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Abstract

Music conveys emotion through a complex interplay of structural and acoustic cues, yet how these
features map onto specific affective interpretations remains a key question in music cognition. This
study explored how listeners, unaware of contextual information, categorized 110 emotionally
diverse excerpts—varying in key, tempo, note density, acoustic energy, and expressive gestures—
from works by Bach, Beethoven, and Chopin. Twenty classically trained participants labeled each
excerpt using six predefined emotional categories. Emotion judgments were analyzed within a
supervised multi-class classification framework, allowing systematic quantification of recognition
accuracy, misclassification patterns, and category reliability. Behavioral responses were consistently
above chance, indicating shared decoding strategies. Quantitative analyses of live performance
recordings revealed systematic links between expressive features and emotional tone: high-arousal
emotions showed increased acoustic intensity, faster gestures, and dominant right-hand activity,
while low-arousal states involved softer dynamics and more left-hand involvement. Major-key
excerpts were commonly associated with positive emotions —“Peacefulness” with slow tempos and
low intensity, “Joy” with fast, energetic playing. Minor-key excerpts were linked to
negative/ambivalent emotions, aligning with prior research on the emotional complexity of minor
modality. Within the minor mode, a gradient of arousal emerged, from “Melancholy” to “Power,”
the latter marked by heightened motor activity and sonic force. Results support an embodied view
of musical emotion, where expressive meaning emerges through dynamic motor-acoustic patterns
that transcend stylistic and cultural boundaries.

Keywords: musical emotion; tonality (major/minor); gesture dynamics; acoustic energy; embodied
cognition; expressive performance

1. Introduction

Music, a universal human experience, possesses a remarkable capacity to convey and evoke
emotions across cultures and individual differences. This expressive power hinges on a rich interplay
of auditory cues—such as timbre, mode, tempo, and dynamic contour —each of which contributes to
listeners’ affective interpretation of musical passages. Increasingly, empirical research has begun to
disentangle the neural, perceptual, and cultural mechanisms underlying this process, shedding light
on how the brain decodes emotional content in music [1-4].

Recently Brattico et al. [5] explored the neural and musical correlates of perceived beauty during
naturalistic music listening, employing behavioral ratings, fMRI, and expert analysis of Adios Nonino
by Astor Piazzolla and The Rite of Spring by Igor Stravinsky. Passages rated as beautiful elicited
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increased activity in the orbitofrontal cortex and reduced activation in auditory cortices, suggesting
a top-down aesthetic evaluation mechanism. Notably, Piazzolla’s piece was generally more
appreciated by musically untrained participants than Stravinsky’s. The “beautiful” fragments were
more tonal, traditional, melodic, sad, calm, slow, and simple—characteristics associated with a
melancholic, low-arousal emotional state reminiscent of “tenderness” and “serenity.” In contrast,
excerpts labeled as “ugly” were more atonal, original, agitated, fast, thythmically driven, and
complex. Expert composers, however, attributed high aesthetic value to The Rife of Spring precisely
because of these features, recognizing its sublimity, innovation, and artistic depth. If aesthetic
appreciation is modulated by one’s experience and familiarity with a given style, this raises a crucial
question: are there structural properties of music that can elicit emotional responses in a universal
and unequivocal manner —responses that transcend cultural background [4, 6-7].

A growing body of evidence supports the multifaceted nature of emotional communication in
music. Armitage et al. [8] demonstrated that variations in timbre and mode significantly influenced
the perceived emotional valence of melodies, with these effects moderated by the listener’s musical
experience. In line with the cue redundancy theory, Kwoun [9] emphasized that cross-cultural
emotion recognition in music relies on overlapping auditory cues, ensuring communicative
robustness even across divergent cultural contexts. These findings reinforce the notion that music
utilizes a multilayered communicative code—one resilient to cultural variability yet sensitive to
individual experiential frameworks. Khalfa et al. [10] identified activation patterns in the anterior
cingulate cortex and auditory cortices during the recognition of happy and sad musical excerpts,
suggesting a distributed neural network dedicated to music-evoked emotions. Again, Proverbio and
Piotti [11] reported that sad or negatively valenced melodic contours elicited greater activation in the
right auditory regions of the superior temporal gyrus, whereas positively valenced (happy) melodic
contours preferentially engaged the inferior frontal gyrus.

