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Abstract 
A new method to develop an objective Quality Taxonomy for 
an interactive auditory virtual environment (AVE) with the 
help of a DELPHI expert survey is presented. The development 
process with the steps: purpose identification, building, 
evaluation and documentation is explained. The Quality 
Taxonomy developed here includes the descriptive and 
relation orientated characterisation. Additionally, it is ex-
panded by a quantitative component (weighting factors for the 
relations) – unlike the standard taxonomies or ontologies. The 
resulting taxonomy for the application ‘edutainment’1 scenario 
presents clearly the multivariate character of the involved 
relations between the quality elements (in the physical 
domain) and quality features (in the perceptual domain). No 
listening experiments are necessary to develop such a Quality 
Taxonomy with this method, only a sufficient number of 
experts having experience in this field. Further, when a large 
number of experts participate in developing a taxonomy using 
the proposed methodology, a high degree of objectivity in the 
results is obtained. 

1. Motivation 
”The quality of the final product derives from its individual 
components due to a multivariate process – which is neither 
necessarily linear and additive nor time-invariant”, Jekosch 
[1]. The author can emphasise this citation with his long 
practical experience in developing high quality audio 
algorithms, [2], [3], [4]. There is the strong theoretical and 
practical necessity to describe this multivariate process 
qualitatively and quantitatively. The research side is 
concerned with describing the quality assessment process for 
classes of audio algorithms, identifying the involved 
components, their relations, and – when enough knowledge is 
available – modelling this process. The application side needs 
qualitative, or, even better, quantitative models for specific 
audio algorithm classes to develop or optimise them, with the 
intention of satisfying the requirements of the end-users. The 
description and optimisation of only one relation inside this 
multivariate process does not solve the problem.  
In the following, a new method to develop objective  Quality 
Taxonomies will be presented. Such a Quality Taxonomy 
should contain both, the relevant components, and their 
relations, in the quality assessment process. It should describe 
the multivariate relationship between these components. Such 

                                                           
1 Combination of education and entertainment, used here for a 
virtual museum application 

a taxonomy can help to identify items within its range that are 
important for an optimisation process - especially in cases 
where the product or service has not yet been implemented 
and, hence, listening experiments are not possible. 
Additionally, such a taxonomy leads to a faster and more 
precise design of listening experiments once the system has 
been implemented, because the relevant parameters to be 
tested have already been identified.  
The new method aims to increase the objectivity of such a 
taxonomy by clarifying the taxonomy-development process 
and by including knowledge from several experts, as 
compared to a ‘one expert taxonomy’. 

2. Introduction 
Jekosch and Blauert describe, in [5], the “steps towards a 
unified theory of sound quality”. They explain the importance 
of the “character of the reference”. In the quality assessment 
process, the character of the sound is compared to the 
character of the reference – or, in another formulation, the 
perceived nature of the sound is compared to its desired 
nature, [1]. This involves, besides the signal-driven bottom-up 
path, a hypothesis-driven top-down path in the descriptive 
model. This indicates the importance of a well defined context 
for laboratory experiments, which includes well defined 
applications in such a quality assessment process. It also 
provides the indication that most of the wanted knowledge is 
already in the brain of the subjects. Especially experts have 
collected a lot of know-ledge about quality judgement, which 
can be utilized, even without sound signals as triggers. 
To describe the process of quality judgement in more detail, 
Jekosch introduced the terms “Quality Feature” and “Quality 
Element”, [1]. The quality which an end-user experiences 
when using a product or a service, is co-determined by a 
number of these Quality Features (QF). They are defined in 
the perceptual domain. As an example, for an AVE, some QFs 
are the location accuracy, the timbre and the reverberance. 
There is no possibility to change a QF directly, because these 
are constructs in the perceptual domain. Thus one has to 
modify the so-called quality elements (QE), defined in the 
physical domain. These are correlated with the QF under 
observation. Examples for an AVE are the head-related 
transfer functions (HRTFs), the number of mirror sources and 
the late-reverb-tail generator. The relations between QEs and 
QFs and their weightings are highly dependent on the task the 
end-user wishes to accomplish with the application or service. 
Identification and collection of QEs and QFs for an interactive 
AVE has already been started by Pellegrini [6]. A first version 
of a general Quality Taxonomy using an extended set of QEs 
and QFs for an interactive AVE has been proposed by 
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Silzle [7] (see Figure 3). The taxonomy lists, mainly, the 
important QEs and the QFs, and visualises the multivariate 
relations between them in a general form. 
The aim of the present paper is to define a taxonomy 
development process, to evaluate it, and to make it more 
‘objective’ by incorporating several experts compared to only 
one expert as done previously. It will take additionally the 
individual influence of different applications into account and 
will give a quantitative description of the QE to QF relations.   
This paper will focus more on the methodology to get this 
taxonomy. In [8] much more data for the three different AVE 
applications are presented, as well as the details of the 
questionnaire, and the definitions of the used QFs and QEs. 

