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Figure 1: Our four suggested criteria for effective sonification design.

ABSTRACT
A subjective stagnation in the field of sonification research has
been discussed. However, sonification has spread in simpler forms.
We present a data set from Google scholar that provides insights
into the state of sonification research. Based on these data, the
literature, and a small expert poll, we propose criteria for effective
sonification design: the use of easily perceptible sounds, that are
mapped naturally, do not contradict the data metaphor, and are
appropriate to the task. A quantitative analysis of the data found
no correlation between effective sonifications and the number of
citations or the year of their publishing.

CCS CONCEPTS
• Human-centered computing→ Interaction design theory,
concepts and paradigms; • Applied computing → Sound and
music computing.
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1 INTRODUCTION AND RESEARCH
QUESTIONS

Sonification research has been established in the last 20 years, but
researchers have expressed their disappointment for the subjective
stagnation in the field. For instance, Neuhoff [23] questioned if
sonification is "doomed to fail". One reason he argues is that "sonifi-
cation is more often viewed by the public as an entertaining curiosity
than as a scientific tool for understanding data", and he still misses
the "killer app" [26]. On the contrary, Nees [21] concentrated on a
handful of successful, i.e. ubiquitous, examples where sonification
“works”, such as alarms, even if these were mostly not developed
within systematic sonification research.

Apart from the pure functionality of conveying information
through non-speech audio, further added values of sonification
have been mentioned throughout the literature. For instance, Bal-
lora [2] discussed the ’wow’ effect of sonification, and stated that
"sonification’s potential value, like much of the scientific visualisation
content, probably lies less in hard facts and more in how it may serve
as a stimulant for curiosity.” Similarly, Neuhoff, in the above cited
critical position paper, indicated some aspects that point towards
the main point of our paper. For instance, "most sonifications in
widespread use today are simple binary messages," and explaining
partly the reasons for this, he draws from his own research experi-
ence: “a better approach to parameter mapping might be assigning
data variables to acoustically complex but ecologically simple sounds
(e.g., footsteps) that indicate changes in sounding objects or events”.
Finally, he asks, "is the killer app the appropriate metric by which
we should measure the success of sonification?".

Our personal motivation for this paper is the - often inherent
- promise of sonification as a problem-solver for the analysis of
complex and/ or multivariate data. This promise is generally backed
up by the great capabilities of human auditory perception. Still, no
successful and widely-spread applications have been developed, no
“killer app”, even if both the necessary equipment (hard-, software)
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and expertise (sound computing) have been at hand for the last
twenty years. While we did not see a wide-spread application for
exploratory data analysis, sonification has spread mostly in simpler
forms, in, e.g., multimedia applications, monitoring environments,
artistic works, and didactical or generic examples that demonstrate
sonification itself.1

Therefore, we reasoned if and why "simpler" sonifications are
more widespread. The added value of such sonifications is often not
an enhanced functionality as compared to standard visualizations
or artificial intelligence, but rather can be covered by terms such as
affective design, engaging technologies, or, generally, embodiment.
Subjectively, we see a tendency in auditory display research towards
relatively simple sonifications. Certainly, the still sought-after de-
sign criteria could be based more easily on simple sonifications
than on individual design solutions of complex tasks and data sets.

In this paper, we come back to Neuhoff’s question, how to mea-
sure success of sonifications. Therefore we posed the research ques-
tions, (a) based on a proposed set of design criteria, is there evidence
that certain sonifications are more successful or evolve over time?
An (b), based on the reflection of this analysis, can we establish
design criteria for effective sonifications?

2 BACKGROUND
The underlying questions for our research concern themain benefits
of sonification and how "good" sonifications sound like.

