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ABSTRACT 
Information sonification is an emerging field of pervasive 
computing and is applicable in many wearable artificial 
sensory systems. This paper presents some strategies that 
can be employed in auditory interface design where using 
sound as representation gives insight into the improvement 
of comprehension and recognition of information 
sonification in an auditory graphing system. The design 
strategies are based on listening tests gathering contour 
identification responses and listening experiences from 
participants. The analysis of these responses from 
identification testing and surveys then suggests the method 
of the usage of auditory dimensions in auditory display. 
The empirical evidence benefits the development of 
sonification design strategies for auditory interfaces that 
can be extended to a wide range of interactive wearable 
applications. Our discussion will include potential 
applications of this knowledge in the fields of ambient 
information display and wearable auditory or audio-visual 
displays, i.e. ways in which timbre and spatialization can 
enhance the identification and discriminability of sonified 
data streams. 
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INTRODUCTION 
In everyday life people communicate and collect 
information by using all their physical senses, including 
vision, hearing and touch. Sound is regarded as an 
informative medium to support an information-seeking task 
or activity. For example, many devices such as doorbells, 
ovens and telephones use sounds (auditory cues and 
auditory alerts) to communicate events, environment, and 
gain awareness. Sounds are a natural consequence of the 
physical environment and although being seldom aware of 
it, people are always listening and using sounds in many 
ways [1]. Also due to its intuitive connection with symbolic 
meanings, sound has been extensively used as a means for 
Human Computer Interaction (HCI), in which it can 
provide a rapid comprehension of the processing status, 
alarm or warnings in the user interface. In novel HCI 
paradigms such as ubiquitous, pervasive and wearable 
computing, interactive sonification provides alternatives to 

visual display, intuitive responses and augmented channels 
of communication [2, 3]. Apart from its accessibility for 
visual impaired users [4], sonification can also be used for 
navigation cues [5], representing complex scientific data 
such as neural spike propagation data [3] (the reference 
gives an example where a group of players can collaborate 
with each other and their actions transferred through a 
percussive controller were responded to composed pieces 
of music), forecasting real-time financial data [6, 7], and 
other responsive real-time data, such as capturing dynamic 
non-visual weather data  [8]. 
Taking account of humans’ pervasive experience with 
sound and intuitive response to sound, representing 
information in an auditory display is intended to aid and 
enhance comprehension of the data represented, and to 
meet the needs of extending computational data processing 
with the fast growth of digitalization in our society. Some 
multi-dimensional sets of data benefit from auditory 
representation (sonification) because the time-based, linear 
representation of sound allows us to easily recognize 
trends, patterns, information clusters and recurrences of 
behaviour. This leads to easier assimilation of the displayed 
information, especially in visually overloaded workplaces.  
However, because of the instantaneous features of sound, 
auditory interface design appears to be challenging. For 
sonification to be of optimal benefit, the rapid cognition, 
comprehension and assimilation of auditory information in 
a non-demanding, intuitive representation are essential to 
its efficacy. 

AIM AND MOTIVATION 
This study is motivated by a desire to systematically 
examine how spatial separation and timbre assist on the 
ability of listeners to understand sonification, taking the 
advantage of pervasive listening to sound. It aims to 
explore sonification design strategies that facilitate efficient 
information representation and that have great applicable 

 
 
 



potentials in various wearable synthetic systems.  
An important issue in auditory interface design is to convey 
the intent of the designer and present an easily-understood 
auditory display for users. In information sonification, 
various types of information need to be displayed clearly 
and unambiguously, and some obstacles have to be 
addressed for an efficient representation. In order to 
achieve the goal, sonification research involves 
multidisciplinary investigation in the fields of acoustics, 
psychoacoustics, psychology, cognition and human 
computer interaction. It is a significant challenge to 
determine how to design a “comprehensible” auditory 
display and to map information onto adaptive sound 
variables, because of the lack of applied theories of 
mapping generation for a successful sonification. The gap 
can be bridged by comprehensively investigating the 
essential components in sonification design. 
Mapping is a core process in auditory interface design to 
establish linkages between the data domain and the sound 
domain, e.g., connecting data quantity, activity or 
numerical values to auditory attributes such as pitch, 
rhythm and location. This computational process 
determines to a high degree how successfully a listener is 
able retrieve the information defined in the mapping 
process. In other words, the mapping of data onto sound 
requires a deep understanding of the way of information 
retrieval by a listener – the recognition of information 
embedded in sound – and must take into account the user’s 
capability while carrying out tasks in the real environment. 

