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Shared mental representations
underlie metaphorical sound
concepts

Victor Rosi'*?, Pablo Arias Sarah?3, Olivier Houix?, Nicolas Misdariis* & Patrick Susini?

Communication between sound and music experts is based on the shared understanding of a
metaphorical vocabulary derived from other sensory modalities. Yet, the impact of sound expertise
on the mental representation of these sound concepts remains blurry. To address this issue, we
investigated the acoustic portraits of four metaphorical sound concepts (brightness, warmth,
roundness, and roughness) in three groups of participants (sound engineers, conductors, and
non-experts). Participants (N =24) rated a corpus of orchestral instrument sounds (N =520) using
Best-Worst Scaling. With this data-driven method, we sorted the sound corpus for each concept and
population. We compared the population ratings and ran machine learning algorithms to unveil the
acoustic portraits of each concept. Overall, the results revealed that sound engineers were the most
consistent. We found that roughness is widely shared while brightness is expertise dependent. The
frequent use of brightness by expert populations suggests that its meaning got specified through
sound expertise. As for roundness and warmth, it seems that the importance of pitch and noise in their
acoustic definition is the key to distinguishing them. These results provide crucial information on the
mental representations of a metaphorical vocabulary of sound and whether it is shared or refined by
sound expertise.

Regardless of the field, human experts need a precise technical vocabulary to accurately communicate with each
other. In some professional areas, such as perfumery, oenology’?, or music?, experts often use metaphorical
concepts from other modalities to describe their sensory experiences*®. For instance, sound and music experts
such as sound engineers, musicians, or sound designers employ terms from the senses of vision and touch like
“bright”, “harsh”, “rough” or “sharp” to describe sounds>*”. However, because of their metaphorical nature, the
mental representations associated with such concepts remain vastly unexplored and are not guaranteed to be
identical between individuals with different sound professional activity and training backgrounds. In this study,
we investigate whether the mental representations associated with metaphorical sound concepts are shared
between populations.

Verbally describing sound properties is a key aspect of professional communication for music and sound
professionals. It can happen when the conductor gives a stylistic comment to the principal oboist of an orchestra:
“Could you please play this melody brighter?” during the conversation between this very same conductor and a
sound engineer during the mixing session of a recording: “The mix should highlight the warmth of the cello sec-
tion, here”; or between a sound designer and a marketing executive that has no sound expertise when designing
a human-computer interface. Previous studies have consistently observed and analyzed the use of metaphorical
sound concepts in the discourse of professionals in different languages of the Western world>”~'°. Such studies
highlight that metaphorical sound concepts are mostly used to describe a multidimensional aspect of sound
known as timbre. Timbre is used by listeners to distinguish from a wide range of sound sources—from musical
instruments"! to everyday sounds'?. From an acoustic perspective, timbre perception studies provided estimations
of perceptual dimensions of timbre (such as instruments) using spectral, temporal, and spectro-temporal features.
In this line, metaphorical concepts have been linked to timbral acoustic features'"!*-'. Naturally, numerous
subsequent studies intended to establish links between perceptual dimensions, sound semantics, and acoustic
features. For example, brightness is often linked to the spectral centroid!®!¢17,

However, recent studies also reported that the meaning of some well-known metaphorical sound concepts
are highly dependent on each other>'®!8. For instance, the concept of ‘warmth;, or roundness have really similar
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and intermingled meanings'®!® to the point of using one to define the other'®*—making them even more dif-
ficult to be explicit on their own. Similarly, the concepts of ‘brightness, ‘sharpness, and ‘clarity’ are very close'®*
while potentially being used for different purpose®’. Furthermore, the relations of opposition existing between
multiple concepts are not explicit. For instance, one may wonder if the observed opposition between roundness
and brightness'®'® is dependent on comparable acoustic traits as the one between warmth and brightness'®2'.
Incidentally, it adds another degree of complexity to the definition and purpose of metaphorical sound concepts.
In short, accurately communicating about sound with metaphorical concepts is not trivial.

From a cognitive perspective, accurate communication requires that individuals share a common mental
representation associated with sound concepts. Such mental representations may develop from explicit peda-
gogical learning, cross-modal associations, or exposition to word-sound examples in professional contexts®?. In
consequence, different populations may develop different mental representations®. In other words, when two
individuals with different professional backgrounds interact, they may be talking about different concepts, despite
using exactly the same word. However, while previous studies have substantially investigated the influence of
sound expertise on sound perception tasks''?**%’, it remains largely unknown whether the mental representations
of metaphorical sound concepts are influenced by expertise or vary between expert populations.

In the present study, we investigate whether the mental representations of well-known sound concepts, i.e.,
brightness, warmth, roundness, and roughness, are similar between groups of participants with different sound
education backgrounds. For this purpose, three groups of participants, namely, sound engineers, conductors,
and non-experts evaluated a musical instrument sound corpus (N =520) on brightness, warmth, roundness, and
roughness. We chose these metaphorical concepts because of their metaphorical nature as they can be used to
describe other sensory stimulations. Furthermore, they are frequently used in the professional fields of sound
and music>*”?, and show both strong similarities (e.g., roundness vs. warmth) and specificities (e.g., bright-
ness/warmth, roundness/roughness)'® that we aim to investigate. The three participant groups display intrinsic
homogeneity in terms of expertise. The sound engineers have a rather technical knowledge of sound, whereas
conductors have an intertwined knowledge of music and sound. Both populations, however, are accustomed to
the use of sound concepts, unlike the non-expert group, who reported a basic metaphorical use of these concepts
that is not influenced by sound or music education. As part of an experiment, participants labelled a dataset of
sounds with each sound concept using Best-Worst Scaling (BWS), a method based on sound comparisons that
has shown good performance in measuring perceptual sound qualities. Subsequently, participants indicated
how frequently they use said concept to talk about sounds in their professional life. Through the analysis of the
consistency of judgments and acoustic modeling of BWS scores, we show the influence of the groups’ sound
expertise on their shared understanding of those sound concepts. Figure 1 provides a schematic overview of
the study conducted.