2.1 What do we need sonification for?
We are nowadays opposed to the emergence of AI into previously
human-centric fields, such as data exploration or paper writing.
Worrall [32] defends the general usefulness of sonification, whose
putting in doubt he calls "increasingly pertinent", while there is a
profound "difference between a conception of life merely in terms of
information flow and data storage as might be imagined by the Cog-
nitivists [...], and one in which mind, body, and (now technologically
enhanced) consciousness play a fundamental role in active percep-
tion, knowledge acquisition, meaning-creation and decision making".
This statement underlines the most useful role of sonification in
a worldview of embodied cognition. In this regard, other authors
have suggested specific benefits of sonifications. De Campo et al.
[9] stated that interdisciplinary sonification projects "often reap
their benefits outside the agenda. This may sometimes simply be the
result of spending longer time with data; it may also result from soni-
fication being a means to cooperate below the threshold of stabilized
knowledge. The allusive layer provides a setting for the renegotiation
of tacit concepts in a conversational learning process". In such an
embodied perspective of sonification research, we have to address
aesthetics in the design process, as has been pointed out by Vickers
et. al [28], which then enhances the benefits stated above, such
as sonifications being "sufficiently engaging to engender sustained
attention" [ibid].

Already in 1994, Kramer[18] listed affective and metaphorical
associations as perceptual factors in sonification design. Authors
1A few subjective examples: Chris Chafe’s work on the Brain Stethoscope,
http://chrischafe.net/; the Podcast "Loud Numbers" on data sonifications, https:
//www.loudnumbers.net/sonification; a sonification of Trump’s lies, http://www.
stephenandrewtaylor.net/lie-sonification/lie-index.html; or the listening back add-
on for browsers, https://addons.mozilla.org/en-US/firefox/addon/listening-back/.

from the fields of sonic interaction design or sound design have
correctly highlighted the affective nature of sonifications (that are
based on sound and our experience of music perception). For in-
stance, Barrass [4] has stated that "[s]ound is a naturally affective,
aesthetic and cultural medium. The extension of the aesthetic turn to
sonification could transform this field from a scientific curiosity and
engineering instrument into a popular mass medium."

2.2 Which sonifications work?
For newcomers, there are still no guidelines how to design an
effective sonification [24]. As Vickers et. al [28] stated, [it]"sounds
so simple to say that good sonification design involves finding the
right way to represent the kinds of data or facts that we wish to reveal,
but the realisation of this ideal has proved problematic", and, on
the contrary, "[s]onification may be ineffective if the rendered sound
appears arbitrary to the listener in relation to the underlying data."
In depth-interviews with sonification designers [24] pointed out
a number of facts. One trivial insight is that simple sonification
mappings work because of their ease of use. In the summary of
the interviews’ findings, the cited authors conclude on an effective
design process that "requires in-depth investigation of the data, the
inclusion of the user in the design process, a valid number of iterations
in choice of sonification technique, parameter mapping and sound
design."

Incorporating the semiotics of sound into research has been de-
bated, though in the Sonification Theory Chapter of the Sonification
Handbook [31] this aspect rather falls short. Perhaps, generally,
these aspects are given too little attention in the design, for in-
stance as Pirhonen et al. are cited in the same chapter: "Empirical
approaches [...] have been largely dominated by atheoretical, arbi-
trary sound design choices." Similarly, in other papers it is argued
in favor of using metaphoric and/ or ecological sounds in a direct
or indirect way [17, 29]. Ferguson & Brewster [11] discussed per-
ceptual congruency between data and sound dimensions based on
previous works, e.g. [12]. They state that "many of these data:sound
mappings fail to account for the listener’s mental model of how the
data value should sound during sonification". The authors explore
relationships between conceptual variables and psychoacoustic pa-
rameters (instead of simple acoustic parameters such as pitch or
tempo), in order to expand the number of effective sonification
parameters.

Even if we focus mainly on the scientific discourse here, we
acknowledge as well the contribution of the arts. To start with,
artistic papers are part of many sonification-related conferences.
Vickers [27] has discussed that sonification, if it is sonification, is
also music, (and vice versa). He further elaborated a sonification
aesthetics with co-authors [28], pointing out that the "design task
then becomes about finding a suitable fit between communicational
efficancy and appropriate aesthetic character".

