physiological and neuro-physiological properties of our
body that can become an active element in the task of perceiving sound—for example the experience of groove. In his book

8. MUSIC, SPEECH, THE NATURAL ENVIRONMENT AND
SONIFICATION: DISTINCT MODAL STRATEGIES
Taking a closer look at the activity of listening to music, speech
and sounds from the natural environment, we can distinguish different relationship of the activity and the participant: We find
modal strategies in the interpretation, approach, following and
tracking of the sound and what is encoded within it that imply
a different kind of involvement.
8.1. Environmental sound
When we are immersed in natural sound scenes, we are experiencing sounds in their natural state, as an identity of the sound with
its source. Unlike speech and music, which are strategies used by
human beings to target the perception of other human beings in order to achieve a specific effect, the sound caused by the wind in our
ears is a property of the air and the wind. Animal sounds are an aspect of the animal. The presence of water is announced by its spe-
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sounds that are inherently detached from their source. As such
sonification is comparable to a learned listening strategy like language. It is designed to target our perceptual potentials in a specific
way, but in order to encode something other than itself in a similar
way speech or a technological media channel would.
This involvement of the listener to see something in the sound
which is not itself is also a difference between sonification and music. To Paul Vicker’s dichotomy of sonification concrete or sonification abstraite[20] I would like to add that it is not sufficient
to place the accountability for the appearance of sound into the
human strategy for sound/music-generation alone. This would be
comparable to placing the accountability for the meaning of speech
only into the act of speaking while disregarding the involvement of
understanding.
When we listen to Xenakis, John Cage and Alvin Lucier,
we may indeed hear something that is comparable to sonification
heard as music. The use of data appears as an element subverting
the continuum of intentionality that is seen to reach from the composer to the experience of the music listener in order to evoke open
potential in the participating listeners can be seen in the context of
a larger cultural context of this era, as outlined by Umberto Eco’s
idea of the Open Work [21]. A further superficial kinship is generated in the sense of unfamiliarity and potentially initial discomfort
that results from the fact that this strategy of New Music and sonification require ways of listening that are unfamiliar to the listeners
of speech, natural environments and pre-20ieth century music.
But it is evident that the relationship between the sound and the
listener as well as within the listener’s involvement is very distinct:
In the first case, a composer is exploring a strategy of generating
an aesthetic experience within the sound and its performance itself
that appears as new and unfamiliar to the listener. The plan is to
invoke the curiosity of the listener and tap into our innate tendency
to react to new experiences in our environment with the development of a complementary listening strategy: We always want to
make sense of the world of course, we want to know what’s going
on, so we reach out and gather around what we do not understand.
The end state of successful sonification however is that the
sound, or any aspects of a musical experience in fact vanish from
the listeners perception, and what shines up behind the auditory
transmission of information are the data that underlie the sonification: The listener is not consciously involved in listening to sound,
but becomes connected to the data and relationships that are encoded within it, in a similar way that the listener of speech become
oblivious to the sound of phonemes, and the pitch of the voice, and
instead focuses on what is being said—a process we saw reversed
in Deutsch’s Speech-To-Song Illusion [12].
The sound features become an intermediate encoding step in
the communication of data, and the experience is mediated by music, but in the end primarily non-musical: The difference between
message and massage in the sense of McLuhan [22]. Whether the
sounds embodied in this process are derived from sound-making
properties of our natural environment or electro-acoustic acusmatic sound that has no other source than a loudspeaker [10], or
whether the sound properties share a kinship to musique concrete
or tonal music—even whether the sound is comfortable, aesthetically pleasing, beautiful et cetera—become secondary criteria similar to whether the sound of the announcer’s voice on the train platform is pleasant to listen to.
That being said, evidently New Music has shown is the way
of opening up musical accountability to non-intentional elements
such as data values and thereby created a bridge for listeners to

cific look as well as its characteristic sounds, et cetera. Of course
it has been argued that the perceptual approach toward our natural
environment has been developed and optimized in the process of
evolution, and a perceptual theory that underlines this identity of
perception and the environment can be found in J.J.Gibson’s work
on environmental perception [5]. From this perspective, musical
listening tends to appear as a secondary category—a cheesecake
of the mind[19], and speech listening becomes yet another even
more extraordinary involvement.
8.2. Music
Music is generally expected to produce a desired effect by itself,
without any analytical effort of the participant. What we hear is
not experienced as property of the external environment, but an
emotion, meter, rhythm, melody, et cetera, that emerges within
an inherently human way of listening. Arguably, listening to music is not an involvement with the outside world but in fact with
our own potentials of having an aesthetic experience. In order for
music to appear, the participant has to provide specific perceptual
resources—for example what we have previously circumscribed as
the potentials for harmonic and rhythmic listening or the potential
to experience sublime emotions as laid out by David Huron [17].
We could describe the musical experience as a massage of these
resources, and the participant has little more to contribute than to
remove potential distractions from the environment to make sure
nothing else will occupy the required perceptual potentials and
thereby mask and occlude the musical experience. As we accumulate experience throughout our lives, new perceptual resources
form, and our taste of music changes: We can continuously discover new and interesting aspects in music, however, when the
music doesn’t work, when it causes dissatisfaction or confusion,
we usually do not blame ourselves: The composer, the performer,
the sound engineer or the home stereo is at fault, while our ability
to listen to and enjoy music is often considered an innate aspect of
our humanity.
8.3. Speech
Speech on the other hand is very obviously an acquired perceptual
strategy. We are not born with the language that our parents speak,
and we have to learn both the production of speech as well as its
understanding: Native language is acquired through attention, rehearsal, repetition, optimization, reflection, trial-and-error, adaptation, et cetera. Listening to language is evidently the involvement
of a specific learned resource of the participant: We can only do
it for one speaker at a time. In speech, the difference between the
transmission channel and its content becomes evident: The fact
that a person is talking is to a large degree independent of what
they are going to say. The involvement of decoding language has
a degree of independence from the circumstances the language is
heard in—even though we take the situation of what is being said
into account.
8.4. Sonification
When we interpret sonification not only as a strategy to organize,
create and render sound, but inversely as a modal listening strategy or, to put it simpler, a way of listening, we can see how it is
different from environmental sounds, speech and also music:
In comparison to natural environmental listening, sonification
necessarily has to communicate its data by using properties of
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Available: http://www.sciencedirect.com/science/article/pii/
S1364661303001116

open their ear to the qualities of sounds detached from their cause,
and this achievement is of course interesting to acknowledge from
the perspective of sonification. In a previous publication we have
argued that referential sound, for example the famous use of piano
samples as carriers of pitch information, can lead to a loss in perceptual detail—the technological transformations that lead to the
formulation of musique concrete have shown us the way how to
listen to spectral qualities of sound and thereby made a new perceptual approach possible. In this sense, we might indeed be able
to let music shows us the way, but the focus has to be the activity
of the listener and participant.
What makes the world behind the sound appear is the listening
strategy of the participant, the artist and composer ideally becomes
as invisible as the designer of a language.
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I derived the concept of modal strategy from a structural description of our potential to appreciate simultaneous multitudes of specific kinds of processes in our environment—speech, harmony,
rhythm are three examples. From this position I argued that listening is characterized by specific potentials for simultaneity that
are inherent in the perceptual approach toward our surroundings,
for example the ones listed in 3.1.
From here we may ask: What needs to be moved out of the way
if a sonification strategy should be perceived successfully? Do
sonification strategies allow to be perceived simultaneously (like
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RXWOHWV8SWRWZHOYHORXGVSHDNHUVDQGWZHOYHPLFURSKRQHVFDQ
EHSODFHGDWDQ\ORFDWLRQVSDQQLQJWKHRXWGRRUVSDFHPHDVXULQJ
PHWHUVORQJE\PHWHUVZLGH$OORIWKHSUHVHQWHGDXGLR
VLJQDOVDUHJHQHUDWHGE\DVLQJOHFRPSXWHULQVLGHWKHIDFLOLW\¶V
PDLQFRQWUROURRP
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7KH WDVN LQYROYHV WKH FRUUHFW LGHQWLILFDWLRQ DFFXUDWH DLPLQJ
DQGVLPXODWHGVKRRWLQJRIYDULRXVWDUJHW VRXQGV VRPHZKHUHLQ
WKHRXWGRRUVSDFHRIWKH2SHQ($5RUWKHLQGRRUVSDFHRIWKH
'LVWDQFH +DOO 6LPXODWHG WDUJHW VRXQGV ³SRS XS´ DPRQJ D GLQ
RIEDFNJURXQGQRLVHVLQGLJHQRXVWRWKHKDELWDWRIYDULRXVZLOG
DQLPDOWDUJHWV7KHLPPHUVLYHYLUWXDODXGLRHQYLURQPHQWRIWKH
($5 IDFLOLW\ FUHDWHV D WUXO\ ILUVW SHUVRQ JDPLQJ SHUVSHFWLYH
7KH VSHFLILF HTXLSPHQW DQG SURFHGXUHV LQYROYHG LQ WKH
GHPRQVWUDWLRQLVGHVFULEHGLQWKHIROORZLQJSDUDJUDSKV


 (TXLSPHQW
7KHGHPRQVWUDWLRQXWLOL]HV WKH2SHQ($5 ORXGVSHDNHUV
  DQ ,QWHUVHQVH ,& ,QHUWLD&XEH VHQVRU >@ LQVLGH D JXQ
VKDSHG SRLQWHU DQG   UHFRUGHG VRXQGV RI DQLPDOV
HQYLURQPHQWVDQGZHDSRQVILUH>@>@>@$VKRRWHUXVLQJWKH
JXQVKDSHG SRLQWHU DLPHG DW DQ RXWGRRU WDUJHW LV VKRZQ LQ
)LJXUH



)LJXUH$JDPLQJVKRRWHU DLPLQJ DW DQ DFRXVWLF WDUJHW LQ
WKH2SHQ($5

7KUHHVHWVRISRZHUHGORXGVSHDNHUVDUHDYDLODEOHIRUXVHLQ
WKH2SHQ($57KHVHLQFOXGH*HQHOHF$VWXGLRPRQLWRUV
DQG % DFWLYH VXEZRRIHUV -%/ 35;0 DQG 0H\HU
6RXQG00;3ORXGVSHDNHUV/RXGVSHDNHUVHOHFWLRQLVEDVHG
RQ WKH ORZHVW IUHTXHQF\ FRQWHQW RI WKH WDUJHW VRXQG 6RXQG

VRXUFH ORFDWLRQV DUH VRPHWLPHV DW WKH SK\VLFDO ORXGVSHDNHU
ORFDWLRQ DQG VRPHWLPHV EHWZHHQ WKH SK\VLFDO ORXGVSHDNHU
ORFDWLRQV 3KDQWRP DXGLR VRXUFHV EHWZHHQ ORXGVSHDNHUV DUH
FUHDWHG E\ XVLQJ D YHFWRUEDVHG DPSOLWXGH SDQQLQJ 9%$3 
DOJRULWKP>@6WDWLRQDU\DQGVLPXODWHGPRYLQJVRXQGVFDQEH
FUHDWHGXVLQJWKLVDOJRULWKP
 3URFHGXUHV

7KHVXEMHFWFKRRVHVRSWLRQVIURPWKHFRPSXWHU¶VJUDSKLFDOXVHU
LQWHUIDFH &KRLFHV LQFOXGH W\SH RI ZLOG JDPH WR EH KXQWHG
DXGLR HQYLURQPHQWV RI DQ DQLPDO¶V KDELWDW KXQWLQJ ZHDSRQV
DQGVNLOOOHYHORIWKHZLOGJDPHKXQWHU
:LOG JDPH RSWLRQV LQFOXGH VHYHUDO W\SHV RI W\SLFDO ZLOG
DQLPDOV 7KH ELUG RSWLRQ LQFOXGHV SKHDVDQW ZLOG WXUNH\ DQG
TXDLO7KHELJJDPHRSWLRQLQFOXGHVHONZROYHVDQGGHHU7KH
ELJ FDW RSWLRQ LQFOXGHV OLRQV PRXQWDLQ OLRQV DQG WLJHUV 7KH
UHSWLOH RSWLRQ LQFOXGHV DOOLJDWRUV DQG UDWWOHVQDNHV 7KHVH ODVW
WZRRSWLRQVELJFDWDQGUHSWLOHLQFOXGHDQLPDOVWKDWFDQVWULNH
EDFN DW WKH JDPHU $IWHU D PLVV WKH DWWDFNLQJ SUHGDWRU VRXQG
DSSHDUV FORVHU WR WKH VKRRWHU $IWHU WZR PLVVHV RI DQ DWWDFN
DQLPDO¶VWDUJHWVRXQGSUHVHQWDWLRQDIHURFLRXVJURZOLVSOD\HG
RYHU WKH 'LVWDQFH +DOO ORXGVSHDNHUV VXUURXQGLQJ WKH JDPHU
IROORZHGE\DVXFFXOHQWFKRPSLQJVRXQG7KHGHPRQVWUDWLRQLV
DEUXSWO\HQGHGDQGD³JDPHRYHU´PHVVDJHLVGLVSOD\HGRQWKH
FRPSXWHUVFUHHQ
$XGLRHQYLURQPHQWVLQFOXGHVHYHUDOW\SLFDOVRXQGVFDSHVLQ
ZKLFK D FKRVHQ DQLPDO LV W\SLFDOO\ IRXQG ([DPSOHV LQFOXGH D
PRXQWDLQRXV WHUUDLQ QRFWXUQDO ZRRGODQGV DQ RSHQ PHDGRZ
DQG DQ $IULFDQ MXQJOH  7KH PRXQWDLQRXV WHUUDLQ DQG RSHQ
PHDGRZVRXQGVFDSHVZHUHPDGHIURPUHFRUGHGVRXQGWUDFNVRI
UHDO HQYLURQPHQWV 7KH QRFWXUQDO ZRRGODQGV VRXQGVFDSH ZDV
FUHDWHGE\PL[LQJVHOHFWHGGLVWUDFWLQJDQLPDOVRXQGVZLWKDUHDO
UHFRUGLQJ RI D QLJKWWLPH ZRRGODQG /LNHZLVH WKH VDIDUL
VRXQGVFDSH ZDV FUHDWHG E\ PL[LQJ GLVWUDFWLQJ QRQWDUJHW
$IULFDQ MXQJOH DQLPDO VRXQGV ZLWK D EDFNJURXQG MXQJOH
ZDWHUIDOOUHFRUGLQJ
+XQWLQJ ZHDSRQV LQFOXGH DUFKHU\ VPDOO DUPV VHPL
DXWRPDWLF ORQJ EDUUHOHG JXQV IXOO\ DXWRPDWLF ILUHDUPV DQG
ZLGHDUHDH[SORVLYHGHYLFHV7KHDUFKHU\ZHDSRQVLPXODWHVWKH
ODXQFKLQJ VRXQG RI HLWKHU D ERZ DQG DUURZ RU D FURVVERZ
6PDOO DUPV ZHDSRQV LQFOXGH SLVWROV DQG VLGHDUPV /RQJ
EDUUHOHGJXQVLQFOXGHDVWDQGDUGULIOHDPLOLWDU\VW\OH0
ULIOH DQG D GRXEOH EDUUHO VKRWJXQ 0XOWLSOH URXQG ZHDSRQV
LQFOXGH 0 $. DQG  FDOLEHU DXWRPDWLF ZHDSRQV
:LGH DUHD H[SORVLYHV LQFOXGH JUHQDGHV DQG VPDOO GLDPHWHU
ERPEV /DVWO\ D WKHUPRQXFOHDU GHYLFH FDQ EH FKRVHQ DV D
ZHDSRQ RI ODVW UHVRUW E\ SUHVVLQJ WKH WRS EXWWRQ RQ WKH JXQ
VKDSHG SRLQWHU +RZHYHU GHWRQDWLQJ VXFK D ZHDSRQ XVXDOO\
GHVWUR\VWKHZLOGDQLPDOWKHJDPHUREVHUYHUVWKHVXUURXQGLQJ
HQYLURQPHQW LQ D  PLOH UDGLXV DQG TXLFNO\ HQGV WKH
GHPRQVWUDWLRQ
7KH VKRRWHU FDQ VHOHFW RQH RI WKUHH VNLOO OHYHOV IURP WKH
*8, LQWHUIDFH 7KH OHYHOV LQFOXGH D QRYLFH KXQWHU H[HPSOLILHG
E\ (OPHU )XGG D ZHHNHQG VSRUWVPDQ DQG D SURIHVVLRQDO
PDUNVPDQFKDUDFWHUL]HGE\&OLQW(DVWZRRG$QRYLFHVFRUHVD
KLWZKHQWKHZHDSRQLVDLPHGZLWKLQGHJUHHVRIWKHWDUJHW$
VSRUWVPDQVFRUHVDKLWIRUEHWWHUWKDQGHJUHHVRIDFFXUDF\$
PDUNVPDQ UHTXLUHV  GHJUHH RI DFFXUDF\ WR JHW FUHGLW IRU D
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GLUHFWKLW:KHQDWDUJHWLVKLWDQLPSDFWVRXQGLVSOD\HGRYHU
WKH WDUJHW ORXGVSHDNHU IRU WKDW SDUWLFXODU SURMHFWLOH KLWWLQJ DQ
REMHFW:KHQWKHVKRRWHUPLVVHVWKHWDUJHWDULFRFKHWVRXQGLV
SOD\HGIURPWKHORXGVSHDNHUFORVHVWWRWKHGLUHFWLRQWKHVKRRWHU
ZDVDLPLQJKLVZHDSRQ
3.2.1 Acoustic Stimuli
6WLPXOL ZHUH FKRVHQ IURP WKH 6); VRXUFH GDWDEDVH WKH
0DFDXO\ /LEUDU\ WKH 1HWZRUNV 6RXQG (IIHFWV &DWDORJXH DQG
FXVWRPUHFRUGHGVRXQGV6RPHRIWKHVPDOODUPVDQGDXWRPDWLF
ZHDSRQV ILUH ZHUH UHFRUGHG DW WKH NQRZQGLVWDQFH UDQJH RQ
$EHUGHHQ 3URYLQJ *URXQG 0LFURSKRQHV ZHUH SODFHG RQ D 
PHWHU DUF DURXQG WKH VKRRWHU IURP  WR  GHJUHHV RII WKH
WDUJHWOLQH
0RQDXUDO VRXQGVFDSHV ZHUH UHFRUGHG XVLQJ D % . 
PLFURSKRQHDQGD% .SUHDPSOLILHURQWRD6RQ\GLJLWDO
DXGLR WDSH UHFRUGHU 6SDWLDO VRXQGVFDSHV ZHUH UHFRUGHG XVLQJ
DQHLJKWFKDQQHO+RORSKRQH+3URKHDGUHFRUGHGWKURXJKD
3UH6RQXV )LUH6WXGLR )LUH:LUH UHFRUGLQJ V\VWHP RQWR D ODSWRS
3& /RFDWLRQV LQFOXGHG UXUDO SDUNODQGV ZLQG\ IRUHVWV DQG
6SHVXWLH,VODQGDW$EHUGHHQ3URYLQJ*URXQG
3.2.2 Performance Scoring
6KRRWHU SHUIRUPDQFH ZDV UHFRUGHG LQ D VLJQDO GHWHFWLRQ
IUDPHZRUN +LWV PLVVHV DQG IDOVH DODUPV ZHUH FDOFXODWHG DQG
GLVSOD\HGWRWKHJDPHUDIWHUHDFKVWLPXOXVZDVSUHVHQWHGRUDIWHU
HDFK VKRW ZDV PDGH &RUUHFW KLWV ZHUH VFRUHG ZKHQ WKH
SDUWLFLSDQWDLPHGWKHJXQZLWKLQWKUHHVHFRQGVIURPWKHPRPHQW
WKH DQLPDO VRXQG ZDV SOD\HG DQG ZLWKLQ WKUHH WZR RU RQH
GHJUHH V  RI WKH WDUJHW VRXQG¶V ORFDWLRQ GHSHQGLQJ RQ WKH
H[SHUWLVH OHYHO RI WKH VKRRWHU )RU H[DPSOH LI WKH JDPHU
FRUUHFWO\VKRRWVDOHJLWLPDWHWDUJHWWKHQDKLWLVWDEXODWHG$PLVV
RFFXUV ZKHQ HLWKHU WKH JDPHU GRHV QRW VKRRW DW WKH SUHVHQWHG
WDUJHW RU ZKHQ WKH ZHDSRQ LV DLPHG DQG ILUHG RXWVLGH RI WKHLU
DFFHSWDEOHDFFXUDF\WRWKHWDUJHW¶VORFDWLRQ8SRQFRPSOHWLRQRI
WKH VKRRWLQJ VHVVLRQ SHUFHQW KLW DQG SHUFHQW PLVV VFRUHV DUH
SUHVHQWHG WR WKH JDPHU 9DOXHV RI G ޗVHQVLWLYLW\  DQG ȕ ELDV 
VFRUHDUHFRPSXWHGVDYHGDQGGLVSOD\HGRQWKHKRVWFRPSXWHU
GLVSOD\LQWKHFRQWUROURRP



2%6(59$7,216$1',035(66,216

)HHGEDFNIURPSDUWLFLSDQWVRIWKHDXGLRVKRRWLQJJDOOHU\LVWKDW
WKH VRXQGVFDSHV DSSHDUHG UHDOLVWLF DQG UHDGLO\ LGHQWLILDEOH
7KHUH ZDV JHQHUDO FRQJUXHQF\ EHWZHHQ WKH VHOHFWHG DQLPDO
WDUJHWV DQG WKH VRXQGV RI WKHLU QDWXUDO KDELWDWV (FKRHV IURP
QHDUE\ EXLOGLQJV DGGHG WR WKH VHQVH RI HQYHORSPHQW DQG
LPPHUVLRQ LQWR WKH VRXQGVFDSH VLPXODWLRQV IRU ORXG RXWGRRU
VRXQGV
7KH HUJRQRPLFV RI WKH VKRRWLQJ WDVN ZHUH DFFHSWDEOH
8QIRUWXQDWHO\WKHJXQSURGXFHGQR³NLFNEDFN´RUKDSWLFIRUFH
IHHGEDFNWRWKHJDPHU$&2FDUWULGJHGLVFKDUJHPD\KHOSWR
LPSURYH WKH IHHO RI ILULQJ D UHDO ZHDSRQ 'HOD\V EHWZHHQ
VTXHH]LQJ WKH WULJJHU EXWWRQ DQG ZHDSRQ VRXQGV ZHUH YHU\
VKRUW DQG XVXDOO\ QRW QRWLFHDEOH E\ WKH JDPHU 7KH QHDUHVW
WDUJHW VRXQGV ZHUH WKH HDVLHVW WR ORFDWH DQG KLW $FFXUDWHO\
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VKRRWLQJ WKH IDU DZD\ WDUJHW VRXQGV ZDV GLIILFXOW HYHQ DW WKH
QRYLFH VNLOO OHYHO 7KLV PD\ EH GXH WR WZR HIIHFWV 2QH LV WKH
UHODWLYHO\ODUJHUVSDWLDOLPDJHRIQHDUE\VRXQGV$QRWKHULVWKDW
QHDUE\WDUJHWVKDGDKLJKGLUHFWSDWKWRUHIOHFWHGHQHUJ\UDWLRQ
ZKLOH IDU DZD\ WDUJHWV KDG ORZ GLUHFW SDWK WR UHIOHFWHG HQHUJ\
UDWLRV 7KH ODWWHU FRQGLWLRQ PD\ KDYH FDXVHG D PRUH GLIIXVH
VRXQG VRXUFH ZLWK D ODUJH DXGLWRU\ VRXUFH ZLGWK ZKLFK PDGH
DFFXUDWHDLPLQJWRWKHFHQWHURIWKHVRXQGVRXUFHGLIILFXOW
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7KH DXWKRUV WKDQN $9,63/ &RUSRUDWLRQ IRU FRQVWUXFWLQJ DQG
PDLQWDLQLQJ HTXLSPHQW LQ WKH ($5 IDFLOLW\ 7KH DXWKRUV WKDQN
$X6,0 &RUSRUDWLRQ IRU WKH FXVWRP EXLOW JXQ VKDSHG SRLQWHU
ZLWK WKH LQWHJUDWHG RULHQWDWLRQ VHQVRU 7KH DXWKRUV WKDQN .LP
3ROODUG IRU SURYLGLQJ VHYHUDO KDUG WR ILQG DQLPDO VRXQGV DQG
KHUJXLGDQFHRQILQGLQJUHFRUGLQJVRIZLOGHUQHVVVRXQGVFDSHV
7KHDXWKRUVWKDQN.LP)OXLWWIRUKHUZDUPZHDWKHUUHFRUGLQJV
RI EXJLQIHVWHG 6SHVXWLH ,VODQG 7KH DXWKRUV JLYH D VSHFLDO
WKDQNVWR-HUHP\*DVWRQIRUKLVFORVHUDQJHJXQVKRWUHFRUGLQJV
UHFRUGHGDURXQGWKHVKRRWHUVKHDG
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IDENTIFICATION AND PERCEIVED VERACITY OF EVERYDAY SOUNDS
Terri L. Bonebright
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DePauw University
tbone@depauw.edu
ABSTRACT
This study examined whether visual context has an effect on the
identification of everyday sounds. Scenes portraying actions that
lead to everyday sounds were paired with the actual sounds,
acoustically similar sounds and acoustically contrasting sounds
Participants identified sounds, rated their confidence on the
identifications, the veracity of the sounds and their familiarity
with the sounds. Results showed that participants identified the
actual and contrasting sounds correctly more often than the
similar sounds, which were frequently incorrectly identified as
the sound that occurred from the action in the visual scene.
However, the confidence ratings for the identifications were
lower for the similar sounds, and they rated them as less realistic
than the actual sounds. Thus, even though similar sounds were
frequently misidentified as the actual sound taking place in the
scene, participants did recognize that such sounds were not quite
correct for the visual action being portrayed.
1.

INTRODUCTION

Watching movies is a favorite pastime for many people, most of
whom readily accept the premise that the visual scene and the
accompanying soundtrack, including the ambient sounds from
the environment, were recorded simultaneously. In many cases,
however, the visual tracks are recorded separately from the
audio, and many of the sounds, especially the background
noises, are recorded by producing sounds from objects other
than the ones seen in the video [1]. Some of these sound effects
are synthesized or sampled recordings while others are
produced by Foley artists, who use a variety of different objects
to produce sounds for the background sound track. The desired
result is to produce a sound track that the movie viewer will
perceive as realistic, regardless of what is actually used to
produce a given sound. One example of a sound effect
produced by Foley artists that movie watchers may be aware of
is the use of halves of coconuts clapped together to create the
sounds of horses galloping over the landscape. Foley artists
routinely manipulate a number of objects to produce sounds for
entirely different actions, such as crinkling cellophane for the
sound of a fire crackling or breaking stalks of celery for the
sound of bones breaking. This has led some filmmakers to
argue that viewers have been conditioned by the media to
expect “real” sounds that are not encountered in a natural
environment [1].
Another newer application of sound effects to create a
realistic experience is found in the development of virtual
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environments [2]. Researchers in this area have found that
realistic 3-D sound environments can be produced using HRTFconstructed stimuli [3] and that synchrony between the sounds
and visual stimuli is critical for realistically perceived sounds
[4].
Since these examples suggest that listeners can be fooled
into perceiving such sounds as realistic, it is important to
determine whether people are able to correctly identify
everyday sounds when they are presented without any
accompanying visual stimuli. Researchers have shown that
people are quite good at this in general [5, 6, 7, 8, 9], and that
when they make misidentification errors, they are typically
made with sounds that are acoustically similar.
Studies have also been performed to help determine if
context can have an impact on everyday sound identification.
Ballas and Mullins [10] and Gygi and Shafiro [11] showed that
sounds embedded within a sequence help identification rates if
they are semantically similar. For example, people are better at
identifying the sound of a stapler if the preceding sound was a
typewriter. Context has also been shown to provide
enhancement for identification of visual objects within a scene
[12,13,14]. However, the intermodal effects of sound and visual
stimuli have not been investigated systematically in the same
way. The exception to this are studies using speech that show
that visual and auditory stimuli combine to produce interactive
effects, such as the McGurk effect [15,16], the freezing effect
[17], and the ventriloquist effect [18].
The purpose of the present study was to examine the effect
of visual scenes with staged actions with objects that result in
everyday sounds on the identification of those sounds. The
scenes were paired with the actual sounds made by the objects,
acoustically similar sounds to those made by the objects, and
contrasting sounds that were acoustically dissimilar to those
made by the objects. The responses collected from the
participants after exposure to the sound/video combinations
were identifications of the sounds, confidence ratings of those
identifications, and ratings of veracity of the sounds. In addition,
participants rated the familiarity of the sounds using a written
list (see Table 1).
Four hypotheses were proposed based on the previously
reviewed literature. First, it was expected that the visual context
would affect the identifications of the sounds such that the
actual and contrast sounds would be more likely to be correctly
identified compared to the similar sounds. This would be the
case if the acoustically similar sounds were confused with the
actual sounds as suggested from previous research [5, 6, 7, 8, 9],
and if the effect of the visual scene was not strong enough to
override the perception of the acoustically contrasting sound.
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For example, it would be expected that a person would
incorrectly identify Velcro ripping as paper being torn while
watching a person tearing paper. However, it would not be
expected that someone hearing a foghorn would mistakenly
identify this sound as a telephone ringing, even if the visual
scene displayed a person answering a telephone. Second and
third, confidence ratings of the identifications and the veracity
ratings of the sounds were expected to be highest for the actual
and similar sounds compared to the contrast sounds. Such
results would occur if the visual context impacted and biased
the perception of the listener [15, 16, 17, 18]. For example, if
listeners are swayed by the visual context and use it help
identify the actual and similar sounds, their confidence in their
identification and perception of realism should be high.
However, if the sounds perceptually mismatch with the visual
scene, there should be an impact on the confidence and
assessment of the overall realism resulting in lower ratings for
both, even though the sound may be correctly identified.
Finally, the familiarity ratings for the sounds were expected to
be correlated with the number of correct identifications since
actual experience with sounds should assist the ability to label
them.
2.

METHOD

2.1 Participants
There were 45 undergraduate students (31 female and 14 male)
who participated in the study for extra credit for psychology
courses. The mean age was 20.71 years, and the range was 18
to 22 years and the majority (95%) of them were Caucasian. All
participants reported normal hearing and either normal or
corrected-to-normal vision. Thirty-five participants completed
the sound/video condition; 10 completed the sounds-only
control condition.
2.2 Apparatus
The scenes were filmed using a Canon GL1 digital video
camcorder. An Audio-technica MB 4000C microphone was
used to record the auditory stimuli that were recorded by the
experimenters. The video and audio recordings were edited
using FinalCut Pro 4.0. The final videos were presented to
participants using PowerPoint on Apple Powerbooks with Sony
MDR-CD850 stereo headphones.
2.3 Auditory and Visual Stimuli
There were 36 everyday sounds made by objects chosen for use
in the experiment (see Table 1) based on data from a previous
study [8]. Thirteen of the sounds were the sounds made by the
objects in the videos (actual sounds); 10 of the sounds were
acoustically similar sounds to those made by the objects in the
videos that had been misidentified as the actual sounds (similar
sounds); and 13 of the sounds were acoustically dissimilar and
had not been confused with the sounds in the videos (contrast
sounds). Three of the actual sounds (book closing, stapler
stapling, and paper ripping) were also used as similar sounds
for the videos.

Table 1: Sound stimuli and their relationship with the
videotaped scenes
__________________________________________________________________
Actual

Similar

Contrast

3-Ring Binder (closed)

Purse (snapped shut)

Hair Dryer (turned on)

Book (shut)

Balloon (popped)

Vinyl Record (scratched)

Soda Can (crushed)

Book (shut)

Vacuum Cleaner (turned on)

Soda Can (opened)

Stapler (stapling)

Touch-tone Phone (dialed)

Chalkboard (erased)

Eraser (erasing in paper) Rattle (shaken)

Keys (jingled)

Chains (clinked)

Chalkboard (written on)

Hammer (pounding)

Basketball (bounced)

Tires (Screeching)

Paper (ripping)

Tape (pulled off roll)

Sword (taken out of sheath)

Telephone (ringing)

Alarm Clock (ringing)

Foghorn (blown)

Scissors (snipped)

Whip (cracked)

Baseball (hit with bat)

Spoon (dropped)

Nails (dropped)

Ratchet (turned)

Stapler (stapling)

Cigarette Lighter (flicked) Glass (breaking)

Velcro (pulled apart)

Paper (ripping)

Saw (sawing wood)

The scenes were the action on the object that produced the
actual sound and were staged with a single person in a context
where such an action might normally happen. They were
videotaped with the target action and sound repeated 3 times.
During the recording, the audio was also recorded so that there
were other minor ambient sounds available in the soundtrack.
After recording was completed, the videos were edited and the
sounds were synchronized with the actions for all three types of
sounds. The resulting 39 videos were distributed across 3 sets
of 13 videos so only one of the scenes was represented in each
set, and the sound conditions (actual, similar, and contrast)
were counterbalanced across the sets. Due to the small number
of trials per individual, the conditions were unequally
distributed for each set, such that there were no fewer than 3
and no more than 6 from each condition. This was done to
prevent participant bias based on expectations for answers on
given trials. Each of the 3 sets of videos were placed in
PowerPoint slides in 2 random orders resulting in 6 sets of
PowerPoint slides for the sound/video condition procedure.
Two random orders of all 36 sounds were produced and
placed in PowerPoint slides for presentation to the participants
in the sounds-only condition. The slide used to designate each
sound had the number displayed in the middle of the screen that
corresponded to the trial on the response sheet.
Finally, 2 random orders of a written list of all 36 sounds
were produced that were used for participants in both the
sound/video condition and the sounds-only control for the
familiarity ratings.
2.4 Procedure
For the sound/video condition participants were randomly
assigned to one of the six sets of PowerPoint slides. The
experimenter read a set of instructions to the participants while
they read along. Participants were told that they would be
viewing videotapes of people in 13 everyday situations. They
were also told that after each scene, they would be asked to
identity the sound the object made and to rate their confidence
in their identification (1, not confident, to 7, very confident) and
the veracity of the sound (1, not realistic, to 7, very realistic).
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Participants completed a practice trial and were allowed to ask
questions about the procedure. After they completed the 13
video trials, they were given a written list of all 36 sounds and
rated each of them on familiarity (1, not familiar, to 7, very
familiar). To finish the procedure, participants completed a
brief follow-up questionnaire after which they were fully
debriefed.
For the sounds-only condition, participants were randomly
assigned to one of the two orders of the 36 sounds. After each
sound trial, they made an identification of the sound and rated
their confidence in this identification as well as a rating of the
sound’s veracity. After these trials were completed, they rated
the written list of sounds for familiarity. These tasks were the
same as those performed by the sound/video condition group,
except that this group was not exposed to the videos.
RESULTS & DISCUSSION
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Figure 1: Percentage of correct sound identifications for
the sound and video pairings.
3.2 Confidence ratings for sound identifications

For the sound/video condition there was one within-subjects
independent variable, the sound and video pairings, which had
three conditions, actual, similar, and contrast. The dependent
variables were the number of correct sound identifications, the
ratings of confidence for the sound identifications on a 7-point
scale (1, not confident, to 7, very confident), the ratings of
veracity of the sound (1, not realistic, to 7, very realistic), and
the rating of the familiarity of each sound (1, not familiar, to 7,
very familiar). The sounds-only control condition had data for
all three dependent variables.1
3.1. Sound identifications
For the number of correct identifications for the sounds, a
repeated measures ANOVA and follow-up analytical
comparisons revealed that the actual sounds (M = 4.06, SD =
1.04) had the highest mean number of correct identifications,
followed by the contrast sounds (M = 2.56, SD = 1.05) with the
similar sounds (M = .62, SD = .82) showing the lowest mean
number of correct identifications, F(2,66) = 93.31, p < .001, !2p
=.74. These results provide partial support for the hypothesis
since it was expected that the actual and contrasting sounds
would have higher identification rates than the similar sounds.
Contrary to the hypothesis, it was found that the actual sounds
had a higher identification rate than the contrasting sounds.
Considering these data as percentages clearly shows the
difference in identification rates with actual sounds identified
95%, contrast sounds 61%, and similar sounds 14% of the cases
(see Figure 1). Further examination of the incorrect
identifications of the similar sounds showed they were
misidentified 60% of the time as the sound made by the object
in the video; however, the contrast sounds were never identified
in this matter. The control group, who only heard the sounds,
had an identification rate of only 49%.

