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Summary
The goal of the present study was to determine, (1) whether auditory unpleasantness is jugded consistently across
a wide range of acoustic stimuli, and (2) which sound features contribute to that sensation. To that effect, all pos-
sible paired comparisons on a heterogeneous set of ten environmental sounds were collected from 60 listeners.
The judgments conformed with the highly restrictive BTL model [1], thus justifying a ratio-scale representation
of perceived unpleasantness. The resulting scale values varied by a factor exceeding 100 (boat diesel vs. jack-
hammer). While they were not predicted by differences in A-weighted sound pressure level, a linear combination
of the psychoacoustic parameters of roughness and sharpness accounted for more than 94% of the variance in
perceived unpleasantness.

PACS no. 43.66.Yw, 43.50.Ba, 43.66.Cb

1. Introduction

One and a half century of psychophysics have endowed
us with sophisticated methodologies to measure detection
thresholds, indices of discriminability, and sensory equiv-
alences. When it comes to quantifying the magnitude of
sensations at suprathreshold levels, however, we are often
left with unsatisfactory alternatives. Direct scaling meth-
ods such as category scaling or Stevens’ magnitude esti-
mation provide us with numerical estimates of the stimuli
under investigation, but the validity and scale type of these
measurements remains doubtful [2, 3].

Procedures derived from axiomatic measurement theory
[4, 5] on the other hand, explicitly address these problems
by formulating the conditions (axioms) under which mea-
surement is possible and by specifying the scale type of
the outcome.

An example for such a well-founded approach is the
Bradley-Terry-Luce (BTL) model [6, 1]. It may be derived
from the more general choice axiom [1], and states that
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given certain testable conditions, preference probabilities
may be related to scale values in the following fashion:
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where ����� denotes the probability of “prefering” object	
over object

�
(or judging it to sound louder, feel more

painful, appear brighter in appropriate paired compar-
isons), and �
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are the scale values of these objects.
Note that the � -scale values constitute a ratio-scale, unique
up to multiplication with a positive constant1. This is more
evident, when eq. (1) is rewritten as:
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Obviously, multiplication by a positive constant  neither
changes the ratio of two scale values, nor its relationship
to the preference probabilities.

It should be emphasized that the BTL model (eq. 1) im-
plies a very strong form of stochastic transitivity: Not only
do the preference probabilities have to be rank-ordered
systematically, but given two such probabilities (����� and���"! ), a third one (����! ) may be computed precisely. Clearly,

1 For a more general treatment of the uniqueness properties of BTL sys-
tems, see [7].
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such a restrictive model need not hold for any given data
set. In this respect, obtaining a ratio-scale via scale con-
struction is fundamentally different from instructing sub-
jects to produce numerical ratio (or category) judgments,
where typically, no such consistency checks are applied.

The advantages of using the approach may be summa-
rized as follows: (1) The BTL model is falsifyable as such,
and it specifies the conditions under which an attempt at
scaling may fail. (2) It separates data collection (which is
achieved by obtaining a complete set of paired compar-
isons) from the enterprise of assigning scale values. (3) If
successful, it leads to a ratio-scale representation of the
objects studied.

Earlier attempts to apply the model - mostly in eco-
nomics and sociology - have been summarized by Luce
[8]. Selected, more recent applications include studies of
attitudes towards politicians [9], of taste qualities of cham-
pagne [10], and of facial attractiveness [11, 12].

With the notable exception of a few recent applications
to specific stimulus materials [13, 14, 15, 16, 17] in which
no rigorous model tests were performed, the BTL model
has not been used to investigate substantial problems in au-
ditory perception. Recently, however, the need for more re-
fined suprathreshold measurement in psychoacoustics has
arisen in the applied field of “sound quality evaluation,”
dominated by pragmatic ad-hoc methods of uni- or mul-
tidimensional scaling [18]. The present study is thus in
line with recent attempts by other investigators [19, 20] to
derive tractable subjective representations from the most
simple preference or similarity ratings conceivable, gain-
ing sophistication from subsequent modeling or statistical
analysis, rather than expecting it to be present in the sub-
jects’ semantic or numerical judgments. Furthermore, psy-
choacousticians attempting to compute auditory attributes
such as loudness, annoyance, tonal character, for example,
from the signal directly (s. [21]) often use implicit (and
untested) assumptions about ratio-scale properties of the
measures they employ.