Methods

Participants. Twenty-four volunteer participants (mean age=33, age-range=25-65) took part in the
experiment. They were organized in three groups of eight participants of different expertise: professional sound
engineers (mean age =31, age-range =25-33; seven men, one woman), professional conductors (mean age =37,
age-range =30-60, eight men) and non-experts (mean age =33, age-range = 25-65; four men, four woman). The
number of participants corresponds to the sufficient number of evaluations of the dataset that provides robust
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Figure 1. Schematic view of the methodology used to investigate the mental representations associated with
specific sound concepts for different populations. (A) We collected ratings on an orchestral sound dataset
using four sound concepts from three participant groups with the Best-Worst Scaling methods. (B) Using
these ratings, we computed consistency metrics and measured similarities and differences between groups and
between concepts. (C) We extracted acoustic features (e.g., spectral centroid, attack slope) and meta features
(i.e., instrument, playing technique) from the sound dataset. (D) We trained a tree-based model and assessed
the most important features for the prediction of the model.
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and consistent BWS scores according to the reference studies?**. The non-expert group only included partici-
pants who reported no amateur nor professional practice related to sound or music (less than 2 years of music
practice). All participants reported normal hearing and had no history of audiological or neurological disorders.
The protocol (ID: 2021-76) was approved according to Helsinki Declaration by the Ethics Committee of Institut
Européen dAdministration des Affaires (INSEAD). All methods were carried out in accordance with their guide-
lines and regulations. Participants gave written informed consent and received financial compensation for their
participation.

Setup. Sounds were presented to listeners diotically through a Beyerdynamic DT-770 PRO headset (80
Ohm) at an average level of 65 dB SPL. The sound level was measured with the sound level meter type 2250-S
of Briiel & Kjeer. Participants were tested in a double-walled IAC sound-insulated booth. The test interface was
coded with Max (v8) on a Mac Mini.

Stimuli. The sound corpus consisted of 520 musical instrument sounds (i.e., strings, brass, woodwinds,
and keyboards) from the Studio-Online library®! and VSL (https://www.vsl.co.at). As in a previous study'®, the
sounds were selected arbitrarily on the basis of source, playing technique, variety of dynamics, and registers.
Specifically, we retained 22 instruments with different playing techniques, e.g., sul ponticello, multiphonics, flat-
terzunge. Thus, the dataset included 140 string instrument sounds, 172 woodwind sounds, 102 brass sounds, 67
keyboard sounds, 16 harp sounds, 9 guitar sounds and 14 accordion sounds (see Supplementary information for
the full report of instruments and playing techniques). To ensure that the stimuli covered the full spectral range,
while controlling for harmonic interactions, we selected instrumental samples playing over several octaves of Cs
ranging from C1 (32.70 Hz) to C8 (4186.01 Hz) with different dynamics. The loudness of the sound samples was
equalized following the EBU norm on loudness (R-128) with the ffmpeglibrary (https://pypi.org/project/ffmpeg-
python/). The sounds of the dataset were 5.5 s long on average and were ranging from 0.5 s (i.e., a staccato sound
of French horn) to 15 s (i.e., a sound of harp with a long resonance).

Procedure. We used Best-Worst Scaling®* (BWS) to collect ratings on the sound corpus. BWS is a subjective
annotation method based on a stimuli comparison format that showed great performance for the evaluation of
perceptual sound qualities®*. In the context of sound evaluation, a BWS procedure consists of presenting k-tuples
of sounds (e.g., k=4), and asking participants to choose the best and the worst sound depending on the stud-
ied concepts. Final scores for each sound are computed by counting the number of best and worst judgments.
Recent works have adapted BWS for the annotation of a large corpus of items*~*. Specifically, by considering
each trial as a tournament paradigm”, the information taken from a trial is not the choice of best and worst
but all the relations between each sound. For instance when evaluating brightness, if a participant chooses A as
the brightest sound and D as the least bright sound in a group of sounds [A, B, C, D], then, in addition to the
deducted information that A >D, we also consider that A>B, A>C, B>D, and C>D. Crucially, this paradigm
allows us to propagate the information between different sequences of trials using a scoring algorithm based on
the Rescorla-Wagner model?**, and hence, compute the scores for all the sounds. To maximize the information
propagated for the calculation of scores, a pair of sounds can only be presented once. We optimized the number
of participants for each group based on the number of evaluations necessary to obtain consistent BWS scores®.

Participants completed BWS procedures for the four concepts in a randomized order, in two sessions of two
blocks—one block for one concept. For each concept, participants evaluated the entire set of sounds through
130 trials of four sounds, with the addition of 13 retest trials to assess intra-participant consistency (see “Data
Analysis” section). At each trial, participants had to listen to the four sounds before choosing the best and worst
sounds according to the concept studied. A break was offered at the midpoint of a block. While meeting the
constraint of presenting a pair of sound only once in the overall experiment, the grouping of sounds in trials
was randomized. The configuration of sounds in each trial and the sequence of trials were also randomized for
each concept. At the end of each block, participants used a 7-point Likert scale to rate how often they used the
concept to describe a sound in professional settings. The average duration of a block for the evaluation of one
concept was 36 min.