2.3 Paper outline
Instead of proposing a pure position paper, we intended to follow a
more systematic approach, incorporating qualitative and quantia-
tive research methods, to further develop our concept of effective
sonification design. We build our findings around a data set from
Google scholar, drawn in January 2023. Based on this, we know
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the most frequently cited authors working in the field; we invited
these experts in an anonymous poll to provide a statement on the
success of simple sonifications. Based on their responses, we fur-
ther sharpened our notion towards an effective sonification and
searched for quantitative evidence in our data set.

Besides our framing of design criteria, the data set itself is a
valuable contribution for anyone interested in assessing sonification
research.

3 COLLECTION AND OVERVIEW OF DATA
Review papers on sonification research have been focusing on the
study of the International Conference on Auditory Display (ICAD)
[1, 5, 26]. We argue that this falls short as sonification is a method
that shows up at various scientific communities.

3.1 Data set of most relevant sonification papers
Addressing our first research question, we are seeking to explore
which type of sonifications might be more successful or evolving
over time. Assessing quantitative data about the dissemination of
any type of sonifications in general is a huge endeavour. Sonifi-
cation applications are varied between scientific, musical, social
media, or journalistic approaches, and applied applications in in-
dustry. A recent data compilation is the Data Sonification Archive,
a curated set of (by July 2023) around 500 sonifications [25]. While
this is an interesting data set, it has an intrinsic bias due to being
curated. In an effort that would allow us to study a more complete
and less human-biased data-set, we therefore only focused on scien-
tific publications. This obviously limits the validity of our analysis.
Furthermore, it follows scientometrics, measuring scientific output
quantitatively, with all its specific drawbacks and flaws. Specifi-
cally, our measure of success is here the number of citations a paper
reached.

We consider Google scholar to be the most general scientific
search tool, that is neither focusing on specific scientific domains
nor depending on the individual entry of content in scientific social
media platforms. In the absence of better alternatives, we relied on
it’s efficacy. Google’s search algorithm performs as a black box, but
it has been shown that the main sorting factor for their ranking
of papers is how often they have been cited [6]. In a first step,
we probed searching for a variety of terms, always with the help
of scrapers to get a full list of up to 1000 hits per search, with
information on the number of citations the paper has reached. It
proved to be more to the point to use an aggregated search term,
and we ended up with "sonification, auditory display, audification,
sonify". In the resulting list, all papers had a clear thematic focus
on sonification research, which had not always been the case when
the terms were searched for individually 2.

In a next step, the mostly but not fully automatic pulling down
of abstracts for each paper was a tedious process. Out of these
abstracts, we generated a list of keywords for each paper with the
help of the recently hyped ChatGPT. Obviously, for true keywords
a full text analysis would have been necessary, but could not be
provided as pulling 1000 full text papers was not possible.
2There were only a handfull of exceptions, where papers were found that had nothing
to do with our notion of sonification: sonification (also: sonication) is used as a term
in biology where sound is used to change proteins; and auditory display is used as a
term in biology, e.g. when studying the sounds of apes.

This process ended in a data set of 1000 papers, including
• their title,
• a website/URL (as referenced by Google scholar),
• author(s),
• publisher information,
• their google rank in our search,
• publication year,
• the number of citations;
• paper abstracts;
• and keywords generated from abstracts.

The data set has been published as Creative Commons Attribu-
tion 4.0 International at 10.5281/zenodo.8171076.

Fig. 2(a) shows the development of sonification research: single,
early publications are multiplied from 1992 on, when the number
of papers is rising until about 2005-2010; since then, the research
output measured as number of publications stays rather constant.
Fig. 2(b) shows a boxplot of the number of citations of the papers
per year. The citations could be interpreted as a reception history
of sonification. Individual, highly published papers lead to outliers,
while the whole function is - of course - time-dependent. Early pa-
pers are cited over-proportionally while the last ten years evidently
show a falling number. The top ten cited publications in our data
set are mostly review papers or seminal books, with the exception
of three methodological papers (numbers 3, 5, and 8 in Fig. 2(b)).

