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Abstract: When designing sound evaluation experiments, researchers rely on listening test methods, such as rating scales
(RS). This work aims to investigate the suitability of best-worst scaling (BWS) for the perceptual evaluation of sound qualities.
To do so, 20 participants rated the “brightness” of a corpus of instrumental sounds (N¼ 100) with RS and BWS methods.
The results show that BWS procedure is the fastest and that RS and BWS are equivalent in terms of performance.
Interestingly, participants preferred BWS over RS. Therefore, BWS is an alternative method that reliably measures perceptual
sound qualities and could be used in many-sounds paradigm. VC 2022 Author(s). All article content, except where otherwise noted, is
licensed under a Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Listening tests constitute an essential tool for research that aim at revealing perceptual qualities of sounds. For this kind of
experiment, participants are often asked to evaluate sound stimuli that may vary in loudness, pitch, or timbre properties.
These tests have had multiple applications for timbre semantic studies (Kendall and Carterette, 1993), sound quality evaluation
(Jeon et al., 2007), or human-in-the-loop audio annotation (Wang et al., 2019). Therefore, the design of such tasks is crucial
due to its impact on the difficulty and duration of the experiment, which may be conditioned by the needs of the study. For
example, some studies investigating timbre perception have employed dissimilarity ratings based on a relative judgment format
called pairwise comparison (Grey, 1977; McAdams et al., 1995). Dissimilarity ratings are suitable to assess subtle differences
between stimuli, as each stimulus serves as the standard in a series of relative judgments with the other stimuli. However, the
pairwise comparison method imposes a small corpus of sounds as the number of trials [NðN � 1Þ=2] increases rapidly with
the number of stimuli (N), which has negative consequences on participants’ fatigue or motivation.

Apart from pairwise comparison, the most frequently used method to study the perception of timbre is the rating
scale, whether it is for assessing the timbre of musical instruments (Kendall and Carterette, 1993; Pratt and Doak, 1976) or envi-
ronmental sounds (Bjork, 1985; Jeon et al., 2007; Zeitler and Hellbr€uck, 2001). The rating scale can be used either for a semantic
differential procedure (Osgood, 1964), i.e., using bipolar scales with opposite terms (e.g., “dark–bright”), or for the verbal attri-
bute magnitude estimation (VAME) method, i.e., using unipolar scales (e.g., “not bright–bright”) (Kendall and Carterette, 1993).
In a typical use of rating scales, participants are asked to rate stimuli with the scale. Then, the score of a sound corresponding
to the studied dimension is calculated by averaging the ratings of all participants for this sound. Importantly, when the set of
stimuli is presented beforehand, participants may have a relative use of the rating scales and adjust their use of the scale to the
range of stimuli depending on the dimension being studied (Poulton, 1979). However, rating scales may fail to differentiate
between stimuli with a similar value along an underlying dimension evaluation and may show multiple consistency biases
(Baumgartner and Steenkamp, 2001; Schuman and Presser, 1996).