Therefore, the present study was designed with two
goals in mind:
1. To determine whether a ratio-scale of the “unpleas-

antness” of sounds may be derived from paired-com-
parison data, and

2. to relate the outcome to more elementary auditory sen-
sations which might contribute to the sensation of “un-
pleasantness.”

Unpleasantness, rather than “annoyance” was chosen as
the attribute to be judged, since the latter is often conceptu-
alized in reference to the interference with other tasks the
listener is trying to accomplish [18]. Since in the present
laboratory study, the listener’s undivided attention was fo-
cused on the stimuli, judging their unpleasantness comes
very close to what other authors have called “unbiased an-
noyance” [22, 23], in an attempt to minimize non-auditory
effects in the judgments elicited.

Furthermore, care was taken to include stimuli of maxi-
mal heterogeneity, for which previous attempts at fitting
the BTL model have been most successful [8]. Further

studies in progress in our laboratory will investigate more
homogeneous sets of sounds, and perceptual dimensions
less complex than “unpleasantness.”

2. Method

2.1. Subjects

Sixty subjects, none of whom reported any hearing prob-
lems, took part in the experiment. The majority of the sam-
ple was drawn from a pool of psychology students partic-
ipating to fulfil a degree requirement. The sample had a
mean age of 24.14 years (range: 19–35 years) and con-
sisted of 40 female and 20 male participants.

2.2. Stimuli

The sounds to be compared were chosen from a database
recorded “in the field” by an environmental agency (Me-
dizinisches Institut für Umwelthygiene, Düsseldorf) for
noise-evaluation studies. From the 64 sounds which were
available to us on digital audio tape, we selected ten for
their heterogeneity in source and sound characteristics.
These sounds are identified in Table I, and consist of natu-
ral, traffic, and industrial noises ranging from “water run-
ning from a faucet” to the sound of a “jackhammer”.

For presentation in a paired-comparison paradigm, all
sounds were recorded in WAVE file format with 16 bit pre-
cision, and a 22-kHz sampling rate. They were shortened
to a uniform duration of 6 s, including linear rise/decay
ramps of approximately 0.2 s. Like the “originals”, the re-
sulting sound samples had vastly different (linear) sound
pressure levels ranging from 60 to 81 dB SPL. Further
acoustical measurements made on these sounds are listed
in Table II and discussed in the results section.

2.3. Apparatus

A computer program controlled sound presentation and re-
sponse collection. The stimuli were stored on the hard disc
and played via a 16-bit sound card (Soundblaster AWE
PnP). From the output of the sound card, the signal was
diotically delivered to Beyerdynamic DT 550 headphones
after adequate amplification by a commercially available
preamplifier (Linn K 33). Throughout the experiment the
subject was seated in a double-walled sound-attenuating
chamber.

2.4. Procedure

Each subject was presented with all possible pairs of the
10 sounds selected. However, each subject judged only
one of the two orderings (a,b) or (b,a) of a given pair of
sounds. Subjects proceeded through different random se-
quences of the ensueing �

�
��� �

����� ���
	 comparisons
with two constraints imposed: (1) To prevent stereotyp-
ical responding which might occur when one particular
sound was repeatedly presented as the first one in a pair,
this was not to occur more than 6 times (out of a maximal
10) for a given sound and subject. (2) To counterbalance
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Table I. Cumulative preference matrix ( ������� ). Note. Absolute
frequencies are given with which the sound in the row was judged
to be more unpleasant than the sound in the column. Sounds: 1 -
truck, 2 - brake, 3 - train, 4 - water, 5 - boat, 6 - jackhammer, 7 -
mower, 8 - crash, 9 - mixer, 10 - vent.