In a first, quantitative analysis, our data set already provides
interesting aspects. We looked into the publishers’ information to
see where sonification research is published, see Fig. 3. The graphic
shows various publishers, of which one fifth is ICAD.

Secondly, to get an overview of the topics treated within sonifi-
cation research, we conducted a frequency analysis of all keywords
(keep in mind that these are not "real" keywords but automatically
generated ones out of the abstracts only). Only keywords with
at least 3 mentions were taken into account; these were still 500
terms out of around 5000 generated from ChatGPT. Then, they were
grouped (for instance, "blind" + "blindness" + "visually impaired"
etc.) and categorized (e.g., "accessibility"). Generic words were ig-
nored (such as, "sonification", "sound", "concept", etc.). Furthermore,
many notions had to be omitted due to ambiguity - as one example,
"performance" is both established as artistic practice and as users’
ability in evaluations. For these reasons this overview is not a full
keyword analysis. Though, the major research fields of sonification
are represented, as shown in Fig. 4. For the following paper analy-
sis, we focus on application papers only, i.e. the ones that describe
a specific sonification design. This is, because we are interested
in which sonifications are more successful than others. The most
applied areas for sonification are movement, including sports or
physiotherapy, and medicine.

3.2 Expert poll
Based on our preliminary data sets, we found a number of recent
experts of sonification research: the first authors of the most cited
papers since 2010, who have published more than once on "sonifi-
cation" (one paper with at least 30 citations) or "auditory display"
(one paper with at least 100 citations, as here the range of num-
ber of citations was much larger), and authors who had at least
three publications since 2010 (for "sonification") counted as experts.

10.5281/zenodo.8171076
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(b) Number of citations per paper

Figure 2: Overview of the quantitative data set, the first 1000 hits of a Google scholar search for “sonification, auditory display,
audification, sonify”, conducted in January 2023. (a) shows the number of papers per year. (b) gives a boxplot of the number of
citations per year and indicates the ten most cited papers:
1 - The sonification handbook (2011); 2 - Sonification report: Status of the field and research agenda (2010); 3 - Navigation system
for the blind: Auditory display modes and guidance (1998); 4 - Taxonomy and definitions for sonification and auditory display
(2008); 5 - Head-related transfer function and virtual auditory display (2013); 6 - A systematic review of mapping strategies for
the sonification of physical quantities (2013); 7 - Theory of sonification (in: The sonification handbook; 2011); 8 - Listen to
your data: Model-based sonification for data analysis (1999); 9 - Movement sonification: Effects on perception and action Using
sonification (2005); 10 - Using sonification (1999).
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Figure 3: Publishers of sonification papers. Note that the list
was automatically generated from the URL as provided by
Google scholar, which sometimes refers to academic sites
such as Researchgate instead of the initial publisher.

These were asked in an expert poll in the form of an anonymous,
open questionnaire on the internet. Of the whole 46 authors, 13
were not reachable, and out of the remaining 33, eight completed
the survey.

At the time of the expert poll, we had only a preliminary idea
of design criteria. We presented the experts with a (presumably)
provoking statement on the success of simple sonifications in the
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Figure 4: The frequency of categories, aggregated by hand
out of the automatically found keywords.

general public. We defined what we meant by "simple" sonifications
as (a) ones that have few mapping dimensions, which (b) lead to an
easily understood sound design, and (c) employ salient sound fea-
tures, and (d) ones that usually sonify small and/ or low dimensional
data sets.