1

The control group for this design was not included in the statistical analyses with
the experimental groups due to the different number of stimuli in the control versus
experimental conditions. However, the control group data were included in the
results to give an indication of how people perform these auditory tasks when they
have no contextual visual information.
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For the confidence ratings for the identifications, a repeated
measures ANOVA with post hoc analytical comparisons
revealed that actual sounds (M = 6.43, SD = .60) showed the
highest ratings while there was no difference between the
similar (M = 4.64, SD = 1.19) and the contrast (M = 5.00, SD =
1.31) sound ratings, F(2,66) = 30.11, p < .001, !2p = .48 (see
Figure 2). These results show partial support for the hypothesis
since the actual sounds were given higher confidence ratings
than the contrast sounds as predicted, but contrary to the
hypothesis, the similar sounds were not rated higher than the
contrast sounds and had lower ratings than the actual sounds.
The control group’s confidence ratings for all sounds showed a
base rate that fell within the means of the experimental
conditions (M = 5.13, SD = 1.03).
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Figure 2: Confidence ratings for sound identifications for the
sound and video pairings.
3.3 Veracity ratings for sounds
For the veracity ratings, a repeated measures ANOVA with post
hoc analytical comparisons showed that actual sounds were
viewed as most realistic (M = 6.39, SD = .54), followed by
similar sounds (M = 3.86, SD = 1.13) with contrast sounds
having the lowest veracity rating (M = 2.26, SD = 1.65), F(2,66)
= 116.50, p < .001, !2p =.78 (see Figure 3). These results
provided partial support for the hypothesis since it was
expected that the actual and similar sounds would have higher
veracity ratings than the contrast sounds, but it was not
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expected the similar sounds would be perceived as less realistic
than the actual sounds. The means for the control group indicate
the rated realism of sounds only was closest to the actual sound
condition (M = 5.96, SD = 1.24).
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Figure 3: Sound veracity ratings for the sound and video
pairings.
3.4 Familiarity ratings for sounds
Finally, ratings of familiarity for the sounds showed that the
more familiar the sound was, the higher the number of correct
identifications for the actual sounds and for the sounds in the
control condition, r(43) = .44, p < .001 . However, the
familiarity ratings for the contrast, r(33) = .23, p > .05 and
similar sounds, r(33) = .17, p > 05, provided no predictive
value.
4.

CONCLUSION

The results from this study clearly show that people watching
videos of actions in which objects are “sounded” impact their
perception of the sound. When the sound is the actual sound
made or is an acoustically contrasting sound, their ability to
make correct identifications is much better than when the
sound is acoustically similar. These results even suggest that
there is a facilitative effect for seeing the action and hearing the
sound at the same time rather than just hearing the sound alone.
The inaccurate identifications of the similar sounds show what
would be expected from the Foley representations of sounds –
people accept the sound as that portrayed by the video.
However, it is important to note that in contrast to expectations
that similar sounds would be completely perceived as real,
listeners’ confidence in such identifications and their
assessment of the realistic nature of the sounds show that they
do indeed recognize that the sound is not quite right. Since the
stimuli in this study have only one sound that was actively
portrayed, it is reasonable to predict that adding more
background sound effects and more visual action would lead to
people not noticing the discrepancy between the visual scene
and an accompanying acoustically similar sound that is not the
actual sound made by the object. In such cases, the coconuts
banged together would indeed be perceived as horse hoofs
galloping across the prairie.
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ABSTRACT
An experiment examined brief, computer-based modules for
teaching and conducting achievement testing of introductory
concepts related to correlations and scatterplots. Participants
experienced either auditory or visual learning modules followed
by either auditory or visual tests of the concepts presented in
the modules. Visual modules and tests used on-screen text and
visual scatterplots, whereas auditory learning modules and tests
presented the same content with text-to-speech (TTS)
presentations and auditory versions of scatterplots. Across
learning and testing manipulations, no differences were found
in the accuracy of responses on the tests, but both auditory
learning and auditory testing resulted in longer response times.
Results are discussed in the context of computer-based learning
and auditory learning and testing as an accommodation.
1.

INTRODUCTION

The auditory presentation of text via digital TTS has become
more practical to implement in an array of devices, and
interfaces that use TTS (e.g., the Siri digital assitant on Apple’s
iPhone) seem to be growing in popularity. The use of TTS for
educational and learning activities also has become more
feasible in computers and a multitude of digital devices. In a
recent survey, over one third of e-reader users and over half of
e-book users rated TTS functionality as “valuable” or “very
valuable” [1], and at least some online TTS services (e.g.,
www.ispeech.org) explicitly tout the value of TTS for
translating educational materials to the auditory modality.
TTS technologies can use sound to display text to
visually-impaired learners and also to sighted learners with
alternative learning preferences. Though computer-based and
digital learning technologies have become ubiquitous, research
to date largely has not addressed fundamental best-practice
questions surrounding the implementation of these technologies
for teaching and learning [2]. The redundant presentation of
auditory and visual learning materials can be beneficial [3], but
the equivalence of auditory-only versus visual-only
presentations of materials for pedagogical purposes remains
unclear. Similarly, very little research exists on the design of
auditory-only tests.
The lack of research comparing the efficacy of visual
and auditory presentations of learning and testing materials is
problematic for several reasons. First, there seems to be a
pervasive assumption that the auditory delivery of text—even
very complex text associated with many learning activities—
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provides learning opportunities that are equivalent to the
opportunities offered when the same text is presented visually.
This assumption may be flawed when it is applied to the
delivery of complex curricula in science and math education, as
the demands placed on working memory by the transient nature
of the auditory presentation may present memory difficulties
(i.e., extraneous cognitive load, see [4]) not encountered by
visual learners of the same text.
In addition to the delivery of curricula through sound,
a common accommodation for test-takers with visual
impairments (or other disabilities) has been the auditory
presentation of test questions [5]. Despite the prevalence of this
accommodation in both aptitude and achievement testing,
researchers have yet to establish the validity of tests
administered under oral accommodations. In current practice,
often a human reader will administer oral examinations. This
presents obvious complications for standardization of testing
conditions, and researchers [6] have suggested that a better
approach may be to develop “self-voicing” TTS systems to
administer oral versions of tests [7]. The comparability of
auditory and visual modes of information presentation should
be established to ensure that equitable delivery of curricula and
fairness in testing can be accomplished in both modalities.
Another known gap exists in the translation of
graphical materials in visual texts into auditory representations
[8] for both learning and testing. Geisinger [9] pointed out,
“…the use of figures and graphs make tests more difficult and
typically may alter the cognitive processes employed—because
they must be described verbally to the test taker with visual
impairment” (pp. 131). Auditory graphs offer a promising
alternative to verbal descriptions for translating graphs into
sound, as emergent percepts of data patterns may function
similarly in auditory and visual graphs [10]. Research [11] has
shown that auditory versions of scatterplots are as effective as
visual representations for conveying correlations.
The current study examined auditory and visual
learning and testing of introductory statistical concepts about
correlation and scatterplots in a sample of university students
with no prior formal education in statistics. The use of TTS and
auditory versions of scatterplots was compared to visual
presentation of text and graphical scatterplots with a 2 (learning
module: visual or auditory) X 2 (test format: visual or auditory)
X 2 (question type: scatterplot or no scatterplot) mixed design.
The study was designed to examine: 1) the efficacy of both
auditory and visual learning; 2) the comparability of auditory
and visual testing; 3) the possibility of interactions between
modes of learning and testing; and 4) the possibility of
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differential effects for test questions that required or did not
require judgments about (auditory or visual) scatterplots.
2.

METHOD

2.1. Participants
Participants (N = 41; 20 females; M age = 20.0, SD = 1.9 years)
were recruited from undergraduate psychology courses at the
Georgia Institute of Technology. Participants were excluded if
they had taken a statistics course at the high school or college
level, and all participants reported normal or corrected-tonormal hearing and vision.
2.2. Stimuli
A brief (approximately 3000 word) script of a lesson on
correlations and scatterplots was prepared. The lesson covered
basic concepts such as the direction and strength of
correlations, interpreting r values, and reading bivariate
scatterplots of data. This lesson was the basis of the respective
auditory and visual learning modules, both of which were
approximately 20 min in duration.
For the visual module, the text was presented on the
computer screen in complete sentences (from one up to several
sentences at once) at a pace that was controlled by the
computer. The duration of the text presentations was yoked to
the duration of the corresponding TTS audio file from the
auditory module (described below), thus the learning modules
were exactly matched in duration. Visual examples of
scatterplots used in the module were made using Microsoft
Excel and were displayed alone on the screen for 5 s. To ensure
that the information contained in the visual scatterplots was
commensurate with that of the auditory scatterplots, all visual
scatterplots were stripped of axis labels; only data points
showing the relationship between the two variables depicted,
which were described in the text, were displayed.
For the auditory learning module, TTS conversions of
the text of the visual module were made with the demo function
of the TTS engine at http://www.ispeech .org in early 20111.
TTS was created using the “English male” voice (now “US
English male”) at the “normal” (i.e., default) speed setting. The
text of the visual module was converted to mp3 files from the
website. Exact text from the visual modules was entered into
the TTS engine with two exceptions: 1) where appropriate, the
text was modified to reflect the auditory nature of the module
(e.g., “scatterplot” was changed to “auditory scatterplot”); and
2) numbers and symbols were entered into the TTS engine as
words to ensure that the auditory speech was intelligible for all
text elements from the visual module (e.g., “r =” was voiced as
“are equals”). The data from each scatterplot in the visual
module were sonified into auditory graphs using the
Sonification Sandbox [12] software. All scatterplots were
sonified to be 5 s in duration in the range of notes C4 (MIDI

1

At the time of this submission, the website appeared to have
made minor modifications to the interface and TTS algorithms
since the stimuli were created.

note 60, 262.6 Hz) to C8 (MIDI note 108, 4186.0 Hz) using a
positive polarity mapping and the MIDI piano timbre.
The visual test consisted of 20 multiple-choice
questions. Test questions were comparable to the types of
practice and test questions on correlations found in introductory
statistics texts. Each question was displayed on the screen in its
entirety with each of the four possible answers visible. The
auditory test presented the exact same questions and answers
with TTS. Each question was read in its entirety, followed by
each of the four possible answers in succession. The test was
designed such that half of the questions were conceptual in
nature and did not display a scatterplot representation of the
data, while half of the questions displayed one or more
scatterplots as part of the question or answers. At the beginning
of each test, participants were given a brief (one paragraph)
overview of either auditory or visual scatterplots (depending on
the test format condition). The overview was necessary to
explain the respective representations to participants who had
experienced the learning module in a different modality from
the test format (e.g., participants who experienced the visual
learning model needed a brief description of how the auditory
scatterplots represented data).
2.3. Procedure
Following informed consent, participants were randomly
assigned to one of the four factorial combinations of the 2
(learning: auditory versus visual) x 2 (test: auditory versus
visual) between-subjects independent variables. Participants
were seated at a computer in front of a 17 in (43.2 cm) Dell
LCD computer monitor. A computer program made with Adobe
Director presented stimuli and collected data. Auditory stimuli
were presented with Sennheiser HD 202 headphones. All
participants wore headphones during the study, though no
sounds were presented to participants assigned to visual
learning conditions and visual testing conditions. Similarly, the
computer screen was blank during auditory conditions of the
study. Participants experienced either the auditory or visual
learning module, followed by either the auditory or visual test.
The 20 test questions were presented in a random order for each
participant, and both responses and response times were
recorded. The response time for a trial was operationally
defined as the duration between the onset of the question (i.e.,
the appearance of the question on the screen for the visual test
or the beginning of the TTS audio reading of the question for
the auditory test) and the logging of a response to the test
question. Participants in either condition could log a response at
any time; participants in the auditory test condition were not
obligated to listen to the entire question and set of answers.
Following the test, participants completed the NASA-TLX [13]
measure of subjective workload.
3.

RESULTS

Analyses were conducted using mixed 2 (learning module:
visual or auditory) X 2 (test format: visual or auditory) X 2
(question type: scatterplot or no scatterplot) ANOVAs on both
the number of correct answers on the test and the response
times to test questions. For the number of correct answers, the
main effects of learning module, F(1,37) = 0.37, p = .55, and
test format, F(1,37) = 3.26, p = .08, were not statistically
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significant. The effect of question type was significant, F(1,37)
= 13.24, p = .001, !2P = .26; participants correctly answered
more questions without scatterplots (M = 6.37, SE = .32) than
with scatterplots (M = 5.28, SE = .24). There were no
statistically significant interactions (p values ranged from .14 to
89). Of note, the test exhibited neither ceiling nor floor effects;
chance performance would have resulted in M = 2.5 correct
answers in each condition. Results are shown in Figure 1.

the questions and answers in the auditory version of the test.
This interpretation would be supported if the difference
between mean auditory and visual test response times increased
as the duration of the auditory questions and answers increased.
To examine this possibility, an exploratory correlation showed
that, across the 20 different questions, the duration of the audio
version of the question and answers (i.e., the time required for
participants to hear the question and all four answers in the
auditory test condition) and the difference in mean response
times for the visual versus auditory test conditions were not
related, r(19) = .38, p = .10. Though this relationship (see
Figure 3) might have reached statistical significance with a
larger sample of questions, the pattern of results showed that
the duration of the auditory test questions alone did not account
for tendency of auditory test-takers to require a longer response
time.

Figure 1: Mean numbers of correct answers across conditions.
Error bars represent standard error.
For the response times (reported in s) to test questions,
all main effects were significant. For the learning module
independent variable, F(1,37) = 5.23, p = .03, !2P = .12,
participants’ mean response times were significantly faster if
they had learned the material from the visual module (M = 30.3,
SE = 1.4) as compared to the auditory module (M = 25.8, SE =
1.5). For the test format independent variable, F(1,37) = 54.37,
p < .001, !2P = .60, participants’ mean response times were
significantly faster if they took the visual version of the test (M
= 20.7, SE = 1.4) as compared to the auditory version (M = 35.3,
SE = 1.4). For the question type independent variable, F(1,37) =
13.00, p < .001, !2P = .26, participants’ mean response times
were significantly faster for questions without scatterplots (M =
26.5, SE = 1.1) as compared to questions with scatterplots (M =
29.6, SE = 1.1). The interaction of test format with question
type was also significant, F(1,37) = 30.14, p < .001, !2P = .45.
The interaction was reflected in the fact that participants taking
the auditory version of the test were slower to provide a
response to questions with scatterplots (M = 31.4, SE = 1.5) as
compared to questions without scatterplots (M = 39.3, SE = 1.5),
but participants taking the visual version of the test did not
show a difference for questions without scatterplots (M = 21.6,
SE = 1.5) as compared to questions with scatterplots (M = 19.9,
SE = 1.6). Results are shown in Figure 2.

Figure 3: The length of audio questions and answers as a
function of the mean response time difference (visual format
subtracted from auditory format) for each of the test questions.
Finally, a 2 (learning module: visual or auditory) X 2
(test format: visual or auditory) ANOVA was performed on the
NASA-TLX composite scores. The main effects of learning
module, F(1,37) = 0.12, p = .73, and the interaction of learning
module with test format, F(1,37) = 0.89, p = .35, were not
statistically significant. The main effect of test format was
significant, F(1,37) = 8.04, p = .007, !2P = .18. Participants in
the auditory test condition experience greater perceived
workload (M = 10.73, SE = 0.64) than participants in the visual
test condition (M = 8.14, SE = 0.65). Results are shown in
Figure 4.

Figure 4: Mean NASA-TLX composite scores. Error bars
represent standard error.
Figure 2: Mean response times across conditions. Error bars
represent standard error.
One obvious interpretation of the disparities in
response times is that participants in the visual condition simply
read the questions and answers faster than the TTS presented
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4.

DISCUSSION

Participants with no prior educational background in statistics
learned simple concepts about bivariate correlations equally
well—as measured by correctness of responses to test
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questions—from visual modules (that used text with traditional
visual scatterplots) and auditory modules (that used TTS with
auditory scatterplots). Auditory learning modules and auditory
versions of achievement tests may represent a viable alternative
to visual presentation of materials during learning and testing.
Accommodated versions of standardized tests and achievement
tests that use oral presentation of questions to date have not
found an adequate solution to translating test questions
involving graphs and diagrams to the auditory modality. Verbal
descriptions of visual figures may be insufficient to offer
comparable information, but auditory representations of
graphical data may help to fill this considerable gap.
Participants who learned the material with the
auditory module took about 5 s longer on average per question
on the test than participants who had learned the material with
the visual modules, and this effect was present regardless of
(i.e., collapsed across) the format of the test. Participants taking
auditory versions of the test took about 15 s longer per question
on average to register a response to the test question, and
responses were even slower with auditory testing for questions
that featured an auditory scatterplot as part of the question (as
opposed to conceptual questions that featured only spoken
words with no scatterplot). The data suggested that longer
response times for the auditory version of the test were not
simply attributable to the durations of the auditory test
questions.
Learners who are assessed with auditory tests may
need to be given longer to complete the test. Extended time
during testing is another common accommodation that is often
implemented in conjunction with auditory presentation of
questions. Often, the amount of extra time given seems to be
arbitrarily chosen as “time and a half” or “double time.” Studies
like this one may be able to offer empirical guidelines for the
amount of extra time needed to achieve comparable mean
performance across testing formats. The significant difference
in perceived workload did not correspond to an objective
decrease in test performance as measured by the number of
correct answers, but the perceived workload could potentially
have detrimental effects on test performance in assessment
scenarios that run longer than the brief test here.
5.

CONCLUSIONS

TTS auditory versions of learning materials with auditory
graphs may offer a comparable alternative to traditional visual
learning materials for teaching basic statistics concepts.
Perhaps even more importantly, TTS versions of tests with
auditory graphs may offer a standardized means of assessing
achievement of basic statistics (and perhaps other math)
concepts in the auditory modality that is comparable to the
visual tests currently used in learning assessment, though the
current study’s results suggest that TTS test-takers may require
more time to complete assessments. The finding that auditory
test-takers perceived higher subjective workload warrants
further investigation.
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ABSTRACT
The rights discussion begins in Europe, with Modernity, in the
17th century. In this historical moment, social and equal rights
are supposed to be universal, and are used to fight against
absolutism and the religion hierarchy. However, this egalitarian
paradigm has not been applied in such a radical way, allowing
some extra-rights environments, which keep working with the
ancient régime way of life. In the present world, we can
identify many people who cannot behave as others do, because
of some unwanted circumstances, which diminish their
capabilities. We can talk, in these cases, about unimplemented
rights. In this paper we discuss whether solutions to disabilities
and, more specifically, some applications of sonification, can be
treated as a right’s implementation and when. We also discuss
the limits of the rights under an economical system such as
capitalism, and what kind of solutions should be found.
1.

INTRODUCTION

The rights discussion starts, as we know it nowadays, in the
western world, specifically in Europe, during the so called
Enlightens, or 17th century. The Modern way of thinking puts
into question the absolute power of kings and religion in the
late European middle-age by means of this term.
Although we can search for the first philosophical
discussions in the ancient Greece, with Plato, Aristotle,
Socrates or Diogenes, we will have to wait to Spinoza [1],
among others, to listen to human based rights vindications. This
new proposal is revolutionary regarding the ancient régime,
theocrat and based on vassalage relations and earth subjection
[2]. Since several decades before, bourgeoisie was starting its
economical revolution which needed new formal and legal
structures, much more flexible and autonomous than the
absolutism’s ones [3].
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The subsequent French Revolution, in 1789, sets the basis
for the Modern conception of rights, with the “Universal Rights
Declaration of Men and Citizens”, enacted in the same year.
1.1. The rights in the Modern culture
The main points of this new culture can be summarized in
the following points:
•
Every person is son/daughter of God
•
Every person is born with identical basic rights
•
These rights cannot be sold, bought or transferred
•
The role of the state is to ensure them
This school, born mainly in England, but also in France
with other thinkers such as Rousseau [4], is known as
contractualism or iusnaturalism, since they talk about natural
rights, inalienable and directly given by God in the natural state.
This position, likewise, was supported by other conceptions of
ethic; Rationalism and, after that, criticism, with Kant as prime
defender, proposes that rights come from rational capacity. This
capacity, exclusively human (and maybe also of aliens or God)
imposes some specific uses of action capabilities, regarding the
so-called categorical imperative to those persons (or beings)
capable of universalizing the rules of their behavior [5]. The
rights are the minimum rational (and coactive) laws or norms
that allow every person doing whatever they want, in
egalitarian conditions regarding the others. This is called, in
political philosophy, the conditions of the negative freedom.
1.2. The contractualism
The name of contractualism comes from the solution to the
nature state (supposed to be the original one) given by their
proposers. Following Hobbes [6], for example, the way humans
achieve to overpass the natural (and violent) situation is
performing some agreements (contracts) which make the force
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of most of them stronger than the force of each one of their
members. The human being evolutes to a normative one, where
freedom is sacrificed in the shrine of the security. This new
society institutes the Modern State as today we know it.
This study is not the correct place to discuss this position,
how liberal anthropology interfered Hobbes analysis of the
original situation or how this contract is signed and by whom
(see, for example, [7]).
What is important for our analysis is the fact that laws,
coming from social contracts, democrat government or from a
dictatorship regime, always involve rights, i.e., the capability of
doing something and not being punished for that. Likewise,
rights involve obligations to another party. If I have the right of
living, everyone else has the obligation of respecting my life.
As simple as that. But no so simple.
The main discussion is which rights (and, therefore, which
obligations) must be sanctioned by the contract, and which
should not. The obvious problems of this approach, developed
under the liberal paradigm and, more specifically, under its
economical implementation, will be discussed in the next
section.
1.3. The limits under the capitalism
The rights discussion, as we saw, refers to an egalitarian
idea of human societies. However, people act in a different way,
and this fact may yield to differences in what they have, or do,
in their lives. This is the base of the so-called meritocracy.
Mainly heritage, but also other social devices such as
favoritisms, racism, sexism, etc. can generate non-egalitarian
points of depart for every new person coming into the world,
and distort the ideal liberal society producing a classist one.
Moreover, the social contract was not signed by anyone
alive today, but all of us are forced to obey it [8]. Thus, the
rights became positive and traditional (statutory) instead of
being rationally supported.
Finally, there are different kinds of rights, and two former
groups among them:
•
Those which are material cost free (such as free
speech right), and
•
Those which are not (right to a dignified living
situation, right to work, etc.).
The main problem that the society under capitalism has to
face is the deficient material implementation of some rights.
Since capitalism is an auto-regulated economical system, it
has its internal rules. These rules, however, do not have
anything to do with what we call social and political rights,
except one: follow your own interest.
With this constraint, it is hard to understand A. Smith’s
proposal of the invisible hand [9], and a sight in nowadays
world may discourage everyone of thinking in such an innocent
way. The tragedy of commons [10] should be the final picot to
this school. This philosophy has different results regarding the
human rights:
•
No planning over the present generation
(temporal constraint). Ecology is seen as an
enemy of business.
•
No planning out of profitable niches (local
constraint).

Commodities are only made if the result is a profit, i.e., is
the Money-Commodity-Money’ wheel turns [3]. Strange
illnesses
research,
environment
responsibility,
labor
improvements, ecological fingerprint and any other common
expense are seen as a waste and, hence, not taken into account
by the capitalist logic by its own.
However, new rights are emerging, apart from capitalism,
since this system will never cover some aspects which, as it will
be discussed in the following section, may be treated as rights.
Among them, we will focus in this work on a specific one: the
right of the blind people to access public visual information.
2.

SHOULD SONIFICATION BE A RIGHT?

Being born blind, or becoming blind by any cause,
eliminates a part of the perception capabilities. The same occurs,
in different ways, with other disabilities. This constraint makes
it difficult to perform some common life tasks, which are taken
as basic rights in most of the Constitutions, such as movement,
working or access to information, among others. Before 2006,
when the United Nations signed the Convention of the Rights
of Persons with Disabilities [11], some other essays had been
proposed to address this problem: the Declaration on the Rights
of Mentally Retarded Persons [12] or the Declaration on the
Rights of Disabled Persons [13].
Thus, disabilities which restrain some capabilities in some
social environments should be read as rights diminution.
There is another way to support this relation. J. Rawls [14]
proposed the veil of ignorance, to imagine the situation where
you do not know your identity, gender, race, social class and,
we could add, disability. In such situation, you are asked to
decide how your society should work, regarding rights and
obligations. The answer to that question, given the veil of
ignorance, shows us if we consider something as a right.
2.1. Where and how are auditory displays already taken as
rights implementations
In fact, accessibility is already seen as a rights matter in
many countries, which have developed a new legal corpus to
minimize the social, material and psychological effects of the
different disabilities (see, for example, [15]).
In this work, we will only focus on visual information
accessibility through sonification. Other ways of providing
accessible information for the blind persons will not be
discussed in this work.
Sonification should only be treated as a human right
implementation when it minimizes the effect of a disability
regarding some right enjoyment. This has been the goal of some
proposed sonification devices, since the end of the XIX century
[16]. Many other assistive products based on sonification in this
line have been proposed (see [17] for a review).
We can find laws, regulations and initiatives in the
following environments, implementing sonification as rights
and not only as services: TV, cinema and other audiovisual
spectacles [18], museums [19], public transport [20] or
education [21].
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2.2. Who should be obliged by this right
Each time we recognize a right, a correlative obligation is
automatically generated. In other words, no right is given for
free.
In the case of providing accessibility to visual information
for the blinds (as some sonification projects do), there is,
likewise, an economic cost. The answer to whom should pay
that cost, inside the liberal paradigm, would be the user, who is,
at the end, the final responsible of his/her chance.
However, in this point, we should not talk about rights, but
about business. Rights, obviously, cannot be sold or bought.
Some other institutions have been proposed to solve some
rights disruptions in special cases, such as NGO’s during
humanitarian actions. These organisms, depending on the
charity of their supporters, can never guarantee a right’s
implementation. The precariousness will threaten every single
day of existence of the right under these conditions.
Finally, a social consensus to recognize something as a
right is the only way to convert this proposal into a material
right. Likewise, the cost should be, then, assumed by every
single person who has supported this right constitution.
3.

CONCLUSIONS

Sonification, when it tries to overcome visual limitations
due to different disabilities or circumstances, can be treated as a
right. However, this point of view must surpass the narrow
liberal paradigm regarding material rights.
Likewise, rights impose obligations to a second party,
which should assume the economical cost of the audiovisual
accessibility. If these costs are not assumed, the blinds will
depend on the charity or on their own savings.
Sonification is, essentially, a good candidate to implement
new and uprising rights.
4.
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purely research-oriented sound exploration tools as well as fullfledged musical instruments. Use of physical gesture information
beyond that offered by standard computer input devices enhances
applications along this spectrum considerably, making it possible
to achieve customized multi-modal relationships with audio based
on sound, sight, and touch. The final section of this paper describes three developing projects that explore these possibilities in
Pd using timbreID and DILib. Both libraries have been released
under the GNU GPL as open source projects, with the intention
of promoting novel modes of sound exploration and digital music
performance based on freely designed action-sound relationships.

This paper summarizes recent development of two open source
software libraries that enable auditory display in Pure Data (Pd),
and describes developing projects that were achieved using the two
packages in tandem. The timbreID feature extraction and classification library enables real- and non-real-time audio analysis via
high-level modules that can be programmed for a variety of purposes. DILib (the Digital Instrument Library) provides software
tools for accessing and managing gestural control streams as captured by inexpensive, widely available sensor hardware. Realized
at the intersection of these software packages, three applications
are discussed from technological and performative viewpoints: a
system for navigating visual timbre spaces with gestures drawn
from full body tracking, a similar system based on open-air infrared fingertip tracking, and the Gesturally Extended Piano—an
augmented instrument controller that uses piano performance gestures to create visually explicit action-sound relationships.

2. AUDITORY DISPLAY WITH TIMBREID

1. INTRODUCTION
Among available music information retrieval software packages
(e.g., [1][2][3][4]), those designed for use in real-time multimedia
programming environments are especially valuable for visuallybased audio browsing and the performance of live computer music.
Such software allows artists to analyze, organize, and reshape immense collections of digitally stored sound with sophistication and
relative ease. Parallel to this development—as interest in embodied computer music practices continues to grow—tools that enable
the high-speed capture of body movement data have also reached
a high level of refinement.
This paper begins by summarizing recent development of
two software libraries for Pure Data (Pd) [5], a popular open
source multimedia programming environment. The timbreID audio feature extraction and classification library enables real- and
non-real-time audio analysis via high-level modules that can be
programmed for use in a variety of contexts. Provided example applications include real-time speech recognition, instrument
identification, target-based granular synthesis, and various types
of sound visualization. The Digital Instrument Library (DILib)
provides software tools for accessing and managing gesturallyoriented control streams as captured by increasingly sophisticated
yet inexpensive sensor hardware. These include accelerometers,
multi-touch surfaces, body tracking systems, and high frame rate
digital cameras that can be used for a number of computer vision
strategies.
The concerns of these two projects are distinct, but a spectrum of applications exists at their intersection that encompasses

Figure 1: A Bark-frequency cepstrogram (left) and similarity matrix (right) of a tam-tam strike.
Originally described in [6], components of the timbreID library can be used for many different purposes. The current release features improvements and additions to the core analysis and
data management objects as well as to the accompanying examples
package. Here, we will only summarize example applications that
are directly useful for auditory display, with the most significant
items being spectrogram, cepstrogram, and similarity matrix plotting tools, and improved functionality of the timbre space plotter.
Figure 1 shows a Bark-frequency cepstrogram and similarity matrix of a tam-tam strike that were generated using these tools. Meland Bark-frequency cepstrum remain popular as compact descriptors of timbre, but the choice of an optimal range of coefficients
for identification tasks requires judgment based on the particular
sounds and circumstances. Visualization of cepstral information
in the form of a cepstrogram is useful for understanding how individual coefficients vary over the course of specific sounds, and can
be a valuable aid in making these kinds of choices.
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Data, a situation that has encouraged widespread artistic application of these techniques. Moving beyond basic access, a Pure Data
library is needed for parsing/routing data streams and generating
additional higher level features based on raw tracking information.
DILib (originally presented in [7]) aims to meet this demand.
DILib accounts for many different sources of gestural control
data. Most relevant to the discussion here are those based on infrared (IR) blob tracking and full body tracking. IR blob tracking
has been used as a reliable means of capturing motion information
in a variety of contexts. The basic method is to shine a particular wavelength of IR light on a scene, and place highly reflective
markers on key points of a moving body. Near the light source,
a camera fitted with a bandpass filter tuned to the same IR wavelength observes the scene. Frames in the digital video stream are
then subjected to some basic pre-processing before being fed to
a blob tracking algorithm. After these steps, objects reflecting a
relatively high amount of IR light back to the camera will appear
in the video stream as white blobs, while less reflective objects are
rendered completely black. Thus, motion within a diverse scene
can be reduced to just a few key points of interest.
A significant problem associated with this technique has to do
with distinguishing between the tracked blobs. To overcome this,
some type of history and analysis of the blob trajectories must be
maintained in software. DILib’s IR blob tracking module was built
using objects in the Graphics Environment for Multimedia [8], and
core DILib objects for managing blob continuity and extracting
higher level features from blob position data. These features include distances, angles, and centroids between pairs of points, and
delta values of individual points across frames. Specific gestures
(e.g., pinching and rotation with the fingertips) can be identified
based on these features in order to offer different classes of control
over synthesis and spatial navigation.

Plotting segments of audio in relation to their quantifiable features is another technique for understanding relationships between
sounds, as well as for designing large and small scale sound sequences based on timbre. In this type of plot, points can be made
to represent audio segments of a fixed grain size or entire sound
events, and can be auditioned by moving a cursor within range.
Figure 2 shows this tool as realized using timbreID, with a collection of piano samples as the objects of analysis. Grains of audio
are spaced along the horizontal and vertical axes according to amplitude and spectral centroid, respectively. The axes of the plot can
be chosen based on available audio features, and all feature data is
displayed for the most recently browsed grain in the information
panel shown on the left. Individual audio features can also be plotted against time to reveal dimensions of timbre relative to small
and large scale temporal structure.

Figure 2: Timbre space plot of piano audio grains.
The main limitation of this basic plotting system is connected
with dimensionality. Plots can be viewed and rotated in three
dimensions, but only navigated and auditioned in two dimensions with a standard computer mouse. Considering the multidimensional nature of timbre, this is a very significant shortcoming. One alternative is to navigate the space based on the qualities
of sounds captured by a microphone in real-time. By harvesting
the first three Bark-frequency cepstral coefficients (BFCCs) of a
live signal as it changes over time, the input sound can be used
as a type of cursor moving in three dimensional space. Additional
BFCCs can be used to further increase dimensionality, but attempting to make changes in any one dimension by altering the timbre of
the input sound does not result in a high degree of control. Further,
even in three dimensions, the process of navigating in this manner
is very difficult to conceptualize visually. For better results, we
need access to control streams from gesture input systems more
sophisticated than the standard computer mouse.

Figure 3: OSCeleton frame data rendered in Pd/GEM with DILib
More sophisticated feature analysis is required for full body
tracking, where raw sensor information must be interpreted relative to a model of human movement. DILib’s module for body
tracking relies entirely on external software for this fundamental
step. OSCeleton1 is open source multi-platform software that interprets data from Microsoft’s Kinect sensor and produces threedimensional coordinates for the primary points of a body being
tracked. Its output can be received in Pd via OSC messages, where
DILib offers objects for managing data streams of multiple users,

3. GESTURE ACQUISITION WITH DILIB
The experience of using interactive sound visualization systems
changes fundamentally when different types of body movement
are introduced as sources of control. Research in the field of Human Computer Interaction (HCI) has yielded many robust options
for capturing physical movement information with minimal encumbrance. The associated hardware and software are increasingly accessible for use within flexible environments like Pure

1 https://github.com/Sensebloom/OSCeleton
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regions, the user can choose to apply a network of flanging, pitch
shifting, and pulsing at one moment, but ring modulation, filtering,
and reverberation at the next. This embodied approach to timbre
space navigation and audio processing provides access to a greater
number of options, varies the orientation between user and space,
and generally enhances large scale physical aspects of interacting
with digital audio.

graphical rendering of the skeleton frame (shown in Figure 3), and
generation of relative data (e.g., distances between extremities, angles at the elbows and knees, etc.).
An important variety of relative data is the offset of an extremity from its attaching joint, such as the three-dimensional position
of the right hand in relation to the right shoulder as an origin. Using this approach, the raw coordinate of a user’s hand in the entire
scene can be polled to control global aspects of a system, while its
offset from the shoulder maintains a high degree of independence
and is suitable for control over more specific aspects. In this body
tracking module and more generally, a central aim of DILib is to
facilitate the design of systems that produce complex but consistent consequences in response to changes in basic sources of data.
As with acoustic instruments, such systems present an interesting
set of constraints, where individual parameters can be modified
with near—but not complete—independence.