Beyond static acoustic features, dynamic elements such as expressive timing and bodily
movement also shape affective experience. Irrgang and Egermann [12], using accelerometry,
demonstrated that body motion can predict emotional judgments, highlighting the embodied nature
of musical perception. The structural parallels between music and speech offer further insight into
how emotional meaning is encoded. Poon and Schutz [13], analyzing 24-piece sets by Bach and
Chopin, found that tempo and mode systematically influenced emotional perception: faster tempos
and major modes were associated with high-arousal, positive emotions (e.g., happiness), while
slower tempos and minor modes were linked to low-arousal or negative emotions (e.g., sadness).
These patterns closely mirror the prosodic features of emotional speech, supporting the hypothesis
that music and language share biologically grounded expressive strategies.

Early experimental work by Scherer and Oshinsky [14] synthesized eight-tone sequences
manipulated along dimensions such as amplitude variation, pitch level and contour, tempo, and
envelope. Listeners rated these on affective and dimensional scales (e.g., pleasantness-
unpleasantness, activity-passivity, potency-weakness) and identified basic emotions such as
happiness, sadness, anger, fear, boredom, surprise, and disgust. Tempo emerged as the most
influential factor in predicting emotional ratings. Similarly, Juslin [15], focusing on performance
features (tempo, sound level, spectrum, articulation, tone attack), found that emotional responses
could be reliably predicted through linear combinations of acoustic features. A meta-analysis by
Juslin and Laukka [3], further confirmed that basic emotions, such as happiness, sadness, anger,
threat, and tenderness, can be decoded from music with above-chance accuracy by listeners
regardless of cultural background. More recently, Nordstroma and Laukka [16] demonstrated the
rapidity of this process: emotional recognition accuracy was above chance for stimuli as short as <100
ms (for anger, happiness, neutral, sadness) and <250 ms for more complex emotions. The harmonic
structure and timing of a musical fragment are thus promptly processed and interpreted by the
brain’s auditory regions. Supporting this, Khalfa et al. [10] reported that fast-paced music tends to
convey joyful sensations, whereas slow music is typically associated with sadness. Vieillard et al. [17]
similarly found that happy excerpts (fast tempo, major mode) were perceived as arousing and
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pleasant; sad excerpts (slow tempo, minor mode) as low in arousal; threatening excerpts (minor
mode, intermediate tempo) as arousing and unpleasant; and peaceful excerpts (slow tempo, major
mode) as low in arousal but pleasant.

In order to further investigate the structural underpinnings of emotional responses to music, the
present study examined how listeners categorized emotionally diverse musical excerpts based on
their structural features, using a within-subjects design with piano works by Bach, Chopin, and
Beethoven. By linking affective judgments to musical properties such as key, tempo, and energy, this
study aims to clarify how structural cues shape emotional perception in Western classical music. We
hypothesized that minor versus major tonality would elicit greater sense of melancholy and sadness
[17-21]; that faster tempos would enhance liveliness and joy in the major key, as opposed to relaxation
and peace. Conversely, in the minor key, slower tempos were expected to be associated with sadness
or depression [17, 21], whereas a livelier tempo and higher arousal might convey a more active or
constructive emotional tone. Finally, we predicted that the intensity of sound and energy of musical
gesture, reflected in greater sonority, would be perceived, through a process of mimicry, as a
sensation of power. Moreover, we hypothesized that greater musical complexity, operationalized as
an increased number of notes played, would enhance the perception of unease or tension in the minor
mode, and the sense of vitality in the major mode.