1 2 3 4 5 6 7 8 9 10

1 - 9 16 45 56 5 29 6 24 33
2 51 - 34 58 58 13 46 30 39 50
3 44 26 - 55 57 9 48 37 38 55
4 15 2 5 - 38 2 17 6 6 20
5 4 2 3 22 - 3 6 3 3 12
6 55 47 51 58 57 - 58 53 55 57
7 31 14 12 43 54 2 - 16 17 41
8 54 30 23 54 57 7 44 - 40 52
9 36 21 22 54 57 5 43 20 - 43

10 27 10 5 40 48 3 19 8 17 -

order effects across the sample, successive subjects were
paired, and received the complement of each other’s or-
der of presentation. So if subject 21 was presented with
the pair (a,b), subject 22 received the pair (b,a), that is the
opposite cell in the � �	� � � matrix.

A trial consisted of the presentation of a pair of sounds
separated by a 2-s pause. In order to facilitate the coupling
of observation intervals and response buttons, along with
the 6-s duration of each sound, an LED located on the left
(first sound) resp. on the right side (second sound) of a
panel mounted in front of the subject was illuminated. Fol-
lowing the termination of the second sound, the subject
was to decide which of the two stimuli sounded more “un-
pleasant” by pressing a button either on the left (indicating
the first sound) or on the right armrest (indicating the sec-
ond sound to be more unpleasant). Once the subject had
pressed a button, one of two feedback lights located next
to (and spatially congruent with) the LEDs marking the
observation intervals was briefly flashed. Following a 2-s
inter-trial interval, the next pair of sounds was presented.
Completing all 45 paired comparisons took approximately
30 min.

3. Results

3.1. Consistency checks

Since each participant performed all possible paired com-
parisons among the 10 sounds, the individual data sets
may be inspected for transitivities before further process-
ing. This is typically done by determining the number of
circular triads for which

	�
 �
,
��
�

, but
	���

. Do-
ing this revealed a median number of � � 	 circular tri-
ads ( ��� � � �

, � 	�� � � � ) out of the maximal 40 (s.
[24], Chap. 9.5.1) inconsistencies to be generated from�������� � �

� �
triads. A �! -test [25] performed to evalu-

ate whether the number of circular triads significantly de-
viates from the number to be expected by chance alone,
turned out to be insignificant for each of the 60 partici-
pants ( " � �

�
� 	 ).

Consequently, the individual paired-comparison matri-
ces may be pooled across the 60 subjects, resulting in
the cumulative preference matrix given in Table I. In
this matrix, each entry specifies the absolute frequency
with which the sound identified by the row of the ta-
ble was judged as more unpleasant than the sound iden-
tified by the columm of the table. It is conceivable that the
pooled matrix becomes inconsistent, even though all par-
ticipants judged consistently, but in different ways. There-
fore, the data in Table I were evaluated with respect to
weak stochastic transitivity (WST) meaning that if �����$#
�
	 and ���"!�#

�
	 , then ����!�#

�
	 [26]. There were no vi-

olations of this condition in the 120 instances in which
the premise held. Since WST - a prerequisite for an ordi-
nal representation of the data - was fulfilled for the pooled
paired-comparison matrix, we proceeded to the evaluation
of the much more restrictive BTL model.

3.2. Model evaluation

Assuming the validity of the BTL model (as specified in
equation 1) those � -scale parameters that best predicted
the preference probabilities were numerically estimated
using a maximum-likelihood procedure. In order to sta-
tistically evaluate the validity of this model, a likelihood-
ratio test was performed (s. [27], Chap. 6). In princi-
ple, such a test evaluates the likelihood of a restricted
model (here: the BTL model) against the likelihood of an
unrestricted model (here: the “statistical” model, which
assumes independent binomial distributions to generate
the entries in each cell). That is done by computing the
term �

�!% &��('*),+.- �/'10 �
, where

'*),+.-
denotes the likeli-

hood of the BTL model, and
'20

denotes that of the sta-
tistical model, the whole term being approximately �  -
distributed. In the present application, a model having only
10 parameters, the � -scale values for the 10 sounds, is
compared to a 45-parameter model in which the preference
probabilities are simply estimated from the actual relative
frequencies in each cell. If the restricted (BTL) model does
not fare significantly worse than the unrestricted (statisti-
cal) model, the former may be said to hold.