We asked for free comments on the topic addressing the follow-
ing open questions: Is “simplicity” defined clearly enough to delimit
a field of research? Are „simple sonifications” really under-represented
or under-valued at ICAD? Would it be helpful to look at them more
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closely? Or is the pursue towards the “killer app” - more complex
sonifications with longer learnability, exploiting auditory perception
at its full - still the way to go?

The introduction was piloted with our colleague as profound
sonification expert before being sent out.

Following qualitative research standards we conducted inductive
categorization [19] of topics raised by the experts: the answers were
sliced into paragraphs, and each paragraph was annotated by three
of the authors individually to distil their main idea. The individual
findings were consensed, and gives a pattern of opinions.

The general attitude was positive and constructive, and all ex-
perts provided valuable comments. Three experts explicitly were
fond of the initiative, i.e. bringing up this topic for discussion. Fur-
thermore, one expert stated: "I agree that the sonification community
(frommy experience) tends to overvalue exploratory/complex/aesthetic
sonification projects that stray from the ideal goal of practical problem-
solving." (EX.4) The same expert still acknowledges the benefit of
incorporating arts and designerly thinking into sonification re-
search.

We saw that the short cover letter for the expert poll may have
triggered misunderstandings. At least one expert thought we in-
tended to do technically simple sonifications, for instance featuring
sine tones, which is quite the opposite of our intent.

Our definition of simple sonification was criticized by half of
the experts (i.e., four), and disadvantages of simple sonifications
pointed out. For instance, simple mappings may fail to address the
user experience after long term use. As one experts put it, "simple
sonifications are more easily digested at first listening and so lend
themselves better to refereeing and conference presentation, but that
does not mean complex sonifications are ’bad’ - they just favour expert
users who can appreciate all the subtleties of the sound." (EX.5). This
point is certainly true to some point, and possibly a general flaw in
publishing scientific findings in a still young and diverse field such
as sonification. Furthermore, two experts rightly pointed out that
different sonifications have different goals, and two supported our
arguments by bringing up even more added values of sonification,
such as aesthetics, ecology, and affective effects.

Three experts stated that they thought the question was wrongly
put, i.e. that differentiating between complex and simple sonifica-
tions was not valuable; rather, the context (e.g., users, tasks) should
be taken into account. One of these three and one other expert
generally disapprove of the idea of favouring simple sonifications,
and espouse more the idea of the killer app or complex sonification.
The general trend could be simplified as 3 in favour, 3 critical, and
2 opposed to the idea of studying simple sonifications (under the
premise that there might have been misunderstandings about the
concept).

Furthermore, two experts provided explicit examples for simple
sonifications that we found well to the point: one is the variometer,
an auditory display using beeps that increase in rapidity and pitch
with increasing rate of airflow, e.g. used by glider pilots to monitor
the rate of ascent or descent3; the second one a reducedmusification
of climate data, by the way illustrating that musifications can also
be done effectively4.

3https://www.youtube.com/watch?v=Ubc88NkWnN0
4https://www.youtube.com/watch?v=ONuA9HmkF3M

Topics that were brought up by one expert each were reasonings
about the distinction between data and information, and psychoa-
coustic considerations of "simple" mappings. Finally, we would like
to take up two open questions raised by experts: One is, if actually
anyone has ever trained a complex sonification for a long time;
at least, the designer(s) themselves. How would factors such as
the learning curve or annoyance be evaluated after long-term use?
Finally, one expert ended with "final thought - if we don’t know how
to do simple then how can we do complex ?" (EX.2)

We discussed the expert poll’s results and sharpened our defini-
tion of notions further.

4 DEFINING EFFECTIVE SONIFICATION
The term effectiveness has been used in sonification research from
the very beginning (see [31]), and was used in a way to reach the
listeners andmeet their goals. The authors of [24] recently discussed
"effective methods" of designing sonifications. Effectiveness was
also used in a specific sense within experimental studies or user
tests, e.g. [14]. In another meaning of the word relating more to
successful sonifications, Neuhoff [23] cites C. Scaletti for "a major
stumbling block to effective sonification design for the masses is a
failure of designers to take the perspective of musically naïve and
“non-attentive listeners”.

