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ABSTRACT

The evaluation of different aspects of audio quality can be realised by means of attribute scales. Studies have shown
that the attributes selected are of great importance for the evaluation result. Consequently, the process whereby these
attributes are generated has to be given careful consideration. It was previously shown that elements from the
repertory grid technique facilitated the elicitation and grading of quality attributes, which resulted in a new audio
quality evaluation method. The result from this work has now been implemented as a software prototype aimed to
support listening tests. This paper reports on the results from a pilot experiment involving the OPAQUE software.

1. INTRODUCTION

Due to the rapid development of different audio systems
utilising a variety of technologies as well as the use of
numerous production methods, there are many cases
where a controlled assessment of perceived audio
quality is needed. This is prominent where no (or
ambiguous) measurement methods are available.

Evaluation of perceived audio quality has been the
objective in several studies. Different methodological
approaches, such as Mean Opinion Score, similarity
ratings and scaling of attributes exist.   For assessment
of the basic audio quality of audio codecs, the ITU-R
BS. 1116-1 [1] and MUSHRA [2] recommendations are

in wide use. Several organisations and companies have
been active in the development of these and other
methods [3][4][5][6][7][8].  In previous work by the
author on spatial audio quality, it was shown that the
existing evaluation methods did not account for some of
the aspects of audio quality [9]. In particular, for
methods employing attribute scales, it was noted that
the attribute selection process was crucial for the result.
From the author’s work, a test method for evaluation of
spatial quality of reproduced sound was suggested and
tested. One key feature of the method is the elicitation
of personal constructs in the form of verbal descriptions
of sound, subsequently used for development of
assessment scales.

The elicitation process encompasses a number of sound
stimuli that are considered by subjects, who verbally
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express what they perceive. The method is described
later in this paper. During the earlier stages of this work,
the elicitation process was carried out by the author
interviewing each subject individually. When a larger
number of subjects is participating in a test, the
interview process becomes time-consuming.

In order to make the method more easy to employ, some
sort of automatic procedure is desirable. Therefore, the
computer-aided system OPAQUE (Optimisation of
Perceived Audio Quality Evaluation) was designed. A
prototype of this system is described and the results
from a pilot experiment involving the system are
presented.

2. TEST METHOD

In this method, experienced listeners assess the audio
quality of the stimuli by means of attribute scales. Each
scale characterises a different aspect of the audio
quality. The foundation for this assessment method is
described by the author in [9].

The different parts of the test method, in their
chronological sequence, are:

• Definition of test purpose

• Selection of sound stimuli

• Generation and structuring of personal constructs –
the elicitation process and the grading process

• Derivation of attribute scales from the elicited
constructs

• Assessment of the stimuli on the attribute scales

• Statistical analysis

The part signifying the method is the generation of
evaluation scales, especially the selection of which
attributes should be used for scaling. This generation
process has its origin in the Repertory Grid technique,
devised by Kelly [10] and revised for audio quality tests
by Berg and Rumsey [11]. In this paper, focus will be
on the generation and analysis of personal constructs.

When defining the attribute scales for a listening test, it
is essential to consider the fact that the experimenter

does not necessarily know the perceptual structure of
the stimuli targeted for analysis. This is especially
important in new contexts, where no or little experience
of the stimuli’s characteristics exist. In addition to that,
the meaning of certain verbal phrases may not be
equally perceived by the listeners, especially when the
listeners lack influence on the attribute selection. This
phenomenon is touched upon by Shaw and Gaines [12].

To overcome some of these problems, the first part of
the method relies on each subject to use his/her own
language and personal constructs. Subjects were asked
to indicate similarities and differences between the
stimuli verbally. The output from each comparison is a
pair of opposite terms or phrases, referred to as a bipolar
construct.