4.2. Open-air Fingertip Navigation
More nuanced control can be attained by browsing timbre spaces
via open-air fingertip movements. Technically, this system relies on IR blob tracking, with reflective markers placed on tips
of the thumb and middle finger of each hand. Because the markers are lightweight and passive (i.e., not powered), movement is
not restricted. IR motion capture systems typically involve multiple cameras in order to capture data with three degrees of freedom. Here, the system is drastically reduced in comparison because the tracking area is relatively small, and portability, cost,
and ease of use are top priorities. Nevertheless, it does provide
very reliable tracking, including excellent depth resolution for
three-dimensional tracking. Without additional cameras, spherical markers (which appear to be the same size from any angle at
a given distance) are required in order to use IR blob size as an
indicator of depth.
Rather than virtual doorways, pre-defined mappings are chosen based on which of the four fingertips enters a particular side
of the tracking area first. A similar strategy was used effectively
for an instrument described in [9]. As before, relative data between points can be used to modulate parameters of processing
applied to the audio grains as they are browsed. For instance, by
pinching with the left hand and rotating the wrist, the user can
make specific adjustments to variables like delay time and pitch
shift interval. The shape and size of the polygon defined by the
four fingertips can be used for other layers of control. Considering
the system as an instrument, we can say that its sound producing actions are extremely indirect, happening in relation to virtual
objects that the performer must see to understand. With practice,
strong relationships are formed between visual characteristics of
the virtual elements and the resulting audio output.

4. APPLICATIONS
This section reviews characteristics of three real-time sound exploration/instrument systems. In all cases, a fundamental concern is
the pursuit of methods for translating continuous movement data
into continuous changes in timbre. A second (and somewhat contradictory) function is transformation of this core sound via a layer
of dynamically routed signal processing modules.
4.1. Embodied Timbre Space Navigation
In the context of a timbre space, the skeleton frame data described
in Section 3 can be used in any number of ways. In the simplest case, a subset of the skeleton’s primary points can be used
as three-dimensional browsing/auditioning cursors. This has the
immediate benefit of providing polyphony, making it possible to
reach toward multiple timbre regions at once, and pushes a basic
exploration tool closer to becoming a musical instrument. A fundamental property of digital musical instruments is their ability to
dynamically reassign pre-defined action-sound relationships (i.e.,
mappings), and here, nothing restricts the implementation of several different strategies that can be chosen freely during use.
The current system offers three navigation environments,
which can be chosen by walking through one of three virtual
“doorways” at a specific depth threshold within the physical tracking area. From the extreme rear of the tracking area and facing the
sensor, walking forward to cross the depth threshold at the leftmost
region imposes the simple multi-cursor mapping described above.
The left and right hand are designated as active cursors, while distance between the hands and their individual three-dimensional
delta values (i.e., accelerations) modulate parameters of various
processing modules. Traversed in the other direction, the depth
threshold is used to deactivate the mapping, freeing the user to
cross it again at either the center or rightmost regions.
Mappings in the remaining doorways explore possibilities that
arise when timbre spaces are grafted directly on the shoulders of
the user. That is, rather than spreading audio grains throughout the
entire tracking area, they are compressed to cubes attached to the
users shoulders and auditioned based on the relative offset of the
corresponding arm. Under this approach, a specific arm gesture activates roughly the same sequence of grains regardless of where the
user stands in the tracking area. This means that the user’s overall
position can be used to select different chains of signal processing
for application to the basic granular output. Leaning into specific

Figure 4: IR fingertip tracking for polyphonic timbre space browsing.
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4.3. The Gesturally Extended Piano

crementally with a mix of desired audio fragments. This mapping
relies on the distance between points on each hand, which can be
lengthened or shortened by flexing the wrist forward or back. By
defining a threshold, these motions can be used to trigger live audio capture into the buffer with the left hand, and clearing of the
buffer with the right. The pianist can thus trigger the left hand
before playing into the buffer, which is then scrubbed using the
centroid of all four tracked points. Moving the hands between the
low and high extremes of the keyboard, any particular moment of
the sampled sound can be sustained by virtue of the phase vocoder,
with further processing controlled via other aspects of arm orientation. After building up such a texture incrementally, the buffer
clearing trigger of the right hand provides a means of bringing
dense, sustained sound masses to a sudden and dramatic halt.

The Gesturally Extended Piano (GEP) is an augmented instrument controller that exploits the pianist’s arm movements for timbre space navigation and control over real-time transformation of
the piano’s acoustic sound. Among the most elementary pieces of
movement information in the case of a pianist are the positions and
angles of the forearms in relation to the keyboard. This information can be captured with IR blob tracking by following a minimum of two key points on each arm. As well as allowing different
timbre spaces to be grafted onto the specified region of interest for
polyphonic browsing with the four reflective markers as cursors,
augmenting the piano with motion tracking enables intuitive control over sound characteristics that are usually inaccessible when
playing the piano, such as continuous changes in pitch and volume.

5. CONCLUSION
Both timbreID and DILib have been released under the GNU GPL
as open source projects with the intention of further encouraging
embodied approaches to digital exploration of sound relative to
timbre. Though designed for native use in Pd, information generated by these libraries can be routed to any multimedia programming environment. Of the specific applications reviewed in Section 4, only the GEP has been used in live performance. After a
period of experimentation, use, and refinement, software for these
projects will be made available as open source tools for interested
artists and performers.
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Space does not permit a detailed explanation of the mappings
currently in use; however, one of the more intriguing options involves phase-vocoded scrubbing of a short audio buffer filled in-

[3] J. Bullock, “Libxtract: A lightweight library for audio feature
extraction,” in Proceedings of the International Computer Music Conference, 2007.
[4] N. Collins, “SCMIR: A SuperCollider music information retrieval library,” in Proceedings of the 2011 International Computer Music Conference, 2011, pp. 499–502.
[5] M. Puckette, “Pure data: Another integrated computer music
environment,” in The 2nd InterCollege Computer Music Concerts, 1996, pp. 37–41.
[6] Author, “A timbre analysis and classification toolkit for pure
data,” in Proceedings of the International Computer Music
Conference, 2010, pp. 224–229.
[7] ——, “DILib: Control data parsing for digital musical instrument design,” in Proceedings of the 4th International Pure
Data Convention, 2011, pp. 176–180.
[8] M. Danks, “Real-time image and video processing in GEM,”
in Proceedings of the 1997 International Computer Music
Conference, 1997, pp. 220–223.
[9] J. Oliver, “The MANO controller: A video based hand tracking system,” in Proceedings of the 2010 International Computer Music Conference, 2010.
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ABSTRACT
In the Egyptian Oracle, we project a simulation of an ancient
temple
onto
a
large
projection
screen.
(See
http://publicvr.org/egypt/oracle/shortvid.html.) We create the
illusion of a contiguous space by matching the scale of virtual
and physical objects. In the live performance, actors in front of
the screen interact with human-operated avatar actors in the
virtual space. As with any dramatic production, music, sound,
and dialogue are a large part of the experience. Our goal is to
create a unified aural space that extends from the physical
through the virtual to encompass the entire performance. We
use commodity electronics to produce an elegant affordable
solution, which produces an impressive dramatic effect. We
also confront fundamental issues typical of performances of this
type, pointing the way to more advanced auditory solutions for
interactive mixed reality spaces. This project was funded by the
National Endowment for the Humanities, and the code is free to
the public as open source.

1.

PublicVR,
333 Lamartine St., Jamaica Plain, MA 02130
For greater aural continuity, the voice of the puppeteer, the live
actress, and the currently selected audience member, are each
channeled through a separate microphone to make all the voices
part of the same auditory space. A live operator mixes the
sounds, providing pleasing artistic balance and preventing
problems such as feedback
We implemented the virtual environment and animations
with the Unity game engine (http://unity3d.com) as an
application that can run on a standard Windows® laptop. The
software then introduces reverb with the aid of a 32-bit sound
effects processor. It provides a wide range of effects such as
echo, chorus, and double slap. The amplifier output can be
increased from 80 watts through 2 channels to 130 watts
through a 5-channel surround system. A powered amplifier
along with a separate low-frequency line out gives us more bass
control. A mixer gives a human sound-system operator more
control over sound and eliminates floor noise.

INTRODUCTION

The Egyptian Oracle performance is a live reenactment of an
authentic public ceremony from Ancient Egypt’s Late Period.
We project our Virtual Egyptian Temple on the wall at life
scale, extending the physical theater into virtual space, as
shown in Figures 1 and 2. The temple is a true threedimensional space, which the audience navigates during scene
changes. The central actor depicted in Figure 1 is a high priest
(right), an avatar controlled by a live human puppeteer. The
sacred boat (center) is another puppet, the oracle, which reveals
the will of the temple god in the drama. Audience members
represent the Egyptian populace acting out brief roles in the
drama. By moving the boat, the Oracle has selected the woman
on the left for a great honor. In other scenes, the priest interacts
directly with audience members and a costumed live actress.
This experience is very difficult to understand from
description alone. We highly recommend the video posted at
http://publicvr.org/html/pro_oracle.html.
In the temple, ambient music sets the mood for each space,
while moments of dramatic music and sound effects highlight
the action, which the movie industry calls a “stinger.” We
create a sense of space with simple effects such as echo and
reverb., which is adjusted depending on the current “location”
in the space. For example, changes in reverb would
immediately allow the audience to discern the transition from a
big space to a small one or from an open space to a closed one.
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Figure 1: Live people and avatars interact.
The resulting system provides a basic spatialization and is
simple, portable, affordable, and effective. This work is a first
step toward more advanced sound spatialization systems (e.g.,
http://www.vrsonic.com). The overall project was funded by
the National Endowment for the Humanities, and Ajayan
Nambiar produced the audio design for his Master’s thesis
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(Nambiar, 2011). The open source is available at the project
website, http://publicvr.org/html/pro_oracle.html, and can be
adapted to a wide variety of dramatic productions.
Several previous dramatic productions have used a
sophisticated avatar/puppet for direct viewing by an audience.
Ryu (2005) and her digital puppet performed a shamanistic
drama for a live audience. Andreadis and his colleagues (2010)
created a live performance by avatars/puppets in a virtual
Pompeii, which was projected onto a large screen for a live
audience. Anstey et al (2009) staged a number of dramas with a
mixture of virtual and live actors. As with a traditional play, the
audience is “along for the ride.” The Oracle is unusual in its
attention to spatialized audio, as we describe here.

2.

VIRTUAL AUDIO SPACE

The virtual audio space is created in order to extend the
imagination of the user beyond the boundaries of the physical
space and create a controlled, realistic, and predictable aural
environment (Figure 2). Our goal is to make the theater or
classroom sound like an Egyptian temple, despite differences in
venue. We are pursuing a basic, simple strategy first as we
develop our approach.

the live sound-system operator can manually eliminate any
interference. The mixer output goes to the amplifier to create
the surround effect for the desired space.
Special sound effects help to further solidify the realism of
the auditory space. Some of the effects are reverberations,
echoes, Doppler effects, delays, panning, fade, and localizations.
Sound effects can also help compensate for the shortcomings of
the performance space. Manual control of sound effects is
available in case the automatic effects fall short.
Stereo sounds lend themselves well to music but fall short
when trying to simulate an environment because we perceive
environments as three-dimensional, not just as left and right.
We use surround sound (five speakers arrayed around the room),
which helps the audience to perceive elements not actively
displayed on the screen. Localization of sounds is much easier
to emulate with surround sound, and our next step will be to
add sound sources above and below the audience.
All of the electronic equipment for the show can be packed
into the luggage shown in Figure 3. It includes a laptop
computer, an Xbox 360 game controller and audio/mike headset
for the puppeteer, a stereo amplifier, a mixer, two mobile
microphones with their base station, 5 speakers with tripod
stands, a short-throw projector, and cabling. The luggage also
has room for physical props, the costume for the actress, and
printed handouts. All of this is detailed in Nambiar (2011).
Figure 3: All the equipment needed for an Oracle show.

3.

Figure 2: The unified visual and aural space, overhead view.1
The final audio consists of multiple layers starting from the
ambient track produced within Unity3d. The next layer contains
effects for realism and input from the audience. To preserve the
continuity in space, the actor, puppeteer, and audience members
are all provided with microphones to maintain a level field of
sound. All the sounds are channeled through the mixer where
1

The image of the boat was taken from the Epigraphic Survey
of Medinet Habu (1930-1940, Oriental Institute of Chicago) by
the authors of http://ecuip.lib.uchicago.edu/diglib/social/ and
copied into our diagram here.

SONIC STRUCTURING

The goal of the Egyptian Oracle project is to provide realistic
experience using a virtual space, and this paper describes the
sonic/auditory dimension of that effort.
3.1. Sound Unification
The performance has multiple sources of sound input: (1) the
voice of the puppeteer, (2) the voice of the live actress, (3) the
voice of an audience volunteers playing small roles, (4) ambient
music in the virtual temple, and (5) sound effects used to
punctuate important moments in the action(stingers).
The sound inputs are fed to a high quality mixer, which
requires a live operator, who balances the sounds for an
artistically good effect. This is necessary because of the
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unpredictability of the actors’ voices and locations. For
example, the volume of the speaker’s voice changes, and the
distance of the microphone from the actor and from the speaker
varies. Also, the microphone input from the actor and puppeteer
may have low-level audio hum present in the signal due to
electrostatic or magnetic interference, which creates a noise
floor. The noise is suppressed using the high impedance input
of the mixer, producing a clean final output. Most importantly,
if the actor's microphone is held at close proximity to the
speaker, it results in an infinite input and output loop, which
produces a high frequency sound through the speakers. The
operator at the mixer can immediately drop the volume or mute
the source to avert the issue. Malfunction of a device during a
performance can lead to similar problems. There is no
satisfactory way to automate the sound mixing, but we find the
task straightforward and an opportunity for artistic judgment.
3.2. Sound Effects
The Egyptian Oracle software is built on the Unity3d game
engine. Unity employs the FMOD sound engine
(http://www.fmod.org/), capable of a variety of audio tasks. The
Oracle incorporates triggers to handle these tasks with audio
feedback. Unity’s FMOD plugin can be used to regulate sound
effects such as reverberations, echoes, delays, panning, fade-in,
and fade-out. Since the ambient tracks are played from within
the Oracle software, overlaying the desired effect helps set the
conceptual space of the room in the mind of the audience. This
also reduces work for the sound operator.
Finally, the sound operator can introduce variations
manually by using the 32-bit effects on the mixer. The effects
can apply to all sources collectively or to an individual sound
channel at the discretion of the operator. For example, the
actor's voice can be made to sound more emphatic, or the
priest/puppeteer’s voice deeper and more authoritative.
3.3. Spatialization
The Oracle software uses the game engine Unity, the sound
library FMOD, and the sound system described to create a
sense of space to help the audience feel as if they are inside the
temple. To achieve true surround sound, the laptop being used
must have an HDMI out or an optical out (SPDIF) port. The
panoramic sound system allows us to localize sound sources
within the soundscape. For example, the voice of the puppeteer
appears to come from the side of the stage where the priest
avatar is standing.
In this way, we employ spatialization to surround and
enclose the audience, actor, and puppeteer within a single
conceptual space, the Virtual Egyptian Temple. It blurs the line
between the virtual and real worlds, including the audience
within the performance.
4.

MUSIC COMPOSITION

The pre-produced audio in the Oracle presentation consists of
an ambient introduction, an ambient loop played in the
background throughout the performance, and 14 tracks of
“stingers” (short musical pieces to complement an action) and
“traveling music” (music playing while the “camera” moves
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throughout the virtual space). Jon Hawkins wrote and produced
the music and special effects in Logic Pro. See
http://www.hawkinssounds.com and
http://www.apple.com/logicpro/.
The ambient tracks consist of almost-static synthesizer
drones and sounds, small chirps of birds, and slight wind (when
the location is outside the temple). The deep synth drones
provide a relaxing backtrack throughout the performance and
reinforce the illusion of aural space in the virtual model. The
“stingers” provide dramatic effect during actions at key
moments in the drama. The “traveling music” provides a
pleasant aural experience while the camera travels from one
part of the temple to another during scene changes. The music
tracks are designed to fit over the ambient backtracks or work
as independent pieces as needed. They are also timed so that
when they are triggered by an action in virtual space (i.e., the
boat choosing an audience member), the stingers are
synchronized with the animations.
Nobody knows what Egyptian music really sounded liked,
because Egyptians had no musical notation. Many
interpretations are possible, based on their surviving musical
instruments and ethnographic evidence. Coptic Christian liturgy,
for example, has elements that were bound to have come from
Pharonic times. For this composition, however, we experiment
with Hellenic elements and style because the Greeks, and later
Rome, ruled Egypt for much of its Late Period, the setting for
this drama.
When we secure the funding, we will record live
performances of reconstructed ancient instruments. For now,
we are using electronic simulations consisting of samples, filter
effects, EQ, and harmonic manipulators to imitate the sounds of
popular ancient instruments: the kithara (an ancient harp/lyre),
pan flute (a wooden multi-chambered flute), and a variety of
percussive instruments (drums, bells, finger cymbals, and
shakers).
We developed the sounds by feel, using our artistic
judgment. We tested and refined it in a variety the venues of
different sizes and acoustic properties, and find that it works
well. The next step will be to use more advanced software to
simulate the acoustic properties of the virtual temple as they
might have been in real life.
5.

APPLICATIONS

The Egyptian Oracle performance has a dual purpose – to
demonstrate the potential of mixed reality theater and to
educate the public on a key aspect of ancient Egyptian culture
that the public is not likely to have seen elsewhere. Religious
performance and ritual permeated ancient Egyptian culture, and
it is related to much of the ceremony in the Abrahamic religions
(Judaism, Christianity, and Islam). The current version of the
Egyptian Oracle performance was originally designed for
children 10 to13 years old and for family audiences, but it has
been well received by adult audiences as well. The performance
is currently well suited to special showings at community
theaters, K-12 schools, and science museums. As we develop it
further, we will add depth to the narrative and refine the
artwork. Our goal is to distribute the Egyptian Oracle to
museums in the humanities in the form of a documentary film
and online as a distributed virtual world. The spatialized audio
described in this paper is a first step to harnessing higher
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fidelity audio displays, primarily for audiences in museums and
large dome (planetarium) venues. Obviously, the technology
and approach could be used for educational theater on a wide
range of topics.
6.

CONCLUSION

The Egyptian Oracle sound spatialization project began with a
purely software-based solution in mind. But performances at
different venues revealed that a purely software-based solution
was incapable of handling all the demands of live sound. In
response, we devised a hardware solution based on a live sound
system operator working with the mixer. While a live operator
working alone can exercise more judgment and far greater
flexibility than any automated system, the cost is greater than
that of a turnkey solution. In the end, our solution provides a
real and elevated sound experience for an excellent visual
depiction of the Egyptian Oracle.
7.
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8.

FINAL NOTE ON ICAD 2012

This short paper will be presented during the poster session at
the International Conference on Auditory Display in Atlanta,
June, 2012. We will demonstrate the software and a stereo
version of the sound (using headphones) for passersby. In the
future, we would like to stage the full performance, but that is
not possible at this time.
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VSHFWUDO FKDUDFWHULVWLFV RI WUHPRU FRXOG EH PDGH DXGLEOH WR WKH QHX
URORJLVW ZKLOH LQWHUDFWLQJ ZLWK WKH SDWLHQW $V VRQLfiFDWLRQ FRXOG
SURYLGH DQ DGGLWLRQDO PRGDOLW\ WR SHUFHSWLRQ LW ZRXOG DOORZ IRU D
KROLVWLF DQDO\VLV RI WKH REVHUYHG WUHPRU DYRLGLQJ WKH PDMRU GUDZ
EDFNV RI H[SRVW DQDO\VLV PHWKRGV

ABSTRACT
,Q WKLV SDSHU ZH LQWURGXFH QHZ PHWKRGV IRU UHDOWLPH DFRXVWL
FDO WUHPRU GLDJQRVLV :H RXWOLQH WKH SUREOHPV RI WUHPRU GLDJQRVLV
LQ WKH FOLQLFDO FRQWH[W DQG GLVFXVV KRZ VRQLfiFDWLRQ FDQ FRPSOH
PHQW DQG H[SDQG WKH H[LVWLQJ WRROV QHXURORJLVWV KDYH DW WKHLU GLV
SRVDO %DVHG RQ WKUHH SUHOLPLQDU\ VRQLfiFDWLRQ H[SHULPHQWV XSRQ
UHFRUGHG WUHPRU PRYHPHQW GDWD ZH VKRZ KRZ WHPSRUDO DV ZHOO DV
VSHFWUDO FKDUDFWHULVWLFV RI WUHPRU FDQ EH PDGH DXGLEOH LQ UHDOWLPH
2XU fiUVW REVHUYDWLRQV LQGLFDWH WKDW GLIIHUHQFHV DPRQJ WUHPRU
W\SHV FDQ EH PDGH UHFRJQL]DEOH YLD VRQLfiFDWLRQ 7KHUHIRUH ZH
VXJJHVW WKDW WKH SURSRVHG PHWKRGV FRXOG DOORZ IRU WKH IRUPXODWLRQ
RI PRUH FRQfiGHQW GLDJQRVHV $W WKH HQG RI WKH SDSHU ZH ZLOO DOVR
VKRUWO\ RXWOLQH WKH FHQWUDO WRSLFV RI IXWXUH UHVHDUFK

2. AUDITORY DISPLAY FOR MOVEMENT DATA
6RQLfiFDWLRQ RI PRYHPHQW GDWD LQ WKH PHGLFDO FRQWH[W LV EHLQJ HP
SOR\HG LQ GLIIHUHQW DUHDV DQG LQ FRQMXQFWLRQ ZLWK YDULRXV PRWLRQ
FDSWXULQJ WHFKQRORJLHV )RU H[DPSOH LQ YLUWXDO UHKDELOLWDWLRQ >@
VRQLfiFDWLRQ SURYLGHV REMHFWLYH UHDOWLPH LQIRUPDWLRQ IRU DQDO\VLV
,Q SK\VLRWKHUDS\ VRQLfiFDWLRQ KDV EHHQ XVHG WR RIIHU FOHDU IHHG
EDFN IRU WKHUDSLVWV DQG SDWLHQWV GXULQJ UHKDELOLWDWLRQ H[HUFLVHV HJ
ZLWK WKH VRQLfiFDWLRQ RI (0* (OHFWURP\RJUSK\ GDWD >@ )XUWKHU
WKH DXGLWRU\ FKDQQHO FDQ EH HPSOR\HG WR DXJPHQW WKH SHUFHSWLRQ
DQG SURSULRFHSWLRQ RI WKH VXEMHFWV WR KHLJKWHQ WKHLU PRWLYDWLRQ >@
)URP D PRUH JHQHUDO SHUVSHFWLYH DXGLWRU\ GDWD GLVSOD\V DOVR JDLQ
LQFUHDVLQJ LQWHUHVW LQ PXOWLPRGDO ELRPHGLFDO GDWD UHSUHVHQWDWLRQ
>@ FDXVHG E\ WKH JURZLQJ QXPEHU RI VLPXOWDQHRXV GDWD VWUHDPV
WKDW KDYH WR EH SHUFHLYHG DQG DQDO\]HG +RZHYHU WKH VRQLfiFDWLRQ
RI WUHPRU PRYHPHQWV DV D GLDJQRVWLF WRRO LV D QRYHO UHVHDUFK WRSLF
WKDW KDV QRW EHHQ DGGUHVVHG XQWLO QRZ
7KH VRQLfiFDWLRQ VWXGLHV ZH SUHVHQW KHUH FRQFHQWUDWH RQ WUHPRU
LQ 3DUNLQVRQ¶V GLVHDVH HVVHQWLDO WUHPRU DQG SV\FKRJHQLF WUHPRU
)URP D PHGLFDO SRLQW RI YLHZ WKHVH DUH FOLQLFDOO\ VRPHWLPHV GLI
fiFXOW WR GLVWLQJXLVK DQG WKHUHIRUH D FOHDU GLVFULPLQDWLRQ E\ PHDQV
RI DFRXVWLFDO WUHPRU DQDO\VLV ZRXOG EH RI JUHDW LPSRUWDQFH
6LQFH VRQLfiFDWLRQ ZLOO VHUYH DV D WRRO IRU QHXURORJLVWV QRW
VRXQG VSHFLDOLVWV RXU SULQFLSDO DLP LV WR PDNH GLIIHUHQFHV EHWZHHQ
WUHPRU W\SHV SHUFHLYDEOH DV FOHDU DV SRVVLEOH 7R DYRLG DXGLWRU\
LQIRUPDWLRQ RYHUORDG ZH WU\ WR ORZHU WKH FRPSOH[LW\ RI WKH VRQL
fiFDWLRQ E\ DVVRFLDWLQJ RQO\ WKH PRVW VLJQLfiFDQW DQG ZHOOGHfiQHG
TXDOLWLHV RI WKH GDWD ZLWK GLVWLQFW VRXQG DWWULEXWHV $W WKH VDPH
WLPH ZH WU\ QRW WR RYHUVLPSOLI\ EXW WR SUHVHUYH DOO UHOHYDQW LQIRU
PDWLRQ SUHVHQW LQ WKH GDWD
7KH SUHOLPLQDU\ H[SHULPHQWV SUHVHQWHG LQ WKLV SDSHU KDYH EHHQ
FDUULHG RXW RQ SUHODEHOHG WUHPRU GDWD WKDW KDV EHHQ FDSWXUHG E\
RQH RI WKH DXWKRUV GXULQJ SUHYLRXV FOLQLFDO VWXGLHV 7R HYDOX
DWH WKH TXDOLW\ RI WKH SURSRVHG VRQLfiFDWLRQ PHWKRGV DV GLDJQRV
WLF WRROV D SURVSHFWLYH FOLQLFDO VWXG\ ZLWK PXOWLSOH QHXURORJLVWV
ZKR KDYH EHHQ WUDLQHG ZLWK WKH VRQLfiFDWLRQ V\VWHP ZLOO EH FDU
ULHG RXW DW WKH 0HGLFDO 8QLYHUVLW\ RI *UD] LQ 2012 7KH QHXURO
RJLVWV ZLOO EH DVNHG WR FODVVLI\ 30 GLIIHUHQW WUHPRU SDWLHQWV ZLWK
NQRZQ GLVHDVHV DSSUR[ 10 SHU WUHPRU IRUP  EDVLQJ WKHLU GLDJ
QRVHV VROHO\ RQ DXGLR fiOHV UHSUHVHQWLQJ VRQLfiFDWLRQV RI UHFRUGHG

1. INTRODUCTION
7UHPRU LV WKH PRVW FRPPRQ PRYHPHQW GLVRUGHU ,W LV GHfiQHG DV D
UK\WKPLF DQG LQYROXQWDU\ RVFLOODWLRQ RI D ERG\ SDUW FDXVHG E\ UH
FLSURFDO QHUYRXV LQQHUYDWLRQV RI PXVFOHV >@ 7KH ZLGH VSHFWUXP
RI WUHPRU IRUPV LV VXPPDUL]HG LQ WKH 1998 FRQVHQVXV VWDWHPHQW
RI WKH 0RYHPHQW 'LVRUGHU 6RFLHW\ >@ ZKHUHDV WKH PRVW FRP
PRQ IRUPV LQFOXGH WKH HVVHQWLDO WUHPRU SDUNLQVRQLDQ WUHPRU G\V
WRQLF WUHPRU DQG SV\FKRJHQLF WUHPRU ,W LV ZHOO NQRZQ WKDW HDFK
GLIIHUHQW WUHPRU IRUP FDQ EH WKH V\PSWRP RI D VSHFLfiF GLVHDVH
>@ 7KHUHIRUH UHOLDEOH FODVVLfiFDWLRQ DQG TXDQWLfiFDWLRQ RI GLIIHU
HQW WUHPRU W\SHV LV RI VWURQJ FOLQLFDO LQWHUHVW $ FRUUHFW WUHPRU
GLDJQRVLV HDUO\ LQ D GLVHDVHV FRXUVH LV FUXFLDO LQ RUGHU WR SURYLGH
DGHTXDWH WUHDWPHQW DQG PHGLFDWLRQ IRU WKH SDWLHQW
,Q PDQ\ FDVHV D FRQfiGHQW FOLQLFDO GLDJQRVLV PDLQO\ EDVHG
RQ WKH YLVXDO DQDO\VLV RI D WUHPRU E\ QHXURORJLVWV H[SHULHQFHG LQ
PRYHPHQW GLVRUGHUV LV SRVVLEOH 1HYHUWKHOHVV WKHVH QHXURORJLVWV
KDYH WR EH KLJKO\ VSHFLDOL]HG LQ WKLV IRUP RI GLDJQRVLV DQG LQ VRPH
VLWXDWLRQV XQFHUWDLQW\ UHPDLQV 7KHUHIRUH IXUWKHU LQYHVWLJDWLRQV
EDVHG RQ VWUXFWXUDO DQG IXQFWLRQDO LPDJLQJ YLGHR DQDO\VLV DF
FHOHURPHWU\ DQG RWKHU HOHFWURSK\VLRORJLFDO LQYHVWLJDWLRQV FDQ EH
QHFHVVDU\ $OWKRXJK VXFK PHWKRGV RIIHU LPSRUWDQW DGGLWLRQDO LQ
IRUPDWLRQ IRU D fiQDO GLDJQRVLV WKH H[SRVW DQDO\VLV DQG LQWHUSUHWD
WLRQ RI UHFRUGHG GDWD LV W\SLFDOO\ YHU\ WLPHFRQVXPLQJ DQG KDUG WR
LPSOHPHQW LQ WKH GDLO\ URXWLQH RI FOLQLFDO H[DPLQDWLRQV %HVLGHV
WKHVH PHWKRGV GR QRW VXSSRUW WKH QHXURORJLVW GXULQJ WKH SHUVRQDO
FRQWDFW ZLWK WKH SDWLHQW
7KH VRQLfiFDWLRQ H[SHULPHQWV SUHVHQWHG LQ WKLV SDSHU DLP DW H[
WHQGLQJ HVWDEOLVKHG WUHPRU DQDO\VLV PHWKRGV E\ DQ DFRXVWLFDO LQ
WHUIDFH IRU WUHPRU GLDJQRVLV %DVHG RQ UHDO WLPH VRQLfiFDWLRQ RI
DFFHOHUDWLRQ GDWD GHWDLOHG LQIRUPDWLRQ RQ WKH WHPSRUDO DV ZHOO DV
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WUHPRU GDWD $OWKRXJK VXFK DQ ³DXGLR RQO\´ UHVWULFWLRQ GRHV QRW
UHflHFW D UHDOZRUOG VLWXDWLRQ LW DOORZV WR DVVHV WKH TXDOLW\ RI WKH
SURSRVHG PHWKRG ZKHQ FRPSDUHG WR WKH HVWDEOLVKHG VWDQGDUG RI
FOLQLFDO WUHPRU GLDJQRVLV

ZKHUH WKH DPSOLWXGHV ax  ay DQG az FDQ EH FRQWUROOHG VHSDUDWHO\
DOORZLQJ WR LVRODWH VLQJOH DFFHOHUDWLRQ D[HV RU SODQHV IRU WKH VRQL
fiFDWLRQ WKH VTXDUHG VXP RI WKHVH ZHLJKWLQJ SDUDPHWHUV LV QRUPDO
L]HG WR RQH
7KRXJK TXLWH EDVLF WKLV DSSURDFK DOORZV XV WR UDSLGO\ H[SORUH
WKH GDWD DQG JHW D JOLPSVH RI KRZ WKH GLIIHUHQW WUHPRU W\SROR
JLHV FDQ EH FKDUDFWHUL]HG ,Q SDUWLFXODU D fiUVW GLVWLQFWLRQ EHWZHHQ
WUHPRU W\SHV FDQ EH EDVHG RQ WKHLU WHPSRUDO FKDUDFWHULVWLFV :KLOH
WKH SDUNLQVRQLDQ WUHPRU VKRZV D UHJXODU SXOVDWLRQ WKDW FDQ UHPDLQ
VWHDG\ IRU ORQJ WLPH LQWHUYDOV  ∼  VHFRQGV  WKHUH VHHPV WR
EH QR UHJXODULW\ RI DQ\ NLQG LQ PRVW HVVHQWLDO WUHPRU FDVHV DV WKH
VLQH LV PRGXODWHG E\ D TXLWH QRLV\ VLJQDO ,Q SV\FKRJHQLF WUHPRU
SXOVHV DSSHDU IRU VKRUW WLPH LQWHUYDOV EXW WKH EHDWV GR QRW SUHVHQW
D VWHDG\ UHSHWLWLRQ UDWH WKH\ VHHP WR IDOWHU JHQHUDWLQJ KHVLWDWLQJ
UK\WKPV

3. SONIFICATIONS
,Q WKH IROORZLQJ VHFWLRQV ZH GHVFULEH WKH WKUHH VRQLfiFDWLRQ H[SHU
LPHQWV FDUULHG RXW RQ WKH GDWD VHW ZH KDYH DW RXU GLVSRVDO $W WKH
HQG RI HDFK VHFWLRQ ZH EULHfl\ RXWOLQH KRZ WKH GLIIHUHQW WUHPRU
IRUPV FRXOG EH GLVWLQJXLVKHG E\ WKH UHVSHFWLYH VRQLfiFDWLRQ DS
SURDFK
7KH DFFHOHUDWLRQ GDWD ZH ZRUN ZLWK KDV EHHQ FDSWXUHG ZLWK D
VDPSOLQJ UDWH RI fs = 1 kHz XVLQJ D D[HV DFFHOHURPHWHU WDSHG
WR WKH EDFNVLGH RI WKH SUR[LPDO SKDODQ[ RI WKH LQGH[ fiQJHU RI D SD
WLHQW¶V KDQG $V WKH W\SLFDO IUHTXHQF\ UDQJH RI SDWKRORJLFDO WUHPRU
OLHV DSSUR[LPDWHO\ EHWZHHQ 3 DQG 15 +] ZH DSSO\ D '& UHPRYDO
fiOWHU DQG D ORZ SDVV fiOWHU ZLWK D FXWRII IUHTXHQF\ RI fcL = 70 Hz
WR WKH DFFHOHUDWLRQ VLJQDOV DQG XSVDPSOH WKH GDWD WR 44.1 kHz
:KHQ WKH V\VWHP ZLOO ODWHU EH LQWHJUDWHG DV UHDOWLPH GLDJQRVWLF
WRRO WKH GDWD ZLOO EH FDSWXUHG XVLQJ WKH VDPH VHQVRU EXW DOUHDG\ DW
DXGLR UDWH 7KHUHIRUH UHDOWLPH FDSDELOLW\ RI WKH GHVLJQHG V\VWHP
KDV DOUHDG\ EHHQ D FUXFLDO UHTXLUHPHQW IRU RXU SUHOLPLQDU\ VWXGLHV