Across key studies on music and emotion, the nature of musical stimuli varies markedly in terms
of origin, length, familiarity, and structural design. Some investigations [e.g., 5, 13] employed full-
length or excerpted segments from canonical classical works (e.g., Stravinsky, Piazzolla, Bach,
Chopin), preserving ecological validity and stylistic richness. Excerpts typically ranged from 8 bars
to 60 seconds and were chosen based on their expressive characteristics or structural features. In
contrast, other studies [e.g., 14, 15] utilized synthetic or manipulated stimuli designed to isolate
specific acoustic dimensions (e.g., tempo, timbre, pitch contour). These were often brief (under 30
seconds) and purpose-built to ensure experimental control. Others, [e.g., 8, 17] adopted emotionally
categorized or cross-culturally validated excerpts—either composed ad hoc or drawn from lesser-
known but affectively potent music. Meta-analytical findings [3, 16] confirm that both naturalistic
and minimal stimuli sometimes as short as 100 ms can effectively convey basic emotions. Overall,
stimuli range from masterworks to synthetic sequences, selected or constructed to balance ecological
realism with experimental precision. In the present study, we employed musical excerpts
approximately 10-11 seconds in length, drawn from works of exceptionally high artistic value
composed by seminal figures from distinct historical periods and stylistic traditions.

Specifically, we selected pieces by Johann Sebastian Bach (Baroque era, characterized by intricate
counterpoint, harmonic clarity, and affective expressiveness), Ludwig van Beethoven (Classical to
early Romantic transition, marked by formal innovation, dynamic contrast, and emotional depth),
and Frédéric Chopin (Romantic period, known for lyrical phrasing, harmonic richness, and
introspective expressivity). By using excerpts from such diverse yet universally acclaimed
composers, our aim was to investigate whether specific structural properties of music—such as
tonality, tempo, complexity and energy—might influence listeners’ emotional responses in a
predictable and potentially universal manner, independent of cultural background or knowledge of
the pieces [18].

2. Materials and Methods

2.1. Participants

Twenty healthy volunteers served as participants (8 M: mean age: 39.25, SD = 13.56; 12 F: mean
age: 43.58, SD = 12.33; group: mean age: 41.85, SD = 12.47, range = 23- 63). Recruitment of musicians
was carried out by posting notices within academic circles of conservatories. All volunteers had
received academic musical training: 17 were professional musicians, and three were non-professional
musicians (see Table 1). Written informed consent was obtained from all participants prior to
inclusion in the study. A sensitivity power analysis for a repeated-measures ANOVA (within-
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subjects, 6 levels, oo = 0.05, power = 0.80, n = 20) revealed that the design was sensitive to detect an
effect size of f = 0.28 (partial n? = 0.075). This corresponds to a medium effect according to Cohen’s
conventions. Written informed consent was obtained, and the study was conducted in accordance
with the Declaration of Helsinki and institutional ethical guidelines and was approved by the Local
University Ethics Committee (CRIP, protocol number RM-2023-605) on 01/10/2023.

Table 1. Demographic information about the participant’s sample. Prof. Mus. = Professional Musicianship; Self-
reported familiarity with the musical excerpts (rated on a 5-point Likert scale, where 1 = not at all familiar and 5
= extremely familiar) yielded a mean score of 3.45 (SD = 1.10), reflecting a moderate degree of prior acquaintance

with the material.

Ss Age Sex Music Training Major Prof. Mus. Famil.
1 23 F Violin and piano Yes 3
2 50 F Opera singing, piano Yes 4
3 51 F Jazz singing, Composition Yes 1
4 37 F Musicology, Opera singing - 3
5 50 F Transverse Flute Yes 4
6 55 F Piano Yes 4
7 57 F Piano Yes 5
8 57 F Piano Yes 5
9 28 F Piano Yes 2
10 48 F Piano - 2
11 41 F Flute Yes 4
12 26 F Music pedagogy Yes 3
13 35 M Orchestra conduction Yes 4
14 63 M Piano Yes 5
15 26 M Piano Yes 4
16 50 M Piano Yes 4
17 27 M Piano Yes 2
18 47 M Viola da gamba - 4
19 37 M Clarinet and bass clarinet Yes 3
20 29 M Piano, Orchestra conduction Yes 3