Data analysis. Analysis of behavioral data. To measure whether the mental representations of specific
sound concepts are shared between populations, we computed compliance scores—an individual measure of
inter-participant consistency. Specifically, compliance is the proportion of matching duels of sounds between
participant choices and means scores computed with the BWS scoring algorithm. For instance, if a participant
from the sound engineer group answered that sound A > sound B because he or she chose sound A as ’best’ in the
trial [A, B, C, D], then, that participant’s compliance will increase if the BWS score of sound A is indeed greater
than the one of sound B for the sound engineer group. In other words, a consistent group will have a higher
average compliance score than a less consistent group. Random responses from a participant in the experiment
would result in a compliance score of 50%. We tested for the influence of the concept and the group of partici-
pants on compliance with two Kruskall-Wallis tests, because of the non-normality of the data distributions. We
performed a non-paired test for the influence of the concept because the concept’ variable did not have a clear
paired nature due to its computation (i.e., compliance is calculated for each participant and depends on the mean
score obtained for each group). As post hoc tests, we used Mann-Whitney U tests to measure the significance of
differences between concepts and between groups.

We measured intra-participant consistency by comparing test and retest trials. To do this, we calculated the
proportion of duels of sounds with identical results both in test and retest trials. Because the retest scores were
not normally distributed, we performed a Friedman test to test for the effect of concept and a Kruskal-Wallis
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test to test for the effect of group. Then, we performed post hoc Wilcoxon and Mann-Whitney U tests for the
concept and the participant group.

We computed Pearson’s correlation coefficients between sets of scores to compare results between concepts
and populations. Additionally, we assessed statistical differences between all correlations with the Steiger test.
See Fig. 2 for a schematic presentation of behavioral results.

Finally, we evaluated the differences in the frequency of use of the concepts by the expert participants (i.e.,
sound engineers and conductors) with a one-way ANOVA and post hoc t-tests.

We applied a Bonferroni correction to all post hoc tests to correct for multiple comparisons. All statistical
analyses were performed in Python 3.8 with the Pingouin library (https://pingouin-stats.org/#).

Feature analysis. In this section, we detail the analyses we led to explain the BWS scores associated with
each concept and each population (Fig. 1C,D). First, we trained a machine learning (ML) model on a regression
task for predicting scores of brightness, roundness, warmth, and roughness based on static (i.e., collapsed over
time) acoustic features. Second, we evaluated the contribution of all features to the BWS score of each sound with
Explainable Artificial Intelligence (XAI)**—a process that aims to give sense to the learning/predicting process
of an ML model.

We extracted spectral and spectro-temporal features (median value and interquartile ratio) with the Librosa
library*’, and temporal features with the Python version of the timbre toolbox™® (see Fig. 1C). We computed a
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Harmonic-to-noise ratio (HNR) metric with Parselmouth®. We also computed the Modulation Power Spectrum
(MPS) roughness—a metric corresponding to the average energy present in the 30-150 Hz range on the time
modulation axis of the modulation power spectrum™ (see Supplementary Information). We pruned the feature
set down to 15 by performing a multicollinearity check and manually removing redundant features (see Supple-
mentary Information). We included meta features associated with the instrumental specificities of each sound,
i.e, the type of instrument and the playing technique with the one-hot encoding approach (i.e., either one or
zero depending on the presence/absence of the property).

Next, we trained an ML model to predict the scores associated with a sound concept. For each concept and
population, we performed a fivefold regression task using a tree-based model in the XGBoost gradient boosting
framework*'. The model would take the acoustic features and meta-features as input (X), and the BWS scores
as output (y) for each concept and each population. We assessed the predictive accuracy of the model for each
concept and population by computing the coefficient of determination (R?) between the model’s predictions on
the test set and the actual score values (see Fig. 1D). We chose this model because it provided the highest R
values compared to other models (multilinear regression, Lasso*, neural networks).

We measured the contributions of features for all concepts by computing their SHAP values. Conveniently,
the SHAP library is a flexible XAI tool that provides a wrapper to explain any type of ML model and task**. For
a given sound, the SHAP value of a feature is based on the computation of Shapley values**—a game theory tool
that evaluates the marginal contribution of a feature to the output prediction of an item. SHAP values can be
positive or negative. Thus, the explanation of the model strategy for predicting scores lies in the assignment of a
SHAP value to each sound, hence enabling both global and local information on feature contributions. We used
the treeExplainer function to evaluate the contribution of features to our prediction of BWS scores. Such a tool
allowed us to explain any dependence of the concepts studied on the acoustic features, whether linear or not.

Results
Consistency across participant groups and concepts. Figure 2A reports the compliance (left) and
retest (right) results across participant groups (SE: sound engineers; CN: Conductors; NE: non-experts) and
concepts.

Our results show a main effect of concept on compliance scores (H(3) =27.3, p<0.001). Among all three
groups, roughness (86%) was the most significantly consensual compared to the other concepts (Uyqygh fbright. = 630
P <0.001; Uy yueh pvarm. = 106.0, p <0.001; Uyyuon srouna. = 148.5, p=0.025). The second most consensual con-
cept was roundness (82%), where participants showed significantly more consistency than for brightness
(Usound fbright. = 159.0, p=0.048). The third most consensual concept was warmth (80%) and the least consensual
was brightness (77%). There was no significant difference between brightness and warmth (Uyigh syarm. = 162.5,
p=0.427), nor between warmth and roundness (U, round. = 252.5, p=1.0).

We observed a main effect of group on compliance score (H(2) =15.2, p<0.001). Specifically, sound engineers
were significantly more consistent (85%) than the other groups of conductors (81%) and sound engineers (78%)
(Usgjon =748.0, p=0.005; Ugg)ne =772.0, p=0.002). The difference of compliance between conductors and non-
experts was not significant (Ugy g =562.0, p=1.0).

Regarding intra-participant consistency, we found a main effect of group on retests scores (H(2) =12.6,
p=0.002). Once again, the sound engineer group showed a significantly higher intra-participant consistency
(87%) compared to non-experts (83%) and conductors (82%) (Usg e =751.5, p=0.004; Ugg /g =720.0, p=0.015).
There was no significant difference between conductors and non-experts (Ucy/ng =456.0, p=0.445), and there
was no significant effect of concept (H(3) =2.2, p=0.534) on retests. We note that the high retests values for all
participants attest for the absence of impact of fatigue on our results.