Both estimating the scale values, and evaluating the va-
lidity of the BTL model was accomplished using a Mat-
lab function provided by Wickelmaier & Schmid [28].
Performing the likelihood-ratio test showed that the BTL
model describes the present paired-comparison data quite
well; the null hypothesis assuming its validity may not be
rejected, �, �(354 � � 356 � � �87
� �

�
�
3 � 3

.
Consequently, � -scale values may be assigned to the

sounds. Since, theoretically, � -scales are ratio scales, that
may be done by arbitrarily defining a “unit of measure-
ment.” For the present data set, one of the sounds (“a
truck passing by”; first entry in Table I) was assigned a
scale value of ten; all other scale values were estimated
relative to this reference. The resulting “unpleasantness”
values are plotted in Figure 1. To provide an indicator of
the precision of these estimates, 95% confidence intervals
were determined using the method proposed by Bradley
[29, 30]. Note that the BTL scale values cover a consid-
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Figure 1. Estimated unpleasantness scale values according to the
Bradley-Terry-Luce (BTL) model are plotted for the ten sounds
studied along with 95% confidence intervals. The estimates are
based on a total of 45 (paired comparisons) � 60 (participants)� 2700 judgments.

erable range, and suggest that the sound of a jackhammer
( � ��� � � � 4 �

6 �
) is more unpleasant to the ear than the put-

tering diesel of a boat ( � � � � �
	 3 ) by a factor exceeding

one hundred.
Given the use of a well-founded methodology we may

not only make (ratio-type) statements of this sort, but also
appear to achieve greater resolution with respect to the ob-
jects we wish to discriminate than is typical of conven-
tional direct rating or magnitude estimation scales.

4. Psychoacoustical analyses

Though it may be of scientific interest to show that an ar-
bitrary sampling of heterogeneous environmental sounds
may be represented on a unidimensional ratio scale of
“unpleasantness,” this finding appears to have little prac-
tical relevance for inferences to be made beyond the ten
unique sounds studied. Therefore, we decided to inves-
tigate, which - more elementary - auditory sensations
present in all of these sounds contribute to the impression
of their “unpleasantness.”

Rather than having subjects estimate each sound’s loud-
ness, pitch quality, or temporal structure, with the risk of
bias due to the small sample size, and potential inconsis-
tencies due to the multidimensional nature of the stimuli,
we decided to use well-established objective algorithms to

extract psychoacoustical indices (cf. [21]) from the sound
samples directly. To that effect, and to include potential
distortions in the signal path, the output of the headphones
was recorded through a calibrated artificial-head system
(Cortex MK1) using a 22-Hz high-pass filter. The record-
ings thus made were subjected to psychoacoustical analy-
ses as implemented on commerically available sound anal-
ysis software (VIPER V2.20; [31]).

In line with previous results (e.g. [32]) predominantly
based on the method of direct ratio estimation (s. [33]),
we focused on four measures which have been shown to
contribute to the unpleasantness of a sound: its loudness,
roughness, sharpness, and fluctuation strength. Loudness
of complex sounds depends on bandwidth, temporal in-
tegration, and the spectral distribution of energy, and is
consequently not always monotonically related to over-
all intensity measures [34, 35, 36, 21]. The sensation of
sharpness [37] depends on the degree to which high-
frequency components are present in the sound to be eval-
uated. Fluctuation strength is a sensation elicited by the
perception of temporal changes, typically due to slow am-
plitude or frequency modulations with a peak value around
4 Hz [38, 39]. At high modulation frequencies, when the
changes in loudness or pitch are no longer resolvable, it
turns into the sensation of roughness [40, 15] which has
its maximum at a modulation rate of 70 Hz.

The exact algorithms employed in objectively analyzing
the ten test stimuli closely followed the formulae and evi-
dence compiled by Zwicker & Fastl [21]. Note that within
this conceptualization all quantities are expressed with re-
spect to some physically-defined unit reference, and are
treated as having ratio-scale properties. The resulting psy-
choacoustic indices are given in Table II, along with the
A-weighted sound pressure level averaged over the course
of the stimulus, and with the unpleasantness score derived
from the paired-comparison experiment.