2.2. Stimuli

The experimental stimuli comprised six piano works: ].S.Bach’s Die Kunst der Fuge
(BWV 1080), specifically Contrapunctus I, VI, IX, and XI; Ludwig van Beethoven’s Piano Sonata
Op. 110, Adagio excerpt (bars 8-114); and Frédéric Chopin’s Ballade No. 1 in G minor, Op. 23, excerpt
(bars 65-125). The scores used were: Bach’s The Art of Fugue, BWV 1080: Performance Score, edited
and engraved by Dr. Dominic Florence, published by Contrapunctus Press in 2021; Chopin’s National
Edition of the Works of Fryderyk Chopin, edited by Jan Ekier and Pawet Kaminski, published by
PWM Edition; and Beethoven’s Beethovens Werke, Serie 16: Sonaten fiir das Pianoforte, Nr. 154
(pp. 113-128), Leipzig: Breitkopf und Hartel, originally published circa 1862. Hereafter, the works
will be succinctly referred to as Bach Contrapunctus I, VII, IX, and XI, Chopin, and Beethoven.

All performances were delivered live by a 30-year-old right-handed professional concert pianist
of international standing who began piano training at age four and graduated with honors from a
globally recognized conservatory. He has garnered extensive international concert experience,
appearing at prestigious venues and collaborating with renowned institutions worldwide, including,
among others, New York’s Carnegie Hall, the Wiener Konzerthaus, London’s Wigmore Hall, the
Nagoya Philharmonic Orchestra, Teatro alla Scala in Milan, and the Philharmonic Orchestra in Seoul.
Therefore he is fully capable of executing the experimental repertoire with both technical mastery
and expressive subtlety. The performer had normal vision and hearing and reported no history of
neurological or psychiatric disorders, including motor or cognitive impairments. The pianist
performed in an anechoic chamber using a Yamaha P-225B digital piano set to the default grand
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piano sound. Performance audio was recorded in WAV format, with EEG and behavioral data
collected simultaneously. The repertoire comprised six pieces, totaling approximately 27 minutes of
performance. All works were performed from memory, informed by interpretative paradigms drawn
from recent commercial recordings and the pianist’s touring repertoire, and were executed with
stylistic coherence and interpretative naturalness following a brief phase of focused preparatory
concentration.

2.3. Stimulus Structural Analysis and Selection

Audio processing was performed using Audacity version 3.7.0. This study used single-track mode
for audio processing, and the time measurement accuracy reached milliseconds. The beat start time
was determined by identifying the initial rise in the amplitude of the waveform corresponding to
each beat observed in Audacity. When the left- and right-hand parts were inconsistent with the score
in time, they were divided according to the main melody line. The recorded audio was divided into
110 musically meaningful fragments of about ten seconds (n =110, M=10.782, SD=0.66) and randomly
shuffled. At the same time, each music fragment was recorded with the start-end bars of the
corresponding work, the elapsed time of the fragments, the number of bars, the number of notes for
the left and right hands, the number of gestures, the number of gestures per measure, the number of
gestures per second, and the mean intensity (see Supplementary file). Gestures were defined as each
new key-press onset event within any passage. The number of notes for each hand was determined
by counting the key-press onset events produced independently by the left and right hands. Notes
sustained in legato passages, i.e., without new key presses, were excluded from all counts. The mean
dBFS (decibels relative to full scale) values were computed using Audacity version 3.7.0. Specifically,
the software's Measure RMS function was employed to determine the average root-mean-square
amplitude of each selected musical fragment. Two external pianists, both with extensive professional
performance backgrounds and refined musical discernment, were engaged to conduct a preliminary
classification (strictly based on structural parameters) and assist in the development of emotional
labels. P1 was a 25-year-old female pianist with 20 years of formal piano training; P2, a 63-year-old
male pianist and conservatory professor, with 54 years of formal instruction. The pianists were asked
to classify each excerpt based on a range of musical attributes—such as tonality (major or minor),
structural complexity, tempo, and dynamic contour—without access to any technical data or
structural measurements, which were only introduced in subsequent phases of the analysis. Six
emotional categories were subsequently identified, grounded both in the structural characteristics of
the excerpts and the emotional responses they evoked. They were: Peacefulness, Joy, Melancholy,
Argumentative, Tension and Power (see Table 2), regardless of composer and style. Given the specific
nature of the piano excerpts under consideration, emotional classification was deemed unfeasible
using either Russell’s (1980) circumplex model of affect —which maps valence along the x-axis and
arousal along the y-axis—or categorical annotation via the nine-factor Geneva Emotional Music Scale
(GEMS-9; [22]).