3. Taxonomy 

3.1. Definitions 

A taxonomy is a special case of an ontology (wordings 
sometimes used synonymously). Following the definition of 
Gomez-Perez [9], an ontology is "a hierarchically structured 
set of terms for describing a domain, that can be used as a 
skeletal foundation for a knowledge base". There is a dis-
tinction between a descriptive ontology (thesaurus) and a 
navigation ontology (web directory service, semantic web).  
The Quality Taxonomy developed here includes the 
descriptive and relation orientated characterisation, 
furthermore it is expanded by a quantitative component 
(weighting factors for the relations) – unlike the ‘classical’ 
taxonomies or ontologies. 

3.2. Methods to Develop a Taxonomy 

In general, it seems to be practical to treat the process of 
taxonomy development as one would the process of software 
development. There is no right or wrong taxonomy, only one 
which fits the intended purpose to a greater or a lesser degree. 
Taxonomy development is not a one step process; it has to be 
iteratively adapted to the intended aims. 
For these reasons the strategy proposed by Uschold and King 
[10] is expanded here by including the possibility of repeating 
one or more steps, and thus mirroring the software 
development process, [11]. The scheme is presented in Figure 
1 and shall be used subsequently. 

 
Figure 1: Method to develop a taxonomy 

4. Development of a Quality Taxonomy 

4.1. Identification of Purpose 

The purpose or aim of such a taxonomy is to describe, quanti-
tatively, the QE to QF relations for a specific application, 
along with their multivariate relationships. This knowledge is 
necessary before the implementation starts, and hence, before 
any listening tests can be conducted for this identification 
process. Only with the knowledge of the important QEs can 
the available resources to develop and implement such an 
application be planned, with the correct priorities for the 
implementation of these QEs.  After the implementation of 
such a system, knowledge of the important QFs can reduce the 
listening test efforts significantly. 

4.2. Building 

A useful selection of design principles for taxonomies, 
provided by Gruber [12], is given below:  

Design principles for taxonomies: 
1. Clarity 
2. Extendibility 
3. General definitions (minimal encoding bias)  

For the present investigation of interactive AVEs, the known 
QFs and QEs are taken from literature. Both, the QF as well as 
the QE list has been expanded by the author. For a detailed 
description of the definitions of the QFs and QEs used here, 
see [8]. They fulfil the above mentioned design principles. 
As noted before, the definition of the context is important. For 
this, three different applications for AVEs are chosen, with 
which the consulted experts are familiar:  

AVE applications: 
1. Localisation test over Internet 
2. Virtual chat room 
3. Edutainment scenario 

The relations between the QEs and the QFs are divided in four 
categories of importance to introduce a quantification. 