EXPERIMENT I – USAGE OF SPATIAL SEPARATION TO 
IMPROVE IDENTIFICATION AND RECOGNITION 
When two sound sources are oriented from different 
directions, a listener needs to keep tracking and integrating 
auditory messages from two spatially separated locations. 
Spatial rehearsal allows tracking the orientation locations in 
the working memory and spatial reasoning is augmented 
due to the identification of the masking and interference 
occurring between two auditory streams. It is possible to 
degrade the performance if an interactive interface designer 
uses this strategy (analogous to the findings in visual 
display [9, 10]).  In other words, cognitive overload and 
complexity may hinder performance. 
While intuition may indicate that spatial separation can be 
used in the mapping scheme of auditory interface design 
[11], due to its feature of having less interaction with other 
parameters such as pitch and rhythm and interaural 
time/level differences [12, 13], there is little empirical 
information in literature supporting and investigating the 
effects of non-speech spatialization.  
Experiment I especially examined the possibility of spatial 
separation used as mapping strategy to assist listeners 
during the deciphering information embedded in sound. 
Our concern is particularly to develop an understanding of 
the potential application of spatialization in sonification 

using commercially available binaural reproduction. The 
results from this experiment confirmed the benefits of 
spatial separation in information sonification with 
headphone representation.  

Method 
Forty stimuli were included for the 32 volunteer 
participants and their task was to identify the contours of 
pairs of various auditory graphs. The pairs of simultaneous 
auditory graphs were configured both in a single location 
and in two separated virtual locations (see Figure 1). The 
spatial rendering was simply in terms of image direction, 
without any attempt to vary the virtual distance or other 
aspects of auditory space.  The combination of 20 stimuli in 
display mode 1 and 20 stimuli in mode 2 was played in a 
random sequence to the participants and the subjects’ task 
was to pick up the correct pair of contours from 12 given 
options.  
The experiment used headphones for binaural reproduction 
with generic Head-related Transfer Functions (HRTFs) and 
no head-tracking was involved. We recognized that the 
accuracy of head-tracking, individualized HRTFs or 
loudspeaker reproduction is greater, but these laboratory 
conditions do not simulate the workplace, such as the stock 
trading data analysis context and are not applicable for 
pervasive computing systems. 
The auditory interface (shown in Figure 2), creating stimuli 
for the listeners, are designed in Max/MSP [14], which is a 
real-time programming environment. Parameters such as 
the energy envelope can be easily altered by editing the 
graphic icons. 

  

Fig. 2. Spatial configuration in experiment I. Mode 1: both streams 
are from the middle line (azimuth= 0ºand elevation=0º); Mode 2: 
they are spatially separated, 60 degrees away from the middle line 
symmetrically. 

Fig. 1. Spatial configuration in experiment I. Mode 1: both streams 
are from the middle line (azimuth= 0ºand elevation=0º); Mode 2: 
they are spatially separated, 60 degrees away from the middle line 
symmetrically. 



Results 
When the participants identified the pairs of contours, a 
significant difference ( ) was found between 
the two display modes. When the two auditory streams 
were spatially separated, the errors that occurred were 
fewer than when the same pair was co-located.  
The result indicates that spatial separation can be used as a 
mapping strategy in auditory interface design where it is 
able to improve the comprehensibility, when a listener has 
to pay attention to two simultaneous auditory events. The 
other outcomes are summarized as: 

• The human factor of musical background did not 
influence a listener’s performance where the listening 
task was about sketching relative differences (i.e., 
pitch contour) rather than judging absolute differences 
(i.e., magnitude estimation – degree of pitch 
difference).  

• Timbre has the potential to enhance spatialization in 
sonification. Although in this experiment, pairs of 
auditory streams used the same timbres, differences 
were found between pairs with different timbres. The 
analysis of acoustic attributes showed that the timbres 
with a long attack performed better than those with a 
short attack.  

EXPERIMENT II – USE OF INDIVIDUAL TIMBRE TO 
ENHANCE SPATIALIZATION AND AESTHETICS 
The usage of timbre in sonification is not an easy task 
because timbre is not defined by a single value but by a 

group of dynamic and static sound properties [15]. In music 
and speech, timbre is the quality that distinguishes different 
types of sounds of musical instruments or voices. In 
sonification, it is regarded as a remarkable dimension [16] 
that allows characterization, distinction and comparison of 
sounds. Additionally, timbre is an important variable when 
presenting an aesthetic auditory display. 
Previous studies [17, 18] on timbre tried to characterize 
timbre in a perceptual space. These investigations 
contribute to a better representation of timbre by restricting 
the number of dimensions to three perceptually related 
dimensions. This assists in the determination of auditory 
variables to generate compatible timbres in this experiment. 