In cases where numerous bipolar constructs are
generated, these often refer to a similar experience.
Hence, several of the constructs can be grouped together
to represent one concept. In this way, an original large
set of constructs can be reduced into a relatively small
number of construct groups that can be employed for
scale definitions. Such data reduction strategies are in
common use within many fields. In order to facilitate a
data reduction process, the interrelations of the original
constructs as well as of the constructs and the stimuli
must be known. Therefore, numerical data that
describes these interrelations as perceived by the
subject, has to be generated. This data is generated in
the grading process, where the subject for each bipolar
construct grades every stimulus on that construct. In
Fig. 1 an example of grading of stimuli on a construct,
using a 5-point scale is shown. When the stimuli have
been graded on every construct, these numbers are
entered into a grid for subsequent analysis, Fig. 2.

Figure 1: Grading of three stimuli on a bipolar
construct
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Figure 2: Grid containing bipolar constructs and grades
in the form of numerical data that indicate the matching

between constructs and stimuli

In order to find the reduced set of constructs, the rows in
the grid generated above are subjected to different forms
of multivariate analysis, e.g. principal component
analysis and cluster analysis. The reduced set of
constructs may then be used for defining evaluation
scales that are likely to be relevant for the stimuli used
in the elicitation and grading processes.

In addition, if the columns in the grid are subjected to
these methods of analysis, stimuli that are perceived as
similar or different can be identified.

3. SOFTWARE

As the elicitation process involves each subject
individually, this is time-consuming if done in the
interview form, one by one. If the method is to be
implemented successfully, the need for some automated
approach is vital. Therefore, the computer software
OPAQUE, capable of facilitating the elicitation process
was developed.

At its present form, the software enables the following
operations:

• Elicitation of personal constructs by comparison of
triads of stimuli

• Grading of the stimuli on the elicited constructs

• Data analysis by reduction of the data set through
grouping of the graded original constructs

The sequence toggles between the elicitation process
and the grading process until the desired number of
triads has been presented to the subject.

Before the test, the audio files used as stimuli are placed
in a dedicated folder on the computer’s hard drive.

3.1. Elicitation

The elicitation process begins when the subject logs in
to the system. After logging on, the elicitation screen
becomes visible, and the screen displays playback
controls, similarity/difference check boxes and text
input fields, see Fig 3

Figure 3: Elicitation screen

Three out of the total number of stimuli under test are
randomly selected and assigned to the three playback
buttons. The subject is instructed to indicate which two
of them are more similar and thereby different from the
third. When the indication is done by the subject, two
text input fields are displayed, where the subject enters
phrases describing the perceived similarity and
difference respectively. When the subject has completed
these operations, the grading process commences. For
every new elicitation, a stimuli triad that has not
previously occurred is presented to the subject.

3.2. Grading

The grading screen comprises a scale at which
endpoints the text from the two text fields is displayed.
Thus, a bipolar scale is formed. The sound stimuli are
represented on the screen by an icon each. Each icon
works as a playback button for the associated stimulus.
The icons are movable along the bipolar scale and can
thus be placed at a scale position that corresponds to the
subject’s judgement of the stimuli on that construct. The
grading screen is shown in Fig 4.
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Figure 4: Grading screen with four stimuli

To facilitate playback of the stimuli in the order they
have been positioned on the scale from left to right, a
“play all” control is implemented. This enables the
subject to make a quick check that the stimuli have been
graded according to the subject’s intention. When the
subject is satisfied with the grading, data corresponding
to the stimuli icons’ positions is saved and a new
elicitation process starts.

3.3. Data analysis

When the desired data has been acquired, the data
analysis process can be activated. The data reduction in
the current software version is performed by means of
cluster analysis. The resulting cluster is represented by a
dendrogram that enables the experimenter to get a visual
representation of the data structure, i.e. how the original
variables are related. As previously mentioned, the
cluster analysis can be done on either constructs or
stimuli (rows or columns in the grid).

In this version, the cluster analysis employs city-block
distance calculation and complete linkage. In future
versions, other options will be available. A provision for
handling the bipolar data is also made.