Importance categories: 
1. No pointer for no relation (weighting factor 0) 
2. Black pointer for a less important relation (weighting 

factor 1) 
3. Blue pointer for an important relation (weighting 

factor 2) 
4. Red pointer for a very important relation (weighting 

factor 4) 

QFs like usability, suitability, satisfaction, utility and 
acceptability are used by Möller [13] for a telecommunication 
speech service taxonomy. They are ordered in several levels 
and are therefore dependent on each other. The scope of this 
investigation, however, is the direct relations between the QEs 
on the physical side and the QFs on the perceptual side. 
Therefore the two levels of QEs and QFs, as shown in Figure 
3, contain enough information for optimisation and definition 
of listening experiments. Additionally, the advantage of 
having only these two levels is increased clarity, and they 
keep the evaluation on a reasonably easy level for the later 
introduced DELPHI expert survey.  
It should be mentioned that the selected QFs in the upper part 
of Figure 3 are not orthogonal to each other in the perceptual 
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domain and most of them have a multidimensional character. 
They are, however, features with which audio experts are 
familiar and they can easily differentiate between them. And, 
most importantly, the experts, involved in the following expert 
survey, can use these terms without the necessity of listening 
tests. They know for example that the HRTFs have an 
influence on timbre as well as on location accuracy. They can 
also quantify this relation in the above mentioned importance 
categories. This possibility was a prerequisite for this 
investigation and it was also a prerequisite for the selection of 
the experts used in the expert survey. The selected experts 
themselves get the possibility to select the applications they 
are familiar with. This was introduced, because with this 
method there is no consistency calculation possible like with 
the Analytic Hierarchy Process (AHP) from Saaty, [14]. 

4.3. Evaluation 

4.3.1. DELPHI Expert Survey 

It was decided to conduct an expert survey to evaluate and im-
prove the taxonomy proposed by the author in Figure 4. The 
incorporation of a larger number of experts in the field of 
AVEs in this process should increase the objectivity of the 
Quality Taxonomy by finding an agreement among the 
experts. 
There are three general methods to organise an expert survey: 
a) the Focus group, b) the DELPHI method, and c) the Analytic 
Hierarchy Process.  
The Focus group [15] can roughly be summarized as a 
moderated round table discussion. This method could not be 
used here, because the international experts were spread 
around several countries, and could not be brought together 
for one meeting. The AHP method is used in [8], but the usage 
is too time-consuming to develop a complete taxonomy. 
The DELPHI method (developed by Dalkey and Helmer [16, 
17] and described by Häder [18]) works with questionnaires 
which can also be presented over the Internet. Its intention is 
to find an agreement on the subject of investigation by asking 
the experts’ opinion in several rounds. After every round the 
experts get an ‘average’ of all expert opinions presented. They 
have then the possibility to apply changes. The experts are 
kept anonymous to each other. The method is used especially 
for problems which are not completely covered by a single 
expert. This method fits the intended aims for the Quality 
Taxonomy evaluation and improvement. 
An online-questionnaire with a broad selection of QEs and 
QFs was presented to the experts. The experts were asked to 
complete the graphs for the different applications by adding 
pointers between the QEs and the QFs and selecting an 
importance category. There was also the possibility to add 
new elements or features.  
The Internet based questionnaire was intended to lower the 
barrier of participation for the experts. A user friendly 
graphical drawing interface in Java was implemented. The 
programming effort for this should not be underestimated. 
Still, some experts, for example with an old Java version or 
restrictive company gateways, had to use a printout, some 
coloured pencils and the normal mail to fulfil the task. A 
‘Thank-you Gift’ for every participant increased the moti-
vation to fill out the questionnaire. 
15 experts from the field of AVE generation with academic 
and/or industrial background (10 of them with a Ph.D. degree) 

participated in the first DELPHI round of the investigation [8]. 
After a cluster analysis for every application, the average 
across the experts in the biggest cluster was calculated. In a 
subsequent second DELPHI round, all participants were 
presented with their own responses plus the average results. 
They could now apply up to five modifications to the average 
– if they wished to do so - and then decide upon whether they 
agreed with the combined results. It was found that all 
participants agreed after their modifications. 