3.2. Spectral Features
$V DPSOLWXGH DQG IUHTXHQF\ RI D WUHPRU DUH WZR YHU\ LPSRUWDQW SD
UDPHWHUV IRU WKH GHWHFWLRQ DQG TXDQWLfiFDWLRQ RI WUHPRU W\SHV VSHF
WUDO DQDO\VLV RI UHFRUGHG DFFHOHURPHWU\ DQG (0* GDWD KDV EHHQ
XVHG ZLGHO\ E\ QHXURORJLVWV > @ 7\SLFDOO\ D VSHFWUDO UHSUHVHQ
WDWLRQ RI WKH LQYHVWLJDWHG WUHPRU VLJQDO HJ WKH SRZHU VSHFWUXP
LV FRPSXWHG EDVHG RQ WKH )RXULHU WUDQVIRUP IROORZHG E\ WKH H[
WUDFWLRQ RI VSHFLfiF VSHFWUDO GHVFULSWRUV 6LQFH PDQ\ QHXURORJLVWV
DUH IDPLOLDU ZLWK WKHVH GHVFULSWRUV ZH ZDQW WR PDNH WKHP DXGLEOH
LQ D UHDOWLPH VRQLfiFDWLRQ
7KH PRVW FRPPRQO\ XVHG SDUDPHWHUV LQ WKH FRQWH[W RI KX
PDQ WUHPRU DQDO\VLV DUH WKH SHDN WUHPRU IUHTXHQF\ WKH WRWDO SRZHU
RI WKH VSHFWUXP EHWZHHQ 1 DQG 30 Hz DQG WKH KDOIZLGWK SRZHU
ZKHUH WKH KDOIZLGWK LV GHfiQHG DV WKH IUHTXHQF\ LQWHUYDO EHWZHHQ
WKH WZR YDOXHV OHIW DQG ULJKW WR WKH PDLQ SHDN DW ZKLFK WKH VSHFWUDO
SRZHU GHQVLW\ LV KDOI RI WKH SHDNV¶ SRZHU VHH )LJXUH   ,W LV LP
SRUWDQW WR QRWH WKDW IRU FOLQLFDO H[SRVW DQDO\VLV WKHVH IHDWXUHV DUH
W\SLFDOO\ FRPSXWHG RYHU UHODWLYHO\ ORQJ REVHUYDWLRQ SHULRGV HJ
30 VHFRQGV  ZKLFK SUDFWLFDOO\ HOLPLQDWHV DQ\ WHPSRUDO LQIRUPD
WLRQ LQVLGH WKH VLJQDO
:KHQ DQDO\]LQJ WKH SRZHU VSHFWUD RI GLIIHUHQW WUHPRU IRUPV
ZH FDQ EDVLFDOO\ GLVWLQJXLVK WKUHH GLIIHUHQW VFHQDULRV VHH )LJXUH
  D QHDUO\ KDUPRQLF VSHFWUXP PRVWO\ LQ WKH 3DUNLQVRQ¶V GLV
HDVH WRS  QR QDUURZ RU FOHDU SHDNV EXW D EURDGHU UHJLRQ LQ WKH
ORZHU SDUW RI WKH VSHFWUXP UHFXUUHQW LQ WKH HVVHQWLDO WUHPRU PLG
GOH  RQO\ RQH SURPLQHQW SHDN IUHTXHQW LQ WKH SV\FKRJHQLF WUHPRU
ERWWRP  7R SDUDPHWUL]H WKH VRQLfiFDWLRQ DOJRULWKP ZH WKHUHIRUH
GHFLGHG WR XVH IHDWXUHV VLPLODU WR WKRVH GHSLFWHG LQ )LJXUH  :H
H[WUDFW WKH FHQWUDO IUHTXHQF\ RI WKH PDLQ SHDN LI SUHVHQW  LWV KDOI
ZLGWK SRZHU DQG ZH GHWHFW WKH SUHVHQFH RI VLGH SHDNV RU KDUPRQ
LFV
$V WKH UHOHYDQW WUHPRU IUHTXHQFLHV OLH LQ D YHU\ ORZ DQG QDU
URZ SDUW RI WKH VSHFWUXP ZH KDYH WR SHUIRUP WKH UHDOWLPH VSHFWUDO
DQDO\VLV LQVLGH VOLGLQJ ZLQGRZV RI DW OHDVW RQH VHFRQG LQ RUGHU WR
DFKLHYH WKH QHFHVVDU\ IUHTXHQF\ UHVROXWLRQ 7KDW ZD\ WKH WHP
SRUDO VWUXFWXUH RI WKH VLJQDO LV SUHVHUYHG EXW LWV OHYHO RI GHWDLO LV
OLPLWHG WR WKH VHOHFWHG ZLQGRZ OHQJWK
,Q WKH VRQLfiFDWLRQ ZKHUH HDFK D[LV FDQ EH VRQLfiHG LQGLYLGX
DOO\ ZH XVH D .DUSOXV6WURQJ >@ DOJRULWKP 7KH H[FLWDWLRQ VLJQDO
RI WKH DOJRULWKP LV SLQN QRLVH DQG WKH EDVH IUHTXHQF\ LV SURSRU
WLRQDO WR WKH FHQWUDO IUHTXHQF\ RI WKH PDLQ SHDN 7KH ORFDWLRQ RI
WKH PDLQ SHDN LV GHWHUPLQHG E\ SDUDEROLF LQWHUSRODWLRQ EHWZHHQ
QHLJKERXULQJ ELQV WKLV ZD\ ³MXPSV´ RI WKH EDVH IUHTXHQF\ DUH
DYRLGHG ZKHQ WKH WKH PDLQ SHDN RI WZR FRQVHFXWLYH IUDPHV UHVLGHV

3.1. Frequency-Shifted Audification
,Q RXU fiUVW DSSURDFK ZH DLP DW WUDQVODWLQJ WKH DFFHOHUDWLRQ GDWD
LQWR VRXQG LQ D VLPSOH DQG GLUHFW ZD\ LH ZLWKRXW DQ\ VRSKLVWL
FDWHG SUHSURFHVVLQJ $V WKH VLJQDOV ZH DUH FRQIURQWHG ZLWK H[
KLELW IUHTXHQFLHV PRVWO\ EHORZ WKH DXGLEOH UDQJH DQG RXU V\VWHP
KDV WR EH UHDOWLPH FDSDEOH GLUHFW GDWD DXGLfiFDWLRQ HJ WUDQVSR
VLWLRQ YLD VDPSOH UDWH FRQYHUVLRQ LV QRW D YLDEOH RSWLRQ +RZHYHU
DV WKH HDU LV YHU\ VHQVLWLYH WR FKDQJHV LQ DPSOLWXGH DQG IUHTXHQF\
UDQJLQJ IURP ORXGQHVV flXFWXDWLRQV WR GLIIHUHQW IRUPV RI URXJKQHVV
WKH WUHPRU VLJQDOV WXUQHG RXW WR EH HVSHFLDOO\ ZHOOVXLWHG WR VHUYH
DV PRGXODWRUV RI fi[HG IUHTXHQF\ FDUULHUV 7R KLJKOLJKW WKH UK\WK
PLF VWUXFWXUH RI WKH REVHUYHG WUHPRU VLJQDOV ZH DSSO\ VLPXOWDQH
RXV DPSOLWXGH $0 DQG IUHTXHQF\ PRGXODWLRQ )0 WR WKH FDU
ULHU VLJQDOV 6LQFH PD[LPD LQ IUHTXHQF\ FRLQFLGH ZLWK PD[LPD LQ
DPSOLWXGH RI WKH UHVXOWLQJ PRGXODWHG VLJQDO UK\WKPLF RU G\QDPLF
FKDQJHV RI WKH WUHPRU EHFRPH FOHDUO\ DXGLEOH
7KH IROORZLQJ IRUPXOD GHVFULEHV WKLV VRQLfiFDWLRQ DSSURDFK IRU
RQH D[LV
xson (n) = x̂(n) sin (2πn(fx + kx(n)) )



ZKHUH x̂(n) UHSUHVHQWV WKH KDOIZDYH UHFWLfiHG DFFHOHUDWLRQ VLJQDO
x(n) DORQJ WKH xD[LV WR DYRLG D GRXEOLQJ RI WKH SHUFHLYHG PRG
XODWLRQ IUHTXHQF\ LQ UHODWLRQ WR WKH REVHUYHG WUHPRU PRYHPHQWV
DQG WKH IUHTXHQF\ fx RI WKH FDUULHU LV fi[HG 7KH DPRXQW RI )0
FDQ EH FRQWUROOHG E\ WKH PRGXODWLRQ LQGH[ k UHVXOWLQJ LQ D SXUH
DPSOLWXGH PRGXODWLRQ ZLWK VXSSUHVVHG FDUULHU ZKHQ k = 0 7KH
VLJQDOV yson (n) DQG zson (n) FDQ EH FRPSXWHG LQ WKH VDPH ZD\
EXW ZLWK GLIIHUHQW FDUULHU IUHTXHQFLHV fy DQG fz  7KH VLPXOWDQHRXV
VRQfiFDWLRQ RI DOO WKUHH D[HV FDQ WKHQ EH GHfiQHG DV IROORZV
totson (n) = ax xson (n) + ay yson (n) + az zson (n)



 ([DPSOHV
 6HQVRU

KWWSLHPNXJDFDWLQGH[SKS"LG 
GHWDLOV KWWSZZZELRPHWULFVOWGFRPDFFHOHURPHWHUKWP
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DWLRQ YHFWRUV GLUHFWO\ UHSUHVHQWV WKH DPRXQW RI DFFHOHUDWLRQ LQWR
WKH UHVSHFWLYH GLUHFWLRQV 3ULQFLSDO &RPSRQHQW $QDO\VLV 3&$ LV
D VXLWDEOH PHWKRG WR LGHQWLI\ WKH WZR PDLQ D[HV RI DFFHOHUDWLRQ
3&$ EDVLFDOO\ GHWHFWV WKH GLUHFWLRQ RI WKH JUHDWHVW YDULDQFH RI WKH
GDWD DQG SODFHV D fiUVW D[LV LQ WKLV GLUHFWLRQ WKH fiUVW SULQFLSDO FRP
SRQHQW  7KH QH[W D[LV VHFRQG SULQFLSDO FRPSRQHQW LV FKRVHQ
SHUSHQGLFXODU WR WKH fiUVW D[LV DORQJ WKH GLUHFWLRQ RI WKH QH[W JUHDW
HVW YDULDQFH +HQFH WKH fiUVW WZR SULQFLSDO FRPSRQHQWV GLUHFWO\
UHSUHVHQW WKH YHFWRUV GHfiQLQJ WKH SODQH RI PRYHPHQW
$V ZH KDYH WR SURFHVV WKH FDSWXUHG GDWD LQ UHDOWLPH WKH SULQ
FLSDO FRPSRQHQWV DUH FRPSXWHG EDVHG RQ DQ LWHUDWLYHO\ XSGDWHG FR
YDULDQFH PDWUL[ Σ(n) 7KH fiUVW WZR HLJHQYHFWRUV [γ 1 (n), γ 2 (n)]
RI Σ(n) UHSUHVHQW WKH SULQFLSDO FRPSRQHQWV WKDW DUH XVHG WR SURMHFW
HDFK WKUHH GLPHQVLRQDO LQSXW VDPSOH a(n) = [x(n), y(n), z(n)]T
RQWR WKH SODQH RI PRYHPHQW 7KH UHVXOWLQJ WUDQVIRUPHG LQSXW VDP
SOHV ã(n) DUH FDOOHG VFRUH YHFWRUV
!
"
ã (n)
ã(n) = 1

= [γ 1 (n), γ 2 (n)]T a(n)
ã2 (n)
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6XFFHVVLYH VFRUH YHFWRUV QRZ GHfiQH D WZR GLPHQVLRQDO WUDMHF
WRU\ WKDW RIIHUV LPSRUWDQW LQIRUPDWLRQ RQ WKH DPRXQW RI WUDQVOD
WLRQ DQG URWDWLRQ LQKHUHQW WR WKH REVHUYHG PRWLRQ 7KLV EHFRPHV
FOHDU ZKHQ ZH DQDO\]H WKH FKDUDFWHULVWLF GDWD GLVWULEXWLRQV UHODWHG
WR SXUHO\ WUDQVODWLRQDO DQG URWDWLRQDO PRYHPHQWV D WUDQVODWLRQDO
PRYHPHQW ZLOO OHDG WR D ³OLQHOLNH´ GLVWULEXWLRQ RI DFFHOHUDWLRQ
YDOXHV DV RQO\ WKH VLJQ DQG PDJQLWXGH RI WKH DFFHOHUDWLRQ YHF
WRUV FKDQJHV RYHU WLPH ZKLOH D URWDWLRQDO PRYHPHQW ZLOO OHDG WR D
³FLUFOHOLNH´ GDWD GLVWULEXWLRQ DV RQO\ WKH GLUHFWLRQ RI WKH DFFHOHU
DWLRQ YHFWRUV FRQVWDQWO\ FKDQJHV
&RQVLGHULQJ WKHVH FKDUDFWHULVWLF GLVWULEXWLRQV SURMHFWHG RQWR
WKH SODQH RI PRYHPHQW ZH FDQ QRZ PDNH WZR LPSRUWDQW REVHU
YDWLRQV DQ\ SURJUHVVLRQ DORQJ WKH D[LV GHfiQHG E\ WKH fiUVW SULQ
FLSDO FRPSRQHQW FDQ EH FDXVHG E\ URWDWLRQ DQG WUDQVODWLRQ ZKLOH
FKDQJHV DORQJ WKH VHFRQG 3&$ D[LV FDQ RQO\ EH FDXVHG E\ URWD
WLRQDO FRPSRQHQWV 7KHUHIRUH WKH VHFRQG HOHPHQW RI WKH VFRUH
YHFWRU GLUHFWO\ UHSUHVHQW WKH URWDWLRQDO VLJQDO FRPSRQHQW r(n) RI
DQ REVHUYHG PRWLRQ 7R JHW D GHfiQLWLRQ RI WKH WUDQVODWLRQDO FRP
SRQHQW t(n) WKH LQflXHQFH RI WKH URWDWLRQDO FRPSRQHQW KDV WR EH
UHPRYHG IURP WKH fiUVW HOHPHQW RI WKH VFRUH YHFWRU +HQFH DIWHU
FDOFXODWLQJ WKH 5RRW 0HDQ 6TXDUH 506 RI HDFK HOHPHQW RI WKH
VFRUH YHFWRU WKH WUDQVODWLRQDO FRPSRQHQW FDQ EH REWDLQHG DV IRO
ORZV

)LJXUH  7\SLFDO SRZHU VSHFWUD RI WUHPRU VLJQDOV ZLWK LQGLFDWHG
SHDN WUHPRU IUHTXHQFLHV SWI  KDOI ZLGWKV KZ DQG VLGH SHDNV

LQ GLIIHUHQW ELQV 7KH ZLGWK RI WKH PDLQ SHDN LV XVHG WR FRQWURO
WKH IHHGEDFN IDFWRU RI WKH GHOD\ OLQH LQ WKH DOJRULWKP ,I WKH SHDN
LV QDUURZ WKH IHHGEDFN IDFWRU LV QHDUO\ HTXDO WR 1.0 ,QVWHDG LI
WKH SHDN JHWV EURDGHU WKH IHHGEDFN IDFWRU LV GLPLQLVKHG DQG JHWV
GRZQ WR 0.0 ZKHQ QR FOHDU SHDNV DUH GHWHFWHG 7KH RXWSXW LV WKHQ
SDVVHG WKURXJK D ORZ SDVV fiOWHU LI KDUPRQLFV RI WKH PDLQ SHDN DUH
GHWHFWHG WKH FXWRII IUHTXHQF\ RI WKH fiOWHU LV DGMXVWHG WR EH HLJKW
WLPHV WKH EDVH IUHTXHQF\ DQG VHW WR EH HTXDO WR LW LI QR VLJQLfiFDQW
VLGH SHDNV DSSHDU LQ WKH VSHFWUXP
7KH UHVXOWLQJ VRXQG SUHVHQWV D FOHDUO\ SLWFKHG WRQH LI WKH VSHF
WUXP H[KLELWV RQH RU PXOWLSOH SHDNV :KHQ VRQLI\LQJ DFFHOHUDWLRQ
GDWD RI D SDUNLQVRQLDQ WUHPRU WKH VSHFWUXP RI WKH WRQH KDV PRUH
RYHUWRQHV DQG WKH SLWFK UHPDLQV TXLWH VWDEOH RYHU ORQJHU WLPH LQ
WHUYDOV 2Q WKH FRQWUDU\ ZKHQ VRQLI\LQJ SV\FKRJHQLF WUHPRU GDWD
WKH JHQHUDWHG WRQH FDQ KDYH PRUH QRLVH PL[HG LQ ,W KDV D WLJKWHU
VSHFWUXP DQG LWV EDVH IUHTXHQF\ PRYHV TXLWH IUHTXHQWO\ (VVHQ
WLDO WUHPRU JHQHUDWHV D PRUH QRLV\ VRXQG IURP ZKLFK RFFDVLRQDOO\
WRQHV SRS RXW EXW LPPHGLDWHO\ GLVDSSHDU

t(n) =

3.3. Translation and Rotation
)RU WKH fiQDO VRQLfiFDWLRQ DSSURDFK ZH DQDO\]H WKH VSDWLDO PRYH
PHQW SDWWHUQ RI WKH WUHPEOLQJ KDQG 6LQFH D VRQLfiFDWLRQ EDVHG
RQ GHWDLOHG LQIRUPDWLRQ RQ WKH H[DFW KDQG PRYHPHQW ZRXOG SUH
VXPDEO\ SURYLGH WRR PXFK DXGLWRU\ LQIRUPDWLRQ ZH GHYHORSHG D
PHWKRG WR VHSDUDWH WKH REVHUYHG PRWLRQ LQWR LWV PDMRU FRPSRQHQWV
$VVXPLQJ WKDW WKH PDLQ FRPSRQHQWV RI D KDQG PRYHPHQW DUH
W\SLFDOO\ ORFDWHG RQ D VORZO\ FKDQJLQJ SODQH LQ VSDFH ZH SURMHFW
WKH WKUHH GLPHQVLRQDO DFFHOHUDWLRQ YHFWRUV RQWR WKLV SODQH LQ WKH
IROORZLQJ UHIHUUHG WR DV WKH ´SODQH RI PRYHPHQW´ 7KLV SURMHF
WLRQ GRHV QRW RQO\ UHGXFH WKH GLPHQVLRQDOLW\ DQG DPRXQW RI GDWD
ZH KDYH WR SURFHVV EXW DOVR RIIHUV LPSRUWDQW LQIRUPDWLRQ RQ WKH
LQYHVWLJDWHG PRWLRQ
7R LGHQWLI\ WKH SODQH RI PRYHPHQW RI D PRWLRQ LQ UHDOWLPH
ZH KDYH WR GHWHFW LWV PDMRU DFFHOHUDWLRQ FRPSRQHQWV GXULQJ VKRUW
REVHUYDWLRQ SHULRGV $V WKH VSDWLDO VSUHDG RI VXFFHVVLYH DFFHOHU

RM S{ã1 (n)} − RM S{ã2 (n)}
ã1 (n)
RM S{ã1 (n)}



,Q WKH VRQLfiFDWLRQ ZH XVH WKH WUDQVODWLRQDO DQG URWDWLRQDO FRP
SRQHQWV t(n) DQG r(n) DQG WKH VPRRWKHG VXP s(n) RI WKH x, y
DQG z FRPSRQHQWV RI WKH DFFHOHUDWLRQ VLJQDO
t(n)HP F {s(n), 1000} + r(n)s(n)sin(2πf n)



,Q WKH fiUVW SDUW RI WKH VRQLfiFDWLRQ ZH SDVV WKH VLJQDO s(n) WKURXJK D
VHFRQG RUGHU KLJKSDVV fiOWHU HP F {s(n), 1000} ZLWK D FXWRII IUH
TXHQF\ RI  +] DQG PXOWLSO\ WKH UHVXOW ZLWK WKH WUDQVODWLRQDO
FRPSRQHQW WKLV JHQHUDWHV FOLFNV RU VRUW RI WKXPSLQJ EHDWV ,Q WKH
VHFRQG SDUW ZH XVH LW WR PRGXODWH WKH DPSOLWXGH RI D fi[HG IUH
TXHQF\ VLQH DQG PXOWLSO\ WKH UHVXOW ZLWK WKH URWDWLRQDO FRPSRQHQW
7KLV ZD\ ZH WU\ WR VRQLFDOO\ VHSDUDWH DQG HQKDQFH WUDQVOD
WLRQDO RU URWDWLRQDO TXDOLWLHV RI PRYHPHQWV E\ DVVRFLDWLQJ WKHP
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ZLWK WZR FRQWUDVWLQJ VRXQG TXDOLWLHV WKDW FDQ EH HDVLO\ GLVWLQ
JXLVKHG )XUWKHU DV WKH VLJQDO s(n) FRQWDLQV DOO WKH WHPSRUDO GH
WDLOV RI WKH PRYHPHQW LWVHOI ZH GR QRW ORRVH WKLV LQIRUPDWLRQ LQ WKH
VRQLfiFDWLRQ DQG FDQ UHO\ RQ LW ZKHQ PDNLQJ GLVWLQFWLRQV EHWZHHQ
WKH WKUHH WUHPRU IRUPV
$SSO\LQJ WKLV DQDO\VLV DQG WKH UHODWHG VRQLfiFDWLRQ WR WKH DFFHO
HUDWLRQ VLJQDO ZH FDQ SRLQW RXW VRPH LPSRUWDQW REVHUYDWLRQV ,Q
WKH HVVHQWLDO WUHPRU WKH URWDWLRQDO FRPSRQHQW LV PRVW SURQRXQFHG
HYHQ LI WKH PRYHPHQW LV KLJKO\ GLVRUGHUHG DQG QRW UHJXODU WKH PD
MRU FRPSRQHQW LV W\SLFDOO\ URWDWLRQDO DV WKH LUUHJXODU FOLFNV JHQ
HUDWHG E\ WKH WUDQVODWLRQDO FRPSRQHQW UHPDLQ LQ WKH EDFNJURXQG
7KH SV\FKRJHQLF WUHPRU LV PRVWO\ FKDUDFWHUL]HG E\ D VWURQJ WUDQV
ODWLRQDO FRPSRQHQW WKH URWDWLRQDO FRPSRQHQW FDQ DOVR EH SUHVHQW
DQG HYHQ GRPLQDWH EXW RQO\ IRU VKRUW WLPH LQWHUYDOV ,Q SDUNLQ
VRQLDQ WUHPRU ERWK FRPSRQHQWV FDQ EH SUHVHQW EXW LQ PRVW FDVHV
FOHDU DQG UHJXODU EHDWV FDQ EH KHDUG KHOSLQJ WR LGHQWLI\ WKLV WUHPRU

FRPSRQHQWV (0' GHFRPSRVHV DQ\ DUELWUDU\ WLPH VHULHV LQWR D VHW
RI VXSHULPSRVHG RVFLOODWLRQV $0)0 PRGXODWHG VLJQDOV  FDOOHG
LQWULQVLF PRGH IXQFWLRQV ,0)  3UDFWLFDO LQYHVWLJDWLRQV RQ WUHPRU
GDWD KDYH VKRZQ WKDW LQGLYLGXDO ,0)V FDUU\ LPSRUWDQW LQIRUPDWLRQ
RQ WKH LQYHVWLJDWHG WUHPRU PRYHPHQW DV WKH\ DGDSWLYHO\ IROORZ WKH
QRQOLQHDULWLHV DQG QRQVWDWLRQDULWLHV LQVLGH WKH VLJQDO
&RQVLGHULQJ RXU REVHUYDWLRQV SUHVHQWHG LQ VHFWLRQ  ZH DUH
SODQQLQJ WR DSSO\ (0' QRW RQO\ WR WKH WKUHH GLPHQVLRQDO DFFHO
HUDWLRQV YHFWRUV EXW DOVR WR WKH URWDWLRQDO DQG WUDQVODWLRQDO VLJQDO
FRPSRQHQWV 7KH UHVXOWLQJ ,0)V FRXOG WKHQ VHUYH DV QHZ LQSXW SD
UDPHWHUV IRU D WHPSRUDOO\ DV ZHOO DV VSHFWUDOO\ GHWDLOHG VRQLfiFDWLRQ
DSSURDFK

4. DISCUSSION

>@ * 'HXVFKO 3 %DLQ DQG 0 %ULQ ³&RQVHQVXV VWDWHPHQW RI
WKH PRYHPHQW GLVRUGHU VRFLHW\ RQ WUHPRU´ Movement Disorders YRO  QR 6 SS ± 

6. REFERENCES
>@ . :\QH ³$ FRPSUHKHQVLYH UHYLHZ RI WUHPRU´ JAAPA
YRO  QR  SS ± 

2XU fiUVW H[SHULPHQWV VKRZHG WKDW VRQLfiFDWLRQ FRXOG LQGHHG EH D
SURPLVLQJ H[WHQVLRQ WR WKH GLDJQRVWLF WRROV DOUHDG\ XVHG E\ QHXURO
RJLVWV ,Q SDUWLFXODU WKH WHPSRUDO TXDOLWLHV RI WUHPRU PRYHPHQWV
ZKLFK DUH WUDQVSRUWHG E\ DOO RXU VRQLfiFDWLRQ DSSURDFKHV VHHP WR
EHDU LPSRUWDQW LQIRUPDWLRQ WKDW FDQ EH FUXFLDO LQ WKH GLVWLQFWLRQ EH
WZHHQ WKH YDULRXV IRUPV %HVLGHV RXU DSSURDFK WR VHSDUDWH WUDQV
ODWLRQDO DQG URWDWLRQDO PRYHPHQW FRPSRQHQWV LV D QRYHO DQDO\VLV
PHWKRG DQG FRXOG DOVR EH DQ LQWHUHVWLQJ VWHS IRUZDUG LQ FOLQLFDO
WUHPRU UHVHDUFK
(YHQ LI PRVW RI WKH WUHPRU IRUPV FDQ EH LGHQWLfiHG YLD WKH VRQL
fiFDWLRQ VRPH FDVHV UHPDLQ XQFOHDU DQG D FHUWDLQ DPRXQW RI DPEL
JXLW\ LV LQKHUHQW WR DOO RI WKH VRQLfiFDWLRQV ZH SUHVHQWHG $OWKRXJK
FRPSOHPHQWLQJ RQH VRQLfiFDWLRQ ZLWK DQRWKHU FDQ VRPHWLPHV EH
XVHIXO LW RIWHQ OHDGV WR PRUH FRQIXVLQJ UHVXOWV DV LW SDFNV WRR
PXFK LQIRUPDWLRQ LQWR RQH VRXQG
&RQVLGHULQJ WKH TXLWH OLPLWHG VHW RI GDWD H[DPLQHG VR IDU WKH
QHZ UHFRUGLQJV WKDW ZLOO EH PDGH LQ WKH QH[W PRQWKV ZLOO KHOS XV
WR VKDUSHQ WKH WRROV ZH FUHDWHG 6WLOO D GLIIHUHQW DQDO\VLV DSSURDFK
WKDW FRXOG HYHQWXDOO\ JLYH XV D PRUH KROLVWLF YLHZ RI WUHPRU ZRXOG
EH GHVLUDEOH ,Q WKH QH[W VHFWLRQ ZH ZLOO WKHUHIRUH LQWURGXFH DQ
DQDO\VLV PHWKRG WKDW FRXOG SRVVLEO\ PHHW RXU QHHGV LQ WKLV UHVSHFW

>@ * %XUGHD ³.H\QRWH DGGUHVV 9LUWXDO UHKDELOLWDWLRQ EHQH
fiWV DQG FKDOOHQJHV´ 1st International Workshop on Virtual
Reality Rehabilitation VRMHR 
>@ 6 3DXOHWWR DQG $ +XQW ³7KH VRQLfiFDWLRQ RI HPJ GDWD´
Proc. of the 12th ICAD 
>@ . 9RJW ' 3LUUCR , .REHQ] 5 +ROGULFK DQG * (FNHO
³3K\VLRVRQLF  PRYHPHQW VRQLfiFDWLRQ DV DXGLWRU\ IHHGEDFN´
Proceedings of the 15th International Conference on Auditory Display 
>@ ( -RYDQRY ' 6WDUFHYLF 9 5DGLYRMHYLF $ 6DPDUG]LF DQG
9 6LPHXQRYLF ³3HUFHSWXDOL]DWLRQ RI ELRPHGLFDO GDWD DQ H[
SHULPHQWDO HQYLURQPHQW IRU YLVXDOL]DWLRQ DQG VRQLfiFDWLRQ RI
EUDLQ HOHFWULFDO DFWLYLW\´ Engineering in Medicine and Biology Magazine, IEEE YRO  QR  SS  ± MDQIHE

>@ - 7LPPHU 0 /DXN DQG * 'HXVFKO ³4XDQWLWDWLYH DQDO\VLV
RI WUHPRU WLPH VHULHV´ Electroencephalography and Clinical
Neurophysiology/Electromyography and Motor Control YRO
 QR  SS ± 
>@ 3 0DQVXU / &XU\ $ $QGUDGH $ 3HUHLUD * 0LRWWR
$ 6RDUHV DQG ( 1DYHV ³$ UHYLHZ RQ WHFKQLTXHV IRU WUHPRU
UHFRUGLQJ DQG TXDQWLfiFDWLRQ´ Critical ReviewsTM in Biomedical Engineering YRO  QR  SS ± 

5. OUTLOOK
$V WKH SUHOLPLQDU\ HYDOXDWLRQ UHVXOWV DUH YHU\ SURPLVLQJ ZH DUH
SODQQLQJ WR H[WHQG WKH FXUUHQW V\VWHP ZLWK D PRUH VRSKLVWLFDWHG
GDWD DQDO\VLV PHWKRG ,Q SDUWLFXODU WKH FRUUHFW VHSDUDWLRQ RI VLPXO
WDQHRXV PRYHPHQW SDWWHUQV RU WUHPRU PRGHV LQVLGH RYHUODSSLQJ
IUHTXHQF\ EDQGV ZRXOG RIIHU YDOXDEOH LQIRUPDWLRQ IRU WKH VRQLfi
FDWLRQ SURFHVV
'HSHQGLQJ RQ WKH LQYHVWLJDWHG WUHPRU W\SH WKH IUHTXHQFLHV
RI LQGLYLGXDO WUHPRU PRGHV PD\ VLJQLfiFDQWO\ YDU\ WKURXJKRXW D
WUHPRU UHFRUGLQJ :KHQ XVLQJ WUDGLWLRQDO VSHFWUDO DQDO\VLV PHWK
RGV VHH VHFWLRQ   LW LV RIWHQ LPSRVVLEOH WR GHWHUPLQH LI GLIIHU
HQW SHDNV LQVLGH D VSHFWUXP UHSUHVHQW WKH FRH[LVWHQFH RI VHSDUDWH
WUHPRU PRGHV RQH PRGH UHVLGLQJ LQ PXOWLSOH IUHTXHQF\ EDQGV RU LI
WKH\ DUH FDXVHG E\ ORFDO RVFLOODWLRQV GXULQJ WKH REVHUYDWLRQ SHULRG
7R RYHUFRPH WKHVH GLIfiFXOWLHV UHFHQW VWXGLHV >@ SURSRVH WR
XVH HPSLULFDO PRGH GHFRPSRVLWLRQ (0' >@ D UHODWLYHO\ QHZ
WLPHIUHTXHQF\ DQDO\VLV PHWKRG IRU QRQOLQHDU DQG QRQVWDWLRQDU\
GDWD IRU WKH DQDO\VLV RI WUHPRU VLJQDOV 8QOLNH )RXULHU DQDO\VLV
ZKHUH VLJQDOV DUH DVVXPHG WR EH D FRPSRVLWLRQ RI OLQHDU VWDWLRQDU\

>@ . .DUSOXV DQG $ 6WURQJ ³'LJLWDO V\QWKHVLV RI SOXFNHG
VWULQJ DQG GUXP WLPEUHV´ Computer Music Journal YRO 
QR  SS ± 
>@ ( 5RFRQ GH /LPD $ $QGUDGH - 3RQV 3 .\EHUG DQG
6 1DVXWR ³(PG $ QRYHO WHFKQLTXH IRU WKH VWXG\ RI WUHPRU
WLPH VHULHV´ LQ World Congress on Medical Physics and
Biomedical Engineering 2006 6SULQJHU  SS ±

>@ 1 +XDQJ = 6KHQ 6 /RQJ 0 :X + 6KLK 4 =KHQJ
1 <HQ & 7XQJ DQG + /LX ³7KH HPSLULFDO PRGH GH
FRPSRVLWLRQ DQG WKH KLOEHUW VSHFWUXP IRU QRQOLQHDU DQG QRQ
VWDWLRQDU\ WLPH VHULHV DQDO\VLV´ Proceedings of the Royal Society of London. Series A: Mathematical, Physical and Engineering Sciences YRO  QR  S  
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ABSTRACT

both academic and in commercial circles due to recent advancement in software design and the miniaturization of the necessary
hardware [6] [11]. The issue of scalability has been addressed in
designing such a system for interactive audience participation [12].
We intend to introduce our mobile heart rate monitor as valid indicator of audience members arousal states. The main advantage
of our mobile biometrics is its simple deployment and use in public interactive multimedia installations. This paper aims to explore
the design and validity of such an unobtrusive, real-time audience
participation system

Different from computer vision based approaches in audience participation research, such as in Glimmer [1] and in Flock [2], this
paper presents a mobile approach to collecting and visualizing
bodily responses from audience members. A mobile biometric
application is designed as a novel medium that interfaces audience members to experienced content. To realize our goal on a
mobile platform, a combination of video-imaging-based heart rate
measurement and Zeroconf networking technology [3] (Bonjour)
is implemented. As a proof of concept, we successfully collect
continuous heart rate values from 3 mobile phones devices simultaneously and use the derived heart rate statistics to drive artistic
audio and visual rendering. Preliminary results include two iOS
applications and two mobile-biometric-enabled media arts installations.

2.1. Design
Existing biometrics-based electronic art installation have been restricted to either wired physiological data acquisition equipment
[6] or limited to only one individual, as opposed to audience members in a real-time and aggregated fashion [25][26]. Application in
the current affective computing field has personal heart rate monitoring devices on mobile platforms [10][11], which inspires us
to extend such optical sensing approaches with network streaming
capability. Our overall design objective is to create a tool that enables experiential design in the context of electronic art that takes
into account the bodily responses of the audience members. The
scenario we consider is a setting such as an interactive installation
or an electronic art concert that uses audience participation or audience response technique as a design parameter. Specifically, the
use of available mobile phone devices will provide a sense of feedback and control for audience members which is likely to increase
the audiences participation in the event. To achieve such a design
objective, a mobile biometric application that is easily deployable
and measures the audience members’ heart rate unobtrusively and
in real-time is required.