Recently, another relative judgment method called BWS (Louviere et al., 2015) was proven to be a valuable alter-
native to the rating scale for consumer preference studies (Auger et al., 2007), semantic judgments (Kiritchenko and
Mohammad, 2017), and face perception (Burton et al., 2019). A BWS procedure consists of asking participants at each
trial to select the best and the worst item in a subset of k items (k¼ 4 in the conventional use of BWS), according to the
studied dimension. By counting the number of best and worst judgments, the BWS procedure allows us to build a ranking
of items from worst to best. Some studies adapted BWS in order to make it suitable in many-items context for a semantic
judgment task (Hollis, 2018; Kiritchenko and Mohammad, 2017). Specifically, Hollis (2018) proposed to consider each trial
as a tournament paradigm where the choice of best and worst made by participants brings additional inducted information
on the pairs of sound within the subset of sound. For instance, in a trial with four items (A, B, C, D), if a participant
chooses A as best and D as worst, then, in addition to the deducted information that A > D, we also consider that A > B,
A > C, C > D, and B > D. Crucially, this paradigm allows us to disseminate the information between different sequences
of trials using a scoring algorithm, e.g., the Rescorla–Wagner model (Rescorla, 1972), to build the ranking of the dataset of
items. To our knowledge, this method has never been used to evaluate perceptual properties of sounds.
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The present study aims to evaluate whether BWS is a suitable method for assessing the perceptual qualities of
timbre. More specifically, we wish to test whether BWS is a valuable alternative to the rating scale (in this case, a VAME)
for the evaluation of timbral brightness, one of the main dimensions of timbre (Kendall and Carterette, 1993; Pratt and
Doak, 1976; Zacharakis et al., 2014). To evaluate the performance of the two methods, we considered different questions:
(i) How valid are the two methods considering the explicit definition of brightness? (ii) How reliable participants are? (iii)
Is one of the two procedures faster than the other? (iv) What are participants’ impressions of the two methods? To do so,
participants evaluated the brightness of a musical instrument sound corpus using both methods. In this study, we consid-
ered and presented the brightness of a sound to participants as essentially defined through the quantity of high-frequency
components, as it was demonstrated in some studies (Faure, 2000; Saitis and Siedenburg, 2020; Schubert and Wolfe,
2006). Thus, in addition to a comparison of BWS and RS brightness scores on the stimuli, validity of the two methods
was also assessed through the correlation of their scores with spectral centroid values. However, as brightness does not
solely depend on spectral centroid (Alluri and Toiviainen, 2010; Marozeau and de Cheveign�e, 2007), participants were
offered an explanation of this specific definition of brightness before the experiment.

2. Materials and methods

The experiment aimed to measure the performances of BWS and RS in evaluating the brightness of a corpus of musical
instrument sounds.

2.1 Participants

Twenty volunteer participants (10 women and 10 men, mean age¼ 24.3 y, age range¼ 21–27 y) took part in the experi-
ment. None reported having hearing problems. They gave their informed written consent before the experiment and were
compensated for their participation. Participants had no sound or music education and were not familiar with either of
the two methods.

2.2 Setup

Sounds were presented to listeners through a Beyerdynamic DT-770 PRO headset (Heilbronn, Germany) at an average
level of 65 dB sound pressure level (SPL) (A-weighted). The sound level was measured with the sound level meter type
2250-S of Br€uel & Kjær (Nærum, Danemark). Participants were tested in a double-walled Industrial Acoustics Company
(IAC) sound-insulated booth. The test interface was coded with Max (v8) (https://cycling74.com/products/max) on a Mac
Mini.

2.3 Stimuli

The corpus was made of N¼ 100 musical instruments sounds (i.e., woodwind, brass and string). The sounds were selected
from the Studio-Online Library (Ballet et al., 1999) and the Vienna Symphonic Library (Vienna Symphonic Library). Each
sound was a recording of a musical instrument playing sustained notes for 5 s. All sounds were octaves of Cs ranging
from C1 (32.70Hz) to C7 (2093.00Hz). We selected 100 sounds in a corpus of 200 sounds with respect to the constraint
of a constant spacing between two consecutive sounds in terms of spectral centroid. Previous work measured the Just
Noticeable Difference (JND) of spectral centroid between two sounds as being 5% bigger than the sound with the lowest
spectral centroid (Allen and Oxenham, 2014). As a result, 98% of the pairs of stimuli presented in the four-sounds BWS
trials had a difference equal to or greater than the spectral centroid JND. The spectral centroid of each sound was com-
puted and averaged for each sound with the Librosa library (Klapuri and Davy, 2007). The loudness of each sound sample
was equalized following the European Broadcast Union (EBU) norm on loudness (R-128) with the ffmpeg library (Python
Package Index).