The decision on how many groups that contain similar
variables is supported by the agglomeration distance
plot. By inspecting the plot, the number of groups of
variables can be determined by identification of the
point where the slope of the plot makes a clear change.
The interface allows for a dynamic change of the
number of groups, in order to find the optimal data

structure. The data analysis screen is shown in Fig 5,
where three groups have been identified from the plot.

The data can also be saved in text format for export to
statistical analysis software.

4. PILOT EXPERIMENT

A pilot experiment was designed to test the functionality
of the software, as well as to verify if the results
regarding the tested sound stimuli were plausible.

4.1. Subjects

Four male subjects participated in the pilot experiment.
All of them were familiar to audio engineering work
and they can therefore be considered as experienced
listeners.

4.2. Stimuli

An excerpt of an existing two-track stereo recording of
jazz was processed in four different ways. These and the
original recording were used, in total resulting in five
stimuli. The processes used were different forms of
artificial reverberation, which were selected to create
audible differences between the stimuli. There was no
intention to accurately design or describe the stimuli in
terms of physical parameters. As the original was a
ready-mixed recording, it contained some reverberation.
The stimuli and the reverb processes selected are in
Table 1.

Figure 5: Data analysis screen, containing dendrogram,
agglomeration plot and list of constructs
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Stimulus Process

1 Original

2 Medium room

3 Medium hall, bright

4 Small room

5 Large hall, low level of direct sound.

Table 1: Stimuli used in the experiment

4.3. Procedure

Each subject received a short oral instruction, where the
subject was encouraged to use his own vocabulary when
describing similarities and differences of the stimuli. No
indication was given regarding which processes had
been applied to the stimulus set. The subject was also
instructed to consider the scale in the grading process to
be linear. Finally, the interface was explained to the
subject. This was followed by a training session
consisting of one cycle of elicitation and grading, where
the subject familiarised himself with the interface. After
the training session, the subject was given the
opportunity to clarify any remaining unclear points. If
any difficulties were to be encountered during the test,
the subject had the opportunity to ask for assistance.

At this stage, the test commenced. All possible triadic
combinations of the five stimuli were utilised, yielding
10 triads. Hence, there was 10 cycles of elicitation and
grading before the experiment was complete.

The numerical data representing the positions of the
stimuli icons were rounded to fit on a 7-grade scale.

No time limit for the completion of the experiment was
applied.

4.4. Results

The data collected from the subjects was analysed using
the software’s analysis tool. The purpose was to find
patterns in the subjects’ verbal descriptions that
indicated which attributes were perceived in the
stimulus set. In addition, inter-stimulus similarity was
also explored.

4.4.1. Cluster analysis of constructs

Each subject’s data was analysed individually. Ten
constructs were generated per subject. The analyses are
presented below by means of the dendrogram graphs
generated by the OPAQUE software together with the
construct groups derived from the graphs (Fig. 6 trough
9). The construct groups are denoted by brackets around
the numbers representing the constructs included in the
group. An example of the bipolar constructs included in
each construct group is also given.

Subject 1

(6): Reverberation, ambience – Less room impression

(4): Too wide – Impression of centre

(10, 3, 5, 7, 9, 8, 1, 2): Sound source is close – Distant

Figure 6: Cluster analysis of Subject 1’s constructs

Subject 2

(6, 8, 4, 5, 10): Short reverberation – Long reverberation

(3): Rich treble – Lack of treble

(2, 9, 1, 7): Short distance to the ensemble – Long
distance to the ensemble

Figure 7: Cluster analysis of Subject 2’s constructs
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Subject 3

(1): More ambience/reverb, less direct sound – More
direct sound, less ambience

(8, 10, 5, 7, 4, 6, 2, 3, 9): More ambience/early reflections
– More direct sound