1. INTRODUCTION
Similar to the use of biometrics in electronic art [4], a novel mobile
biometrics system is designed and implemented in this paper. In
designing public interactive interfaces in settings like theatres, galleries, theme park, and museums [5], our mobile biometrics provide a new design parameter that captures audience or spectators’
bodily response. We first review the use of technology in audience participation and response research in the fields of affective
computing [6], electronic arts [7], and collaborative musical experiences [1][2][8]. Then, we propose the use of a mobile biometric
application as a probe to measure audiences bodily responses and
demonstrate electronic artistic applications we implemented based
on our mobile biometrics. Third, the design and implementation is
described. Fourth, we present a preliminary evaluation of our mobile heart rate measurement implementation using a commercial
Photoplethysmograph sensor (Biopac System Inc. [9]). Finally,
future research directions and final thoughts are discussed.

2.2. Implementation
The system implementation consists of three parts. First, an iOS
application utilizes the built-in camera of the mobile device in
measuring the users heart rate. Second, Bonjour is implemented
so that the network connection can be set up with minimal configuration steps. After network connection is set up, the heart rate
value can be transmitted back to server via OpenSoundControl
(OSC) [13] in real-time. Last, a server-side application capable
of receiving heart rate values from audiences mobile device is implemented in a Max/MSP [14] environment. For the heart rate
measurement, audience members have to place the index finger of
their dominant hand on the mobile devices camera lens (see Figure 2). Thereafter, the iOS application accesses each video frame

2. CAPTURING AUDIENCE EXPERIENCE
Tools that allow participation of large audiences in electronic art
applications have become an emergent field of research [8]. A
real-time response device for collecting listeners’ impressions on
a temporal arts piece has been discussed in [10]. The type of biometrics we choose to implement in this study is a mobile heart rate
monitor using the built-in camera of mobile phone devices. Our
implementation is non-invasive because we are using an optical
signal. Mobile biometrics and imaging-based biometrics, particularly heart rate measurement, have recently become emergent in
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Figure 2: The image on the left illustrates where user should place
his/her index finger for the heart rate measurement. The image on
the right shows the user interface of our mobile biometric application.

Audience

Figure 1: System design

Vision and Fight Or Flight.

from the built-in camera, and uses a finger-blood-volume-pulse
signal in combination with a heart rate detection algorithm similar to that implemented in the Heartphone project [9] to compute
the audience members heart rate. To enhance the performance of
the heart rate measurement on a mobile device, we use the devices
flashlight when acquiring the finger-blood-volume-pulse signal is
in acquisition. To realize Zeroconf networking implementation on
an iOS platform, Bonjour is implemented in our application. This
makes it possible to connect to a server in a local area network with
one-click on the user interface and it greatly reduces the configuration steps in setting up the server IP and port number. Finally,
it uses our mobile biometrics to scale a 3D animation rendering as
an example of the technologys capability. Intuitively, a 3D human
heart model is animated based on the computed heart rate statistics. Visualization is done using OpenFrameWorks C++ Toolkits
[15]. Our prototype system is implemented using a laptop that runs
Max/MSP as server and three iOS mobile phone devices (iPhones)
as clients. As our first prototype, the system is currently restricted
to work within a Local Area Network (LAN), but later implementations will make it possible to deploy the system via an internet
protocol.

Figure 3: Intuitive 3D heart model is animated based on input signal from our mobile biometrics application. The control interface
is implemented using OpenFrameWorks addon ofxUI [16]
The BioCymatics app explores the artistic use of biometric
feedback signals (see Figure 2), such as using heart rate values to
drive the graphical rendering of Cymatic patterns [17] and granular sound synthesis [18, 19]. In Figure 4, Ambient Vision [20] is
an interactive audiovisual installation that addresses rippled mental images as the product of perceived stimulus and the internal
bodily responses. The internal bodily responses refer to the heart
rate collected using our mobile biometric iOS app HRclient while
the external perceived stimulus is reconstructed based on information from Microsofts Kinect sensor. Throughout the installation,
all software is configured remotely. During the exhibition, the
spectator could easily participate in the exhibition by download-

3. PRELIMINARY RESULTS
As a working prototype of our system, the Max/MSP application
running on the server successfully collects continuous heart rate
values from 3 iPhones and uses the computed statistics for artistic
graphics rendering. In Figure 3, we show an application that scales
a human heart model based on incoming heart rate values from our
mobile biometric application. So far, our mobile biometrics have
been used in two iOS applications and two public media arts installations. The two iOS artistic applications are BioCymatics and
HRclient, and the two public media arts installation are Ambient
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ing the HRclient from app store freely. The above two examples
demonstrate the design of our mobile biometrics application for
both application designer and spectator participation in electronic
art application. Fight Or Flight [21, 22] is another public installation that uses HRclient app. When the collected heart rate value
from HRclient app exceeds certain threshold, it triggers a Boid
swarming algorithm [23] to change between the calm state and
chaotic state.
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Figure 6: The blue line represents heart rate data collected using
a commercial Photoplethysmograph sensor (Biopac System Inc.
[9]), and the green line represents data collected using our mobile
biometric application.
Figure 4: Interactive installation that uses the 3rd version of the
mobile biometric application. Ambient Vision at Collider media
arts series exhibition, Akron, Ohio, March 29-31, 2012 [20]

measurement is sensitive to motion artifact and background ambient light conditions. Although heart rate signal has long been used
in the electronic art [7] and sonification field [24], our mobile biometric application is novel for its networking capability and ease
of use in measuring heart rate. The system described in this paper
enables research in techniques for aggregating audience input [12]
and in other facets of the audience experience [5], such as interactive spectator and performer awareness. Future works involve the
improvement of the heart rate measurements accuracy, large-scale
installation based on our mobile biometric application, exploring
the use of bodily responses in designing audience experience, and
the use of mobile continuous self-reports in combination with our
mobile heart rate monitor.
5. ACKNOWLEDGMENT
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Figure 5: Interactive installation that uses the 3rd version of the
mobile biometric application. Fight or Flight at UCSBs PRIMAVERA of Contemporary Arts and Digital Media, April 9-12, 2012
[21]
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ABSTRACT
A performing artist group interested in including a sonification
of star data from NASA’s Kepler space telescope in their next
album release approached the Georgia Tech Sonification Lab for
assistance in the process. The artists had few constraints for the
authors other than wanting the end product to be true to the data,
and a musically appealing “heavenly” sound. Several
sonifications of the data were created using various techniques,
each resulting in a different sounding representation of the
Kepler data. The details of this process are discussed in this
poster. Ultimately, the researchers were able to produce the
desired sounds via sound synthesis, and the artists plan to
incorporate them into their next album release.
1.

Figure 2: The top graph shows an original waveform as
retrieved from planethunters.org, as graphed from within
MATLAB. The black inset highlights one particular
segment while the lower graph is a magnified image of that
signal.

INTRODUCTION
2.

A representative of a professional group of musicians recently
came to the authors for advice on how to properly sonify data
obtained from stars. The initial request was for the researchers
to produce any kind of musical result with the only constraint
being that the sounds must be produced purely from star data. In
other words, no artificial constructions or manipulations of
sound were to be accepted. Ideally, the sonifications produced
were to be utilized in the musicians’ next major album release
and therefore also required the sounds to be musical in some
form. In an effort to create these desired sounds the project
extended into the realms of many relevant subfields of
sonification including digital signal processing, audio synthesis,
and general sound design. Each of these approaches is presented
in this poster.

Figure 1: Artist’s rendition of the Kepler spacecraft [1]
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KEPLER DATA

The data that the authors were given were produced by NASA's
Kepler space telescope pictured in Figure 1 and were gathered
from the public site planethunters.org [2]. The data contained
brightness values for certain stars across long periods of time.
This data set was created by the telescope in the search for
terrestrial planets within habitable zones of stars [1]. The
fluctuations in the brightness values represent when a planet is
passing between the Kepler telescope and the star it is focused
on, an example of which is displayed in Figure 2.
3.

SONIFICATION SANDBOX

Initially, the authors were asked to produce a general
sonification for a sample set of data. To comply, the
Sonification Sandbox [3] was utilized. This software package is
available freely to the public, and was designed by researchers
from the Georgia Tech Sonification Lab. For this first iteration,
the data were simply imported into the software and the data
values were mapped to various MIDI pitches. This technique
was used as it is a standard first step when sonifying data. The
Sonification Sandbox automatically handles mapping the values
to certain pitches, which means the user is free to adjust further
parameters such as timbre, tempo, frequency range, and others.
An issue that arose with this approach involved the limited
variability of the data sets. Since most of the stars' brightness
values centered around 1 and the standard deviation was
frequently on the thousandths scale, the software often had
issues assigning frequency values to the clustered data points.
To correct this, the data were standardized in a way that
occupied a significantly larger range of values and was centered
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on zero. An example of this output can be heard by listening to
“0-Sandbox.midi.”
4.

AUDIFICATION IN MATLAB

The resulting samples from the Sonification Sandbox attempt
were well received, however, the sound produced was not what
the musicians wanted to use in their project. More specifically,
the musicians were looking for timbres comprised of star data,
not sequences of sonified musical pitches. In an effort to make
the sounds more closely reflect the “heavenly” tones the
musicians wanted, the authors tried a different approach. Instead
of sonifying by mapping the brightness values to discrete MIDI
pitches, the entire dataset was imported into MATLAB and
audified (see [4]) via the soundsc() function. This simply plays
back the data as a waveform while automatically scaling the
values to an appropriate range. An example of this raw
audification can be heard by listening to “1-MATLAB.wav.”
Since sample length was not a concern at this point in the
research, sampling frequency was manipulated in order to
quickly change pitch. This resulted in a much more applicable
tone.
5.

ADAPTING THE TONE

After this point, the musicians decided that the type of sound
was beginning to approach the desired characteristics and all
that needed to be refined was the timbre. The musicians were
searching for a very specific kind of tone—one that could be
described as heavenly or angelic. To solve this, the authors
sifted through the numerous data sets located at
planethunters.org in order to find a clean signal that would
produce the desired timbre. Sinusoidal, periodic, or otherwise
regularly patterned data sets were targeted and several were
found. The previous procedure with MATLAB was then used to
produce a new set of waveforms with star SPH10105467, as
seen raw in Figure 3 and cleaned in Figure 4.

Figure 4: The graph shows the waveform for star
SPH10105467 after cleaning the error values from the data
set.
Further iterations of sounds were produced via experimentation
with several different procedures. Upon initial creation of the
waveforms in MATLAB, simple filtering was employed to
clean the signals. For one series, as shown in Figure 2, one small
segment of a signal was extracted. This small clip was then
repeated numerous times, thus resulting in an extended version
of this one segment. Simple bandpass filters were then applied
in order to remove frequencies outside of the range 150 - 800Hz.
This process yielded samples as heard in “2-Filtering.wav.” This
tone was much closer to the expected timbre, but it had some
unnatural harmonics. The artists still desired a cleaner tone, so
the researchers utilized the curve fitting tool in MATLAB in
order to further remove some of the noise and artifacts that were
evident in the natural data. This process yielded a more aesthetic
tone, and it can be heard by listening to “3-CurveFitting.wav.”
The musicians greatly preferred the pure tone that this process
yielded, and they then requested a set of 24 different musical
pitches to compose the melody that will ultimately be used in
the album. A short excerpt of this raw melody can be heard by
listening to “4-Melody.wav.”
6.

Figure 3: The graph shows the original waveform for star
SPH10105467 as retrieved from planethunters.org. The
vertical lines represent zeros (errors) in the data set. This is
just one example of an artifact that contributed to noise in
the original signal.

PERFECTING THE MELODY

Once the previous waveforms were compiled into a short
melody by the musicians, the authors decided to experiment
with the sound’s timbre further by applying an amplitude
envelope. They found this to be the best route to maintain the
clean pitch of the sounds and still make them have the desired
timbral characteristics. This was accomplished by using data
from another star (SPH10105611, see Figure 4) and applying
those data points as an amplitude envelope onto the carrier
signal of the composed melody. This method was accomplished
by using MATLAB’s interp1() function, linear interpolation, to
stretch the envelope signal to the length of the melody. After
scaling the envelope signal to a range between 0-1, the times()
function was used to multiply the melody and envelope vectors
together, thus applying a musical tremolo effect onto the entire
melody. The resulting track was then sent to the musicians, who
deemed it to be satisfactory for their final project. The sample
melody excerpt from earlier can be heard with the tremolo effect
by listening to “5-Envelope.wav.”
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Figure 5: The graph shows the waveform for star
SPH10105611, the star used as the amplitude envelope. This
star was chosen because of its relatively even periodicity which
translates well for a tremolo envelope.
7.

CONCLUSION

The prior step marked the conclusion of this research endeavor.
Currently, the music production is still in press with a release
expected to be imminent within the next year. The musicians
intend to incorporate a full orchestration atop the given melody,
but this final version has yet to be released. Future works related
to sonification and audification may yet provide some
interesting results, as there are still many other avenues through
which one could construct different versions of sonified star
data. Regardless, this research yielded an authentic yet
aesthetically satisfying auditory construction of star data, while
still enabling the musicians to produce their composition with
natural sounds made only from one quantitative property of a
few stars. This work serves as a guide for future projects in
sonification and audification; especially those that have an
aesthetic or musical aspect to consider.
8.
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$OWKRXJK((*VRQLILFDWLRQKDVEHHQZHOOVWXGLHGLWVSRWHQWLDO
WRLGHQWLI\VHL]XUHIRFLLQSDWLHQWVXQGHUJRLQJHSLOHSV\VXUJHU\
KDV UHFHLYHG OLWWOH DWWHQWLRQ :H H[SORUH WKH VRQLILFDWLRQ
UHTXLUHPHQWV QHHGHG IRU WKLV DSSOLFDWLRQ DQG GLVFXVV D
SUHOLPLQDU\DSSURDFKWKDWKDVLGHQWLILHGDQDXGLWRU\PDUNHUIRU
HSLOHSWLFWLVVXHWKDWDJUHHVZLWKVWDQGDUG((*'HYHORSPHQWRI
WKHVH HDUO\ LGHDV LQWR D FOLQLFDO WRRO ZRXOG EH D ZHOFRPH
DGGLWLRQWRWKHHSLOHSV\VXUJHU\HYDOXDWLRQ


,1752'8&7,21

$V PDQ\ DV D WKLUG RI SDWLHQWV ZLWK HSLOHSV\ ZLOO FRQWLQXH WR
KDYH VHL]XUHV GHVSLWH RSWLPDO WUHDWPHQW ZLWK PHGLFDWLRQ >@
%HFDXVH FRQWLQXHG VHL]XUHV FDQ OHDG WR QHXURORJLF GHFOLQH DQG
GHDWKVXUJHU\PD\EHRIIHUHGWRUHPRYHWKHSRUWLRQRIWKHEUDLQ
LQ ZKLFK WKH VHL]XUH EHJLQV WKH µVHL]XUH IRFXV¶  7KH GHFLVLRQ
IRU VXUJHU\ LV QRW WULYLDO DQG SDWLHQW VHOHFWLRQ SURWRFROV DUH
H[WHQVLYH )RUHPRVW DPRQJ WKHVH LV WKH YLGHR((* LQ ZKLFK
VLPXOWDQHRXV UHDO WLPH YLGHR DQG ((* UHFRUGLQJV DUH REWDLQHG
FRQWLQXRXVO\RYHUVHYHUDOGD\VLQRUGHUWRFRUUHODWHWKHEHKDYLRU
RI WKH SDWLHQW GXULQJ HDFK VHL]XUH ZLWK WKH ((* ,I WKH VHL]XUH
W\SHPDWFKHVWKH((*DQGRWKHUGDWDVXUJHU\FDQEHRIIHUHG
,Q RUGHU IRU VXUJHU\ WR EH HIIHFWLYH WKH VHL]XUH IRFXV PXVW
EH UHPRYHG 8QIRUWXQDWHO\ LGHQWLI\LQJ VHL]XUH IRFL ZLWK ((*
FDQ EH VXEWOH EHFDXVH WKH\ DUH KHUDOGHG E\ ORZ DPSOLWXGH
FKDQJHVWKDWDUHGLIILFXOWWRVHHDQGFRQIRXQGHGE\QRUPDODQG
DEQRUPDO UK\WKPV DV ZHOO DV DUWLIDFW )DLOXUH WR LGHQWLI\ WKH
IRFXVLVWKHUHIRUHQRWXQXVXDODQGFDQEH GLVFRXUDJLQJ IRU WKH
HSLOHSV\WHDPDQGGHYDVWDWLQJWRWKHSDWLHQWIRUZKRPVXUJLFDO
RSWLRQVDUHEORFNHG





)LJXUH*ULGRI((*FRQWDFWVSODFHGGLUHFWO\RQWKH EUDLQ RI
RQHRIRXUSDWLHQWVIRUVHL]XUHGHWHFWLRQ
:H GHVFULEH D ILUVW DSSURDFK WR XVH ((* VRQLILFDWLRQ WR
LGHQWLI\ WKH VHL]XUH IRFXV LQ ((* UHFRUGLQJV REWDLQHG IRU
HYDOXDWLRQIRUVHL]XUHVXUJHU\2XUKRSHLVWKDWWKHVRSKLVWLFDWHG
DXGLWRU\ FDSDELOLWLHV RI WKH KXPDQ HDU FDQ DXJPHQW WKH PRUH
VWDQGDUGYLVXDODQDO\VLVRI((*GDWD
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5(48,5(0(1762)(3,/(36<685*(5<

6SHFLILF GHPDQGV RI WKH VXUJLFDO HYDOXDWLRQ FRQVWUDLQ RXU
DXGLILFDWLRQVWUDWHJ\LQWKUHHZD\V)LUVWDOWKRXJKWKHGDWDFDQ
EH DQDO\]HG RIIOLQH WKH\ PXVW EH YLHZHG LQ UHDO WLPH WR DOORZ
FRPSDULVRQ ZLWK WKH YLGHR UHFRUGLQJV 6HFRQG LW PD\ EH
DGYDQWDJHRXVWRDQDO\]HWKH((*VSHFWUXPGLUHFWO\UDWKHUWKDQ
XVH PRUH VRSKLVWLFDWHG SDUDPHWHU PDSSLQJ RU HYHQWEDVHG
PRGHOV >@ 7KLV LV EHFDXVH WKH JRDO LV QRW WR GHWHFW WKH
VHL]XUHVWKHPVHOYHV±WKH\DUHHDVLO\UHYHDOHGE\WKH((*YLGHR
GDWD ± EXW UDWKHU WR GHWHFW ((* V\QFKURQLHV RFFXUULQJ VKRUWO\
EHIRUH WKH VHL]XUH WKDW LGHQWLI\ WKH ILUVW VLWH RI VHL]XUH RQVHW
%HFDXVH LW LV XQFOHDU ZKLFK IHDWXUHV RI WKHVH V\QFKURQLHV DUH
PRVW LPSRUWDQW DQG EHFDXVH LW LV SUHFLVHO\ WKLV GDWD WKDW
VRQLILFDWLRQ LV WR H[SORUH ZH DUH UHOXFWDQW WR DEDQGRQ WKH ULFK
GHWDLORIWKHIXOOVSHFWUXP)XUWKHUPRUHVHL]XUHVFRQVLGHUHGIRU
VXUJHU\DUHOHVVVWHUHRW\SLFDODQGOHVVSUHGLFWDEOHWKDQWKRVHRI
PDQ\RWKHUW\SHVRIHSLOHSV\PDNLQJWKHFKRLFHRISDUDPHWHUV
RU PRGHOV GLIILFXOW :H WKHUHIRUH IDYRU D PRUH GLUHFW
DXGLILFDWLRQ DSSURDFK DW OHDVW DW WKLV HDUO\ VWDJH RI RXU
H[SHULHQFH7KLUG((*GDWDLQWKHGHOWD +] JDPPD WR
 +]  DQG ULSSOH  WR  +]  UDQJHV DUH YDOXDEOH WR
HSLOHSWRORJLVWV EHFDXVH DFWLYLW\ LQ WKH ILUVW LV DQ LPSRUWDQW
LQGLFDWRU RI HSLOHSWLF WLVVXH DQG DFWLYLW\ LQ WKH RWKHUV ±
HVSHFLDOO\WKHULSSOHUDQJHLVDQLPSRUWDQWLQGLFDWRURIVHL]XUH
RQVHW >@ 7KLV EDQGZLGWK LV ODUJHU WKDQ KDV EHHQ SUHYLRXVO\
FRQVLGHUHG >@ DQG SRVHV VSHFLDO FKDOOHQJHV WR GLUHFW
DXGLILFDWLRQ



0(7+2'6$1'5(68/76

:HSUHVHQWDQHDUO\SUHOLPLQDU\DQDO\VLVRI((*GDWDREWDLQHG
IURPRXUSDWLHQWVEHLQJHYDOXDWHGIRUVHL]XUHVXUJHU\
'DWDDQG&RQGLWLRQLQJ
((* UHFRUGLQJV ZHUH REWDLQHG IURP HOHFWURGHV VXUJLFDOO\
LPSODQWHGLQWKHEUDLQVRISDWLHQWVEHLQJWUHDWHGDQGRSHUDWHG
XSRQ E\ XV IRU LQWUDFWDEOH HSLOHSV\ 'DWD IURP LPSODQWHG
HOHFWURGHV ZHUH FKRVHQ UDWKHU WKDQ IURP VFDOS HOHFWURGHV
EHFDXVH WKH\ DUH UHODWLYHO\ IUHH IURP DUWLIDFW VDPSOH D PRUH
VSHFLILF YROXPH RI EUDLQ WLVVXH DQG KDYH NQRZQ ORFDWLRQ
UHODWLYH WR WKH SURYHQ VHL]XUH IRFL  (DFK UHFRUGLQJ FRQWDLQHG
GDWDIURPWKHIHZPLQXWHVSULRUWRD VHL]XUH WKH VHL]XUH LWVHOI
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DQGDIHZPLQXWHVDIWHUZDUGV7KHGDWDZDVEDQGZLGWKILOWHUHG
WLPHFRQVWDQWVHFRQGVORZSDVV+] VDPSOHGDW+]
DQGSDVVHGWRWKH0DWODEHQYLURQPHQW7KHILOWHUWKUHVKROGRI
+]XVHGIRUFOLQLFDOZRUNSUHYHQWHGH[DPLQDWLRQRIWKHJDPPD
DQGULSSOHEDQGV&KDQQHOVREWDLQHGIURPVLWHVWKDWODWHUSURYHG
WR EH VHL]XUH IRFL ZHUH FRPSDUHG ZLWK FKDQQHOV REWDLQHG IURP
VLWHVZLWKRXWLQLWLDOVHL]XUHDFWLYLW\











)LJXUH7LPHIUHTXHQF\SORWRI((*IURPLPSODQWHGHOHFWURGH
LQSDWLHQWZLWKVHL]XUHV$UURZ LQGLFDWHV D µVKLPPHU¶ $VWHULVN
LQGLFDWHVVWDUWRIVHL]XUH,QVHWVKRZVVSLNHLQUDZ((* DUURZ 
FRUUHVSRQGLQJWRVDPHµVKLPPHU¶1RWHGLIIHUHQFHLQWLPHVFDOH

$XGLILFDWLRQDQG'DWD$QDO\VLV

9RFRGHU VRIWZDUH >@ ZDV XVHG WR VORZ WKH WLPHEDVH RI HDFK
UHFRUGLQJ ZLWKRXW FKDQJLQJ WKH SLWFK RI WKH ((* IUHTXHQFLHV
$QDXGLRILOHZDVZULWWHQIURPWKHVHVORZHGUHFRUGLQJVXVLQJD
KLJK VDPSOLQJ UDWH WR LQFUHDVH WKH ((* IUHTXHQFLHV LQWR WKH
DXGLEOH UDQJH ,I I LV WKH RULJLQDO VDPSOLQJ UDWH DQG U LV WKH
IDFWRU E\ ZKLFK WKH YRFRGHU FKDQJHV WKH WLPHEDVH WKHQ
LQFUHDVLQJWKHVDPSOLQJUDWHIURPIWRIUSURGXFHVDUHFRUGLQJLQ
UHDOWLPHZLWKIUHTXHQFLHVDOWHUHGE\DIDFWRURIU:HFKRVHWR
XVHU WRVKLIWWKHGHOWDWRJDPPDUDQJHRIWR+]WR
WKHDXGLEOHUDQJHRIWR+]
7KHUHFRUGLQJVZHUHH[DPLQHGZLWKVRIWZDUH 6RXQGERRWK
$GREH6DQ-RVH&DOLIRUQLD DOORZLQJYLVXDOH[DPLQDWLRQRIWKH
ZDYHIRUPLWVWLPHIUHTXHQF\VSHFWUXPDQGDXGLWRU\UHYLHZRI
WKH UHFRUGLQJ )UHTXHQF\ UDQJHV RI DXGLEOH WRQHV ZHUH
FRUUHODWHGWREDQGVYLVLEOHRQWKHWLPHIUHTXHQF\VSHFWUXPDQG
WR WKH UDZ ((* $XGLWRU\ UHYLHZ LQFOXGHG WKH HQWLUH VSHFWUXP
DVZHOODVVHOHFWHGLVRODWHGIUHTXHQF\EDQGV

5HVXOWV

$UWLIDFW DULVLQJ IURP WKH YRFRGHU DOJRULWKP FRXOG EH
PLQLPL]HG E\ XVLQJ VKRUW ZLQGRZV  SRLQWV  VHFRQGV 
DQG VPDOO RYHUODSV 6KRUW VHJPHQWV RI KLJK SLWFKHG KLJK
DPSOLWXGH VLJQDOV  WR  VHFRQGV  WR  N+]  WKDW FRXOG EH
GHVFULEHG DV DFRXVWLF µVKLPPHUV¶ ZHUH IUHTXHQW LQ WLVVXH WKDW
HYHQWXDOO\ GHYHORSHG VHL]XUHV EXW ZHUH UDUH LQ QRUPDO WLVVXH
5HYLHZRIWKH((*VKRZHGWKDWWKH\DULVHIURPµVSLNHV¶LQWKH
((* ZDYHIRUP WKDW DUH FODVVLFDO PDNHUV RI HSLOHSWRJHQLFLW\
7KH ZHOONQRZQ I FKDUDFWHU RI WKH ((* ZDV DSSDUHQW LQ WKH
DXGLR VLJQDOV >@ ZLWK ORZHU IUHTXHQFLHV KDYLQJ KLJKHU
DPSOLWXGHWKDQKLJKHUIUHTXHQFLHV,QVRPHFDVHVZLGHQLQJWKH
ORZSDVVILOWHUDOORZHGGHPRQVWUDWLRQRIIUHTXHQFLHVLQWKHULSSOH
UDQJHDVLQGHQWDWLRQVVXSHULPSRVHGRQWKHIVKDSHRIWKH((*
VSHFWUXP
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7KHVSHFLILFGHPDQGVRIXVLQJ((*VRQLILFDWLRQWRILQGVHL]XUH
IRFLLQSDWLHQWVEHLQJHYDOXDWHGIRUHSLOHSV\VXUJHU\±WKHQHHG
IRUUHDOWLPHUHYLHZWKHXQFHUWDLQW\RINH\SDUDPHWHUVDQGWKH
ZLGHUDQJHRIUHTXLUHGIUHTXHQFLHV±LPSRVHFRQVWUDLQWVRQWKH
VRQLILFDWLRQ %DUULHUV LQFOXGH YRFRGHU DUWLIDFWV DQG WKH ODFN RI
FODVVLILFDWLRQRIWKHDXGLWRU\((*GDWD2XUHDUO\GDWDLGHQWLI\
DXGLEOH IHDWXUHV RI WKH ((* µVKLPPHUV¶  FRUUHVSRQGLQJ WR
FODVVLFDOPDUNHUVRIHSLOHSWRJHQLFLW\ µVSLNHV¶ 
3HUKDSV WKH PRVW LPSRUWDQW WDVN LV WR GHWHUPLQH LI
VRQLILFDWLRQFDQDXJPHQWWKHDOUHDG\VRSKLVWLFDWHGYLVXDO((*
UHYLHZ 3ODQV DUH XQGHUZD\ WR HVWDEOLVK ZRUNVWDWLRQV DW RXU
LQVWLWXWLRQ DOORZLQJ DXGLWRU\ UHYLHZ RI ((* GDWD GXULQJ WKH
URXWLQH UHYLHZ RI WKH FOLQLFDO GDWD $IWHU JDLQLQJ H[SHULHQFH
FRUUHODWLQJ WKHVH GDWD WKH K\SRWKHVLV WKDW DXGLWRU\ ((* FDQ
LPSURYH IRFL GHWHFWLRQ ZLOO EH WHVWHG ZLWK D UDQGRPL]HG WULDO
XVLQJH[LVWLQJGDWDIRUZKLFKWKHORFDWLRQRIWKHVHL]XUHIRFLLV
NQRZQ $W WKH VDPH WLPH YDULRXV OLVWHQLQJ VWUDWHJLHV DQG
WHFKQLFDO UHILQHPHQWV HJ PHWKRGV VXFK DV GLIIHUHQWLDWLRQ WR
DOWHU WKH I VKDSH RI WKH ((* VSHFWUXP WR EHWWHU KHDU
IUHTXHQFLHV LQ WKH ULSSOH UDQJH DOJRULWKPV WR UHGXFH YRFRGHU
DUWLIDFWDQGDXGLILFDWLRQPHWKRGVDOORZLQJDXGLWRU\GLVSOD\RI
WKHHQWLUHUDQJHRIHSLOHSV\IUHTXHQFLHVRIWR+] ZLOOEH
H[SORUHG &ROODERUDWLRQ ZLWK HVWDEOLVKHG VRQLILFDWLRQ JURXSV
ZLOOEHDFWLYHO\VRXJKW
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VHL]XUH IRFL IRU HSLOHSV\ VXUJHU\ 'HYHORSPHQW RI WKLV HDUO\
H[SHULHQFHLQWRDFOLQLFDOWRROZRXOGEH D ZHOFRPH DGGLWLRQ WR
WKRVHPDNLQJWKHVHGLIILFXOWGHFLVLRQV
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ABSTRACT

sonification in a bimodal context using a “stickman” visualization.
Using an open task, they found that sonification would work well
in directing the attention of the user to aspects of the visual display
in the velocity based mapping, but not in the PCA.

Expert musical performance is rich with movements that facilitate
performance accuracy and expressive communication. As in sports
or rehabilitation, these movements can be sonified for analysis or
to provide realtime feedback to the performer. Expressive movement is different however in that movements are not strictly goaloriented and highly idiosyncratic. Drawing upon insights from the
literature, this paper argues that for expressive movement in music, sonifications should be evaluated based upon their capacity to
convey information that is relevant to visual perception and the
relationship of movement, performer and music. Benefits of the
synchronous presentation of sonification and music are identified,
and examples of this display type are provided.

2. A NEW METHODOLOGY
Gesture in music performance is a rich field for sonification, but
the expressive nature of these movements warrants special consideration that is distinct from goal-oriented movements that are common in sports. What is more important than the exact positions or
velocities of points and angles on the body are the “higher-level”
structural and emotional information they carry. This information
can be organized around the relationship of movement performer
and music, and what the movements convey to the viewer.

1. SONIFICATION OF EXPRESSIVE MOVEMENT

2.1. The relationship of movement, performer, and music

Recent developments in auditory display have infused human motion with sound for the purpose of analysis, motor learning, and
adapted physical activity [1]. However, human motion is not limited to goal oriented movements like those frequently found in
sports. In music for example, expressive [2] or ancillary [3, 4] gestures refer to movements that are not responsible for sound production, but nevertheless common in performance. Though complex
and diverse – varying with the instrument, performer, and musical
piece – these movements are otherwise highly consistent over time
and reflect musical structure and expressive intention [5].
The use of high-resolution motion capture systems has enabled the quantitative study of these movements. In a typical setting, a performer wears reflective markers that are tracked overtime in three spatial dimensions using an array of calibrated infrared cameras. Due to the size and complexity of the data sets,
sonification can be used to quickly browse through the data, make
non-obvious relationships more apparent, and facilitate the process
of data analysis.

Building upon a foundational work in the study of expressive
movement [4], there are three levels of gestures that need to be
conveyed in sonification, the material, structural, and interpretive.
Material gestures are those that are defined by the instrument being
played. For example, the cello is more limited in possible expressive movements than the clarinet, resulting in different movement
patterns. For a good sonification, a listener should be able to identify this type of difference.
The structural level of gesture concerns the relationship to the
underlying music. For instance, highly difficult passages of music
often impede mobility while easy passages and phrase boundaries
see an increase in movement [8]. Though each performer moves
differently, these sorts of structural cues are important and should
be clear in sonification.
Finally, the interpretive gestures concern the performer’s
unique interpretation of the piece and convey their structural and
emotional representation. For a good sonification, a listener should
be able to identify two “takes” of the same performer playing a
piece of music and likewise perceive that a different performer has
played.

1.1. Previous Work
The use of sonification for studying expressive gesture in performance began with a study of four clarinetists [6] who were asked to
play the same piece of music with exaggerated, normal, and immobilized playing modes. Though mapping choices were discernible
and could be used to expose data relationships that were not visually obvious, the mapping was not easily extendible to other
performers due to the high variability in the movement patterns
between subjects.
A more recent work [7] has compared Principle Component
Analysis (PCA) and velocity of markers as preprocessing steps for

2.2. The perception of movement in musical performance
In the perception of music, the visual context provides cues that
can modulate the emotional and structural perception of a piece.
For instance, simply viewing a performer can extend the perceived
length of phrases and reduce or augment ratings of tension [8]. In
another study, [9] showed that the visual perception of regularity,
fluency, speed, and amount of motion could predict the emotional
ratings of happiness, sadness, and anger.
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Results of [9] supported a possible invariance between viewing conditions, instrument, and musician. This invariance was supported by [10], who modificatied stickman avatars derived from
motion capture data of real performers. Completely immobilizing the arms or torso, or even playing the avatar in reverse did
not significantly effect judgements of tension, intensity, fluency, or
professionalism. Increasing the amplitude of motion of the whole
body was important however, implying this factor was more important than the movement of individual body regions.
If factors such as amplitude of motion are indeed more important to visual perception than the exact part of the body being
moved, than it is wise that sonification of performers prioritize
this cue. Additionally, if the regularity, fluency, and speed are important cues for conveyed emotion, likewise sonifications should
focus on the ability to correctly display this information.

to their shared medium. In this way, a successful sonification can
make expressive gesture accessible and provides a more complete
display of a performer’s expressive intentions in the same medium
as the performed music.
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3. SONIFICATION FOR MUSIC-DATA ANALYSIS
New music research abounds with large, complex, time-varying
data sets. For this data, sonification as a tool for analysis or display benefits from the shared medium of music and sonification.
For gesture in particular, some of these benefits have already been
identified by researchers using interactive sonification to teach
bowing technique of the violin.
The first benefit, identified by [11], stressed that the shared
temporal nature of music and the data could be used to understand
data events as they occur temporally relative to the music. Later,
[12] identified that for sonification and music research, listening
is a familiar and widely used medium. Also, the shared acoustic
medium could provide a more direct access to relationship of data
and performance audio. For expressive gesture, this may provide
a fuller display of the performer’s expressive intension than the
music alone, and may be closer to the performer’s internal representation of the structural and emotional content of the piece.
A benefit that has not yet been identified is that through sonification, the visual aspect of musical performance is made accessible to the blind (or those who cannot see). If a sonification design is able to convey the structral and emotional cues discussed
in Section 2, then it is a display medium that can be used to make
expressive gesture accessible through sound.
Videos hosted on the IDMIL website1 and Vimeo2 provide examples of this display type. In the first example, a performer’s
expressive gestures are sonified and presented with performance
audio and video. In the second example, sonification of the “eigenmodes” of a subject dancing to music [13] displays four metrical
layers that can be compared to the metrical layers of the music itself. In both of these examples, sonification provides a dynamic
display that conveys non-obvious information as well as the performer’s unique representation of the piece.
4. CONCLUSIONS AND FUTURE WORK
This article has argued that for sonification, expressive movement
should be treated differently than goal-oriented movement. Evaluation should be based upon the ability to convey movement cues
that are relevant to visual perception and that highlight the relationship of instrument, music, and performer. Pairing music and
sonification has benefits for analysis and display that are unique
1 www.idmil.org/projects/sonification
2 www.vimeo.com/peto/videos
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2. RESEARCH APPROACH

ABSTRACT
The
newly
started
research
project
SysSon
(http://sysson.kug.ac.at) will develop a systematic procedure
to develop sonifications, and test the procedure with climate data.
The SysSon approach addresses the relevant obstacles that are
met when introducing sonification in a new scientific domain: the
cultural bias, usability and technical issues. This paper presents
the research approach and puts it up for discussion.