While emotional categories such as Joy, Peacefulness, Tension, and Power have been recurrently
employed in previous studies on music and affect (e.g., [17, 23, 24]), the evocative label Melancholy
was introduced to capture those passages which, while imbued with a tone of reflective sadness,
nonetheless exhibited an underlying structural coherence and expressive continuity —hallmarks of a
refined aesthetic modality increasingly recognized in musicological discourse as Melancholy (e.g.,
[25, 26]). On the other hand, the category Argumentative was employed to characterize selective
minor-key passages which, despite their tonal tension, articulated a constructive impulse
(argumentative, [27]) and a forward-oriented affective stance subtly suffused with hope. The
emotional states of peace and joy were consistently associated with the major mode, while the
perception of power and potency was primarily driven by acoustic energy. In contrast, the remaining
three emotional states were reliably linked to the minor mode. The gradient from melancholy to
tension and struggle was systematically modulated by the perceived level of acoustic and musical
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energy, while a similar energy-based modulation characterized the transition from peace to vitality
within the major mode.

Table 2. Emotional categories used for classification of 110 musical excerpts, based on their key, tempo and
acoustic energy. While the structural differences were objective, the emotional label reflected a psychological
sensation (see also the rightest row in the Supplementary file, reporting information about Feelings conveyed.

The dash indicates a non-systematic association with the tagged variables.

Emotional valence | Emotional feeling | Key | Tempo | Energy/Arousal
Positive Peacefulness Major | Slow Little
Positive Joy Major | Fast Considerable
Negative Melancholy Minor | Slow Little
Negative Argumentative | Minor | Fast Some

Negative Tension Minor — Considerable
— Power — — Strong

The attribution of emotional categories was carried out using a method grounded in
phenomenological introspection, combining an objective assessment of key and tempo with a
concurrent evaluation of perceived arousal or energy, conducted blind to the actual measured dBFS
intensity values.

2.4. Experimental Procedure

All participants to the study were instructed to use headphones to listen to the audio stimuli.
Following an introduction to the experimental protocol by the research staff, the participants listened
to 110 randomly shuffled (bot for author and for order) music fragments, each approximately 10-11
seconds in duration. After each fragment, participants had 5 seconds to select one of the category
labels (i.e., Peacefulness, Joy, Melancholy, Argumentative, Tension and Power) to match. The study
took around 50 minutes to complete. After the experiment, participants were asked to rate their
overall familiarity with the music fragments, according to the Likert scale from 1 to 5, where 1 = Not
familiar at all and 5 = Very familiar. Instructions were: “Could you describe the kind of feeling or
emotional state evoked by listening to these musical phrases (each approximately 10 seconds long)?
How would you characterize your sensation based on the following six categories?”. The list of labels
remained constantly visible to participants throughout the selection process, and the categories were
initially briefly defined as reported below (Table 3).

Table 3. Conceptual definitions presented to participants to clarify the intended meaning of the emotional

labels.
Emotional
Definition

tone
Peacefulness State of peace and serenity
Joy Positive, joyful, and lively mood
Melancholy Sad or Melancholy

. Constructive or proactive
Argumentative .
narrative

Tension Tension or conflict
Power Power or intensity
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Participants were not provided with any information regarding the structural properties of the
pieces, their tonalities, or the identities of the composers or works included in the experiment. The
musical excerpts were presented in random sequences, and participants were given no interpretative
framework other than a brief, two- to three-word definition for each of the six emotional categories.
The entire set of 110 piano excerpts was categorized by percentage of participant-selected emotion
tags and combined with the emotion classification results of two external pianists, ranked from
highest to lowest frequency of label assignment.