We also were inspired by the more established terms in the
field of visualization and/ or design, for instance effectiveness, the
appropriateness principle, and natural mapping5. A visualization is
effective if it addresses the capabilities of the human visual system;
and the appropriateness principle says that the representation used
by the artifact should provide exactly the information acceptable
to the task – neither more nor less. A potentially fruitful cross
pollination between the fields of visualization and sonification is
also shown by the theoretical constructs recently introduced by
Enge et al. [10].

Within this paper we define effective sonification as a working
definition to be further discussed in the respective communities.

Effective sonification (see Fig.1)
(1) uses easily perceptible sounds that
(2) follow a natural mapping;
(3) they do not contradict the data metaphor and
(4) are appropriate to the task.

Effective sonifications can be based on any data sets, but their
focus is less on exploring complex, high-dimensional data and more
on communicating simpler data sets in an embodied way. Let’s look
at this in more detail:

(1) Effective sonifications use sounds that we can easily perceive
as a result of our biological evolution or training. Therefore,
a sine tone, even if easy to produce, can not be considered
effective per se, as compared to harmonic sounds that are
more ecologically valid. This criterion is also user-specific
and depends on the individual and cultural training. Also, the
listening context might play a role in making the sounds well
heard, using salient sound features and avoiding masking
effects. This first requirement is a basic psycho-acoustic one
that should be self-evident for any sonification.

5For the meaning of these terms in their visual correspondences see https://infovis-
wiki.net/wiki/Category:Glossary

https://www.youtube.com/watch?v=Ubc88NkWnN0
 https://www.youtube.com/watch?v=ONuA9HmkF3M
https://infovis-wiki.net/wiki/Category:Glossary
https://infovis-wiki.net/wiki/Category:Glossary
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(2) An effective sonification maps the data to sound properties
in a way that the mapping is clear in terms of its polarity and
estimated magnitudes, or at least general trends of the data -
a natural mapping. If not based on well-known facts, these
mappings should ideally be evaluated psycho-acoustically
in pilot tests. Again, this criterion is a basic psycho-acoustic
one, but already much more complex than the first one to
achieve.
Even more extensive, in an ideal mapping, sound features are
consistent with data features. We took up this point from the
expert poll but acknowledge that not every effective sonifi-
cation fulfills this correspondence condition of the data type
(for instance, which psycho-acoustic parameter corresponds
to interval data, such as temperature, i.e. ordered data with
zero point?).
Note that it is evident that any sonification mapping has
to follow a systematic approach as demanded by Hermann
[15].

(3) Importantly, effective sounds should be true to the data, i.e.
arising metaphors and emotions must at least not contradict
the content of the data set. For example, many basic musifica-
tions employ instrumental sounds that infer pleasant music
listening, while the data on which they are based contain
abstract, neutral, or for instance, depressing information.
In [24], one expert states that for sonifying rain data, "you
should hear that as the amount of rain, not the pitch of a Cello".
For abstract data or those with no sound reference, the soni-
fication designer must select a sound, recognizing that rarely
it is perceived as neutral. For instance, when opposing audio-
laypeople to abstract sounds, we have witnessed an overload;
on the one hand people often lack experience in reduced
listening [8], and on the other hand they associate "strange"
newmusic or film sounds. Therefore, the mental model of the
listener has to be taken into account and the sound design
carefully chosen.

(4) Effective sonifications also need to consider the context. This
is a long-demanded condition that was clearly elaborated
by Barrass in his TaDa [3], task-oriented and data-sensitive
method for auditory information design. The perspective
has to be a user-centered one. In the same time, the sounds
have to be appropriate in the sense of giving the relevant
information, and only the relevant information. Using music
for sonification can be justified, for instance, when moti-
vating people for movements. Though, adding a full music
track, and changing only one small aspect of it, might be an
information overload that is not appropriate for an effective
sonification task.