The research approach is based on our experience from previous
projects (www.sonenvir.at, www.qcd-audio.at) and on a variety of
knowledge of the ICAD community, of which not all projects can
be cited here. SysSon is the systematic development and evaluation of a sonification design for the example case of climate data.
It proposes a procedure for developing sonifications that are well
integrated into the specific scientific community. The systematic
sonification procedure of SysSon encompasses several steps:

1. INTRODUCTION

Preparatory steps: As preparatory steps, the data has to be prepared, and a short update of the literature survey on current
sonification strategies in the domain science field has to be
conducted. Furthermore, the needs of the domain scientists
have to be analyzed and existing visualization tools assessed
according to their capabilities.

Usual obstacles to the application of sonification in science have
been cited, e.g. [1]. These include, amongst others, 1) a cultural
bias, i.e. a listening comprehension barrier, as there are few traditions of using sound to do science and practically no training in it;
2) quality control and questions of usability; 3) working premises,
i.e. a technical barrier, e.g., created by the fact that audio software
is not compatible with data in the domain sciences. In SysSon, we
want to address all these factors explicitly:

• Data preparation and literature survey
• Evaluation of existing visulization tools
• Analysis of domain scientists’ needs

• The cultural bias is usually the strongest barrier. Therefore we
will adjust the sound design explicitly to cultural metaphors
of the domain science. Furthermore, a common terminology
will be built up accompanying a sound library, which shall
allow communicating about the sounds. The additional gain
of the sonification approach will be pointed out by comparing
it with advanced visualization in the domain.
• Quality control and usability need to be assured by vigorous
evaluation. The project includes therefore several evaluation
steps of the sonification design within different test groups.
Furthermore, a public media installation and an expert workshop will be used to evaluate the project’s results.
• The technical barrier can be treated by providing an independent, easy-to-use sonification tool at the end of the project,
which is adjusted to software and data formats that are common in the domain science.

Interdisciplinary communication: In a second step, the interdisciplinary communication has to be built up between the
specific language and metaphors of the domain scientists, and
the one of the sonification designers. An extended TaDa (Task
and Data analysis [2]) can be used for this part of the procedure. The metaphoric sonification methods [3] will be used
to explore (implicit and explicit) audio and other metaphors
of the domain scientists. With this knowledge, and based on
our experience, a first library of sounds shall be established,
which serves as a working basis for the sonification design.
Once a sonification design has been developed (based on the
evaluation cycles as described below), a final sound library
and terminology can be assembled. The library serves as a
key for the sonification (in analogy to the key of a graph), and
facilitates a joint terminology of domain scientists and sonification designers. Sound phenomena in the sonification can be
verbally described, understood, and, thus, better recognized
and discussed.

We will develop a systematic procedure taking these factors
into account and elaborate sonifications for complex, dynamic
data, as can be found in various fields. In the project, we chose
climate data as an ideal case study. Climate data provide a good,
practicable working basis, as both model data and measurement
data are at hand, and they provide a straightforward real-world interpretation. The data sets are high dimensional and large. Furthermore, there is consensus on global climate change and the necessity of intensified climate research today in the scientific community and general public.

• Analysis of domain scientists’ metaphors
• Establishment of sound library

Sonification Design: The development of the sonification design is an iterative process based on the study of the domain
metaphors. It comprises the choice of (a/) basic sonification
method/s, the possibilities of user interaction, and the set of
parameters, which are adjusted to the data.
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• Development of sonification model
• Implementation of sonification

Evaluation: The sonification design is driven by a cyclic evaluation process. We propose three different test groups; the domain scientists as experts on the one hand, and non-experts,
but aesthetically trained people - musicologists and sound engineers/ computer musicians - on the other hand. The domain
scientists can use the sonification prototypes for exploration
tasks and evaluate the scientific gain of the representation.
The second and third group are responsible for an aesthetic
evaluation, assuring that the sounds will not become annoying even when working long time with them. This group will
also conduct simple exploration tasks. Open floor is given to
a general public, who will give indirect feedback on the sonification in a media installation. Finally, sonification experts
will discuss the project’s theoretical outcome and the specific
sonification design in a concluding workshop.

Figure 1: Visual analysis of ocean currents using SimVis,
http://www.simvis.at/references/showcase (accessed 16/02/2012).

• Cyclic sound evaluation by three test groups
• Public and expert evaluation

The analysis of the interviews is ongoing. It will comprise (a)
a listing and research of data analysis tools, (b) the inquiry of a typical workflow in climate data analysis, (c) a language investigation
of the transcribed interviews and focus group meetings. Furthermore, the acceptance of learning and using a new tool is quested,
which shall also be indirectly raised by engaging the researchers
from the beginning into the design process. The participants were
rewarded with headphones to thank for their collaboration, and to
further engage them with audio, e.g., by regularly sending them
links of sound material resulting from the project as disseminated
at http://soundcloud.com/syssonproject.

Dissemination: Sound shall be used as a new means to display scientific data, but as an innovative medium also further
spread the information to a general public, e.g., in a media
installation. As deliverable, the sonification design has to be
brought to a profound technical shape, which can be easily
used by the domain scientists to work with.
3. CASE STUDY
A systematic sonification approach cannot be developed per se,
but needs a meaningful case study of data. We chose climate data
which is provided by the Wegener Center for Climate and Global
Change (WegC, www.wegcenter.at). First results of the preparatory steps are shortly presented below.

4. CONCLUSION
This extended abstract gives a quick overview over the planned
systematics that will be further developed and tested in the research project SysSon, which has started in February 2012. Due
to the shortness of this format, we cannot go into details with
the planned sonification design and technical implementations, but
rather want to stimulate a debate on the suggested research approach and the test design of the preparatory tests at WegC.

3.1. Evaluation of existing visualization tools
Many challenges of sonification of a given data set are also found
in visualization - the innovative data exploration software SimVis
[4] (www.simvis.at, see Fig.1) has partly been developed in cooperation with the WegC. Other software used at WegC include
IDL (Interactive Data Language, www.exelisvis.com) and the open
source language R. We assess the use and functionality of these
and other tools during the initial user interviews (see below).
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1. INTRODUCTION

data.
The prevalence of music and technology specialists in the literature is hardly surprising–sonification today invites that level of
specialized knowledge to actually realize the complex sounds involved. To ease the use of sonification to explore data, several
software toolkits have been created (e.g. the Sonification Sandbox,
SoniPy, AesSon, and the Interactive Sonification Toolkit). Yet only
one recent ICAD paper used a general sonification tool, and this
paper was written by the author of the tool: David Worrall used his
SoniPy framework to sonify capital trading data [4]. This echoes
the frequent lament that there are no mature general-purpose data
sonification toolkits [5].
Almost all of the ICAD papers used open-source computer
music synthesis software to realize the sonifications (see Figure
1). SuperCollider was the most popular, accounting for 9 of the 29
papers; Pure Data, another open-source synthesizer, was almost as
popular (7 papers). Csound and ChucK were rarely used, and the
proprietary Max/MSP was used twice. There were no ICAD papers which used built-in MIDI software synthesis, which is one of
the easiest ways to generate sound (many computers and mobile
devices come with a MIDI software synthesizer). The remaining
papers used a smattering of custom hardware and software for creating the sonification.

What disciplines are applying data sonification, and what synthesis
tools are they using to make the sounds? These questions are basic
to understanding the state of sonification today, but they are surprisingly difficult to answer. This short review attempts to fill this
gap by distilling common patterns of data sonification research.
We hope that this will complement other literature reviews and
give potential and current sonification researchers a sense of what
is happening in the ICAD community, where there is room for
new ventures, and where there is already a lot of active research to
connect with. Additionally, we place ICAD in context with other
academic publications.
Over its twenty years, ICAD participants have presented a
wide variety applications for data sonification. Other reviews of
the literature have already given general overviews of the work in
the field [1], looked at how various physical quantities have been
sonified [2], and how they were evaluated [3]. Instead, we wanted
to focus on the people doing sonifications to get a current sense
of which disciplines are involved in applied sonification and what
tools they use.
The review covered 51 articles (29 in ICAD, 22 elsewhere)
applying data sonification since 2009. Some ongoing studies
have several published articles associated with them; however,
we analyze all papers separately. The criteria for inclusion
were whether a sonification example was created in the work
(as opposed to a theoretical discussion or general presentation
of a software tool) and whether they used data in the example sonification. The data could be real-world data or synthesized. A full list of the papers included in the review is available at http://www.zotero.org/groups/icad_2012_
sonification_tools/items.

3. ICAD’S DATA SONIFICATIONS COMPARED WITH
OTHER VENUES
The 22 non-ICAD papers we found had a lot of overlap in content
and authorship with the ICAD community (although see Limitations section below). Only four of the non-ICAD papers we found
had authors who had not previously appeared in ICAD; seven
had authors who had all appeared in ICAD, and 11 had a mixture. However, only five articles were collaborations between music/technology departments and an institution in the applied data
field. There were no sonifications that related specifically to social
science data.
Pure Data was, again, a popular synthesis tool among the nonICAD group, accounting for 5 of the 22 papers (see Figure 1).
Unlike in the ICAD articles, SuperCollider was only used in 3 papers, and solutions using built-in MIDI software synthesizers were
the most popular (6 papers).
In the full pool of 51 data sonification articles since 2009,
authors with multiple recent publications tended to use the same
tools. This suggests that the technical ease of using familiar software may override the advantages of alternate tools for different
applications. Among the 22 authors who appeared on more than
one publication, only 5 authors used more than one tool. For the 9

2. COLLABORATION AND SOFTWARE AT ICAD
Applied data sonification articles at ICAD were almost always affiliated with a music or technology department. The first authors
on 22 of the 29 articles had a music/technology affiliation, and
three more papers had a music/technology affiliation further down
the author list. Institutions associated with the applied subject
area–i.e. the source of the data being sonified–were not as prevalent, but did have a narrow majority (17 papers). Twelve articles
involved a collaboration between a music or technology department and department in the subject area. Physics and biology were
both well-represented in the applications, but there was no social
science applications besides for one economics-related article [4],
despite the fact that the social sciences are rife with quantitative
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Synthesis tools used in applied data sonifications
Number of articles

8
6
Source
ICAD
Non−ICAD

4
2
0
SuperCollider

Pd

other

prerecorded Max/MSP

Synthesis tool

Csound

ChucK

Matlab

Built−in MIDI

Figure 1: SuperCollider was easily the most popular synthesis tool among applied ICAD sonifications, but Pure Data (Pd) and built-in
MIDI software synths were most common in non-ICAD articles.
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ABSTRACT

Noiszewski, the Elektroftalm in 1897 [2]. Some years later, in
1912, d’Albe built the Exploring Optophone [3].

Sonification is one of the most natural ways to complete the
information perceived by the blind people. Thus, it has been
widely applied to create assistive products to help this
community in their daily life. In our case, we are working on a
mobility device which transforms the depth map of a scene into
a set of sounds, comprehensible by the user. Our sonification
proposal is based on the opinions of experts and potential users,
collected by different interviews which crystallize in the herein
explained sonification. This proposal follows the so-called
point transform, which allows real-time sonification and quite
accurate localization of the sound sources. However, some
modifications to avoid ambiguous situations are also
implemented and explained in this study.

Since then, many assistive products have been proposed,
especially in the last two decades. There are some basic
dimensions into which any sonification proposal can be
classified:

1.

INTRODUCTION

Sonification is the process in which some information is
translated into sounds, formerly to ease the reception, but also
for aesthetic or leisure purpose.
We are working on an assistive product called Assistive
Product for an Autonomous Travel (APAT) [1], in which a
sonification system helps blind people to mentally build a
representation of his/her surroundings. For that purpose, we
have developed an image processing step, in which two images
are processed to obtain the depth map of the scene, by means of
stereo vision techniques.
In this manuscript, we propose a novel and still-in-design
process sonification code, which tries to surpass the limitations
found in the bibliography, regarding this kind of technical aids
for the blind community.
2.

•

Number of channels: Sonification using one channel
(monaural emission) or two (stereo or binaural
emission).

•

Arbitrariness: Some sonification codes exploit the
natural direction discrimination capability of the
sounds. Others implement arbitrary codes for some
parameters of the space, such as vertical position,
which are not so well localized. There are some
algorithms lying in the middle of these two groups.

We will focus on arbitrary and mixed options (no matter the
number of channels, for instance), to summarize them into a
few sonification paradigms. We will provide an example of a
device implementing each paradigm.
•
Piano transform: Height is codified as frequency, and
horizontal axis as time. The brightness is correlated with the
volume. That was d’Albe’s choice.
•
Point transform: Firstly proposed in [4], height is
codified as frequency and horizontality as binaural loudness.
The volume, again, is related to the brightness.
•
Pitch transform: Proposed in [5], assigns the
frequency to the depth (distance) of a point.
•
Verbal transform: Extending he concept of
arbitrariness, we can find projects as [6] where the surroundings
are “read” by a synthetic voice.
•
Other proposals: “Click” guiding of a Geiger counter
with a radioactive emitter [7].

BACKGROUND

Sonification is a technique that has been widely used. The
first prototype found sonifying images into sounds was built by
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•
The visual brightness: Directly transforms the image
into sounds, as it is done in [4]. This option is called direct
mapping.
•
The depth: The image is processed and only the depth
is transformed into sounds.
•
Edges: Only the edges are sonified, eliminating the
volumes in the sonification process. An example of that
transform is described in [8].
3.

SONIFICATION

•

The sonification is implemented by means of the MIDI
standard protocol [10].
4.

3.1. Information to be sonified
As said before, we have a depth map (usually called 2.5D
image), gray scale, as shown in figure 1.

The vertical axis is codified by means of harmonic
musical notes (which perform the CMaj7m chord
when all the height levels are excited). However,
some simpler profiles have also been proposed, being
this last one the most complex. In this maximum level,
16 notes are used for height codification (the CMaj7m
chord in 4 octaves). Any Harmonic chord allows the
user to perceive music, instead of unpleasant noise.
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5.

Fig. 1. 2.5D image example.
In this image, the brightness represents the distance of the
point to the camera. The whiter a point is, the closer it is.
3.2. Sonification code: the Modified Point Transform
We decide to take as baseline the point transform (see
section 2) over depth maps, because of the following reasons:
•
The system must work in real time to avoid obstacles,
so the time cannot be, directly, a variable of each
image sonification.
•
It uses the binaural properties of the human hearing
system, making the training easier and more intuitive.
Important limitations were also found. For instance, this
transform cannot differentiate between a volume centered in the
image, and two bodies with half volume each, located laterally.
Likewise, the volume may change with the ambient noise and,
hence, it loses its capability of giving an absolute depth
measure.
Thus, a final sonification code has been proposed, with the
following characteristics:
•
The brightness (the depth) is correlated with the
volume, but the range of possible values is discretely
split into 6 different sounds (synthetic voice, flute,
oboe, trombone and muted trumpet), becoming
sharper when the points become closer to help in
distance discrimination.
•
The lateralization is performed by differences in the
loudness and the time of each sound, as it is described
since the firsts psychoacoustic studies [9]. To avoid
ambiguities, a tremolo is applied to lateral points,
taking into account that the closer to a lateral a point
is, the deeper is the tremolo.
•
Only the nearest pixels (being their bright value
higher than 42, in a range of [0,255]) are sonified.
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ABSTRACT
We provide a short introduction to WindChime, a real-time
web-driven audiovisual installation. Weather data from many
world locations is gathered from a server and accommodated in
a dynamic visual representation. The dynamics of the wind at
specific world locations exercises influence over a mass of
floating particles in a virtual parallel world. Particles in turn
influence the production of complex sounds. In effect, a
rewarding aesthetic experience results from the appreciation of
the intricate interplay of two complex dynamical systems; one
of natural origin (the earth), the other of cultural design (the
program).
1.

INTRODUCTION

Artists developing private first principles might suggest new
scales in time and space while challenging the notion of
dimensionality, both conceptually speaking and in terms of
embodiment. This includes the exploration of sound aiming the
expression of spatiotemporal complexity hidden in a tiny
organic micro-world [1]. In contrast, project WindChime
suggests viewing the whole Earth as a dynamic system subject
to sonification [2]. In essence, we implement a virtual version
of the archetypal wind chime; an arrangement of objects
suspended from a frame creating tinkling sounds in a light
breeze.
Previous research exploring the Earth as a global source of
information includes the translation of the Kp indices reflecting
the Earth’s magnetic field into musical pitches and compressing
thousands of data items into a few minutes of musical time [3].
Sonification / Listening Up is a more recent MIT project aiming
the sonification of the interplay of sun winds with the Earth's
atmosphere, a continuous interaction that takes place some 60
miles above ground level [4].
The conviction that rewarding aesthetic experiences may
result from the perception of multifaceted behavior in a given
complex system underpins the present project.
More precisely, the global systems output here emerges
from the confrontation of two complex dynamical systems: (1)
the complex stretch of non-linear forces instructing the
development of wind across the surface of the Earth, and (2) the
largely unpredictable (though coherent) behavior in a sounding
network of digital audio processing units. So, the earth is
considered a found system while the sound producing system is
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a deliberately constructed system; the net result is collaborative
effort involving a natural and a cultural system.
2.

IMPLEMENTATION

The project is conceived as a real-time web-driven audiovisual
installation. The implementation continuously captures the
intensity and direction of the wind at many different locations
worldwide by probing live data from a server at the National
Center for Atmospheric Research [5]. Implementation consists
of two concurrent programs, (1) a Java program running the
web sensing functions, the dynamic visualization and the
analysis and mapping functions and (2) a program written in
SuperCollider [6] handling real-time audio synthesis. The
programs communicate through OSC [7].
The Java program holds a number of classes from which
functional objects are instantiated: the World includes Particles,
their behavior being influenced by forces emanating from a
Field, the strength of the Field being developed on a continuous
basis from local data gathered from Stations providing live
weather information. A brief description of the functionality
inside every class follows.
The Stations class holds a data structure containing
information on 7961 weather stations. A single 80-character
entry contains 18 data items, including name of location, a fourcharacter international ID, latitude and longitude, elevation,
aviation specific information and country code, for example:
ISLE OF MAN/RONA EGNS 03204 54 04N 004 37W 17 X T
6.
A single Station object is instantiated by randomly selecting
a candidate station from the list of potential stations. The
Station object computes its visualization on a world map image
- displayed as a permanent background image – by converting
its latitude/longitude data to a Cartesian map (see figure 1). In
addition, the object makes a request to the server and, when
available, parses the data received for extraction of wind
strength and wind direction at that station’s location.
A single global Field object holds two complementary
matrixes (32 by 20 elements) called data and previousData –
they hold information about the strength of the wind captured
for the whole world over a span of two consecutive time
frames. The representation of the matrix is actually mapped on
top of the world map – respective matrix locations are imagined
as being connected to specific physical locations in the world
map.

Proceedings of the 18th International Conference on Auditory Display, Atlanta, GA, USA, June 18-21, 2012

threshold, the curve thus an emergent phenomenon built by
forces spread out around the globe.
3.

MAPPING

The mapping strategy developed here is unusual as it aims to
develop a sensible association between behaviors in two
independent parallel systems that coexist within their private
domain. This procedure attempts to avoid the simplistic notion
of conventional mapping [8] or direct sonification [9]. Audio
synthesis in WindChime explores the principle of “influence” as
detailed next.

Figure 1: Snapshot of visualization resulting from sampling
24 world locations for real-time weather data.

The data gathered from the current Station in the World
updates the Field at a specific location i.e. where the
(normalized) image of the matrix and the station’s location
coincide. In addition, the numeric data in every single matrix
element is scaled down in proportion to its distance from the
current Station XY location. In the long run, following
successive process cycles, the matrix will dynamically capture
the strength of the wind with live data from 24 stations
simultaneously. The World object actually aims to optimize
data input and gradually builds a data structure of locations in
the world trying to maximize the effect of the wind in the
installation as a whole. In the current implementation, the
matrix is visualized as an array of red circles, their radius
relative to the strength of the wind at the respective locations.
A Particle is envisioned as virtual dust facing – a
representation of – actual physical wind. Particles float in 2D
space, their velocity and size is modulated by the intensity of
the Field being expressed at their respective positions. Particles
are also sensitive to their surroundings: neighboring particles
within a given critical distance produce temporary clusters
visualized by line segments. Particles within clusters interact in
two ways, (1) a particle will adapt its angle of movement to the
angle of one of its (randomly selected) neighbors and (2) a
particle’s energy level will boost in proportion to its number of
neighbors. An isolated particle (no neighbors) will slightly
decrement its energy level in every process cycle, energy levels
are considered in the audio mapping algorithm documented in
section 3.
A single World object accommodates 100 particles. The
World creates a list of 24 unique stations that return actual data
(not all servers are operational on a permanent basis). The data
from all 24 stations is visualized and accommodated in the field
matrix. Every station remains active for some time interval
(normalized to a scale; from 30 seconds to 5 minutes) in
proportion the strength of the wind at its specific location.
Figure 1 shows the world map in the background, the Field
matrix (the red circles reflecting the local intensity of the wind)
and a few clusters of floating particles. The blue curve is
computed by interpolating between data points above a given

A complex audio network is developed – by trial-and-error
method, much like trying patches on an analog synthesizer – by
patching a critical collection of synthesis and processing
modules. Audio complexity builds up because the modules
interact in non-linear ways and, given certain parameter
settings, the global synthesis engine engages in chaotic
behavior. Although the patch remains static, it reveals a quite
significant expressive musical space. In addition, the patch can
be pushed into a great many behavioral modes, its operational
integrity remains guaranteed and its sonorous identity equally
recognizable. The patch is characterized by control economy: it
has only two entry points for external signals, so it may be
imagined as a 2D surface accepting a single XY location. Inside
a patch, X and Y control signals map to many different
parameters simultaneously, however using distinct interpreter
algorithms. The mapping strategy is consequently minimal on
the side of “control” (only 2 parameters), yet the system aims to
maximize its effect on audio complexity through the critical
design of a networked synthesizer.
Now, the free running audio patch continuously consults
the Field instance variable of the World. Any particle may
trigger a sound when its present location (i.e. the contents of the
Field at the particle’s location) exceeds a given adaptive
threshold. The threshold increases while facing overstimulation;
the absence of input (e.g. “wind energy”) will lower the
threshold thus increasing the probability of audio responses.
The adaptive algorithm actually contributes to global emergent
behavior in WindChime. In addition, this project features realtime visualization of pinged information from the weather data
server, the station’s ID’s are displayed and the accumulated
Field is stretched across the world map. Interaction between
particles shows up in dynamic computer animation.
4.

CONCLUSION

The present project bridges two complex dynamical systems:
the progression of wind patterns around the globe with the
development of audio patterns inside a complex digital audio
patch. Aesthetic appeal follows from the perception and
appreciation of the complementary complexity inside the
unfolding visual representation of the world’s wind data in
relation to the unfolding sonorous complexity enacted by the
audio synthesis patch. The WindChime project suggests
evidence that fractional recognition of relationships between
behaviors in both systems provides the basis for a rewarding
human-machine experience.
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ABSTRACT
Despite strong interest in designing auditory alarms in medical
devices, learning and retention of these alarms remains
problematic. Based on our previous work exploring learning
and retention of associations between sounds and objects, we
suspect that some of the problems might in fact stem from the
types of sounds used. Several of our previous studies
demonstrate improvements in memory associations when using
sounds with “percussive” (i.e. decaying) envelopes vs. those
with “flat” (i.e. artificial sounding) envelopes – the standard
structure generally used in many current alarms. Here, we
attempt to extend our previous findings on the effects of
temporal structure on the learning and memory. Unfortunately,
we did not find evidence of any such benefit in the current
study. However, several interesting patterns are emerging with
respect to “confusions” – the times when one alarm was
confused with another. We believe this paradigm and way of
thinking about alarms (i.e. attention to temporal structure) could
provide insight on ways to improve auditory alarms, thereby
prevent injuries and saving lives in hospitals. We welcome the
chance to gather feedback on our approaches and thoughts as to
why our current attempts (which we believe are based on a solid
theoretical basis) have not yet led to our hoped-for
improvements.

1.

INTRODUCTION

Medical alarms are designed to alert medical staff immediately
when there is a problem with a patient. Despite their ability to
grab attention, the current design of medical alarms is
ineffective and results in several deaths and injuries among
patients each year [1]. This could be attributed, in part, to the
poor learning and high rates of confusion seen in empirical tests
of alarm learning [2,3].
Confusions among alarms can arise from a variety of
factors such as acoustic similarity, functional similarity or
difficulty forming associations [1,4]. The current study aims to
investigate a more subtle change to the current acoustical
design of medical alarms. Previous studies in the lab have
focused on the ecological validity of sound and its effect on
associative memory abilities. The main manipulation in these
studies was the shape of a sound over time; or more technically
known as the ‘amplitude envelope’. Two types of amplitude
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envelopes were investigated: flat and percussive (as shown in
Figure 1A). A percussive envelope is representative of impact
sounds, which we hear on a regular basis. A flat envelope, on
the other hand, is man-made and is heard significantly less
often than percussive sounds. Therefore we hypothesized that
percussive sounds could be learned and recalled much easier
than flat sounds due to our extensive experience with them.
This hypothesis was supported in several object-melody
association experiments [5], where it took significantly fewer
trials to learn the associations when percussive melodies were
used compared to flat melodies. Here, we will investigate the
role of amplitude envelope as it applies to the learning and
memory of medical alarms.
2.
2.1

METHOD

Participants

Participants consisted of 48 undergraduate students (16 Male,
31 Female, 1 Transgendered) ranging in age from 17 to 26 (M =
19.06, SD = 1.80) recruited from the undergraduate psychology
and linguistics pools
2.2

Stimuli and Apparatus

We selected eight tone sequences from a set used in a previous
study [5]. In order to create both flat and percussive versions of
the tone sequences, SuperCollider1 was used to shape pure tones
(i.e. sine waves) into flat and percussive envelopes to create
individual tones. These individual tones were then arranged into
sequences using Audacity2 - a free sound editing program. All
tone sequences consisted of four one-second sound clips that
were either all percussive or all flat concatenated together to
make a four-second track. Percussive tones were approximately
800ms in length and were separated by 150ms. Flat tones were
745ms in length and were separated by 200ms. Each of the tone
sequences were labeled with a number from 1 to 8 and are
shown in Figure 1B.
Tone sequences were stored on an iMac computer
and presented over Sennheiser HDA 200 headphones at a
comfortable listening level, which was held constant.
A)
B)

1
2

http://supercollider.sourceforge.net
http://audacity.sourceforge.net
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Figure 1 – Percussive and flat waveforms (A) and the contours of the 8 melodies used in the Experiment (B).
M = Major, m = Minor, P = Perfect, TT = Tritone, + = Ascending, - = Descending.
Participants filled out a short survey that included questions
regarding demographics, musical training and musical practice
and listening behaviours prior to beginning the experiment.
2.3

Procedure

To control for differences I musical training, participants heard
alarm sets that contained four flat and four percussive tone
sequences. The pairings tone sequences and alarm labels were
randomized for each participant.
The experiment consisted of four phases: Study,
Training, Break and Evaluation. During the Study phase,
participants heard each of the 8 alarms twice and were told its
correct alarm association. In the Training Phase, we presented
participants with each of the tone sequences once (in a random
order) and asked participants to identify the correct alarm
association.
Participants were given feedback on their
correctness, played back each of the sequences and were told
the correct alarm association regardless of their answer.
Participants heard all 8 melodies, which made up a block of
training. These blocks were repeated until participants could
correctly identify 7 out of 8 tone sequences in 2 consecutive
blocks, or reached a maximum of 10 blocks. Once the Training
phase was complete, subjects took a five-minute Break to play a
mini-golf game on a computer. The sound was turned off to
ensure the game sound effects did not interfere with our
evaluation of learning and retention of the tone sequences.
During the Evaluation phase, participants were randomly
presented with each of the 8 tone sequences and were asked to
identify the correct alarm association. Participants received
their final score upon completion. This paradigm is a hybrid
pairing of one used in previous studies [5], and what is
currently used in medical alarm research [2,3].
3.

RESULTS AND DISCUSSION

Performance on flat and percussive alarm associations in the
Evaluation phase was compared using a pair-wise sample T-test
and yielded no significant difference (p = 0.554).
We are currently examining the patterns of confusion
and suspect amplitude envelope, timbre and tonality play

significant roles. To our knowledge, no studies have looked at
alarm confusions based on these aspects and think this might
provide some insight on ways to improve auditory alarms.
Given the importance of alarms in a medical setting,
the design of sounds that can easily be associated with their
intended meaning is a pressing and timely issue. Therefore, we
are very interested in any comments and feedback on the
research presented in this extended abstract.
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ABSTRACT
Our study focuses on mood induction with pleasant and unpleasant auditory stimuli during the break. Our test includes subjective evaluation (NASA-TLX, KSS, POMS), cognitive tests and
brain responses (MEG and EEG). We aim studying the effect affective state has on work-like tasks. Hypothesis: pleasantness of
auditory mood induction affects cognitive performance and brain
responses.

Personal Info + POMS
Cognitive tests
NASA-TLX, KSS, POMS
Pleasant/Unpleasant
POMS
Cognitive tests
NASA-TLX, KSS, POMS

20 min
35 min
5 min
12 min
5 min
25 min
5 min

Table 1: One visit testprotocol.

1. INTRODUCTION
Cognitive performance results from multiple factors including
arousal and physical fatigue. Affective state, major modulator for
cognitive and physical performance, is often neglected. Here we
investigate the effects of different dimensions in affective state on
performance in cognitive tests and electrophysiology.
Music has the indeniable ability to convey strong emotions. In
addition, lots of research under the topic of music is devoted to
revealing the possible effects music claimed to have on cognitive
performance. One of the famous cases is the controversial Mozart
effect[1]. Not more than decade ago there was an intense debate
about the reputed effect Mozart’s music has on performance in certain spatially demanding cognitive tasks. The debate more or less
concluded that music has an effect on affective state. This effect
is called enjoyment arousal, i.e., arousing and positively valenced
effect of musical experience[2]. However, the research around the
discussion did not try to specify the dimensions of affective state
influenced by the effect, in terms of the two dimensional model
namely valence vs. arousal. A novel paradigm is designed for
measuring the effect of mood on performance and related electrophysiology in cognitive tests. The tests are chosen to simulate
a cognitively demanding tasks during a regular workday in office
like work environment.

musical material. Such synchronization, or entrainment of especially respiration to the temporal characteristics of the music used
in the mood induction may completely override all physiological
effects in the study [5].
3. METHOD
3.1. Subjects and Procedure
We have currently measured 7 subjects. Five of them were female
and two male. Their ages varied from 21 to 38, mean 27 standard
deviation 6.6. In Table 1 is a protocol for one visit. Each visit
starts with questionaires and preparations for the MEG and EEG
measurements. The Profile of Mood States (POMS) are used to
measure affective mood state of the subject.
We have three cognitive tests in our protocol: N-back, Task
Switching and Image Memory. In Testset 1, each test includes
training trials before the measurements. In Testset 2, tests are accomplished without training. The testsets are performed before
and after a mood induction in two different days, i.e. tests are performed four times in total. Paradigm is counter balanced so that
half of the subjects get negative induction first as the other half get
positive treatment first.
After the cognitive tests the NASA-TLX, KSS and POMS
questionaires are accomplished.
After the first round there is a break, which includes pleasant
or unpleasant mood induction. In pleasant mood induction subjects are exposed to music of personal choice. We provide preselected playlists from different genres among pop, electro, classical, and rock. The playlists were created considering the effect
on arousal. Mean tempo of each playlist is adjusted to match the
mean tempo of the unpleasant sound sequence. It is mix of environmental noise created by superimposing negatively assosiable
sounds, e.g. crying, alarms, and dental drills.
In the MEG we obtained a large number of brain responses
from which we determined their amplitude and timing, especially

2. MOOD INDUCTION
There are a number of experimental techniques that have been developed to induce positive or negative mood in the participants.
The effectiveness of these Mood induction procedures (MIP) has
been investigated [3] and the MIPs using music have been shown
to be effective. For example, the cardiovascular and respiratory
patterns are changed according to the mood induced by music [4].
When studying the physiological features related to changes of
mood, e.g., measures of heart rate or heart rate variability, blood
pressure, etc., the acoustic and especially rhythmic content of the
musical material plays a key role. One may expect effect related
to temporal synchronization of the physiological functions and the
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Before Pleasant
Before Unpleasant
After Pleasant
After Unpleasant

KSS
6.2 (1.5)
5.3 (1.7)
5.7 (1.9)
5.5 (0.8)

Mental Demand
2.0 (1.4)
2.3 (1.6)
2.5 (1.1)
2.3 (1.6)

Frustration
3.0 (1.0)
2.7 (1.8)
2.5 (1.9)
2.3 (1.2)

pleasant and an unpleasant break with measurable effects. When
changes in the mood states, sleepiness and task-related effects
were compared after the pleasant and unpleasant break, the results
were individually quite variable and dependent on the individual
situation prior to the break. The task performance of the participants became better during the experiment - the reaction times got
faster and the hit rates became generally better. Such a learning
effect has been shown also in previous studies. The effect of the
short break in the midst of the task performance was surprisingly
small and was largely masked by the learning effect. This may be
due to the fact that the tasks themselves also induced changes in
the mood. The tasks are demanding and frustating and may thus
override the effects of the pleasant break. The EEG and MEG
methods are clearly capable of capturing the brain activity related
to the three tasks since clear brain responses were observed. The
participants’ response patterns were affected by the breaks, but the
effects were not clearly consistent across subjects. This may be
due to the differential effects of the tasks on individual subjects’
mood. In sum, mood induction with music or sounds was found to
be possible even during short breaks and it may affect the cognitive
task performance.