4.3.2. Calculations for the Taxonomy DELPHI Expert 
Survey 

Figure 2 lists the calculations necessary to average the results 
of the first DELPHI round and, subsequently, compute the end 
results. 

 
Figure 2: Calculations to get results of DELPHI expert 
survey 

1. There is a variance of the answers between the experts. 
Some of them used up to three times more QE to QF 
relations for one application than others. To make the field 
a little bit more homogeneous, cluster analysis was used to 
reduce outliers. For this, the three-dimensional data 
(number of persons, number of QEs, number of QFs) have 
to be converted to a two-dimensional matrix (number of 
persons, number of QEs*number of QFs). The Euclidian 
distance measure was chosen, which selected, after visual 
inspection, the strongest outliers. It should be noted that 
the idea of rejecting single outlier data by using, e.g., a 
trimmed mean1, was rejected. The complete matrix of data 
for one application of one expert was handled as one 

                                                           
1 The highest and lowest 5% of the data are taken away before 
the mean calculation. 
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‘measurement’, and can only be rejected completely and 
not in parts.  

2. Now the average over the experts for every QE to QF rela-
tions was calculated in two ways, as median and as 
arithmetic mean value. From the theoretical point of view 
the median value is more adequate, because we use a 
category scale. From the intention and verbal definition 
the steps width is two, but there are only four steps and a 
lot of the data are definitely not normally distributed. But 
when we compare the results of the mean calculation with 
the median calculation, we get, in general, higher values, 
which indicates more relevant connections between QEs 
and QFs. One reason for the higher mean values is due to 
the fact that the value of the highest of the four categories 
is set to ‘4’ and not to ‘3’, to represent a doubling of the 
importance in the perceptual domain. Because the number 
of relations used by the experts differ significantly – as 
mentioned before – the author decided to use the mean 
calculation as a rough ‘average’ calculation to offer a 
bigger number of relations to the experts for the 2nd 
DELPHI round. They could decide, then, if they accept this 
or not.  

3. The standard deviation is calculated next, to get an indica-
tion for the variance of the data. 

4. The mean data are rounded to the original category values 
of 0,1,2,4. This rounding of the average data is necessary 
to make them comparable for the experts, to their original 
settings in the 2nd DELPHI round, and to keep the plot read-
able in general. 

5. In Figure 4 the data of the author is presented. In Figure 5 
the rough ‘average’ after the first DELPHI round is shown. 

6. For the second DELPHI round the rounded mean data and 
the individual values are send back to experts. Their 
changed values onto the mean data are received.  

7. The data of all the experts are set to the values calculated 
in the previous step. 

8. Now these values are replaced by the ones the experts 
opted to change in the second DELPHI round. 

9. The new mean values are calculated. 
10. The new standard deviations are calculated. 
11. The data are rounded again. 
12. The data are plotted after the second DELPHI round, see 

Figure 6. 
13. Sort the non-rounded new mean values first over the QEs, 
14. and second over the QF. 
15. Round these values again, 
16. and plot them together with the normalized sums over the 

rows and columns, indicating the importance percentage 
of the QEs and QFs for this application. 

 
To verify the data, a known method to calculate the reliability 
of a measurements is Cronbach’s α, [19] or Borg [20] p. 47. 
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with: 
k  number of item (number of QEs*QFs) 
si  standard deviation of  item i 
s  standard deviation over all subjects 

 Raw 
data 

After 
clustering 

After 2nd 
DELPHI round 

α 0.96 0.91 0.70 

Σsi
2 160 125 10 

Table 1:Reliability indices: Cronbach’s α and item 
variance. See comment below. 