Relations between BWS scores. We investigated the relationships between concepts by correlating the
BWS scores associated with each concept between them (Fig. 2B).

For the three groups, brightness was negatively correlated to warmth (rg;(519) =-0.51, pgg <0.001;
ren(519) =-0.27, pen <0.001; ryg(519) = — 0.44, pyg <0.001), roughness was negatively correlated to round-
ness (rgp(519) =—0.46, psp <0.001; ron(519) =—0.60, pey < 0.001; ryp(519) =—0.46, pyp <0.001), and warmth
was positively correlated to roundness (rgg(519) =0.82, psp <0.001; ren(519) =0.75, peyn <0.001; ryg(519) =0.58,
Prg <0.001).

Some relationships between concepts were exclusively shared between sound engineers and conductors.
Hence, for the two experts population, we observed that roundness was negatively correlated to brightness
(rsg(519) == 0.59, psg <0.001; ron(519) = —0.26, pen < 0.001), warmth was negatively correlated to roughness
(rse(519) =—0.23, pgg <0.001; ron(519) =—0.40, pey <0.001), and roughness and brightness were not signifi-
cantly correlated. In contrast, for the non-expert group, brightness was negatively correlated to roughness
(rye(519) =0.35, pye <0.001), and the pairs brightness-roundness and warmth-roughness were not significantly
correlated.

Acoustic portraits of sound concepts. This section provides a description of the sound concepts for
each group of participants, based on an ML-based analysis (see “Methods” section). Figure 3 reports the five
most important features, along with the nature of their contribution, for the modeling of each concept accord-
ing to the BWS scores of each population. The contribution of a feature is based on the averaged SHAP values
computed on the test sets of the fivefold regression task. The mean accuracy of the model on the fivefold sets is
reported with R? values in Fig. 3.
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Figure 3. Top-5 features most explaining the regression model strategies for predicting the scores associated
with sound concepts according to each group of participants. The figure represents both the nature of the
contribution of each feature and its importance. The violin plots represent the contribution of each feature
(SHAP Value on the x-axis) according to its value (hue color gradient). The thickness of the violin plot reflects
the density of sounds for a feature value and contribution. The importance, i.e., the average of the absolute value
of the contribution, is expressed in grey as a bar plot. med: median, iqr: interquartile range.

The use of non-acoustic features such as source and playing mode did not drastically change the model results
(~0.02 on average compared to the presented scores). However, we kept them in the pool of features because of
their positive, albeit small, impact on the prediction of each concept.

Overall, we found that roughness was the concept with the highest accuracy scores (Rgz?=0.80; Roy®=0.705
Rys?=0.74), followed by roundness (Rgz?=0.74; Rey? =0.63; Ry®=0.66) warmth (Rgz?=0.72; R ?=0.67;
Ry?=0.67), and brightness (Rgz®>=0.70; Ren?=0.52; Ry?=0.53). Moreover, sound engineers’ scores were
predicted with more accuracy than the two other populations. Although some accuracy scores are low (e.g.,
Ren?=0.52 and Re?=0.53 for brightness), previous studies have shown that the interpretability offered by the
SHAP library and a model created via XGBoost remains valid even for low predictive accuracy®. Moreover, note
that the importance of the contribution of these features remained mainly unchanged regardless of the dataset
split performed before training.

Here, we present the features underlying the shared representation of the concepts according to all group’s
ratings. While roughness and roundness have similar top contributing features across groups, warmth, and above
all, brightness show discrepancies. First, for all groups, we found that roughness depends mainly on noise compo-
nents. Hence, roughness decreases with harmonic-to-noise ratio (HNR) and with Modulation Power Spectrum
(MPS) roughness and spectral crest. Second, roundness ratings relied heavily on low spectral centroids, and to a
lesser extent, on low fundamental frequencies (F0). Moreover, roundness is negatively impacted by noise com-
ponents as shown by the contributions of HNR, spectral crest, and MPS roughness in the three groups acoustic
portraits. Third, the results show that for all populations, warmth is strongly dependent on low F0 values, more
so than roundness. In addition, according to expert groups, a warm sound should also not be too noisy (e.g.,
HNR and spectral crest), which is less relevant for non-experts. Fourth, sound engineers mainly related bright-
ness to a high spectral centroid. The conductors also associated brightness mainly with spectral centroid, but the
importance of its contribution is more shared with other features such as the spectral bandwidth, the attack slope,
and the FO. Finally, according to non-experts’ results, brightness relies heavily on FO and noise components. In
other words, according to the non-expert group, a bright sound is roughly a high-pitched sound with low noise.

Frequency of use of sound concepts. With no significant distinction between sound engineers and
conductors, expert participants evaluated that they use roughness significantly less than brightness (t(15)=5.4,
p<0.001) and roundness (t(15)=5.2, p<0.001).
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Discussion

In the present study, we investigated the mental representations of four sound concepts, namely, brightness,
warmth, roundness, and roughness within groups of sound engineers, conductors, and non-expert participants.
To do this, we used a dataset of orchestral sounds showcasing a great diversity of instrument timbres and playing
techniques that participants rated on the four sound concepts using Best—-Worst Scaling. To our knowledge, this
investigation is the first to reveal and acoustically explain similarities and discrepancies in the mental representa-
tions of sound concepts between participant groups of different expertise based on acoustic portraits.

The results in terms of concept relations and acoustic portraits echo many findings of previous sound seman-
tics research. First, we found that the spectral centroid is unanimously the principal feature of warmth and
roundness'®? and that expert participants, also associated it with brightness!®!4!1¢2425_Second, we found that
roughness strongly depends on noisiness and time-varying features?>*’. Third, regarding relations between the
sound concepts, most of our results (see Fig. 2B) are congruent with findings observed in the literature, such as
the proximity of the concepts of warmth and roundness, their relative opposition to brightness!®'?, the opposi-
tion of roundness and roughness’®, as well as the absence of correlation between roughness and brightness'®*®.