Effective sonifications can be based on any data sets. For small or
low-dimensional data sets, simple sonifications still provide value
to the listener compared to standard visualizations or text reading.
This benefit can be measured in terms of improved comprehension,
or any embodied quality such as affective reactions or engagement
with the data, as has been discussed in the background section.

5 EXPLORING EFFECTIVE SONIFICATION IN
THE DATA

5.1 Data tagging and analysis
For going more into depth with the quantitative data set of Google
scholar, we manually worked through parts of it. We decided to tag
papers of applied sonifications, with their category, domain science
or central topic, intent (artistic, scientific, or mixed/unclear), their
sonification method and rate them on a scale from 0.0 for "complex"
sonifications and 1.0 for "effective" sonifications (i.e., assigning an
"effectivity index" for each relevant paper). Two of the authors
worked individually and compared their assessments of 110 ran-
domly chosen, and partly anonymized, papers from the database.
We hypothesized there could be correlations between our mean
effectivity index and either the number of citations (giving a mea-
sure of "success" of effective sonifications) or the year of publishing
(showing a temporal evolution in the sonification community, e.g.
towards more effective sonifications). From the initial 110 papers,
only around 40 remained in the analysis, after sorting out irrele-
vant papers (mainly, the ones not describing specific sonification
applications, and some providing insufficient information on the
sonification design).

Statistical analysis of these remaining papers employing Kendall’s
tau for the rank correlation coefficient revealed no significant cor-
relations, neither with citation number nor publication date. We
discussed two reasons for not finding quantitative evidence in our
approach: presumably, there are factors influencing the number of
citations more than our measure of effectivity; such as the general
topic of the paper (medicine, sports, etc.), the medium where the
paper is published, or the year of publication. Furthermore, the
lack of a substantial number of papers that could be taken into
account, and the subjective rating of the authors could be cited as
methodological weaknesses.

We also did not find correlations between our effectivity index
and the year of publication. While the same methodological flaws
have to be acknowledged, one could argue that effective sonifica-
tions have been there from the beginning of sonification research
until nowadays, but their frequency did not change significantly.
This supports some of the discussed arguments in the background
section, for instance the lack of design guidelines for newcomers to
sonification. We still see "ineffective" sonifications being presented
at conferences every year.

5.2 Examples of effective sonification designs
The randomly chosen and annotated paper data allowed us to draw
qualitative conclusions, and we decided to look into the highest
rated papers as best practice examples. This results in a random list
of examples for effective sonification designs. We shortly discuss six
papers [7, 13, 16, 20, 22, 30] that were rated high by both authors,
in alphabetical order.

Blanco et al. [7] use water ambience soundscapes to monitor
heart activity and timbre morphing sonification to “quickly assess
if an abnormality in terms of the frequency, rhythm or amplitude
in the signal occurs.” They describe their sonification design as
providing metaphoric associations while only using sound when
the heart beat diverges from a normal rhythm.
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Francoise et al. [13] investigate the use of interactive sound
feedback for dance pedagogy. They base their sonification on vo-
calizations of experts while dancers are moving, and derive a set of
design guidelines for a dance pedagogy context. This approach is
inherently effective, as the vocalizations of experts (presumably)
contain many layers of tacit knowledge that can be intuitively un-
derstood. Though, it may be difficult to generalize their findings
for various contexts and users.

Hermann et al. [16] use vowel sounds, i.e. highly known sounds
that are perfectly distinguishable by the human auditory system,
to convey information about EEG data. The vowels are directly
parameterized by the data in a systematic way, and provide the
great possibility to talk about the resulting sonifications, referring
to specific parts of it. Furthermore, the metaphoric congruency
between brain waves and vowels as basics of language seemed
convincing to us.