The resulting α for the raw data is, with 0.96, fairly high: 
values above 0.7 or 0.8 are stated to be reliable. This is due to 
the high number of QE to QF relations being assigned an 
important factor zero by all the experts – leading to low 
variance, despite the relatively high standard deviation for the 
relations with higher important factors. However, the value of 
α decreases after clustering and after the second DELPHI round, 
instead to increase. This decreasing of α does not represent the 
decreasing variance of the items (Σsi

2), as seen in the second 
row of Table 1. This is because α is normalized on the total 
variance which is also decreasing drastically by using the 
mean values in most of the cases. Therefore Cronbach’s α can 
only be used to indicate the reliability of the original, not of 
the treated data. The last article of Cronbach [21] about his α 
does not discuss this issue. 

4.4. Documentation, Discussion of the Results 

The documentation of the taxonomy development process 
includes the previous section about the necessary calculations, 
this section explaining the resulting figures, and the 
presentation of the questionnaire with the QF and QE 
definitions, which is given in [8].  
Figure 4 presents the answers of the author for application 3. 
The rough ‘averaged’ results of the largest cluster of 
11 experts after the first DELPHI round are presented in Figure 
5. There is a lot of accordance between the individual values 
and the ‘averaged’ ones, not only for the important relations, 
but also for the areas with no relations. The ‘averaged’ results 
have, despite the high α value, several high standard 
deviations. To achieve a common agreement, the DELPHI 
method is used. 
Figure 6 presents the results after the second DELPHI round, in 
which 8 of the original 13 experts of the first round parti-
cipated. There are only very few changes compared to Figure 
5 and some increased standard deviations, which represent the 
difference among the experts. So with the help of the DELPHI 
method it is possible to achieve a good agreement among the 
experts. 
In Figure 7 the same results as in the previous figure are 
presented after sorting them first over the x-axis – the QEs – 
and  secondly over the y-axis – the  QFs. With this sorting the 
important QEs are on the right side of the plot and the 
important QFs are at the top. Such a plot is important for the 
development and optimisation of interactive AVEs for any 
scenario as well for the design of listening experiments after 
the implementation of such a system. In this plot the 
multivariate character of the relationship between QEs and 
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QFs is clearly shown in a quantitative manner; the results 
fulfil the intended goals of the investigation. 

5. Comparison to Other Methods 
A pioneer work in describing the multidimensional character 
of sound reproduction systems is given by Gabrielsson [22].  
A good overview about a large number of different perceptual 
measurement methods for multidimensional analysis is given 
by Bech and Zacharov [23]. There is the principal 
differentiation between the 
a) ‘direct elicitation methods’, with the assumption that there 
is a close relationship between a given sensation and the 
verbal descriptors, like descriptive analysis (DA) or semantic 
differential techniques (SD), developed by Osgood [24] and 
described in detail by Schäfer [25], and the 
b) ‘indirect elicitation methods’, which do not use a verbal 
description, like multidimensional scaling (MDS) using the 
paired comparison method.  
The DA or SD need a time consuming process of vocabulary 
development as described in, e.g., [26], which can not be 
easily transferred from one test scenario to the next, and it is 
best to train a listener group with this vocabulary to achieve 
consistency in meaning among the group for these terms, [23]. 
Zeitler [27] describes all of these methods and compares them 
with the help of empirical investigations on the same question 
of auditory pleasantness for meaningful complex sounds. 
Compared to the above mentioned methods, the one proposed 
here, needs no listening tests – only experts who are familiar 
with the field. Additionally, there is no time consuming 
development and training of a vocabulary necessary. The 
above used list of QFs is known to the audio experts of this 
field, and they are partly defined in the German DIN standard 
[28].  
By the variation of QEs (technical parameters) to create the 
different sound examples, there is the possibility to describe 
correlations between these QEs. But it is difficult to describe 
this correlation when two or more parameters are changed at 
the same time and therefore this is normally avoided. 
However, when the multivariate character of the relations is to 
be described, it increases the number of necessary listening 
tests significantly. Naturally, the system has to be 
implemented before it can produce sound files for the listening 
tests. This is not the case here. A requirement is that experts 
are available, who have implemented similar applications and 
have worked with it. Additionally the multivariate character is 
no problem for this investigation method. 
The MDS has the advantage of being able to describe a 
multidimensional space. But the dimensions can only be 
named after the investigation, and it is often difficult to 
correlate these dimensions to actual settings of the QEs. 
The approach of Schulte-Fortkamp [29] also belongs to the 
direct elicitation methods, because the listeners are 
interviewed. Because it is a relatively free interview style, 
where the listeners could express their perceptions in their 
own words, there are fewer problems with the meaning of the 
words compared to given terms describing a scale, which 
could be interpreted individually. But it is more difficult to 
make the results comparable between different interviewers. 
A prediction model for spoken dialog system based services is 
the PARADISE frame-work of Walker [30]. It is based on 
decision theory and calculates a linear and multivariate 
regression between the contributing variables and the model 