Table 2: Mean and standard deviation for KSS (scale 1 (aroused)
to 7 (sleepy)) and NASA-TLX (scale 1 to 5).

the onset and peak times. The responses are elicited by the presentations of the figures and sounds that occur in the cognitive experiments. In all test types the responses, reaction times, stimulus
onsets and related electrophysiology are recorded with Neuromag
data acquisition system.
N-back task: The participants will complete a visual n-back
task after a practice trial. In each condition a total of 180 stimuli
(numbers) will be presented one at a time on a computer screen.
The participants will be instructed to give a response to whether
the number is the predetermined ”x” within a sequence of numbers
(0-back), the same as the previous number (1-back), or the same
as the number presented 2 numbers back (2-back), or not.
Task switching. When people have to switch between two
tasks, they are slower on the task-switching than on the taskrepeating trials [6]. We compared the time needed and mistakes made in unpredictable task-switching trials to those in taskrepetition trials.
Image Memory. Tests for visual memory are prone to errors
hence a good assessing technique for cognitive performance [7].
The test is alternation of The Cambridge Face Memory Test [8].
Instead of faces we use abstract images selected in collaboration
with clinical psychologists. The difficulty of the task is adjusted by
adding images to target train to achieve sufficient error frequency.
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4. RESULTS
The questionnaire about the pleasantness of the break and its effects showed that the subjects found the break with self-chosen
music to be clearly more pleasant than the break with noise. The
perceived pleasantness of the break in scale 1 to 5 was 3.6 (0.24)
for pleasant and 1.3 (1.2) for unpleasant break. The KSS questionnaire showed that the break changed the arousal level: the pleasant
break increased it and the unpleasant break decreased it. In the
NASA-TLX, the mental demands and the frustration changed differently according to break type, see Table 2. In POMS, the effect
of the break type was most clearly seen in the arousal dimension.
In the MEG and EEG, all three test types produced clear responses.
For example, the presentation of the task image in the task switching experiment gave rise to clear P300 responses. The response
magnitudes and latencies in the four conditions were compared.
Simultaneously, the performance data from the experiments were
obtained. The intra-subject variability was large compared to the
effects of the break type.
5. DISCUSSION
Inducing mood changes by listening to music or sounds has been
demonstrated in many experimental set-ups. Our aim was to induce mood changes by music or sounds during a short break between cognitively demanding tasks. We succeeded in creating a
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ABSTRACT
This extended abstract describes Drawn Together, an interactive
art installation in which a person takes turns drawing with a computer. We describe the process of the interaction and the methods
used to creatively sonify the process and the animations. There are
three main states in the interactive process that are sonically represented using audio samples in a mix of background and foreground
sounds. The lines drawn by the computer are sonified using a set of
features describing length, rate of time drawn, location, and curviness.
1. THE DRAWN TOGETHER PROJECT
Drawn Together is an installation art piece in which an individual
and computer draw in a turn taking interaction. It was developed
by the Open Ended Group in collaboration with the Georgia Tech
College of Architecture and the Center for Music Technology. A
camera, projector, two computers, four microphones, and numerous LEDs are encased in a table designed specifically for the piece.
An individual is encouraged to draw on a single black sheet of paper. The computer responds with a 3D projection on to the same
paper based on an analysis of the person’s drawing. The participant responds to the computer’s drawing with additional drawings
on the paper, the computer responds again, and the process continues as a conversation unfolds between participant and computer
via the shared drawing surface. There are three primary states to
the piece: 1) the human drawing state 2) the ”thinking” state and
3) the computer response state. The entire event includes an auditory component that enhances the experience through a sonification of the drawing and the state of the system (in terms of the
three states). The audio is played through a pair of headphones
worn by the individual currently interacting with the installation.
There are also two loudspeakers on either side of the table allowing
everybody else in the room to experience the sound.

Figure 1: An individual interacting with Drawn Together as others
observe

Figure 2: Honey comb design of the table top and microphone
placement

an F-hole at the bottom. The F-holes differ in both size and location for each honeycomb allowing for subtle auditory variation.
Additionally, different size boxes add a variety of filtering characteristics. The sound becomes dependent on the implement being
used (chalk, pen, pencil, pastel, etc) and on its point of contact
with the table.

2. TABLE DESIGN
The design of the table was influenced by the notion that in addition to a drawing surface the table could be a musical instrument.
We consulted with a luthier to determine how best to achieve this
and created a structure that acoustically manipulates the sound of
the drawing implement on the table. The elongated table top serves
as a resonating body and is filled with honeycomb shaped boxes,
which filter the sound. Each honeycomb is an enclosed box with

3. SONIFCATION
The purpose of the audio is to provide a sonic component that is
beautiful, creative, and relevant to the visuals, the state of the system, and the process of drawing. To achieve this we use a combination of techniques including a persistent background drone
throughout and a foreground layer having different textures specific to each state.

This work was supported by NSF Grant #0905516, Georgia Tech College of Architecture, School of Architecture, School of Industrial Design,
School of Interactive Computing, and the Center for Music Technology
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3.1. Background

State 3 provides the most challenging and interesting part of
the sonification process. The foreground audio sonifies the computer’s response in real-time. The current iteration of the music
uses a large library of sounds taken from recordings of several human drawing gestures which were classified into groups such as
straight lines, curvy lines, dashed, dotted, etc. In addition to these
drawing sounds we also recorded and labeled sounds from a rain
stick, wooden drum, and guitar. These samples are mapped to the
3-dimensional lines the computer draws. A large set of features
describing each line and the density of lines being drawn at one
time determines which samples to use. Some of the individual
line features include location, length, and rate at which it is drawn.
Each line is defined as a Bezier curve so it is also possible to get
a measure of ”curviness.” Depending on the sample the algorithm
selects, the sample is either looped or the playback speed is adjusted to be the same duration as it takes the particular line(s) it is
representing to be drawn. Similarly to State 1 the sounds are spatialized to a stereo field so that events occurring on the right side
are played through the right channel and events on the left side
through the left channel.
The dynamic variety of the computer’s response makes the algorithmic sonification somewhat challenging. At times the computer may draw thousands of lines in a span of a few seconds while
at other times may draw only one line across ten seconds. Through
observation and testing we implemented several hardcoded thresholds so that the audio chooses the appropriate sample based on the
circumstances of the drawing. When the features describe a scenario between two thresholds the samples are crossfaded based on
the distance the value is from each threshold. For example, when
there are less than six lines being drawn simultaneously the system will sonify each one using an appropriate sample from the
gesture sound library. As the number of simultaneous lines being
drawn rises above six the system continues to sonify the individual
lines with gesture sound samples while accompanied by an additional rain stick sample. The rain stick sample volume increases
as the individual line sample volumes decrease until a threshold is
reached and only the rain stick can be heard. From empirical data
we found the sonification to be ineffective when using a unique
sound for more than 15 lines simultaneously. For this reason we
used a single sample with a dense sonic quality (the rain stick) to
represent events in which more than 15 lines were being drawn.

The background sound sets the tone for the entire installation. It
was created by taking a recorded sample of a person drawing on
the table, convolving the sample with an impulse response of the
table, and convolving that result with a bowed cello note. The
result of this process is a low drone which is present throughout.
The drone changes pitch when convolved with a new cello note.
A change in pitch signals a state change to a different phase of
the interaction. This change in pitch sonically shifts the sound and
also gives outside listeners not currently interacting with the table
a sense of the rhythm of the interaction between the computer and
the individual.
3.2. Foreground
In contrast to the background, the foreground audio was developed to give a more precise representation of the drawing activity
of both the participant and the computer. This needed to be accomplished while still being aesthetically pleasing and maintaining the
gentle ambiance desired.
In State 1 the person drawing hears the sound of his or her
drawing implement on the paper. The sound is amplified and
slightly filtered to soften the undesirable frequencies. The four microphones embedded in the table are located directly below the paper and spaced so that the output creates an auditory spatialization
identical to the implement’s location relative to the center of the
paper. The two microphones on the right are mixed and sent to the
stereo right channel and left side microphones are sent to the left
channel. In our original implementation we used binaural filters to
create a 3-dimensional sound spatialization. This was an attempt
to further make the listener feel as if he were sonically immersed
in the experience with the sound revolving around his head along
a horizontal plane. Though after listening, we concluded that the
binaural filters reduced the quality and effectiveness of the natural
sound of the implement on the table.
State 2, the ”thinking” state, is the interval of time between the
point the person finishes drawing and the point when the computer
starts its response. During this time the computer is analyzing the
drawing and determining an appropriate response. In addition to
the background pitch change a sample of a slow ticking clock is
played to indicate the state.

4. CONCLUSION
Drawn Together had a soft opening in February, 2012 and is still
a work in progress. There is still more which can be done in order to improve the sonic material. Tweaking current thresholds,
adding additional samples to the library, and different processing
techniques may produce better results. We hope to explore some
of these options and implement them in future installments of the
piece.
5. ACKNOWLEDGEMENTS
Drawn Together was developed by a large group of individuals including Marc Downie, Shelley Eshkar, Paul Keiser, Mason Bretan,
Jason Clark, Jason Freeman, Ryan Nikolaidis, Gil Weinberg, Tristan Al Haddad, Scot Kittle, Kyan Rahimzadeh, Racel Williams,
Claudia Rebola, Pablo Alfaro, Asa Martin.

Figure 3: An example of a computer generated response with a
person’s drawing
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ABSTRACT

2.

In response to the need for more accessible Informal Learning
Environments (ILEs), the Georgia Tech Accessible Aquarium
Project has been studying sonification for the use in live exhibit
interpretation in aquariums. The present work attempts to add
more interactivity [1] to the project’s existing sonification
work, which is expected to lead to more accessible learning
opportunities for visitors, particularly people with vision
impairments as well as children. In this interactive sonification
phase, visitors can actively experience an exhibit by using
tangible objects to mimic the movement of animals.
Sonifications corresponding to the moving tangible objects can
be paired with real-time interpretive sonifications produced by
the existing Accessible Aquarium system to generate a
cooperative fugue. Here, we describe the system configuration,
pilot test results, and future works. Implications are discussed in
terms of embodied interaction and interactive learning.
1.

INTRODUCTION

To improve the accessibility of exhibits and promote universal
design in aquariums, researchers have studied real-time
interpretive sonification as a strategy for translating visual
aspects of live animal exhibits [2, 3]. Georgia Tech’s
Accessible Aquarium Project has focused on designing
sonifications for individuals with vision impairments that
convey the informational (e.g., the number of animals in view,
animal locations, and animal movements) and aesthetic aspects
(e.g., the “feeling” or mood perceived by visitors) of live
exhibits that a visitor might experience when viewing a live
exhibit). This enables visitors with vision impairments to
experience an exhibit in both cognitive and affective aspects,
and it also provides a shared experience so that visitors with
and without vision impairments can discuss their understanding
and impressions of the exhibit. One way to accomplish this is
through music that communicates both information and feeling.
Previous studies [2, 3] showed that we could match musical
features such as pitch and tempo with animal information such
as height in tank and swimming speed to facilitate
understanding of exhibit dynamics. The project also has
implications such as biologically inspired music or dynamic
sonification from the sonification perspective [3]. To fulfill and
strengthen those two aspects, the current project attempts to
enrich visitors’ experiences in aquariums by combining and
harmonizing animal- and audience-inspired sonification. By
increasing interactivity [1] among animals, people, and
sonification systems, it is expected that visitors will have an
enhanced learning experience.

246

RELATED WORK

For interactive sonification, embodied interaction has been used
and shown effective in various learning and training domains.
To illustrate, Antle et al. [4] has used embodied interaction
framework to elicit, train, and apply people’s embodied
metaphors as a means of developing intuitive fluency with
music creation. Based on a specific metaphor of “music is
physical body movement”, they developed a computational
system that helps children understand musical concepts such as
melody, harmony, and rhythm in the form of intuitive, physical
analogs. Howison et al. [5] introduced an embodied-interaction
based instructional design, the Mathematical Imagery Trainer
(MIT). They aimed at helping young students develop an
understanding of proportional equivalence by applying the
embodied cognition paradigm, in which mathematical concepts
are grounded in mental simulation of dynamic imagery, which
is acquired through perceiving, planning, and performing
actions with the body. Recently, in the sonification community,
several interactive movement projects have been introduced in
sports training [e.g., aerobics, 6, rowing in a boat, 7]. All of
these projects have suggested that fully engaging embodied
interaction with sonified feedback is effective in enhancing the
user experience.
3.

CONCEPT AND SYSTEM CONFIGURATIONS OF
THE CURRENT RESEARCH

In the current research, we attempt to leverage the real-time
interpretive sonifications of the Accessible Aquarium Project to
enable a collaborative sonification that includes visitor
interaction. The real-time interpretive sonification of the exhibit
dynamics contains coherent responses with consistent feedback
loop, which is a subset of interactivity [1]. This new work, adds
more interactive elements (e.g., responsiveness), by allowing
visitors to engage with the live exhibits through tangible user
interface objects (TUIOs) that represent the animals in the
exhibit. Consequently, visitors will contribute to a cooperative
sonification of the live exhibit (generating a counter melody).
Additionally, it is anticipated that visitors, including those with
vision impairments, will learn about animal movement and
perhaps, become interested in other interpretive information.
For the rapid prototyping, we have taken a simple movementto-sound mapping approach to complement the real-time
interpretive sonification of live animal movement. Figure 1
shows the schematic system configuration. Two cameras can be
used for the system: a HD, high speed digital camera to track
animals for the real-time interpretive system and a web camera
to track the TUIO in the visitor interaction system.
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Figure 1: Schematic system configurations of the real-time
interpretive sonification and visitor interaction sonification.
While the system is designed to use these two cameras to
actively work with real-time computer vision data, the
prototype system can also simulate incoming real-time video
data by utilizing recorded video. The parameters (x, y
coordinates) of visitors’ movement is processed in the
reacTIVision software and then transmitted into a Max patch
that sends MIDI (Musical Instrument Digital Interface) signals
into the Logic software which generates the final sounds using
virtual instruments.
4.

PILOT STUDY

To test our conceptual design, we conducted a pilot study with a
prototype “interactive game” scenario via laptop. In this system,
users were presented with a short musical motif or melody that
was generated based upon the animal movement pattern. The
users were then asked to reproduce this melody by maneuvering
the TUIOs within the field and select the desired notes with a
controller device. Our TUIOs for the prototype were the
standard fiducial figures provided by reacTIVision, attached to
animal models in order to promote a more concrete link to the
virtual animals on the laptop and support interactivity. In this
initial prototype, the y-axis of space represented the pitch of the
notes (1 octave) and the x-axis represented panning of the sound
for spatialization purpose. For example, if the desired sequence
was F3-A3-C4-G3-F3, a user would move the TUIO until F3
was heard and then click the controller to select the note. The
user would then move the TUIO up to select A3, up for C4,
down for G3, and down again for F3, while clicking to select
each note as they arrive. This same process would be taken for
every note in the sequence and upon correct completion an
audible chime and a visual indicator notified the users that they
had successfully completed the melody. After an initial training
period, we had all participants complete this task using only
auditory information, thus providing a simulation of vision
impairment as well as focusing the user on pitch detection
(“musical ear”). The children (2 female, 2 male, mean age = 5.5)
who tested the prototype described the system as, “fun,”
“interesting,” and “engaging.” The pilot study yielded several
ideas for experimenting with different interface configurations
and mappings.
5.

DISCUSSION AND FUTURE WORKS

It is important to develop auditory displays that effectively
convey exhibit information and aesthetics in order to enhance
learning experiences for all visitors, including those with vision

impairments. In this work, we are suggesting that visitors can
go beyond the limited role of passive learners and explore a
more constructive and interactive role. Chi [8] recently
provided a framework that offers a way to differentiate active,
constructive, and interactive in terms of observable activities
and underlying learning processes. Active learning is doing
something physically, such as look and fixate. Constructive
learning is producing outputs, such as self-explain and elaborate.
Interactive learning includes dialogue containing guidedconstruction, such as revise errors from feedback and coconstruction. While active learning is attending processes,
constructive learning is creating processes. Interactive learning
means jointly creating processes incorporating a partner’s
contributions. According to Chi, interactive activities are most
likely to be better than constructive activities, which in turn
might be better than active activities, which are better than
being passive. Based on Chi’s argument, we are attempting to
incorporate interactive activities in this multimodal learning
environment, by allowing visitors to interact with animals or
peers and construct their own music. To this end, they can
create 3rd and 4th counter-melodies by interacting with their
fellow visitors. We can employ diverse strategies for using
music as sonification. For example, we will investigate various
mappings to identify how visitors’ approximate movements can
create more musically matched sounds. We also plan to
integrate two separate sonification systems so that an animalinspired melody can evolve and adapt to the visitors’ music
pattern. Furthermore, we expect to incorporate narration as
sonification to provide a more transparent form of information
and aesthetics. These narrations (or lyrics) could provide verbal
descriptions of animal characteristics and facts to accompany
the music. These multifaceted efforts are expected to create
innovative and engaging soundscapes in aquariums that attract
and welcome a wide range of visitors, including those with
vision impairments as well as children.
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1. INTRODUCTION

users manually control the settings and adjustments of several interconnected machines, trying to avoid stops and bottlenecks. Occurring events such as the spill of liquid are being communicated
to the user by appropriate sounds.
Besides Grooving Factory and the ARKOLA simulation, there
seems to be no research project that deals with the sonification
of business processes. Research such as that of Hermann et al.
[5] deals with the sonification of processes, but not in corporate
or business environments (the mentioned example deals with processes in the area of robotics). This leads to the assumption that
there still is a substantial amount of untapped research potential in
this area.
In order to answer the question which sonification techniques
might be best suited to convey business process information, it
seems logical to start with analyzing the type and structure of data
that typically accumulates during the individual life cycle phases
of business processes and subsequently evaluate accepted sonification techniques in terms of their suitability to convey this process
information. Most data in the process design phase is related to
static process models and their change history. During process operation, the data that typically accumulates can be grouped into
two categories: on the one hand, users want to monitor high-level
data that accumulates during the execution of the individual process instances (like the number of running instances per process
model, current capacity utilizations or the general health of the
system). This is quantitative data that is updated in regular intervals. On the other hand, users want to inspect individual process
instances in more detail in cases of irregularities or specific situations. This instance data is often not very complex and individual
data sets typically consist of event occurrences and a few related
data elements (like the name of an activity that has been started
or completed, together with the name of the associated user and a
time stamp), in some cases coupled with quantitative data. However, the data of one such process instance can, in some cases,
consist of thousands of such individual events. During the process analysis phase, users want to analyze this execution data in a
retroactive, more condensed manner.
The five most accepted sonification techniques are probably audification, auditory icons, earcons, parameter-mapping and
model-based sonification. The techniques audification and modelbased sonification may not seem to be the most obvious choices
for the sonification of business-process related data. Audification
relies on a huge number of quantitative data, which typically is not
available to such an extend in this domain. Additionally, it might
be very difficult or even impossible to distinguish between several streams of sounds using audification techniques. Concerning
model-based sonification, Hermann [6] states that audification or

Making business processes accessible to users constitutes a crucial
challenge throughout their entire life cycle: users should be enabled to understand business process models (Analysis & Design
phase), keep an overview on running process instances (Operation
phase), perceive process adaptations (Operation phase), and comprehend as well as interpret results of analyzing processes (Evaluation phase). What sounds easy for small process models quickly
becomes an enormous challenge in the context of complex wallpaper process models because they can consist of hundreds of process activities, data flows, and resources and can have thousands of
running process instances in different execution states. Obviously,
for such scenarios it becomes very hard to recognize or even understand, e.g, deviations from the regular process execution path.
Research has been conducted to analyze how visualization
methods can help users to understand processes. There exist several tools that offer process visualization approaches to support
users to model and monitor business process models and instance
data. However, visualization methods for business processes show
several limitations [1]: (a) limited screen size, (b) irregular process patterns, (c) executions or large number of process instances
in different execution states, (d) displaying process change information as well as assessing certain process analysis and mining
results are difficult, yet crucial. In such cases, it can be beneficial
to use data sonification in order to enhance process visualizations.
Although many reasons appear to apply sonification for representing process-related data, only very few approaches addressed this
issue so far. Kramer et al. [2] found out, that the auditory perception is especially sensitive to temporal change. Furthermore, sonification, in contrast to static visualization, can only exist in time.
As process instances per definition can only exist in time as well,
sonification naturally lends itself to this area (as do animated visualizations). This promises advances when trying to convey process
exceptions and changes to users.
2. SONIFICATION OF BUSINESS PROCESSES
One of the few applications of sonification in the area of business processes is the project Grooving Factory [3] of the Jacobs
University Bremen. It aimed to reveal bottlenecks in industrial
productions and to improve the logistics by sonifying production
processes. The developed prototypes enable users to select the different working stations and manufacturing orders of the production
process to be sonified.
In the ARKOLA simulation Gaver et al. [4] describe a live
multi-modal sonification of a bottling plant. In this simulation,
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that may not benefit substantially from sonification. However, after (or during) the graphical creation of process models, sonification might well be helpful when it comes to simulating process
models in order to test them for potential problems (such as deadlocks). During process operation, a sonification could be used to
monitor the execution of process instances. One could imagine,
depending on the scenario, either a constant real-time sonification
of all running process instances, or an auditory summary of a certain time period (for example a shortened sonification of the last 24
hours). In such a sonification it should, after a learning phase, be
possible to detect deviances or critical situations during the execution of process instances. A multi-modal solution could combine
sonification with the possibility to visually explore root causes or
other details, once such a situation has been recognized in the
sonification. Similar approaches could be applied in the process
analysis phase. In general, multi-modal sonifications of business
process-related data should consider the strengths and weaknesses
of both modalities in order to be able to best assist users in their
tasks.
Future work will result in first recommendations on how to
apply multi-modal approaches in the context of business processes
along their entire life cycle. Subsequently, prototypes that base on
those results will be developed and evaluated.

parameter mapping should be preferred to model-based sonification in most cases in which the data that needs be sonified is time
indexed. Data that accumulates in the area of business processes
is indeed in large part time-indexed.
Auditory icons have already been applied to sonify static models (e.g., [7]), which suggest that they might be applied during
the process design phase to sonify process models. During the
sonification of the execution of individual process instances (in the
phases operation and analysis), the sonic pendants of the involved
activities and events could be played back upon their incidences.
As an example, a process event ”customer has payed his invoice”
could be conveyed by playing the sound of a cash register being
opened. Analogous, the sound of a shopkeepers bell could signify
the acquisition of a new customer. Depending on the industry and
the type of processes, there is often a variety of self-explanatory
sounds that can be used in order to sonify the respective events
and activities. Thus, it would be possible to recognize deviances
of individual process instances from more typical process executions by the fact that the respective sounds are being played in a
different order, or in a different rhythm.
Earcons are in a similar fashion suitable for sonifications during the life cycle phases design, operation and analysis, but more
flexible. For some process events it could prove difficult to find
real-world-sonic analogies. For example, it could be a challenge
to find sounds that are sonic analogies to the states ”customer is already registered” and ”new customer”. This differentiation would
therefore be hard to convey using auditory icons, so the usage
of earcons might solve that problem (even if studies suggest that
earcons are harder to recognize than auditory icons). By using
parameterized auditory icons or earcons, not only the information
can be conveyed that a certain event has occurred, but also one or
several quantitative data attributes that are connected to that event.
One could for example imagine an auditory icon conveying the
occurrence of an event ”incoming payment”, while the sum of the
payment is mapped to the pitch of that auditory icon.
Parameter mapping might not be suitable for sonifications in
the process design phase, as there is little quantitative data to be
mapped, but merely static process models. However, during the
process operation phase, parameter-mapping sonifications might
be used to map high-level data that accumulates during process
executions to one or several sound streams. These sound streams
might then be played back continuously which should make it feasible for the user to recognize patterns and modifications as well
as to get an overview of the general ”health” of individual running processes or a complete system. The same (or similar) concepts might be applied to analyze historic process execution data
retroactively.
This extended abstract however constitutes just a preliminary
analysis of which sonification techniques might be suitable to support users in their business-process related tasks. A more thorough
analysis of the specific characteristics of process-related data in the
individual life cycle phases will be necessary before making decisions concerning which sonification techniques will be applied
during the development of respective prototypes.
Besides the fact, that different sonification techniques might
be adequate for different tasks that users perform during the different life cycle phases of business processes, the two modalities
visualization and sonification might also be suitable to different
extends for these areas. In the process design phase, visualization
might be more suitable than sonification. Graphical user interfaces
already allow the user-friendly creation of process models, a task
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2QH HDUWKTXDNH FDQ LQIOXHQFH VXEVHTXHQW HDUWKTXDNHV 7R
GHPRQVWUDWH VXFK HDUWKTXDNH LQWHUDFWLRQV VHLVPRORJLVWV KDYH
XVHG LQ WKH SDVW ³VQDSVKRW´ VWDWLF LPDJHV $OWKRXJK VWDWLF
LPDJHV FDQ E\ WKHPVHOYHV FRQYH\ EDVLF YLVXDO LQIRUPDWLRQ
DERXW WKH VSDWLDO GLVWULEXWLRQ RI HDUWKTXDNHV DGGLQJ DXGLWRU\
LQIRUPDWLRQ FRXOG KHOS WR SURYLGH DGGLWLRQDO GHWDLOV RQ WKH
WHPSRUDO HYROXWLRQ RI WKH HDUWKTXDNH VHTXHQFHV 5HFHQWO\
ZH KDYH XVHG VWDQGDUG WRROV OLNH 0$7/$% DQG 4XLFN 7LPH
3UR WR SURGXFH DQLPDWLRQV ZLWK WLPHFRPSUHVVHG VRXQGV WR
GHPRQVWUDWHERWKLPPHGLDWHDIWHUVKRFNVDQGUHPRWHO\WULJJHUHG
WUHPRUV UHODWHG WR WKH  PDJQLWXGH  7RKRNX2NL -DSDQ
HDUWKTXDNH+HUHZHVKRZRXUGHYHORSPHQWLQWKLVGLUHFWLRQWKDW
LQFOXGHVPXOWLSOHSDUDPHWHUVRIHDUWKTXDNHVDQGVHLVPLFZDYHV
WRSUHVHQWWKHFRQFHSWRIHDUWKTXDNHWULJJHULQJ

/DUJH VKDOORZ HDUWKTXDNHV DUH W\SLFDOO\ IROORZHG E\ LQFUHDVHG
VHLVPLF DFWLYLW\ QHDU WKH PDLQVKRFN UXSWXUH ZKLFK DUH
WHUPHG ³DIWHUVKRFNV´ 6RPHWLPHV ODUJH HDUWKTXDNHV DUH
SUHFHGHG E\ HOHYDWHG VHLVPLF DFWLYLW\ NQRZQ DV ³IRUHVKRFNV´
/DUJH HDUWKTXDNHV FDQ DOVR WULJJHU VKDOORZ PLFURHDUWKTXDNHV
DQGGHHSWHFWRQLFWUHPRUVORFDWHGVHYHUDOKXQGUHGWRWKRXVDQGV
RI NLORPHWHUV DZD\ >@ >@ 0DQ\ RI WKHVH HYHQWV DUH EHOLHYHG
WRRFFXULQUHJLRQVRIKLJKIOXLGSUHVVXUHLQFOXGLQJJHRWKHUPDO
YROFDQLF DUHDV DQG WKH GHHS H[WHQVLRQ RI VRPH SODWHERXQGLQJ
IDXOWV %HFDXVH HDUWKTXDNHV DQG WUHPRUV RFFXU DW GLIIHUHQW
GHSWKVRQPDMRUIDXOWVERWKDUHLPSRUWDQWIRUXQGHUVWDQGLQJWKH
XQGHUO\LQJ SK\VLFV RI HDUWKTXDNH QXFOHDWLRQ DV ZHOO DV RYHUDOO
IDXOWEHKDYLRU
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OLVWHG LQ HDUWKTXDNH FDWDORJV WR JLYH VSDWLDO SRVLWLRQ LQ VWHUHR
RUVXUURXQGVRXQG±LHWKHOLVWHQHUDWWKHHSLFHQWHUDQGWKH
VWHUHRHIIHFWSRVLWLRQLQJWKHVWDWLRQVRUHDUWKTXDNHV  GLUHFWO\
PDSSLQJ HDUWKTXDNH SDUDPHWHUV HSLFHQWUDO ORFDWLRQV GHSWKV
DQG PDJQLWXGHV  LQWR VRXQG SURSHUWLHV DPSOLWXGHV SLWFKHV
DQG GXUDWLRQV  $ UHFHQW H[DPSOH IURP DQRWKHU JURXS LV
VKRZQ DW >@ 2XU JRDO LV WR SURGXFH LQQRYDWLYH DQG VLPSOH
ZD\V RI SUHVHQWLQJ HDUWKTXDNH ZDYHIRUPV DQG VHTXHQFHV DQG
WR VKDUH WKH UHVXOWV ZLWK RWKHU UHVHDUFKHUV DQG HGXFDWRUV DV
ZHOO DV WKH SXEOLF 7KHVH DSSURDFKHV DQG SURGXFWV QRW RQO\
SURYLGHWKHJHQHUDOSXEOLFZLWKDIXQDQGHQJDJLQJZD\WRJDLQ
VFLHQWLILFNQRZOHGJHRIHDUWKTXDNHLQWHUDFWLRQEXWPD\DOVRKHOS
VHLVPRORJLVWV EHWWHU VWXG\ WKH SKHQRPHQRQ DQG GHFLSKHU WKH
XQGHUO\LQJPHFKDQLVPV

6HLVPRORJLVWV KDYH PDLQO\ XVHG ³VQDSVKRW´ VWDWLF
LPDJHV WR SUHVHQW WKHLU UHVXOWV $GGLQJ DXGLWRU\ LQIRUPDWLRQ
WR VWDWLF LPDJHV FRXOG SURYLGH PRUH LQIRUPDWLRQ DERXW WKH
WHPSRUDO HYROXWLRQ RI HDUWKTXDNH VHTXHQFHV WKDW FDQ EH HDVLO\
FRPPXQLFDWHG WR D ZLGH DXGLHQFH ± VHLVPRORJLVWV HGXFDWRUV
DQG WKH SXEOLF 7KLV LV GXH WR WKH IDFW DV QRWHG E\ >@ WKDW
RXU H\H LV VWURQJ LQ LGHQWLI\LQJ VWUXFWXUHV VXUIDFH DQG
VWHDGLQHVVZKLOHRXUHDULVJRRGDWUHFRJQL]LQJWLPHFRQWLQXXP
UHPHPEUDQFHDQGH[SHFWDWLRQ+HQFHE\FRPELQLQJDXGLRDQG
YLGHR FRPSRQHQWV RI VHLVPLF GDWD DQG HDUWKTXDNH LQIRUPDWLRQ
ZH FDQ PRUH HIIHFWLYHO\ FRPPXQLFDWH WKH LQWHJUDO SDUWV RI
HDUWKTXDNHVHTXHQFHVWRDJHQHUDODXGLHQFH
$XGLILFDWLRQRIVHLVPLFGDWDLVQRWDQHZFRQFHSW>@>@
>@ EXW KDV UHFHQWO\ EHHQ UHMXYHQDWHG >@ >@ 5HFRUGLQJV RI
QHDUE\ HDUWKTXDNHV DQG WUHPRUV FRQWDLQ IUHTXHQFLHV RI XS WR
 +] ZKLFK DUH RQ WKH ORZHU HQG RI WKH DXGLEOH VSHFWUXP
  N +]  WKDW KXPDQV FDQ KHDU 2QH RI WKH PRUH VLPSOH
ZD\VWRPDSHDUWKTXDNHVLJQDOVLQWRDXGLEOHUDQJHLVWRSOD\LW
IDVWHUWKDQWKHWUXHVSHHG LHWLPHFRPSUHVVLRQ >@7KLVDOVR
UHGXFHVWKHSOD\EDFNWLPHVRDXGLHQFHVFDQKHDUVHLVPLFVLJQDOV
WKDW W\SLFDOO\ RFFXU RYHU D IHZ KRXUV LQ D PDWWHU RI PLQXWHV
5HFHQWO\ZHFRPELQHGLPDJHVRIZDYHIRUPVDQGVSHFWURJUDPV
ZLWK WLPHFRPSUHVVHG VRXQGV WR GHPRQVWUDWH ERWK LPPHGLDWH
DIWHUVKRFNVDQGUHPRWHO\WULJJHUHGWUHPRUVLQ&DOLIRUQLDUHODWHG
WR WKH  PDJQLWXGH  7RKRNX2NL -DSDQ HDUWKTXDNH >@
7KHVH DQLPDWLRQV ZHUH JHQHUDWHG XVLQJ VWDQGDUG WRROV OLNH
0$7/$% DQG 4XLFN 7LPH 3UR >@ DQG UHSUHVHQW RXU LQLWLDO
H[SORUDWLRQ RI WKH XVH RI ERWK YLVXDO DQG DXGLWRU\ HOHPHQWV WR
FRQYH\LQIRUPDWLRQDERXWHDUWKTXDNHVDQGWUHPRUV
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+HUHZHSUHVHQWQHZDXGLRYLGHRSURGXFWVWKDWSUHVHQWPXOWLSOH
SDUDPHWHUV RI HDUWKTXDNHV DQG VHLVPLF ZDYHV 7KH ILUVW RQH
FRQWDLQVWZRRUPRUHDXGLRFKDQQHOV LHVWHUHRSKRQLFVRXQGV 
FRQYHUWHG IURP PXOWLSOH IUHTXHQF\ UDQJHV RI WKH VDPH VHLVPLF
GDWD :H XVH WKH EURDGEDQG VHLVPRJUDP UHFRUGHG DW VWDWLRQ
3.' LQ &HQWUDO &DOLIRUQLD GXULQJ WKH  7RKRNX2NL
HDUWKTXDNHDVDQH[DPSOH,QRXUSUHYLRXVVWXG\>@ZHXVHGD
IDFWRURIWRVSHHGXSWKHVHLVPRJUDPWRDXGLI\WHOHVHLVPLF3
ZDYH XSWR+] DQGWKHORFDOO\WULJJHUHGWUHPRUVLJQDOV XSWR
+] +RZHYHUWKHVSHHGXSIDFWRULVVWLOOQRWKLJKHQRXJKWR
EULQJWKHORQJSHULRG6DQGVXUIDFHZDYHV SHULRGVRIDURXQG
V LQWRWKHDXGLEOHUDQJH
5DWKHU WKDQ LQFUHDVLQJ WKH VSHHGXS IDFWRU PRUH ZKLFK
ZRXOG PDNH WKH GXUDWLRQ RI WKH DQLPDWLRQ WRR VKRUW  ZH XVH
0$7/$% V EXLOWLQ IXQFWLRQ YFR YROWDJH FRQWUROOHG RVFLOODWRU 
WRFUHDWHDVLJQDOIURPWKHEURDGEDQGVHLVPRJUDPWKDWRVFLOODWHV
DURXQG DQ DXGLEOH FHQWHU IUHTXHQF\ LQ SURSRUWLRQ WR WKH
DPSOLWXGH RI ORZ IUHTXHQF\ JURXQG PRWLRQ 7KH DPSOLWXGH
YROXPH RIWKHYFRWRQHLVPRGXODWHGE\WKHHQYHORSHIXQFWLRQ
RI WKH EURDGEDQG GDWD 7KH OHQJWK RI WKLV UHSUHVHQWDWLRQ ZLWK
ERWKIUHTXHQF\DQGDPSOLWXGHPRGXODWLRQ )0$0 LVVHOHFWHG
WREHWKHVDPHDVWKDWIRUWKHWLPHFRPSUHVVHGKLJKIUHTXHQF\
FKDQQHO )LQDOO\ ZH VDYH ERWK RXWSXWV DV D VWHUHR VRXQG
ZLWK 0$7/$% V ZDYZULWH IXQFWLRQ  DQG FRPELQH WKHP ZLWK
WKH VWDWLF LPDJHV WR JHQHUDWH DQ DQLPDWLRQ ZLWK VRXQG 6HH
H[DPSOHVDW>@ %HFDXVHWKLVQHZYHUVLRQFRQWDLQVVRXQGIURP
GXDO IUHTXHQFLHV ZH FDQ KHDU YHU\ FOHDU FRUUHODWLRQV EHWZHHQ
WKH ORQJSHULRG 6 DQG VXUIDFH ZDYHV DQG WKH KLJKIUHTXHQF\
WULJJHUHG WUHPRU VLJQDOV ,Q FRPSDULVRQ RXU SUHYLRXV SURGXFW
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ABSTRACT
Chirping Stars is a tape piece made of the sonification of Twitter
data. A snapshot of the popularity of musicians, randomly drawn
in March 2012, yielded eight of the most popular stars at that time.
Data of their Twitter followers shows the involvement of rapidly
evolving fans of the artists on social media. The sonic interpretation of this development is created by mapping the data to parameters that modulate and re-synthesize the sound tracks of the
artists.
1. INTRODUCTION
The social networking service Twitter was launched in July 2006
and has currently over 300 million users, generating over 300 million tweets and handling over 1.6 billion search queries per day
[1]. Twitter has become increasingly important for the marketing of musicians. The number of tweets containing the artist’s or
band’s name or the number of their followers on Twitter give an
accurate and immediate number for their popularity – events like
the release of a new album or the naming of a new-born celebrity
baby are responded instantly by the Twitter community.
MusicMetric [2] is one online platform providing network data
on musics, e.g., time series of total downloads or fans, taken from
different social networks (Twitter, Facebook, MySpace, Soundcloud and others). The data of 1000 artists can be accessed via
API commands. The provided data allow to analyze different aspects of the fast moving music market.
We chose to display the development of eight artists, that were
among the ‘top ten’ (or rather, top 13, see below) artists worldwide in March 13th, 2012, and see how their career developed as
reflected by Twitter. To find the actual music trends, we used the
suggested API of Twitter Music Trends [3]. Pieces of the artists
themselves, their major hits on YouTube, are processed depending
on the data of artist’s development. The resulting sound changes
the simple music pieces into a noisy world-wide radio show.
2. DATA COLLECTION
2.1. Artists
We found the following eight artists within the top-131 of March
13th, 2012:
Bruno Mars (TwitterID 100220864, @brunomars): Twitter fan
data available from: Sat Nov 28 2009 01:00:00 GMT+0100
(CET)

Figure 1: Number of fans on Twitter (followers) for eight artists/
bands until 13th of March 2012. (The sudden onset/offset at the
beginning of the data set is due to readout issues and not part of
the original data sets.)