2.4 Procedure

At the beginning of the experiment, the concept of brightness was introduced to the participants using the following defi-
nition: “Brightness is relative to the amount of perceived high-frequency components in the sound. A very bright sound
has a large amount of high-frequency components. A less bright sound has a small amount of high-frequency components;
it can also be called muffled or dull.” This definition was illustrated using four pairs of sounds of equal pitch and different
nature (musical instrument, voice, and synthetic sounds). For each pair of sounds, the sound source was the same and the
two sounds differed in brightness, i.e., the brighter sound had more high-frequency components than the other sound.
Then, participants would proceed to the two methods in a randomized order with a training session on the interface using
eight sounds for each method. We added retest trials for both methods to assess intra-participant consistency. Finally, par-
ticipants completed a questionnaire asking for their impressions of both methods at the end of the experiment.
Specifically, they were asked to rate the pleasantness and difficulty of each method on a 7-point Likert scale and to choose
the preferred method for evaluating brightness.

During the RS procedure, sounds (N¼ 100) were presented to the participant one by one in a random order,
and 20 sounds were repeated as retest trials at the end of the sequence for the intra-participant consistency measure. The
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RS procedure was based on VAME procedures (Kendall and Carterette, 1993; Zacharakis et al., 2014). After listening to
each sound, participants were asked to evaluate its brightness on a 9-point Likert scale, going from “not bright at all” to
“very bright.” The scale was presented on the computer’s screen and responses were given by selecting a point of the scale
with the mouse. The brightness scores were obtained by averaging the ratings for each sound.

During the BWS procedure, sounds were presented to the participant in groups of four (k¼ 4). Thus, each par-
ticipant evaluated the entire set of sounds through 25 trials of four sounds, with the addition of five retest trials at the end
of the procedure for the measure of intra-participant consistency. At each trial, participants had to select the brightest and
the least bright sound in each group of four sounds with the mouse. As provided in Hollis’ design and to maximize the
information propagated, we generated trial sequences for each participant so that each pair of sounds in a trial was pre-
sented only once over all sequences. Brightness scores were obtained, based on the information provided by the pairs of
sounds in groups of four sounds, thanks to a scoring algorithm using the Rescorla–Wagner model used by Hollis (2018).
See Hollis’ personal page (Ualberta) for the generation of trial sequences and the implementation of the scoring algorithm.

Figure 1 presents the overall experiment (A) along with the criteria considered for evaluating the performances
of both methods (B).

3. Results

We used four main criteria to compare RS and BWS: validity; reliability which can be broken down into inter-participant
consistency and intra-participant consistency; participants’ impression of the methods; and duration [see Fig. 1(B)]. Validity
is the extent to which a test measures what it claims to measure, based on a “true” value. In this study, we evaluated validity
by computing the correlation between the brightness scores obtained through the two methods with each other.
Furthermore, since we explained to the participants that brightness is related to the amount of high-frequency components
in the spectrum of a sound, we also assessed the validity of the methods through the correlations of the two sets of scores
with the logarithm of spectral centroid. The inter-participant consistency is a type of reliability measure that indicates the
extent to which participants agree with each other. The intra-participant consistency measures how consistent a participant
is with himself by means of retests trials. Finally, participants’ impression is assessed through a questionnaire asking them to
rate the pleasantness and difficulty of the two methods, and to select the most adapted method for the task.

3.1 Validity

Figure 2 reports on the validity of the two methods, i.e., the correlation between the brightness scores of the two methods, and
the correlations of these scores to the logarithm of the spectral centroids of the sounds. According to Fig. 2(A), there is a strong
correlation between the scores obtained for the two methods [rð98Þ ¼ 0:94; p < 0:001]. Moreover, for both methods, there are
strong and comparable correlations with spectral centroid [rBWSð98Þ ¼ 0:89; pBWS < 0:001; rRSð98Þ ¼ 0:88; pRS < 0:001] [Fig.
2(B)]. Steiger’s test (Steiger, 1980) for the comparison of correlations from dependent samples did not reveal a significant differ-
ence between the two correlations.