2.5 Confusion Matrix

Participants’ emotion judgments were analyzed within a supervised multi-class classification
framework, allowing systematic quantification of agreement and misclassification patterns relative
to predefined target categories. Category-level classification metrics applied to judges” evaluations
on all fragments revealed systematic differences in performance across emotion labels. Power and
Melancholy showed the highest F1-scores (0.59 and 0.58, respectively), indicating both high precision
and recall. Peacefulness exhibited moderate performance (F1 = 0.49), with frequent confusions with
Melancholy. High-arousal categories showed lower and more variable performance. Tension (F1 =
0.45) and Argumentative (F1 = 0.39) were frequently confused with one another, while Joy showed
the lowest overall performance (F1 =0.31), reflecting diffuse use of this label across multiple energetic
emotional states.

Row-normalized confusion matrix (%) - Full stimulus set

Argumentative

Joy

Melancholy

Peacefulness

Target emotion
Percentage of responses

Power

Tension

& ¢ 3 &
?/(\
& K

Participants' classification

Figure 1. Row-normalized confusion matrix of emotion classification relative to the initial set of 110 musical
phrases. Rows represent target emotion categories, and columns represent participants’ classifications. Cell color
indicates the percentage of responses assigned to each category within each target emotion (rows sum to 100%).
The heatmap highlights systematic misclassification patterns, with strong within-category agreement for
Melancholy, Peacefulness, and Power, and substantial overlap among high-arousal categories such as Tension

and Argumentative.

To improve classification reliability, stimuli with low recognizability were excluded, resulting
in a reduced set of 56 musical fragments (10 per emotion category, except Peacefulness, n = 6). After
exclusion of poorly recognizable stimuli, emotion classification performance improved consistently
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across all categories. The reduced stimulus set comprised 56 musical excerpts (10 per emotion
category, except Peacefulness, n=6) and yielded clearer and more stable classification patterns. These
excerpts thus represented the most prototypical exemplars for each emotional condition and
underwent statistical processing for understanding the relationship between musical structure and
perceived emotional tone. The discarded fragments showed anyhow an above chance accuracy rate
of 47% (chance threshold being 16.67%). The row-normalized confusion matrix revealed a marked
strengthening of within-category agreement relative to the full stimulus set (see Fig. 2). Melancholy
showed the highest classification stability, with a recall of 0.78 and an F1-score of 0.71, indicating that
this emotional category was both reliably recognized and selectively used by participants (see Table
4).

Row-normalized confusion matrix (%) - Reduced stimulus set

Argumentative -

Lively/joy

Melancholy

Peacefulness

Target emotion
Percentage of responses

Power

Tension

Participants' classification

Figure 2. Row-normalized confusion matrix for the reduced stimulus set (56 musical fragments).

Rows represent target emotion categories and columns represent participants’ classifications. Cell color indicates
the percentage of responses assigned to each category within each target emotion. After exclusion of poorly
recognized stimuli, classification accuracy increased across all emotion categories, with particularly strong
within-category agreement for Melancholy, Peacefulness, and Power. High-arousal categories continued to

show partial overlap, indicating graded rather than categorical emotion representations.

Table 4. Category-level classification performance for the reduced stimulus set (56 musical excerpts). Precision,
recall, and Fl-scores are reported for each emotion category, computed from the global confusion matrix after
exclusion of poorly recognizable stimuli. The reduced stimulus set shows increased classification performance
across all categories, with particularly high Fl-scores for Melancholy narration, Peacefulness, and Power,

indicating enhanced within-category agreement following stimulus selection.