Thanks to the fine-grained acoustic descriptions obtained, we can unravel the specific representations of
warmth and roundness. First, for all groups, the resemblance between roundness and warmth seems to be mostly
explained by their dependency on low spectral centroid values. Second, one may notice that the two concepts
differed in that a low pitch has more importance for warmth than roundness. Third, we note that sound engineers,
conductors, and to a lesser extent, non-experts evaluated having few noisy components as more prominent for
round sounds than for warm sounds. Moreover, we note the negative impact of the MPS roughness feature on
roundness scores for conductors and non-experts. Finally, these observations corroborate the fact that partici-
pants evaluated roughness—which strongly depends on noise metrics (i.e., HNR, spectral crest, MPS rough-
ness)—as being more negatively correlated to roundness than warmth.

According to sound engineers and conductors, they frequently use brightness for sound description, while
they rarely use roughness. In contrast, our results show that roughness is the most consensual concept across
groups, unlike brightness. Brightness has been generally associated with strong high-frequency components'®52*
and high fundamental frequency*®*’. While being faithful to these findings, our acoustic results and concep-
tual relationships account for discrepancies between groups in the mental representation of brightness. First,
coherently with the aforementioned research, sound engineers mostly associated brightness with the median
spectral centroid. This explains the nature of its relationship with roundness and warmth which have an inverse
dependence on spectral centroid. Second, the conductors also associated brightness with spectral centroid, but
its importance is more distributed with other features like the spread of spectral bandwidth, the attack slope,
and the FO. This specificity explains the significantly lower correlation of brightness with roundness and warmth
(Zright jwarm.(519) =4.39, p <0.001; Ziyrigh round.(519) = 5.92, p <0.001; Steiger’s Z test) for the conductors compared
to the sound engineers (see Fig. 2B). Third, in contrast with the experts, non-experts mainly associated brightness
with the FO and the quantity of noise (i.e., HNR and spectral crest). In other words, for the non-expert group,
a bright sound is a high-pitched sound with low noise. This explains why, according to this group, brightness is
opposed to warmth, which is also strongly related to F0, and to roughness, which is strongly dependent on noise
features. This is also expressed in the measured correlations between scores (see Fig. 2). The negative correlation
between warmth and brightness seems to be mainly based on opposite FO dependencies, while the lack of cor-
relation between roundness and brightness may stem from their common relationship to the amount of noise
which is compensated by their opposite FO dependencies.

Previous research has provided evidence of the superiority of sound and music experts when evaluating the
acoustic aspects of sounds'"**. Going further, we investigated the influence of expertise in the vocabulary of
sound professional communication. Specifically, we show through inter-participant consistency and acoustic
explanations, that individuals with different sound expertise working together—like a sound engineer and a con-
ductor in a mixing session, or a marketing representative and a sound designer—do not necessarily have the same
fine understanding of well-known sound concepts. Thus, concepts like roundness and roughness are the most
consensual whereas brightness and, to a lesser extent, warmth express specific understandings across participant
groups (see Fig. 2A). Moreover, according to consistency results, sound engineers provide greater agreement
than other groups for the understanding of sound concepts. Incidentally, we found a correlation (r(11)=0.89,
p<0.001) between inter-participant consistency and the accuracy of the models (R?) for each group and each
concept. The performance of the model thus seems to depend strongly on the consistency within groups rather
than on the nature of the acoustic features.

Current views on sound semantics aim to make sense of the mechanisms involved in the pairing of a meta-
phorical sound concept with its source domain (e.g., touch for warmth or roughness) from the perspective of
crossmodal correspondences*®*->°. Our results do not give any indication of the actual sensory coupling that
might underlie the mental representations of these sound concepts. Nonetheless, we wish to question the immu-
tability of the four concepts’ shared mental representation in expert communities that use this type of sensory
metaphor in professional settings. While roughness is the least used concept, it is the most consensual, and its
acoustic representation is very stable across participant groups (see Fig. 2). This suggests that, despite any sound
or music education, the common metaphorical use of roughness remains unchanged. In contrast, our findings
regarding brightness—a key term in expert sound communication—seem to express a certain diversity in the
shared mental representations for each group, both through consistency scores and acoustic analyses. This result
may indicate that the meaning of brightness got specified through its use in a professional context or through
the sound education of expert participants. The specificity of brightness is such, that even between two groups
of experts, the concept has different levels of complexity (see Fig. 3). Although the explanation for such a phe-
nomenon remains to be thoroughly explored, our results suggest that brightness is reminiscent of the concept
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of dead metaphor®!. A dead metaphor is a figure of speech derived from the repeated verbal use of a metaphor
in a specific community. Thus, a term originally metaphorical (i.e., using a term coming from a source domain
in a distinct target domain) becomes a term endogenous to the discourse attached to the domain of interest,
here the sound domain. Thus, the meaning of brightness, unlike roundness, which is also widely used but shared
across populations, has evolved with the expertise of our participants. In the end, sound and music professionals
interact in partially independent discursive domains, making possible processes of individuation of linguistic
uses such as the metaphorical description of sound.

One limitation of the current study is the low sample size of each socio-professional category (N =8), which
restricts, for example, our ability to investigate gender differences in the data. However, it is important to note
that the BWS method we used is different from other studies using traditional inferential statistical methods.
Indeed, the BWS algorithm computes a ranking of the dataset for each attribute and group, which requires an
optimal number of annotations for convergence. Based on previous research?, a sample size of eight is an optimal
trade-oft between data collected and sorting algorithm precision. Hence, despite the low sample size, our results
showed high consistency within groups (see “Behavioral results”) and stable weights of acoustic features across
different dataset splits during the acoustic analyses. Nonetheless, future studies should consider increasing sample
sizes and investigate the question of power in BWS designs further.