3.2 Reliability

Reliability was evaluated through the measure of inter-participant consistency and intra-participant consistency. Hollis’
design imposed a unique presentation of each sound pair, and the fact that the BWS does not provide individual scores,
well-known reliability metrics, such as the Krippendorff’s alpha or the Cronbach’s alpha, were not suitable here. Therefore,
the compliance to mean scores (C) was used. Originally, this metric was introduced by Hollis (2018) to identify non-

Fig. 1. Schema of the coupled BWS and RS experiment (A) with the evaluation criteria for the two methods (B).
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compliant participants in a BWS experiment. Each participant’s compliance with the group was calculated as the propor-
tion of matching duels between the average scores calculated for the group and a participant’s choices. In a trial, for exam-
ple, if A > B, because a participant X chose A as the best and/or because B was chosen as the worst, we then compared
whether this inequality is also true with the brightness scores obtained by the BWS scoring. Thus, a participant giving ran-
dom responses would receive a compliance score of 50% with the group scores. To adapt this measure to RS ratings, we
recreated the sound pairs considered for participants’ BWS evaluation, and constructed inequalities based on their RS rat-
ings. In the case of equal ratings for two sounds on a rating scale, the pair of sounds was not considered either for the RS
or the BWS. As for the BWS, these inequalities were then compared to the averaged RS scores for all participants. The
average compliance of the group thus provided a measure of inter-participant consistency. For both methods, compliance
values were high (CBWS¼CRS¼ 83%) and did not differ significantly.

Intra-participant consistency is commonly measured by conducting tests and retests, i.e., presenting repeated tri-
als in an experiment, and comparing their responses. For BWS, the test–retest measure was the proportion of duels
answered similarly in the test and in the retest. Based on five repeated groups of sound, mean intra-participant consistency
for BWS was 82% (random¼ 50%). For RS, test–retest was based on 20 repeated sounds. Here, intra-participant consis-
tency was equal to 78% (random¼ 50%). Although we cannot compare the two measures, we nonetheless can conclude
that on average, participants were able to do both tasks without trouble.

3.3 Duration

The BWS procedure and the RS procedure lasted, respectively, 9 min and 4 s and 9 min and 54 s on average. A paired
t-test on the two normal distributions of the procedure times revealed that the BWS procedure was significantly faster
than the RS procedure [Tð19Þ ¼ 5:22, p¼ 0.03, d¼ 0.36].

3.4 Participants’ impression on the two methods

Participants were asked to give their impression of each method by rating them on pleasantness and difficulty, and by
choosing the method most adapted for evaluating brightness. Evaluations of pleasantness and difficulty between RS and
BWS were not significantly different. Considering the choice of the most adapted method, BWS was significantly preferred
for evaluating brightness [X2(1, N¼ 20) ¼ 5, p < 0.05]. Participants also elaborated on their impressions of each method
in writing. Thus, some of them argued that they struggled to calibrate their use of the scale during the RS task. Others
found that the rating scale was not very accurate, and that they were not able to properly use extreme values.
Additionally, some participants had the impression of being contradictory during the rating scale task. For BWS, some
participants found it difficult to choose between similar sounds and that they had to listen to them several times. In addi-
tion, some participants felt more concerned about making a bad choice than they did with RS.

4. Discussion

In this study, we evaluated the performance of two methods for assessing timbral brightness based on validity, reliability,
duration, and participants’ impression. First, the scores of brightness obtained by both methods are highly correlated with
each other and with spectral centroid values. This indicates that both BWS and RS methods provided good and similar
evaluations of brightness, and thus, are comparable alternatives for studying perceptual qualities of sound. Second, the
results on reliability for the BWS and RS tasks were equivalent, ensuring that participants could perform both tasks consis-
tently at group and individual levels. Third, the BWS procedure was faster than the RS procedure. Because the time differ-
ence was only 50 s, we also evaluated the experimental times of the first half of the two procedures (i.e., the 15 first trials
for BWS, and 30 first trials for RS). The BWS is still faster than the RS, but only by 26 s. This suggests that the time