From a psychophysical viewpoint, it is encouraging
to see that the conventional physical description clearly
fails in predicting unpleasantness scores: Relating the BTL
scale values to the A-weighted sound-pressure levels2 of
the sounds yields a (non-significant) correlation of � ��
�
	 � (��� �

� �
�
, two-tailed test). Some of the psychoa-

coustical parameters, especially median loudness3 (
� 	 � )

in sones ( � � �
�
� � ; � � �

�
� � � ), and average roughness

( � � � �
� �

; � � � �
�5� � ) fare much better in this respect (see

Table II).
An attempt was made to improve the variance accounted

for by linearly combining the psychoacoustical predictors.
Note, however, that given the high correlation between the
BTL scale values and psychoacoustical roughness, there is
not much room for improvement. Consequently, a “step-
wise multiple regression” in which those parameters that

2 The correlation with SPL improved to yield �����
	 �� when it was com-
puted using the logarithm of the BTL scale values, suggesting a nonlin-
ear, i.e. power-function, relationship between perceived unpleasantness
and sound pressure.
3 For the present stimuli, the often preferable 5th loudness percentile
( ��� ) did slightly worse in predicting unpleasantness judgments.
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Table II. Psychoacoustic parameters computed from the sounds. Note. Units of measurement as defined in Zwicker & Fastl [21].
Correlations between the psychoacoustic parameters and BTL unpleasantness scale values are given in the bottom row.

Sound BTL Roughness Sharpness Loudness Fluct. Strength SPL
scale value [asper] [acum] [sone] [vacil] [dB(A)]

(1) boat 1.53 0.25 0.87 10.7 0.11 56.4
(2) water 3.16 0.32 2.15 14.0 0.14 60.4
(3) vent 6.44 0.32 1.07 28.0 0.04 70.6
(4) truck 10 0.35 0.96 31.5 0.15 75.4
(5) mower 10.67 0.31 0.93 29.3 0.07 72.9
(6) mixer 20.36 0.32 1.47 15.8 0.06 62.2
(7) crash 35.70 0.41 1.24 18.3 1.00 74.0
(8) train 38.62 0.43 1.37 41.5 0.09 81.7
(9) brake 42.68 0.33 1.68 17.8 0.49 66.7
(10) jackh. 176.82 1.76 1.51 48.9 0.47 79.8

Correlation: 0.97 0.22 0.71 0.39 0.52
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Figure 2. BTL scale values obtained from the paired-comparison
experiment (ordinate) plotted over unpleasantness scores pre-
dicted from roughness and sharpness parameters (eq. 3) of the
sounds (abscissa). The numbers identifying the sounds corre-
spond to those in Table II. For a perfect fit, all data points would
lie on the major diagonal (solid line).

contribute least to the prediction are successively excluded
(“backward approach”; [41]), yielded a model according
to which roughness alone accounts for the variance4 in
unpleasantness scale values quite well ( �  !������ � �

�
� � � ).

Including other psychoacoustic parameters (such as fluc-
tuation strenth, loudness or sharpness) only leads to mi-
nor, statistically insignificant improvements in prediction.
Closer inspection of Table II, however, reveals that the ef-
fect of sharpness which typically contributes greatly to the
perception of unpleasantness or annoyance is severely at-
tenuated by the sound of “water running from a faucet”

4 Since the variance accounted for, ��� , is maximized for a given sample,
it overestimates the relationship in the population. To compensate for
this, the more realistic � �	�
��� , which adjusts the estimate based on the
number of sounds and predictors used, is reported here, and furtheron.

(sound 2), the only non-technical sound in the selection,
wich shows an untypical combination of great sharpness,
and low unpleasantness. If that sound is excluded from the
regression analysis, a two-parameter model emerges, ac-
cording to which roughness � and sharpness � are suffi-
cient to predict the unpleasantness scores ( ��� ' ):

��� ' � � � � �
4 ��� � �356

�
4 � � � � 4 � � �

�

� (3)

This model fits the data quite well by accounting for close
to 99% of the variance in judgments of the remaining 9
sounds ( �$ !������ � �

�
� 656

), as is seen in Figure 2, when the
predictions (x-axis) are compared with the BTL scale val-
ues (y-axis) actually obtained from the paired-comparison
experiment. Even though it may seem that this is largely
due to the effect of the jackhammer sound (labelled “10”
in Figure 2), analysis of the remaining sounds clustering
in the bottom left corner of Figure 2 reveals roughness
and sharpness still to account for 84% of the variance
( �  !������ � �

�
6 � 3 ) in unpleasantness scale values. It is ob-

vious, however, that given a small sample of stimuli, the
inclusion or exclusion of particular sounds will have great
influence on the regression model suggested.