Conclusion

With this work, we assessed the impact of sound expertise of three groups of participants on their mental repre-
sentations of metaphorical sound concepts. To do so, we acoustically explained brightness, roundness, warmth,
and roughness according to the evaluation of a sound dataset on these terms by sound engineers, conductors,
and non-experts of sound. Surprisingly, the term most used in the expert domains (brightness) is much less
consensual than the least used term (roughness). Furthermore, we went deep into the acoustic descriptions of
the concepts revealing the existing relationships between concepts according to the ratings of each group of
participants. For example, we studied the subtle specifics of roundness and warmth, which are spectrally very
similar, for all participants, but also for each group. With this work, we bring a fine understanding of the techni-
cal vocabulary of sound, as well as an ergonomic methodology based on Best—Worst Scaling that can be applied
in the future in crowdsourcing contexts, paving the way for the study of other complex sound concepts (e.g.,
richness, fullness) as perceived by other populations (e.g., brass instrument player vs string instrument player),
but also on other issues (e.g., voice identity, sound dataset validation).

Data availability
Supplementary information and datasets generated and/or analyzed during the current study are available at
https://osf.io/pxjw2/2view_only=539826a5d9eb4a3fb2ea922777¢74bd3.

Received: 28 October 2022; Accepted: 24 March 2023
Published online: 30 March 2023

References

1. Croijmans, I., Hendrickx, I, Lefever, E., Majid, A. & Van Den Bosch, A. Uncovering the language of wine experts. Nat. Lang. Eng.
26, 511-530. https://doi.org/10.1017/S1351324919000500 (2020).

2. Parr, W. V,, Heatherbell, D. & White, K. G. Demystifying wine expertise: Olfactory threshold, perceptual skill and semantic memory
in expert and novice wine judges. Chem. Senses 27, 747-755. https://doi.org/10.1093/chemse/27.8.747 (2002).

3. Saitis, C., Fritz, C., Scavone, G. P, Guastavino, C. & Dubois, D. Perceptual evaluation of violins: A psycholinguistic analysis of
preference verbal descriptions by experienced musicians. J. Acoust. Soc. Am. 141, 2746-2757. https://doi.org/10.1121/1.4980143
(2017).

4. Deroy, O,, Crisinel, A.-S. & Spence, C. Crossmodal correspondences between odors and contingent features: Odors, musical notes,
and geometrical shapes. Psychon. Bull. Rev. 20, 878-896. https://doi.org/10.3758/s13423-013-0397-0 (2013).

5. Sudrez Toste, E. Metaphor inside the wine cellar: On the ubiquity of personification schemas in winespeak. Metaphorik. De 12,
53-64 (2007).

6. Porcello, T. Speaking of sound: Language and the professionalization of sound-recording engineers. Soc. Stud. Sci. 34, 733-758.
https://doi.org/10.1177/0306312704047328 (2004).

7. Carron, M., Rotureau, T., Dubois, E,, Misdariis, N. & Susini, P. Speaking about sounds: A tool for communication on sound features.
J. Des. Res. 15, 85-109. https://doi.org/10.1504/JDR.2017.086749 (2017).

8. Wallmark, Z. & Kendall, R. A. Describing sound: The cognitive linguistics of timbre. In The Oxford Handbook of Timbre (eds Dolan,
E.I. & Rehding, A.) (Oxford University Press, 2021). https://doi.org/10.1093/0xfordhb/9780190637224.013.14.

9. Stepanek, J. Musical sound timbre: Verbal description and dimensions. in Proceedings of the 9th International Conference on Digital
Audio Effects (DAFx-06) 121-126 (Citeseer, 2006).

10. Zacharakis, A., Pastiadis, K. & Reiss, . D. An interlanguage study of musical timbre semantic dimensions and their acoustic cor-
relates. Music Percept. Interdiscip. J. 31, 339-358. https://doi.org/10.1525/mp.2014.31.4.339 (2014).

11. McAdams, S., Winsberg, S., Donnadieu, S., De Soete, G. & Krimphoft, ]. Perceptual scaling of synthesized musical timbres: Com-
mon dimensions, specificities, and latent subject classes. Psychol. Res. 58, 177-192. https://doi.org/10.1007/BF00419633 (1995).

12. Misdariis, N. et al. Environmental sound perception: Metadescription and modeling based on independent primary studies.
EURASIP J. Audio Speech Music Process. 2010, 1-26 (2010).

13. Lakatos, S. A common perceptual space for harmonic and percussive timbres. Percept. Psychophys. 62, 1426-1439. https://doi.org/
10.3758/BF03212144 (2000).

14. Alluri, V. & Toiviainen, P. Exploring perceptual and acoustical correlates of polyphonic timbre. Music. Percept. 27, 223-242. https://
doi.org/10.1525/mp.2010.27.3.223 (2010).

15. Thoret, E., Caramiaux, B., Depalle, P. & Mcadams, S. Learning metrics on spectrotemporal modulations reveals the perception of
musical instrument timbre. Nat. Hum. Behav. 5, 369-377. https://doi.org/10.1038/s41562-020-00987-5 (2021).

16. Schubert, E. & Wolfe, ]. Does timbral brightness scale with frequency and spectral centroid? Acta Acust. Acust. 92, 820-825 (2006).

17. Saitis, C. & Siedenburg, K. Brightness perception for musical instrument sounds: Relation to timbre dissimilarity and source-cause
categories. J. Acoust. Soc. Am. 148, 2256-2266. https://doi.org/10.1121/10.0002275 (2020).