Minghim et al. [20] is an early work from 1995 with respectively
limited means for generating sound and equally limited knowledge
of psychoacoustics in general, as the authors state themselves. No
sound files are available from the time. Still, the paper describes the
use of metaphorical sounds to sonify surface data visualizations,
and thus received a high effectivity score.

Neubauer et al. [22] use closed-loop feedback to support people
with chronic pain. The sonification design is musically-informed,
but rather neutral and appropriate to the task (not using more
musical elements than are directly linked to the events of interest).

Vogt et al. [30] developed a metaphorical sonification for physio-
therapy. The idea of the described sonification is to motivate pa-
tients in tedious physiotherapeutic trainings with music and nature
sounds, link the mapping naturally to the movements, and use the
sounds to give feedback about the correctness of the movements.

The list of the above presented examples is the result of an ob-
jective process, and the authors had no direct control on which
papers were chosen as best practice examples. The result of best-
scoring papers gives some insights, as our definition of effective
sonification seems to favour a few approaches. For instance, the
use of vowels as understandable psychoacoustic parameter that
can be communicated well; this is another confirmation that effec-
tive sonification should be based on psycho-acoustic rather than
acoustic parameters). Furthermore, the linking of movement and
musical feedback is obviously fruitful, supporting on the one hand
the importance of interactive sonification; on the other hand, the
usage of the close bonding between music listening and moving, as
has been long established in musicology research (for instance, see
[33]), is truly effective. Blanco et al.’s contribution [7] is an ideal
example of effective sonification using well-known sounds, that fit
well to the data metaphor, and mapping them carefully.

6 CONCLUSION AND OUTLOOK
This paper intended to frame the criteria for "effective sonification
design" in an objective process, incorporating qualitative data from
experts and quantitative data from Google scholar. The quantitative
data are limited to academic sonification, but we argue that this
data set still provides an interesting perspective to the state and

development of sonification design. Furthermore we collected opin-
ions from experts in the field and used their comments to frame
our notion of effective sonification design.

We have defined effective sonification as using easily percepti-
ble sounds that follow a natural mapping; they do not contradict
the data metaphor and are appropriate to the task. Correlating a
qualitatively assigned effectivity index with the number of citations
or years did not lead to significant results. It could be argued that
the criteria are still not clear enough, or the chosen method is not
applicable. Still, we believe that our chosen measure of success,
i.e. the number of citations of a paper, is probably highly influ-
enced by other factors and therefore does not show a correlation.
When looking into the evolution of the effectivity index over years,
our subjective assessment was confirmed: still, non-effective soni-
fications are published every year, possibly due to missing design
frameworks and the high fluctuation of newcomers in the field.

One critial issue with our third criteria, not to contradict the data
metaphor, is that not every data has a clear metaphor at hand; still,
as the example of Hermann et al. [16] shows, mapping EEG data to
vowels is not a 1:1 congruence but still effective. Furthermore, we
have shown in previous work that domain scientists are sometimes
astonishingly good at finding audio metaphors for their abstract
data [29]. There seems to be a consensus in the sonification com-
munity that user-based design is the way to pursue, even if many
sonifications do not meet this standard.

As result of our qualitative and quantitative process, framing
the term effective sonification design, we propose a checklist for
evaluating sonification designs that we intend to develop further:

(1) are the sounds used based on psycho-acoustic parameters?
(2) is the systematic mapping of data to sound features based

on established knowledge (e.g., experiments for polarity or
magnitude estimation), or has it been proven in pilot experi-
ments?

(3) does the final sound invoke metaphors and emotions that
support the semantics of the data?

(4) is the sonification appropriate for the defined task and users,
without adding additional layers of meaning?

As a final remark we would like to encourage everyone publish-
ing sonification research to clearly state in your publications which
sonification methods you used, which sound mapping, and why
you chose it. Most papers we analyzed failed to give enough details
of the actual sonification design.

We hope that this paper will serve as a starting point for a fruitful
discussion and help to set up standards for effective sonification
design.
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