5. Discussion

The main outcome of the present study is to demonstrate
that a heterogeneous set of environmental sounds is con-
sistently judged and compared in terms of the unpleas-
antness of auditory sensations. More specifically: The un-
pleasantness scale values estimated from subjects’ paired
comparisons conform to the highly restrictive BTL model.

Note that - in contrast to common direct scaling ap-
proaches - this endeavor could have failed, and has often
done so in other applications [8]. For the BTL model to
hold, the choices made in the paired-comparison experi-
ment must exhibit some form of “context independence”
[42, 43]. That is, all relevant aspects contributing to a
sound’s unpleasantness must enter into each decision. By
contrast, the model fails, if different auditory attributes are
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considered (e.g. only those, which distinguish two stimuli
most) depending on the context defined by the comparison
stimuli. We thus may conclude, that in the present experi-
ment, subjects used relevant indicators of unpleasantness,
such as loudness, roughness, or sharpness in a uniform
fashion across all of the comparisons they made.

This conclusion also lends greater credibility to the psy-
choacoustical analyses performed: First, without evidence
for context independence it does not make much sense to
analyse each sound by itself, as is typically done in ap-
plied “sound quality” research [39]. Second, the fact that
the BTL model leads to a ratio-scale representation facili-
tates comparisons with more elementary sensations which
have been conceptualized as ratio scales [21], even though
that property remains to be demonstrated.

In the present analyses, the elementary sensations of
roughness and, to a lesser extent, sharpness emerged as
the main contributors to the complex sensation of (audi-
tory) unpleasantness. Of course, such an outcome should
not be taken as being of general validity, given that it is
only based on a very limited number of sound samples.
It serves to demonstrate, however, that ratio-scaled un-
pleasantness may be predicted from more elementary au-
ditory attributes. Nevertheless, the present outcome is in
remarkable agreement with the psychoacoustical literature
[32, 15, 44]. Terhardt and Stoll, for example, in a study in
which a set of 17 natural and synthetic sounds equated in
loudness was assessed using two different psychophysical
procedures, found a combination of roughness and sharp-
ness to make a fairly good prediction ( � � �

�
4 � �

). Such
convergence between studies conducted in different lab-
oratories, despite obvious differences in the choice and
calibration of stimuli, and despite the fact that no other
study used the present, well-founded ratio-scaling tech-
nique, may serve as an indicator of the external validity
of results reported here.

The fact that the contribution of loudness turned out
to be statistically insignificant may, however, be idiosyn-
cratic to the present choice of stimuli, where loudness and
roughness correlated so highly ( � � �

�
� �

) that using one
of them as a predictor was sufficient: Including loudness in
the multiple regression equation (eq. 3) serves to increase
the variance accounted for by less than one percent. For
other stimulus sets, one might certainly have to consider
loudness (e.g. [32, 21]) and the prominence of tonal com-
ponents (“tonalness”; [44, 45]) as additional predictors of
unpleasantness.

Having demonstrated that a highly restrictive scaling
model holds for the unpleasantness sensations elicited by
a heterogeneous set of sounds, in a next step it will have
to be shown, how the present approach handles more ho-
mogeneous sets of sounds as are typically encountered in
sound quality evaluation. A study investigating tire noises
[46] suggests that under such circumstances, the BTL
model may fail, and reveal subgroups of stimuli, for which
different auditory attributes are considered when making
paired comparisons. These situations will have to be anal-
ysed using more complex choice models like “preference

trees” [47]. Note that similarities between stimuli, and the
ensuing departures from the assumption of unidimension-
ality, will remain undetected when using conventional di-
rect scaling approaches. It appears that research on noise
evaluation and sound quality engineering might benefit
from employing well-founded scaling techniques which
have the potential of revealing the structure underlying
perceptual judgments [48], and thus offer great benefits
over the “pragmatic” scaling approaches currently used.
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