Figure 8: Cluster analysis of Subject 3’s constructs

Subject 4

(2, 7, 6, 8): Reverberant – Closer to the sound source

(1, 10): Large room/concert hall – Smaller room

(9, 5, 3, 4): Like listening from a nearby room – I am in
the room

Figure 9: Cluster analysis of Subject 4’s constructs

Summary of the cluster analyses of constructs

The verbal content of the constructs within each
construct group was very similar, whereas it differed
between the groups. This indicates that the clustering
procedure successfully enabled the grouping of similar
constructs as well as the separation of different ones.
The two predominant attributes of the stimuli are
reverberation/room size and distance to the sound
source. The impression of being in the same room as the
sound source, presence also occurred. Other attributes
were width and the amount of treble.

4.4.2. Cluster analysis of stimuli

The analysis of the stimuli across subjects (Fig. 10)
showed that the stimuli were perceived as three groups
(stimulus number within brackets): (1), (2, 3) and (4, 5).

Figure 10: Cluster analysis of stimuli

Stimulus 4 and 5 contained the lowest amount of the
original sound compared to the other stimuli, which also
was confirmed by the experimental data in the
dendrogram in Fig 10. Stimulus 1 was the unprocessed
original, which also showed, as it was not grouped
together with the other stimuli.

4.4.3. Additional observations

The time (in minutes) used by the four subjects for
completion of the experiment, exclusive the training
session, was 33, 50, 59 and 76 respectively.

Spontaneous comments from the subjects were that the
interface was easy to use. One subject reported that
perceived multidimensional differences posed a
problem, as a choice has to be made what part of the
difference to record.

4.5. Conclusions on the experiment

The experiment showed that the OPAQUE software
enabled the elicitation and grading of personal
constructs. The grading process provided numerical data
that was functional for finding structures within the set
of verbal descriptors. The attributes present in the
current stimulus set were:

• Room/hall size, reverberation

• Source distance

• Presence (ability to give the impression of being
present in the room)

• Width

• Treble level
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As the stimuli were created by applying different
reverberation processes, with differences in room/hall
sizes as well as in the amount of original (direct) sound,
the emerging attributes corresponded well to what could
be expected.

The correspondence between the similarity analysis of
the stimuli and the known similar properties of them
confirms that the elicited constructs account for a
significant part of the stimuli characteristics.

Altogether, the outcome of the experiment shows a high
degree of plausibility.

5. DISCUSSION

Considering the attributes emerging from the
experiment at a general level, they all seem to relate to
spatial quality. The perceived distance to the sound
source was both expressed explicitly as well as in terms
of differences in treble level. The latter is a well-
documented cue for distance perception [13]. The size
of the recording space and the perceived width of the
recording are expressions that both relate to spatial
characteristics. It is also easy to imagine that when the
distance to the sound source increases, more of the
reverberant sound will be audible. The experience of
being present in the same room as the sound source may
be explained by the impression of a space, in some
studies referred to as spaciousness.

The experiment shows that the OPAQUE software can
be used for finding attributes of the current stimulus set.
The attributes resulting from the pilot experiment were
previously encountered in studies by Berg and Rumsey
[14], by Koivuniemi and Zacharov [5] and by Toole
[15], which to some degree indicates the validity of
these attributes and thereby also the validity of the
processes facilitated by the OPAQUE software.

From the subjects’ point of view, the software seems to
be simple to use. This might enable inexperienced
listeners to participate in listening tests in the future
without intensive training and/or detailed instructions.
In addition, no major problems regarding the use of the
interface were reported by the subjects.

As the software presented in this paper is at the
prototype stage, several desired functions have not been
implemented yet. Examples of such are more
sophisticated playback control and more advanced

analysis options. However, the cluster analysis included
in this version enabled a straightforward processing and
analysis of the elicited data. After upcoming tests, future
OPAQUE versions will include more functions. To sum
up, the OPAQUE software has shown to be functional
for its purpose at this stage and its potential as a means
for audio quality assessment is promising.
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