1 The requested data was not available for the top-10, therefore some
artists have been left out.
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Figure 3: An example of download activity of files associated with
SnoopDogg, depicted as number of downloads at a certain longitude between -180 and 180 degrees.

Figure 2: Number of male and female fans on Myspace of the eight
artists.

3. GLOBAL TWITTER RADIO SHOW

Chris Brown (TwitterID 119509520, @chrisbrown): Twitter
fan data available from: Tue Aug 11 2009 02:00:00
GMT+0200 (CEST)

The basic analogy is a global twitter radio show. The sounds are
distributed around the listener, who is situated at the Greenwich
meridian. From the location data, we use the position of downloads for playing the sound files from various locations, allowing
the listener to explore the mainstream music taste in different regions of the world. Gender information is used to filter the sound.
The radio show plays the songs of the above stars in parallel,
depending on the data sets. Two sonification approaches were persued. First, granular synthesis serves as a tool where the sound can
be well shaped to produce thumbnail patterns and reveal specific
information on the data.
Using simple granulation techniques on the data, we obtain a
variety of interesting timbres and textures. Gap size, grain size,
amplitude, and the random spread of the grains are controlled by
the data. Where the number of followers are higher, the samples
are played back as recognizable parts of the songs.
Second, we use the data to modulate the original sound file
of the artist’s song, changing the rate of reading out the sound
file which is thus distorted. Here, also the pitch of the tracks is
changed, creating a playful, sometimes ironic sound out of the
tracks.

Coldplay (TwitterID 18863815, @coldplay): Twitter fan data
available from: Tue Aug 11 2009 02:00:00 GMT+0200
(CEST)
David Guetta (TwitterID 23976386, @davidguetta): Twitter
fan data available from: Tue Aug 11 2009 02:00:00
GMT+0200 (CEST)
Drake (TwitterID 27195114, @Drake): Twitter fan data available
from: Sat Sep 19 2009 02:00:00 GMT+0200 (CEST)
Justin Bieber (TwitterID 27260086, @Justinbieber): Twitter
fan data available from: Wed Nov 25 2009 01:00:00
GMT+0100 (CET)
Rihanna (TwitterID 79293791, @rihanna): Twitter fan data
available from: Tue Aug 11 2009 02:00:00 GMT+0200
(CEST)
Snoop Dogg (TwitterID 3004231, @snoopdogg): Twitter fan
data available from: Tue Dec 15 2009 01:00:00 GMT+0100
(CET)
Omitted artists (due to missing data) among the top 13:
Talor Swift (@Talorswift: 30391175), Lil Wayne (@Lilwayne:
244337185), Adult (@adult : 6224272), Kiss (@kissonline:
22549812) and Wiz Khalifa (@realwizkhalifa: 20322929).

4. ACKNOWLEDGMENT
We thank D. Pirrò for his SC3 advice and the Austrian Science
Fund FWF for supporting the project SysSon - A systematic procedure to develop sonifications.

2.2. Data from MusicMetric
We chose to download three different data sets of these artists from
MusicMetric: First, the fans (i.e., followers) of the artists on Twitter. Fig. 1 shows the time series of the above artists/ bands from
their appearance (some time in 2009) to 13th of March 2012, for
a total of 875 days. Different patterns can be found. Many of the
stars of that day only became prominent during the last year or so.
Sudden outbursts reflect concert dates, CD releases or similar. Due
to the chosen data set, the whole sound scene develops to a climax
of the presence time.
Second, we gathered information about the gender of the fans,
collected as given in specific Myspace fan profiles (see Fig.2).
Third, the location of the fans, collected as downloads of bittorrent files from cities all over the world (see Fig.3).

5. REFERENCES
[1] http://en.wikipedia.org/wiki/Twitter, access: 12/03/15
[2] http://developer.musicmetric.com, access: 12/03/15
[3] http://twittermusictrends.com, access: 12/03/13

253

Proceedings of the 18th International Conference on Auditory Display, Atlanta, GA, USA, June 18-21, 2012

THE SOUNDS OF THE DISCUSSION OF SOUNDS
Matt Bethancourt
CUNY Hostos
Media Design Programs
450 Grand Concourse, C Building, Bronx, New York 10451
matt@mouseandthebillionaire.com

ABSTRACT

3.

The Sound of the Discussion of Sounds is a real-time
composition and performance computer program built in
PHP, MySQL, Max/MSP and Ableton Live that allows
listeners to musically hear the subtle changes that occur
over time for trending and popular musical artists on
Twitter.

1.

INTRODUCTION

This is a piece of music that explores the discussion of music.
Public opinion is often describes as fickle, but how fleeting is
this popularity? Graphs, charts, and datasets give us a glimpse
into the short lived nature of fame, but for the most part are
limited to two dimensions at a fixed point in time. By making
music with data gleaned from social media (Twitter, in this
instance), the very nature of the ongoing discussion about
musicians and their craft is built into and experienced through a
piece of music. This piece will last for as long as the artists it is
referencing remain in the popular discussion. As artists lose
their hold in the public’s eye the piece will become increasingly
sparse, until finally there is silence. This may take days, weeks
or perhaps even months, and during the process we will be able
to hear these changes take place in a way that is both beautiful
and thought provoking.
2.

PARSING THE JSON DATA

The trending and daily JSON data sets provided by Twitter
Music Trends are each parsed with two different sets of PHP
programs [Appendix 1-4]. As the program is launched, this
PHP code scrapes the top fifty trending artists and the top
sixteen artists of the day and inserts each set into a MySQL
database. This database is then updated every fifteen seconds,
computing the recent change in popularity of each artist, the
overall change in popularity of the artist since the program was
launched, and the total change of all artist popularity.
Each of the top fifty currently trending artists is also
assigned an initial number from one to fifty, that will relate to
their musical note in the Max/MSP code. Finally, all of the data
and various calculations are published into an HTML page that
allows Max/MSP to more effectively parse the data (goo.gl/
PJuvZ & goo.gl/mcDAe)
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MUSICAL ALGORITHMS

3.1. Daily Chord
When the Max/MSP application is launched a root chord is
created from the top sixteen artists of the day in the key of A
major (from MIDI value 57 to 74). The program continually
refers to the parsed JSON data, and every time there is a change
in the popularity of any artist, it triggers the note to be played
via Ableton Live. The popularity change of each artist increases
the velocity of their particular note. In this way, the changes in
velocity over time creates subtle changes in the tonal quality of
the chord. Meanwhile, the program locates the artist with the
highest positive change amount since the last chord was played
and applies a short frequency modulation to their
corresponding note, further highlighting the movement of the
discussion in a musical way.
3.2. Trending Lead
Each of the top fifty trending artists is assigned a sequential
note from MIDI value 27 to 77 (D#1 to F5). The current top
sixteen notes are sounded in order of popularity at eighth note
intervals. When the song first begins this is an ascending D#
chromatic scale, but as the program continues to update itself,
and the popularity rankings of artists change, interesting
patterns and unexpected musical phrases emerge. In addition,
the frequency of change in popularity for each artist is directly
applied to the quality of the sound of their corresponding note,
so that the more change occurs over the course of the piece the
less pure the note becomes. Through these methods, the nature
of the collective conversation about musicians and their craft
shapes the music we are hearing.
4.

EXAMPLES AND DOCUMENTS

[1] Project Website: http://www.mouseandthebillionaire.com/
icad/
[2] MP3 recording of the first 5 minutes of the program
running: goo.gl/P1HpP
[3] The Max/MSP Code can be found here: goo.gl/uxmLm.
[4] Ableton Live project can be found here: goo.gl/guPFE
[5] Pertinent PHP code included in Appendix
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5. APPENDIX
1.

Daily PHP Initial

<?php
// PHP connection code omitted
$json = file_get_contents("http://
twittermusictrends.com/daily.json");
$json_a = json_decode($json, true);
// Clear table of any existing information
mysql_query('TRUNCATE TABLE tbl_daily;');
// Insert Artists into Database
$artist = 0;
while ($artist <= 49){
$artistName = $json_a["daily"][$artist]
["name"];
$artistName_fixed =
mysql_real_escape_string($artistName);
$artistMBid = $json_a["daily"][$artist]
["mbid"];
$artistInitialScore = $json_a["daily"]
[$artist]["score"];
$query_insertArtists = "INSERT INTO
tbl_daily (artistID, artistName,
artistMBid, artistInitialScore,
artistPreviousScore, artistCurrentScore)
VALUES ('$artist', '$artistName_fixed',
'$artistMBid', '$artistInitialScore',
'$artistInitialScore',
'$artistInitialScore');";
mysql_query($query_insertArtists) or
die ("Error in query:
$query_insertArtists");
$artist++;
}?>
2.

Daily PHP Updater

$newScore = round($tempNewScore, 6);
// Get their record
$query_rs_artistCheck = "SELECT
artistID, `artistName`, `artistMBid`,
artistInitialScore, artistCurrentScore
FROM tbl_daily WHERE artistMBid='".
$json_a["daily"][$artist]["mbid"]."' ORDER
BY artistID ASC";
$rs_artistCheck =
mysql_query($query_rs_artistCheck,
$conn_icad) or die(mysql_error());
$row_rs_artistCheck =
mysql_fetch_assoc($rs_artistCheck);
$totalRows_rs_artistCheck =
mysql_num_rows($rs_artistCheck);
// Get Previous Score
$previousScore =
$row_rs_artistCheck['artistCurrentScore'];
if (isset($previousScore)) {
$previousScore = $previousScore;
} else {
$previousScore = 0;
}
// Calculate score difference
$scoreChange = $newScore $previousScore;
// Assign score direction identifier
if ($scoreChange == 0) {
$changeDirection = 0; // none
} elseif ($scoreChange < 0) {
$changeDirection = 1; // down
} else {
$changeDirection = 2; // up
}
// And add them to the database
$query_updateArtist = "UPDATE tbl_daily
SET artistPreviousScore='".
$previousScore."', artistCurrentScore='".
$newScore."', scoreChangeAmmount='".
$scoreChange."', scoreChangeDirection='".
$changeDirection."' WHERE artistMBid='".
$mbid."'";
$updateArtist =
mysql_query($query_updateArtist);
}

<?php

// Query updated Artists in the Database

// PHP connection code omitted

$query_rs_artists = "SELECT artistID,
`artistName`, `artistMBid`,
artistInitialScore, artistPreviousScore,
artistCurrentScore, scoreChangeAmmount,
scoreChangeDirection FROM tbl_daily ORDER
BY artistID ASC LIMIT 16";
$rs_artists =
mysql_query($query_rs_artists, $conn_icad)
or die(mysql_error());
$row_rs_artists =
mysql_fetch_assoc($rs_artists);
$totalRows_rs_artists =
mysql_num_rows($rs_artists);
?>

$json = file_get_contents("http://
twittermusictrends.com/daily.json");
$json_a = json_decode($json, true);
// Find new score and insert into database
for ($artist=0; $artist<=49; $artist++){
// Get the artist
$mbid = $json_a["daily"][$artist]
["mbid"];
// Get new scores
$tempNewScore = $json_a["daily"]
[$artist]["score"];

// HTML displaying results omitted
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3.

$query_rs_artistCheck = "SELECT
artistID, `artistName`, `artistMBid`,
artistInitialScore, artistCurrentScore
FROM tbl_trending WHERE artistMBid='".
$json_a["trending"][$artist]["mbid"]."'
ORDER BY artistID ASC";
$rs_artistCheck =
mysql_query($query_rs_artistCheck,
$conn_icad) or die(mysql_error());
$row_rs_artistCheck =
mysql_fetch_assoc($rs_artistCheck);
$totalRows_rs_artistCheck =
mysql_num_rows($rs_artistCheck);
// Get Previous Score
$previousScore =
$row_rs_artistCheck['artistCurrentScore'];
// Calculate score difference
$scoreChange = $newScore $previousScore;
// Assign score direction identifier
if ($scoreChange < 0) {
$changeDirection = 0; // none
} else if ($scoreChange = 0) {
$changeDirection = 1; // down
} else {
$changeDirection = 2; // up
}
// And add them to the database
$query_updateArtist = "UPDATE
tbl_trending SET artistPreviousScore='".
$previousScore."', artistCurrentScore='".
$newScore."', scoreChangeAmmount='".
$scoreChange."', scoreChangeDirection='".
$changeDirection."' WHERE artistMBid='".
$mbid."'";
$updateArtist =
mysql_query($query_updateArtist);
}

Trending PHP Initial

<?php
// PHP connection code omitted
date_default_timezone_set('America/
New_York');
$json = file_get_contents("http://
twittermusictrends.com/trending.json");
$json_a = json_decode($json, true);
// Clear table of any existing information
mysql_query('TRUNCATE TABLE
tbl_trending;');
// Insert Artists into Database
$artist = 0;
while ($artist <= 49){
$artistName = $json_a["trending"]
[$artist]["name"];
$artistName_fixed =
mysql_real_escape_string($artistName);
$artistMBid = $json_a["trending"]
[$artist]["mbid"];
$artistInitialScore =
$json_a["trending"][$artist]["score"];
$query_insertArtists = "INSERT INTO
tbl_trending (artistID, artistName,
artistMBid, artistInitialScore,
artistPreviousScore, artistCurrentScore)
VALUES ('$artist', '$artistName_fixed',
'$artistMBid', '$artistInitialScore',
'$artistInitialScore',
'$artistInitialScore');";
mysql_query($query_insertArtists) or
die ("Error in query:
$query_insertArtists");
$artist++;
}?>
4.

// Query updated Artists in the Database
$query_rs_artists = "SELECT artistID,
`artistName`, `artistMBid`,
artistInitialScore, artistPreviousScore,
artistCurrentScore, scoreChangeAmmount,
scoreChangeDirection FROM tbl_trending
ORDER BY artistCurrentScore DESC LIMIT
50";
$rs_artists =
mysql_query($query_rs_artists, $conn_icad)
or die(mysql_error());
$row_rs_artists =
mysql_fetch_assoc($rs_artists);
$totalRows_rs_artists =
mysql_num_rows($rs_artists);

Trending PHP Updater

<?php
// PHP connection code omitted
$json = file_get_contents("http://
twittermusictrends.com/trending.json");
$json_a = json_decode($json, true);
// Find new score and insert into database

?>

for ($artist=0; $artist<=49; $artist++){
// Get the artist
$mbid = $json_a["trending"][$artist]
["mbid"];
// Get the new scores
$newScore = $json_a["trending"][$artist]
["score"];
// Get their record

// HTML displaying results omitted
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AFFECTIVE STATES: ANALYSIS AND SONIFICATION OF TWITTER MUSIC TRENDS
Kingsley Ash
Leeds Metropolitan University,
Caedmon Hall 220,
Headingley, Leeds, LS6 3QS, United Kingdom
k.ash@leedsmet.ac.uk
ABSTRACT
This paper describes an approach to the sonification of realtime twitter music trend data realized for the ICAD 2012
Sonification Competition: Listening to the World Listening.
The paper will discuss the techniques used to create the
sonification and the motivations behind them, including details
of the data analysis, mapping strategies, visual display and
sonification output.
The system analyses the Twitter Music Trends data feed,
which aggregates music listening data from Twitter by artist, as
well as the Echo Nest REST API to determine the perceived
emotional affect and prevailing descriptions of a selection of
the latest trending artists. The resulting data is visualized and
sonified in real-time to facilitate analysis and generate an
appealing visual and auditory display of the resulting data.
Experience with the system suggests that it is successful in
allowing users to determine perceived emotional affect and
quality for a number of artists simultaneously, and could allow
further investigation into the correlation between these factors.
The system also generates appealing visual music that reaches
beyond the practice of scientific investigation to reach out to a
wider audience.

1.

INTRODUCTION

The ICAD 2012 sonification competition is inspired by the idea
of music (or sound) about listening to music. It is also inspired
by the radical changes over the past decade in how we listen to
music and how we share our listening activities with others.
Adopting the theme ‘Listening to the World Listening’, it
challenges us to explore what we can learn about listening
through the analysis and sonification of social media data about
listening.
This response to the competition theme explores our
relationship with music listening, both through the new media
in which we are now able to share and discuss this music
(twitter, blogs, online reviews, etc.) as well as through the
words used to describe, categorize and discuss music. In
particular, the system examines the words we use to describe
the emotional affect the music has on us (“this music makes me
feel relaxed/bored/uplifted/angry/etc.”), and the words we use
to subjectively categorise our listening
(“this music is
good/bad/fast/slow/unique/predictable/etc.”),
allowing
connections and relationships between these areas to be
uncovered and experienced. Furthermore, as this analysis is
taking place on live data from Twitter, it allows us to view
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these relationships in real-time, as the artists in question are
listened to and discussed on social media.
The system, created in Max/MSP, contains processes for
real-time data collection, data analysis, sonification and
visualization and all are discussed in detail in this paper.
2.

DATA COLLECTION

The data for this sonification system is obtained from the
Twitter Music Trends data feed, which returns a list of the top
50 current trending artists on Twitter. The data is updated every
two seconds, and each update is acquired by the system in realtime. From this data the system extracts the artist name, score
(ranking popularity of artist on Twitter relative to the most
popular artist on the list) and Echo Nest id.
Having obtained the latest Twitter trend data, the system
then uses the Echo Nest id tags to access additional information
about each artist. In order to gather a range of text documents
relating to each artist, the Echo Nest REST API is accessed,
using bucket terms to return the 15 most recently available
news items, blogs and reviews.
Having completed this process, the system can now analyse
the current list of trending artists and a selection of articles in
which the artist and their work is discussed. This allows the
system to determine the perceived emotions and prevailing
descriptions of the artists currently being listened to and
discussed across the globe.

3.

DATA ANALYSIS

3.1. Valence-arousal space
The most widely used model for the representation of emotions
is the 2D valence/arousal space, in which valence is represented
on the X axis from highly negative to highly positive, and
arousal is represented on the y axis, from calming/soothing to
excited/agitated [1]. This model has been widely used to
determine the apparent mood of music [2,3] and also to form
the basis of music recommendation services [4].
The circumplex model of affect places a number of
common emotion words in this 2D valence/arousal space, with
negative high arousal emotions in the top left, (e.g. anger,
tension, etc.), positive high arousal emotions in the top right
(e.g. joy, excitement, etc.), negative low arousal emotions in the
bottom left (e.g. boredom, depression, etc.) and positive low
arousal emotions in the bottom right (e.g. serenity, calmness,
etc.) as shown in figure 1.
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3.2. Quality-energy space
In order to determine the prevailing descriptions used for each
artist, descriptive words are searched for in the same way as
above. These descriptive words are also placed in a 2D space,
with quality running along the X-axis, from bad to good and
perceived energy along the Y-axis, from slow to fast (see
Figure 3).
The number of occurrences of each word is logged, and
then the numbers are aggregated for each quadrant of the 2D
quality-energy space. These numbers are then combined to give
a single measure of quality and a single measure of energy.

Fast
Energetic
Upbeat
Absurd
Manic
Irritating

Figure 1: Russell’s circumflex model of emotion.

Fresh
Catchy
Unique

Bad
Rubbish
Weak

The example emotion words given by Russell and shown in
Figure 1 are not always those that come to mind when
discussing popular music in the twenty-first century. As a result,
a selection of more commonly used emotion words was
extracted from a review of online writings referring to popular
music artists. Combined with the original emotion words
proposed by Russell, a total of 39 words were placed into the
valence arousal model (see Figure 2).

Good
Excellent
Brilliant
Dull
Predictable
Souless

Atmospheric
Soulful
Chilled
Slow
Downbeat
Ambient

Figure 3: 2D quality-energy space
High arousal
High valence

Low arousal
High valence

Low arousal
Low valence

High arousal
Low valence

Aroused

Pleased

Bored

Confused

Astonished

Glad

Depressed

Frustrated

Stunned

Emotional

Gloomy

Distressed

Excited

Serene

Sad

Annoyed

Inspired

Satisfied

Sorrowful

Painful

Uplifted

Relaxed

Miserable

Aggressive

Surprised

Calm

Angry

Compelled

Soothed

Alarmed

Interested

Dreamy

Tense

Delighted

Sleepy

Cheerful
Playful
Happy

Figure 2: Emotion words grouped by arousal and valence

For each artist, the system searches through the text
obtained from the Echo Nest API to find occurrences of any of
these 39 emotion words. Each occurrence is then logged and the
total number of each is calculated to give an estimation of the
overall current emotional response to each artist.

Having completed the valence-arousal and quality-energy
analysis, the results are then used to generate visual and audio
outputs for analysis through observation and listening.
4.

VISUALISATION

The results of this data analysis are shown in a visualization
that simultaneously displays the valence-arousal and qualityenergy data for each artist in real-time. A central dot is plotted
for each artist in an X-Y space corresponding to their qualityenergy score. In this way, the higher the perceived quality of
the artist, the further to the right they will appear. Similarly, the
higher the perceived energy of an artist, the higher up the
visualization space they will appear. As an example, Sigur Ros
who are known for their downtempo compositions appear very
low down the Y-axis, while the high-energy Japanese pop act
AKB48 appear high up the Y-axis.
Having determined the X-Y position of the artist, the
emotion words are then plotted around that point at angles
corresponding to their position in the 2D valence-arousal model.
The length of the lines for each word corresponds to the number
of appearances of that word in the text documents. Finally, the
name of the artist and their position in the top 50 trending
artists is displayed alongside the plot (see Figure 4).
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Figure 5: Spectrogram showing fundamental, sub-harmonic and
higher frequency noise components of the resulting tone.
6.

Figure 4: Valence-arousal plot for the artist Taylor Swift.

As can be seen from comparison of Figure 4 and Figure 1,
the artist Taylor Swift clearly appears to evoke positive, high
arousal emotions such as excitement, though with some
elements of positive low arousal states such as calmness and
relaxation. The completed plot for each artist therefore shows
the arousal-valence scores plotted in an X-Y position that
corresponds to the quality-energy scores, allowing all of these
parameters to be viewed simultaneously, alongside the artist
name and rank.

5.

SONIFICATION

Each artist is represented by an individual tone, the timbre of
which is synthesized in response to their arousal-valence scores.
The fundamental frequency of this sound is determined by the
horizontal position on the quality-energy space, and the
duration of the sound is determined by the vertical position.
The resulting tone for each artist is synthesised using four
components, each corresponding to one quadrant of the
valence-arousal model. Positive high arousal emotions (e.g.
excitement) are represented using additive synthesis, where the
individual scores of each emotion word determine the
frequency and amount of the harmonics. Negative high arousal
emotions (e.g. annoyance) introduce inharmonic components
into the sound, the frequency and amplitude of which are
determined by the individual emotion words. Negative low
arousal emotions (e.g. tiredness) are represented using filtered
noise components in the attack section of the sound, with the
centre frequency of each filter determined by the individual
scores of each emotion word. Finally, the positive low arousal
emotions (e.g. relaxation) are represented by sub-harmonics
below the fundamental frequency of the tone. By this method,
scores in each quadrant of the valence-arousal space introduce a
clearly defined component to the tone that can be picked out in
the timbre of the overall sound (see Figure 5).
The overall sound for each artist is played immediately
following the collection and analysis of data for that artist. This
results in a sonification consisting of a series of consecutive
tones allowing both individual and comparative analysis of the
data.
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DISCUSSION

The system successfully enables simultaneous real-time
visualization and sonification of music trend data and the
results of text-based analysis of recent news, blogs and reviews
about each artist. The text analysis process is based on sound
foundations in emotional psychology, but there are limitations
to the implementation in this system. The analysis looks for
individual words, with no regard for the context within which
they are used. However, many appearances of a particular word
are likely to have some significance, and the combination of a
number of words in a similar area of the valence-arousal or
quality-energy space are also likely to be significant.
The visualisation is a useful tool to examine the data,
allowing both observation of specific points of interest, as well
as more general indications of groupings, similarities, trends
and movements. However, there is room for further
development of this aspect of the system. For example, the
visualization doesn’t take into account the popularity score of
each artist, and this could be utilized as an extra parameter to
determine size of the plot for example.
The sonification is also successful in that it allows the
listener, with practice, to monitor a large number of
simultaneous parameters of the data. The sequential
sonification of the data produces repeating patterns in which
small variations are easy to detect, but which may turn out to
lack interest during repeated listening.
Overall, the system appears to achieve its aim of allowing
users to determine perceived emotional affect and quality for a
number of artists simultaneously, in a visually and aurally
appealing way. Further experience with the system is required
to fine-tune the sonification and visualisation algorithms, as
well as to fully understand its possibilities and limitations.
7.
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ABSTRACT
This is a real time audio installation in Max/MSP. It is a
sonification of an abstract process: the writing on Twitter about
music listening experiences on the web from people around the
world. My purpose is not to sonify the effects of this process on
a musical structure of the songs listened to, like a real-timeecho-web-mix or a new version of J. Cage “Imaginary landscape
n°4”, but to sonify the structure of the process itself, with its
language transducers, its media and its rules. For this purpose, I
created a musical instrument played by the data, like a wind
chime, but here all the sounds are created by the web data itself,
as if the material of a wind chime were the wind itself. It’s like
an open window on the web listeners where you can observe the
action of listening and talking about music, but you don’t hear
the music listened to and you search for connections, reactions,
interactions among the listeners, the transmission media and the
code language.
1. DATA USED
Social Genius has created a web service: Twitter Music Trends,
which listens to a vast selection of music-related tweets, and
automatically tries to detect if each, at that moment, is
discussing as a single musician or as
a group
http://twittermusictrends.com/latest.json (updated every 2
seconds). Information about Twitter music data and the latest
artists can be identified from the Twitter stream and the latest 10
IDs of associated tweets.

Figure 1.
3. INTERNET CODE DATA ANALYSIS
At this point of the process (that I want to sonify), there is a
transduction of the language: the code data from twitter is
analysed and the information flux changes: language and
syntax (code) are the same, but information changes:
information is about the process itself, not the original
information thought and posted on the web by the twitter users,
but a new thought about the first action: the new information is
always a consequence of the previous thoughts. (Figure 2.)

2. LISTENERS - WRITERS

First of all, the listening process and the tweet process
from twitter users; people listen to music and then write
tweets about it: it’s a human thought about listening to
music expressed in a verbal language and syntax. People
think, listen and interact with the process and the media
with a GUI that translates an information flux. This
translation is from a human thought(with its specific
language and syntax) to a universal ASCII number code
or numeric streams; characters are the same, but syntax
changes (ASCII numbers are the common atoms [letters]
among different languages) according to an internet code
data: language and syntax change, but information
doesn’t change. (Figure 1.)
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Figure 2.
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4. INFORMATION USED
For this sonification I used only one kind of information:
NAMES: 1) the Artist Name ; 2) the last 10 Twitter IDs that
wrote about the artist (names translation in a code language).
In this way, I have a list of 11 names in two different languages
(spoken and codified) and these names are connected by a
common thought in different ways: the 10 ID names write
about the musical actions created by the artist name: names
change but the process is always the same, like the musical
language…these data becomes in different ways the sound itself
and also the score.

stereo pan and a cyclic fade-in fade-out to give more sense of
“web data waves”, as if the web data were a living entity with its
own cycles of life.

Figure 5: Listen to audio file “1-Background_noise.mp3”
6. SPEECH SYSTEM PLAYER
I use the Artist Name data in two different ways:
1) The Artist Name is translated by the Speech computer
software (at each new name, the voice, which reads the name,
changes randomly, depending on the computer speech
software); then the speech signal passes into a granular synthesis
module with a buffer of 10 seconds:
Twitter IDs control in real time:
• grain duration (Min/Max),
• rests between grains ((Min/Max-Voice numbers),
• grain amplitudes and
• grain pan-pot (MIDI)

Figure 3.

In this way, the multitude of twitter users voices listening to the
artists and also the translation process are represented; at the
beginning of the process, the spoken words are translated in
ASCII numbers and these numbers are the code “lettersphonenmes”; at that point, with a granular synthesis, I
deconstruct the spoken languages (English, French, Italian, etc.)
into phonemes (musical language).
Language conversions:

5. WAVETABLE PLAYER – BACKGROUND NOISE
I used the “last” ten ID numbers scaled from -1 to 1 as
amplitudes of a wave-table (each ID = 18 numbers =180
numbers * 5 (downsampling factor of 2) = 900 samples stored
in the wave table) (Figure 4). They are updated every 2
seconds, according to a choice of the Social Genius
programmers and so I programmed a linear interpolation of ID
values between the updated triggers, to simulate that the
process is continuous.

•
thoughts
(spoken
language)!Words
written
on
keyboard!ASCII code! web code data
• web code data!ASCII code!Spoken language !Phonemes
(musical language)
2) The previously obtained “twitter ID background noise” is
then filtered by the “last artist name”, as if the name could
sculpt its profile in the noise: the noise passes into a bank with a
maximum of 18 pass filters and frequencies of each filter are
given by a conversion of ASCII numbers in frequencies.
Example:

Figure 4.
The wave-table is then played back in a loop at a frequency that
varies cyclically from 0.1 to 1.5 Hz, and it’s a musical
representation of the twitter code web rhythm (a background
noise from a portion of the web) morphed by the twitter users
almost in real time. At the end of the process, I use a cyclic

Beatles =
66 101 97 116 108 101 115 (ASCII-Midi Pitches) =
369 2793 2217 6644 4186 2793 6271 Hz (Filter bank center
frequencies)
The bandwidths of the filters are given by one of the twitter IDs
(scaled from 0.1 to 4 Hz) that is listening to the Beatles:
Twitter IDs: 1 5 0 0 9 6 8 5 4 9 0 0 6 7 8 6 5 6
Bandwidths: 0.8 2.4 0.4 0.4 4. 2.8 3.6 2.4 2. 4. 0.4 0.4 2.8 3.2
3.6 2.8 2.4 2.8 Hz
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Each Artist Name is updated every 2 seconds, so the timbre
changes without an interpolation every 2 seconds like a “bell
signal” and gives a regular beat to the time.

Figure 8: Listen to audio file “5-Oscilbank.mp3”

Figure 6: Listen to audio file “2-Timbre_name.mp3”
Listen to audio file “3-Voice_grain.mp3”

9. EQUIPMENTS AND DIFFUSION

7. DATA GLITCHES
One of the last ID listeners gives a small amount of samples
stored in a wave- table and played immediately; the amplitudes,
which are not scaled and are from 0 to 9 , are afterwards clipped
to 1 (wave-shaping) with a linear interpolation between samples.
Then the signal is passed through a resonant bandpass filter with
a central frequency set to 2000 Hz, bandwidth of 23 Hz and a
resonant factor of 3; this gives a “percussive mallet” sound. A
quartic envelope is applied to the signal, which has been
extracted from the artist name, and the resulting signal enters in
a variable delay with a feedback of 1%. This because "the latest
artist" scrolls back in position on time... and 2 seconds later he is
not ' the latest one' but it's always listened to on twitter; in this
case, it doesn't disappear but becomes like an “aura”, which
gives this sense of slow down and fading, passing through a
granular synthesis.

1 Apple computer
1 Internet connection
1 or more Headphones or
1 Audio cart
1 Mixer console table
from 2 to 32 Loudspeakers
It is possible to listen to this audio installation from different
computers and headphones or to diffuse the sound on several
loudspeakers, to obtain a double interaction: on the other side of
the web the listeners create the sounds and on this side other
people diffuse this sound in a room and it may be that twitter
users, who are present in the room, can change the sound
itself…

10. TECHNICAL DETAILS
This software is a Max/MSP patch and you can launch it as an
alone application or inside Max/MSP, according to externals
used in the patch until now; it is possible to run it only on
Apple computers. If you listen to it directly from your
computer audio device, it is necessary to do an internal routing;
in fact, audio from speech system player will not diffuse out
directly, but only after being processed by Max/MSP.

Figure 7: Listen to audio file “4-Data_glitches.mp3”

8. SINE WAVES OSCILLATOR BANK
The last sound generator is an additive synthesis with 18 partials
(the number of numbers in a single Twitter ID ; 5 Twitter IDs
are mapped according to:
• Frequencies of each partials
• Detuning factor of each partials
• Relative amplitudes of each partials
• Relative durations of each partials
• Relative attack times of each partials

It is possible to route it internally with the software "Sound
flower" (from Cycling74 or "Jack") or externally with a sound
card, which is present in the room and can change the sound
itself…

As the IDS are from different people, I applied a granular
synthesis to simulate the contemporary presence of 5 different
people (the Ids), that are producing the same sound together.
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Figure 9: Main Block Diagram
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