Scientific Reports |

(2023) 13:5180 | https://doi.org/10.1038/s41598-023-32214-2 nature portfolio


https://osf.io/pxjw2/?view_only=539826a5d9eb4a3fb2ea922777e74bd3
https://doi.org/10.1017/S1351324919000500
https://doi.org/10.1093/chemse/27.8.747
https://doi.org/10.1121/1.4980143
https://doi.org/10.3758/s13423-013-0397-0
https://doi.org/10.1177/0306312704047328
https://doi.org/10.1504/JDR.2017.086749
https://doi.org/10.1093/oxfordhb/9780190637224.013.14
https://doi.org/10.1525/mp.2014.31.4.339
https://doi.org/10.1007/BF00419633
https://doi.org/10.3758/BF03212144
https://doi.org/10.3758/BF03212144
https://doi.org/10.1525/mp.2010.27.3.223
https://doi.org/10.1525/mp.2010.27.3.223
https://doi.org/10.1038/s41562-020-00987-5
https://doi.org/10.1121/10.0002275

www.nature.com/scientificreports/

18. Rosi, V., Houix, O., Misdariis, N. & Susini, P. Investigating the shared meaning of metaphorical sound attributes: Bright, warm,
round, and rough. Music. Percept. 39, 468-483. https://doi.org/10.1525/mp.2022.39.5.468 (2022).

19. Faure, A. Des sons aux mots, comment parle-t-on du timbre musical? (Ecole des Hautes Etudes en Sciences Sociales (EHESS),
2000).

20. Cheminée, P. Est-ce bien< clair>? Stabilité, instabilité et polysémie d’'une forme lexicale en contexte. Le Sentir et le Dire, Concepts
et méthodes en psychologie et linguistique cognitives, Daniele Dubois (editor), LHarmattan Ed 311-340 (2009).

21. Disley, A. C., Howard, D. M. & Hunt, A. D. Timbral description of musical instruments. in International Conference on Music
Perception and Cognition 61-68 (Citeseer, 2006).

22. Amodio, D. M. Social Cognition 2.0: An interactive memory systems account. Trends Cognit. Sci. 23, 21-33. https://doi.org/10.
1016/j.tics.2018.10.002 (2019).

23. Jack, R. E., Garrod, O. G., Yu, H., Caldara, R. & Schyns, P. G. Facial expressions of emotion are not culturally universal. Proc. Natl.
Acad. Sci. 109, 7241-7244. https://doi.org/10.1073/pnas.1200155109 (2012).

24. Allen, E.]. & Oxenham, A. ]. Symmetric interactions and interference between pitch and timbre. J. Acoust. Soc. Am. 135, 1371-1379.
https://doi.org/10.1121/1.4863269 (2014).

25. Eitan, Z. & Rothschild, I. How music touches: Musical parameters and listeners’ audio-tactile metaphorical mappings. Psychol.
Music 39, 449-467. https://doi.org/10.1177/0305735610377592 (2011).

26. Lemaitre, G., Houix, O., Misdariis, N. & Susini, P. Listener expertise and sound identification influence the categorization of
environmental sounds. J. Exp. Psychol. Appl. 16, 16. https://doi.org/10.1037/a0018762 (2010).

27. Pratt, R. & Doak, P. E. A subjective rating scale for timbre. J. Sound Vib. 45, 317-328. https://doi.org/10.1016/0022-460X(76)
90391-6 (1976).

28. Faure, A., Mcadams, S. & Nosulenko, V. Verbal correlates of perceptual dimensions of timbre. in 4th International Conference on
Music Perception and Cognition 79-84 (1996).

29. Hollis, G. Scoring best-worst data in unbalanced many-item designs, with applications to crowdsourcing semantic judgments.
Behav. Res. Methods 50, 711-729. https://doi.org/10.3758/s13428-017-0898-2 (2018).

30. Hollis, G. & Westbury, C. When is best-worst best? A comparison of best-worst scaling, numeric estimation, and rating scales for
collection of semantic norms. Behav. Res. Methods 50, 115-133. https://doi.org/10.3758/s13428-017-1009-0 (2018).

31. Ballet, G., Borghesi, R., Hoffmann, P. & Lévy, E Studio online 3.0: An internet" killer application" for remote access to ircam sounds
and processing tools. Journées d’Informatique Musicale (1999).

32. Louviere, J. ., Flynn, T. N. & Marley, A. A. ]. Best-Worst Scaling: Theory, Methods and Applications. https://doi.org/10.1017/CBO97
81107337855 (Cambridge University Press, 2015).

33. Rosi, V., Ravillion, A., Houix, O. & Susini, P. Best-worst scaling, an alternative method to assess perceptual sound qualities. JASA
Exp. Let. 2, 064404. https://doi.org/10.1121/10.0011752 (2022).

34. Kiritchenko, S. & Mohammad, S. M. Best-worst scaling more reliable than rating scales: A case study on sentiment intensity
annotation. arXiv preprint arXiv:1712.01765 (2017).

35. Rescorla, R. A. A theory of Pavlovian conditioning: Variations in the effectiveness of reinforcement and nonreinforcement. Curr.
Res. Theory 2, 64-99 (1972).

36. Gunning, D. et al. XAI: Explainable artificial intelligence. Sci. Robot. 4, eaay7120. https://doi.org/10.1126/scirobotics.aay7120
(2019).

37. McFee, B. et al. librosa: Audio and music signal analysis in python. in Proceedings of the 14th Python in Science Conference vol. 8
18-25. https://doi.org/10.5281/zenodo.18369 (Citeseer, 2015).

38. Peeters, G., Giordano, B. L., Susini, P., Misdariis, N. & McAdams, S. The timbre toolbox: Extracting audio descriptors from musical
signals. J. Acoust. Soc. Am. 130, 2902-2916. https://doi.org/10.1121/1.3642604 (2011).

39. Jadoul, Y., Thompson, B. & de Boer, B. Introducing Parselmouth: A Python interface to Praat. J. Phon. 71, 1-15. https://doi.org/
10.1016/j.wocn.2018.07.001 (2018).