 

 

Fig. 3. Screenshot of the synthesizer to create auditory graphing stimuli. The up-left module was a group of 
preset graphical lines and the shape can be displayed in the up-right screen visually. The two modules at the 
bottom are able to generate different timbres for pairs of timbres. 

Fig. 4. Screenshot of the synthesizer to create auditory graphing 
stimuli. The up-left module was a group of preset graphical lines 
and the shape can be displayed in the up-right screen visually. The 
two modules at the bottom are able to generate different timbres for 
pairs of timbres. 

Fig. 5. Sample stimulus. The stimulus consisted of two 
concurrent auditory streams. Numerical values of graphical 
lines were mapped onto pitches on the y-axis and the 
movement of pitch over time was along the x-axis. Each 
stream had its own timbre and sound location (60 degrees 
away from the middle line). Therefore, stream segregation 
benefits from both timbral quality and spatial separation. 



Different from timbre space studies, experiment II 
augmented a measurement of timbre for a cognition task – 
in order to understand whether timbre assists recognition of 
contours.  
Experiment II aims to explore key factors influencing the 
use of timbre when designing an auditory interface. The 
evaluation was performed from the angles of 
“informativeness”, “aesthetics” and “clarity”. The selection 
of “distinct” pairs of timbres were based on the features 
that are not only able to differentiate concurrent auditory 
streams but also able to aid the identification of contours. 
The decision about the mapping strategy, concerning 
timbre, was derived not only from the survey about the 
participants’ listening experiences but also from 
identification performance. 

Method 
The timbres used were created with Fourier-based additive 
synthesis. Each auditory stream has its own individual 
timbre (see Figure 3). The graphical values were mapped 
onto fundamental frequencies and the output was a 
sequence of digital signals, each of which was a summation 
of the fundamental and the harmonics/partials. The 
generation of timbre was controlled by altering the attack 
portion, ratio and number of harmonics/partials, and 
amplitude envelope. Additive synthesis also allows an 
evolutionary change in timbre with the change in 
frequencies reflecting numerical data values.  
Thirty-six volunteer participants, who ranked themselves in 
the post-experiment survey as music novices, in terms of 
their musical background, were included in experiment II. 
They had only one chance in the identification task to listen 
to each stimulus in order to avoid an incorrect listening 
strategy – listening to one stream and then the other when 
replaying. But when accomplishing a semantic differential 
scaling task, the stimuli can be played as many times as the 
listeners required. 
A semantic differential technique was used to compare and 
identify the degree of sensation of distinctiveness of pairs 
of synthesized timbres and the sensation of the sound 
quality of selected outstanding auditory streams. These bi-
polar scales define the strength level of each feeling. The 
sound quality scales were rated from five perspectives of 
subjective listening experiences: relaxation 
(focused/diffuse), aesthetics (smooth/rough), clarity 
(obvious/subtle and soft/hard) and psychoacoustics 
(sharp/dull). Using a set of rating scales derived from the 
semantic differential method, the subjects judged and 
described each of five different feelings in terms of their 
own emotional impressions. 
Acoustic measurement was also involved. The analysis was 
predominantly in the spectral domain and was based on 
feature extraction from six perspectives: number of 
harmonics, average intensity, peak frequency, ceiling 
amplitude, spectrum width and spectral centroid.  

Results 
Combining the performance and the listeners’ ranking of 
the distinctiveness between pairs of timbres, a significant 
correlation was shown ( ).  This indicates 
that in auditory interface design, auditory streams could 
have their individual timbres because distinct pairs of 
timbres can provide assistance to both stream segregation 
and information recognition. 
Semantic differential scaling illustrates underlying 
listeners’ underlying emotional meanings to sound. The 
verbal descriptors portrayed the main characteristics of the 
striking/noticeable auditory stream of a pair. These selected 
streams have individual prominent timbral features that 
attract the listeners’ attention and perceptually separate 
them from simultaneous streams. Therefore, the descriptors 
of “obvious” and “focused” are most significant and 
consistent. The correlation between smooth/rough and 
soft/hard indicates that aesthetics and relaxation 
characteristics are related and “smooth” sounds have less 
perceptual tensity. 
Acoustic measurements illustrate that performance is 
affected by the spectrum width and spectrum centroid of 
the pairs of timbres. 
Integrating the performance, semantic differential scaling 
and acoustic measurements, the outcomes are summarized 
below:  

• It is shown that distinctiveness of timbres is a feature 
that can enhance the performance of a spatialized 
information sonification in the contexts of 
concurrency, comparison and recognition. 