coefficients. As Möller [31] (p. 257-264) describes, it is not 
easy to develop such a model and the prediction results are 
limited. Other models, like the perceptual evaluation of audio 
quality (PEAQ) [32], have a better prediction rate but, as a 
drawback, they need a reference sound.  
A taxonomy for measuring the quality of synthetic speech due 
to Van Bezooijen and Van Heuven [33], is described in 
Jekosch [34]. This taxonomy is helpful for specifying and 
planning speech quality measurements. It belongs to the class 
of navigation taxonomies as mentioned above. But it is not a 
taxonomy for speech quality prediction. The taxonomies of 
Möller in [13] and [31] describe, qualitatively, the Quality of 
Service in the area of speech telecommunication. These 
taxonomies are useful in describing the inherent structure of 
such a service and, therefore, have encouraged the 
development of the present taxonomy in the field of 
interactive AVEs. Additionally, the process of the taxonomy 
development is described more clearly with the present 
publication and the objectivity is increased by the introduction 
of the DELPHI expert survey method. 

6. Conclusions 
A new method to develop an objective Quality Taxonomy for 
an interactive AVE with the help of a DELPHI expert survey is 
presented. The development process with the steps: purpose 
identification, building, evaluation and documentation is 
explained. The Quality Taxonomy developed here includes 
the descriptive and relation orientated characterisation, and it 
is expanded by a quantitative component (weighting factors 
for the relations). The resulting taxonomy for an edutainment 
scenario of an AVE application is presented in Figure 7. The 
multivariate character of the involved QEs and QFs are clearly 
visible. Location accuracy, audibility of artefacts, dynamic 
accuracy, and timbre are the most important quality features. 
They are dependent on a large number of quality elements. 
The late-reverb-tail generator, the update rate, the HRTF 
catalogue, and the position of the mirror sources are identified 
as the most important. No listening experiments are necessary 
to develop such a Quality Taxonomy with this method, only 
enough experts having experience in this field. Because 
13 experts participated in the first DELPHI round to set-up the 
Quality Taxonomy, and 8 of them agreed to the final result in 
the second round, a large extent of objectivity of the results 
has been obtained.  
Listening experiments using the same QF definitions are under 
construction to correlate them with the taxonomy results. 
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Figure 3: General Quality Taxonomy for an interactive auditory virtual environment, Silzle [7] 

 

Figure 4: Taxonomy of expert 1 for application 3 (‘edutainment’ scenario)  
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Figure 5: ‘Average’ answers after first DELPHI round of the largest cluster (11 experts) for application 3 (‘edutainment’ 
scenario) 

 

Figure 6: Taxonomy results after the second DELPHI round for application 3 (‘edutainment’ scenario) 

 

Figure 7: Taxonomy results as inFigure 6, additionally sorted in rows and columns, first over quality elements and then over 
quality features, percentages give importance per QE or QF (normalized sums over rows and columns). 
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