40. Arnal, L. H,, Flinker, A., Kleinschmidt, A., Giraud, A.-L. & Poeppel, D. Human screams occupy a privileged niche in the com-
munication soundscape. Curr. Biol. 25, 2051-2056. https://doi.org/10.1016/j.cub.2015.06.043 (2015).

41. Chen, T. & Guestrin, C. Xgboost: A scalable tree boosting system. in Proceedings of the 22nd acm sigkdd International Conference
on Knowledge Discovery and Data Mining 785-794. https://doi.org/10.1145/2939672.2939785 (2016).

42. Kim, S.-],, Koh, K., Lustig, M., Boyd, S. & Gorinevsky, D. An interior-point method for large-scale $\ell_1$-regularized least
squares. IEEE J. Sel. Top. Signal. Process. 1, 606-617. https://doi.org/10.1109/JSTSP.2007.910971 (2007).

43. Lundberg, S. M. & Lee, S.-1. A unified approach to interpreting model predictions. Advances in neural information processing
systems 30. arXiv:1705.07874 (2017).

44. Shapley, L. Quota solutions OP n-Person gamesl. Edited by Emil Artin and Marston Morse 343 (1953).

45. Liu, B. & Udell, M. Impact of accuracy on model interpretations. arXiv preprint arXiv:2011.09903 (2020).

46. Klapetek, A., Ngo, M. K. & Spence, C. Does crossmodal correspondence modulate the facilitatory effect of auditory cues on visual
search? Atten. Percept Psychophys. 74, 1154-1167. https://doi.org/10.3758/s13414-012-0317-9 (2012).

47. Spence, C. & Deroy, O. Crossmodal correspondences: Innate or learned? i-Perception 3, 316-318. https://doi.org/10.1068/i0526ic
(2012).

48. Saitis, C., Weinzierl, S., von Kriegstein, K., Ystad, S. & Cuskley, C. Timbre semantics through the lens of crossmodal correspond-
ences: A new way of asking old questions. Acoust. Sci. Technol. 41, 365-368. https://doi.org/10.1250/ast.41.365 (2020).

49. Wallmark, Z. Semantic crosstalk in timbre perception. Music Sci. 2, 2059204319846617. https://doi.org/10.1177/2059204319846617
(2019).

50. Deroy, O. & Spence, C. Why we are not all synesthetes (not even weakly so). Psychon. Bull. Rev. 20, 643-664. https://doi.org/10.
3758/513423-013-0387-2 (2013).

51. Pawelec, A. The death of metaphor. Studia Linguistica Universitatis Iagellonicae Cracoviensis (2006).

Acknowledgements

We are grateful for Geoft Hollis (University of Alberta) for providing us with Python scripts to build the experi-
ment, Yann Teytaut and Baptiste Bouvier (STMS) for their precious help on acoustic features. We finally thank
Eduardo Coutinho (University of Liverpool) and Clément Canonne (STMS) for key discussions and advice on
the paper.

Author contributions

V.R., PA,, PS., and O.H. designed the experiment. V.R. collected the experimental data, performed analyses, and
wrote the manuscript with inputs from P.A., O.H., N.M.,, and P.S. V.R wrote the response to the reviewers and
revised the manuscript with inputs from P.A., O.H., N.M,, and P.S.

Scientific Reports |

(2023) 13:5180 | https://doi.org/10.1038/s41598-023-32214-2 nature portfolio


https://doi.org/10.1525/mp.2022.39.5.468
https://doi.org/10.1016/j.tics.2018.10.002
https://doi.org/10.1016/j.tics.2018.10.002
https://doi.org/10.1073/pnas.1200155109
https://doi.org/10.1121/1.4863269
https://doi.org/10.1177/0305735610377592
https://doi.org/10.1037/a0018762
https://doi.org/10.1016/0022-460X(76)90391-6
https://doi.org/10.1016/0022-460X(76)90391-6
https://doi.org/10.3758/s13428-017-0898-2
https://doi.org/10.3758/s13428-017-1009-0
https://doi.org/10.1017/CBO9781107337855
https://doi.org/10.1017/CBO9781107337855
https://doi.org/10.1121/10.0011752
http://arxiv.org/abs/1712.01765
https://doi.org/10.1126/scirobotics.aay7120
https://doi.org/10.5281/zenodo.18369
https://doi.org/10.1121/1.3642604
https://doi.org/10.1016/j.wocn.2018.07.001
https://doi.org/10.1016/j.wocn.2018.07.001
https://doi.org/10.1016/j.cub.2015.06.043
https://doi.org/10.1145/2939672.2939785
https://doi.org/10.1109/JSTSP.2007.910971
http://arxiv.org/abs/1705.07874
http://arxiv.org/abs/2011.09903
https://doi.org/10.3758/s13414-012-0317-9
https://doi.org/10.1068/i0526ic
https://doi.org/10.1250/ast.41.365
https://doi.org/10.1177/2059204319846617
https://doi.org/10.3758/s13423-013-0387-2
https://doi.org/10.3758/s13423-013-0387-2

www.nature.com/scientificreports/

Funding

This research was supported by the Fonds K pour la musique.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-32214-2.

Correspondence and requests for materials should be addressed to V.R.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:5180 | https://doi.org/10.1038/s41598-023-32214-2 nature portfolio


https://doi.org/10.1038/s41598-023-32214-2
https://doi.org/10.1038/s41598-023-32214-2
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Shared mental representations underlie metaphorical sound concepts
	Methods
	Participants. 
	Setup. 
	Stimuli. 
	Procedure. 
	Data analysis. 
	Analysis of behavioral data. 

	Feature analysis. 

	Results
	Consistency across participant groups and concepts. 
	Relations between BWS scores. 
	Acoustic portraits of sound concepts. 
	Frequency of use of sound concepts. 

	Discussion
	Conclusion
	References
	Acknowledgements