Fig. 2. Validity evaluation of the BWS and RS procedures. (A) Correlation between RS and BWS scores. (B) Correlations of the RS scores and
BWS scores with the logarithm of the mean spectral centroids (log(SC)) of sounds.
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difference between BWS and RS scales with the size of the sound corpus, and would tend to be greater in the context of
annotating a larger amount of sounds. Finally, we found that participants’ impressions on the two methods were the same,
with a significant preference for BWS in terms of the method’s suitability for the task. Thus, although showing similar per-
formance, BWS may be a more satisfactory and comfortable method than RS for this type of task.

There is still some uncertainty about the extent to which brightness depends on spectral centroid or that it also inter-
acts with other features like the fundamental frequency (F0) (Allen and Oxenham, 2014; Marozeau and de Cheveign�e, 2007;
Schubert and Wolfe, 2006). To avoid any possible confusion, we gave an essentially spectral definition of brightness to the par-
ticipants before the experiment. Therefore, we were curious to report the ability of the two methods to distinguish brightness;
in this case, understood as spectral centroid and the F0 in such an explicit context. Indeed, brightness scores of both methods
are strongly correlated with the F0 of the sounds [rRSð98Þ ¼ 0:90; pRS < 0:001; rBWSð98Þ ¼ 0:82; pBWS < 0:001]. Interestingly,
Steiger’s test applied on both correlations of scores with the F0 revealed that BWS scores are less correlated with the F0 than
RS scores [Z ¼ 4:75; p < 0:001]. This suggests that in the BWS procedure, participants judgments were a little more faithful to
the definition of brightness provided to participants. In particular, it may be due to the fact that the sound presentation format
of the BWS favors the comparison of the brightness of equal F0 sounds.

Although the BWS procedure was comparable to the RS procedure for the measure of a perceptual property of
sound, it showed specific disadvantages and advantages. On the one hand, the BWS procedure does not provide scores per
individual—unlike the RS procedure, which makes any inter-participant analysis more challenging. In addition, the condi-
tions of the BWS procedure (i.e., sequence generation, scoring algorithm) are more complex than those of the RS procedure.
However, thanks to the contribution of Hollis (2018), the implementation of a BWS experiment is fast and straightforward.
On the other hand, the BWS procedure was globally preferred by the participants, and took less time than the RS proce-
dure. Thus, BWS seems to have crucial assets to consider for the design of online experiences, where it is important to
spare the attention and time of the participants.

A growing number of sound perception studies rely on online crowdsourcing experiment designs to process
larger quantities of sound stimuli evaluated by online participants (Cartwright et al., 2016). One underlying reason for this
trend is to provide more detailed analysis of perceptual sound qualities. In this context, and based on our results on dura-
tion and performance, BWS could be an interesting choice of experimental design. Moreover, according to other studies
comparing RS and BWS, BWS can be conducted consistently on non-representative subsets of the entire sound dataset
(Hollis and Westbury, 2018; Kiritchenko and Mohammad, 2017). Future works should therefore compare the two methods
in a crowdsourcing context with the evaluation of a bigger dataset. In addition, future method comparison experiments
should also involve other methods used to assess the perceptual properties of sound, such as the MUSHRA (Multiple
Stimuli with Hidden Reference and Anchor) protocol which, based on a response format similar to that of BWS, has been
shown to be suitable for assessing timbral brightness (Saitis and Siedenburg, 2020).

5. Conclusion

This work reports the suitability of BWS for accurately measuring the perception of timbral brightness. According to the
criteria of performance (validity and reliability), duration, and preference, the coupled evaluation of a classic rating scale
task and a BWS task attests for the equivalence of the two procedures, with a slight advantage in duration for BWS.
Therefore, BWS, similarly to the RS, becomes a viable relative judgment method for assessing perceptual qualities of
sounds when processing many sound stimuli.
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