• Distinct timbre pairs can help not only stream 
segregation (perception only) but also contour 
identification (cognition). 

• Sharpness of sound makes an auditory stream 
perceptually prominent, which helps stream 
segregation but does not help contour identification. 
Therefore, for a better sonification display, the 
concurrent auditory steams should be differentiated in 
timbre but the differentiation should be achieved 
using the property of sharpness. 

• Acoustic measurement shows that the differentiation 
can be achieved by enlarging the gap of spectrum 
width and spectral centroid between two auditory 
streams, but not by increasing ceiling amplitude and 
peak frequency. 

DISCUSSION AND CONCLUSION 
The results of the two experiments, which gathered the 
responses and listeners’ opinions in a real environment, 
contribute to the development of strategies for ubiquitous 
interactive auditory interface design. The study presented 
can be applied into a wide range of interactive interfaces 
and could be incorporated with visual and haptic devices to 
develop creative information display systems. 



These strategies can be especially applied in a complex 
auditory display including concurrent auditory display 
where a listener has to pay attention to and recognize the 
pattern of both auditory streams. In information 
sonification, although single stream representation is 
relatively easier to follow and recognize compared with 
multiple streams, it has limitations which restrict bandwidth 
and the competence of communicating with information. 
For two time-based data sets, for a single stream display 
either by a compound of two data sets (i.e., differentiating 
in timbre), or individually in succession, the time cue is 
easily lost and comparison (finding differences or 
relationships between two streams) becomes very difficult. 
A display containing concurrent auditory streams unties the 
restriction of single stream display, allows consecutive 
processing of multiple equally important auditory streams 
and carries more information. In order to overcome the 
difficulties of concurrent display such as interference and 
masking when two streams are harmonically related [19], 
the differentiation strategies found are able to distinguish 
streams in order for people to have an adequate 
understanding of the sonification. 
In specific relation to application in wearable expression, e-
fashion and mobile body-bound contexts, spatialization of 
audio faces some restrictions. Small wearable displays 
might be limited to a single speaker or loudspeaker sound 
production systems that offer little spatial separation 
between channels or to binaural (headphone) display. In 
this case, our findings about timbral spectra and 
differentiating streams for identification and separation will 
be most useful. As time-based audio display is often 
continuous, a cue-based or alert system might better suit a 
wearable display. Spatialisation adds a dimensions for 
sonification that, when worn, might imbue the wearable 
with a sense of directionality. However, in an architectural 
(interactive architectural or responsive architectural) or 
sensate context, such as for ambient information display, 
bi-modal and interactive sonifications or installations in 
public spaces, both spatialization and timbral 
differentiation can enhance the understanding of auditory 
information representation. Panning, for example, is easily 
achievable in a display with well-separated speakers. In 
ambient contexts where the listener is likely to encounter 
interference of ambient noise and complexity created by 
environmental, conversational and other competing sounds, 
strategies that enhance stream identification and 
comprehension of concurrent data encoding contribute to 
usability and sustained listening for the user. Further, most 
existing sonification toolkits and time-based displays 
emphasize the dimensions of pitch and periodicity for 
representing data attributes and we believe the findings in 
this paper support both the validity and advantage of using 
other (additional) sonic parameters to express information. 
Subtleties such as timbral nuance and a rich array of 
location sources in the spatial image arguably contribute to 
a deeper emotive and persuasive quality of sonification. In 
particular, we aim to give greater importance to the 

aesthetic aspects of auditory display for social and 
community contexts, so that people enjoy wearing or 
inhabiting the display. In regard to the potentially 
expressive nature and aesthetics of wearable displays, the 
additional subtlety and dimensionality afforded by using an 
array of timbral (tone quality) variations is both limitless 
and more textural or sensitive than only using pitch and 
periodicity. We think a parallel might even be drawn 
between the textural nuances of timbre and the materiality 
of textiles, relating qualities of surface, smoothness, 
roughness, suppleness, distortion of sound quality and 
fabric character. 
Our current and continuing work extends these findings to 
time-based data and emphasizing qualitative measurement, 
which is able to uncover the interaction between listeners 
and auditory display and to reflect on the “process” through 
which a listener experiences decoding sounds. 
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