Emotion category | Precision| Recall | Fl-score
Argumentative 0.54 0.64 0.58
Joy 0.49 0.35 0.41
Melancholy 0.65 0.78 0.71
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Peacefulness 0.68 0.65 0.66
Power 0.71 0.59 0.64
Tension 0.57 0.59 0.58

Peacefulness also exhibited high performance (F1 = 0.66), despite the relatively smaller number
of stimuli, suggesting robust perceptual coherence for low-arousal affective states. Among high-
arousal categories, Power achieved a comparatively high Fl-score (0.64), reflecting improved
precision following stimulus selection. Argumentative and Tension showed intermediate
performance (F1 = 0.58 for both), with persistent but reduced mutual confusability. Joy remained the
least stable category (F1 = 0.41), although its performance improved substantially compared to the
full stimulus set. Overall, the reduced stimulus set demonstrated increased classification accuracy
and reduced ambiguity, particularly for low-arousal emotional categories. Residual
misclassifications were primarily confined to conceptually related high-arousal emotions, supporting
the interpretation that musical emotion perception is organized along graded affective dimensions
rather than strictly discrete categories.

2.6. Statistical analyses

As for hit percentages, to determine whether each emotional category was classified significantly
above chance level (16.67%), we conducted a series of one-sample t-tests. For each category, mean
classification accuracy and standard deviation were used to assess group-level performance (n = 20
per category). The results indicated that all emotional categories were recognized significantly above
chance (see Fig. 3):

e  Peacefulness: M = 64.5%, SD =9.86, t(19) =19.86, p < .001

e Joy:M=53.0%, SD=6.92, t(19) =22.63, p < .001

e  Melancholy: M =75.0%, SD =12.24, t(19) = 16.05, p < .001

e  Argumentative: M = 75.0%, SD =10.74, t(19) =20.11, p < .001

e Tension: M =60.0%, SD =7.09, t(19) = 31.27, p < .001

e  Power: M =59.0%, SD =17.33, (19) = 11.50, p < .001

All p-values remained significant after Bonferroni correction for multiple comparisons. These
findings confirm that each emotional category was reliably classified well above chance, supporting the
robustness of the classification model across diverse affective domains.
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= = Chance level (16.67%)
80r 7500% 75‘|;%
9 ‘
= 6445% ‘ |
&
9 GOE% 50 %
o 60 | b
3 530% |
£
2 |
2
g 40+
=
‘@
]
o
=}
20t
0 3 N N X
es \o 2 \0 MNE!
Heet Me_\a“““ oy EA e 0

EMOTIONAL CATEGORY

Figure. 3. Classification accuracy by emotional category (hits). Mean classification accuracy (%) is displayed for
each emotional category, with error bars indicating standard error of the mean (SEM). The red dashed line

represents the theoretical chance level (16.67%), corresponding to random classification across six categories.
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Notably, all categories were classified significantly above chance, with the highest accuracy observed for
Argumentative (75.0%) and Melancholy (75%) the lowest for Joy (53.0%). Please note that category-wise accuracy
reflects recall (correct identification of the target emotion), whereas F1-scores additionally account for false-

positive responses and therefore provide a more conservative measure of categorical reliability.

The structural parameters —such as the number of notes played by the left and right hands,
intensity, and number of musical gestures —were analyzed using repeated-measures ANOVAs. The
between-subject factor was either the emotional category or the composer, while the structural
properties served as dependent variables. Effect sizes were estimated using partial eta squared (n?,),
which reflects the proportion of variance accounted for by a given factor, partialling out other sources
of variance. This measure was chosen as it is widely used and facilitates comparison with similar
studies in the literature. The Greenhouse—Geisser & correction was applied to account for possible

non-sphericity of the data.

3. Results

The ANOVA conducted on the dBFS intensity values of the musical excerpts revealed a significant
effect of the factor Emotional Category [F (5,50) = 51.6, p<0.0001, & =1, n?,= 0.838](fig. 4). Post-hoc tests
indicated significantly lower sound intensity for the emotions of Peace and Melancholy (p<0.0001),
intermediate levels for the Argumentative category, and similarly high levels of acoustic energy for
the emotional categories of Joy (p<0.02), Tension and Power (p<0.0001).
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Figure 4. Mean acoustic energy (dBFS) across musical excerpts categorized by perceived emotional tone.
Emotional categories were assigned based on listeners' ratings. Bars show average root mean square (RMS)
energy for each category, with error bars indicating +1 standard error of the mean (SEM). Perceived high-arousal
tones such as Power and Tension, but also Joy were associated with significantly higher acoustic energy, whereas
low-arousal tones like Peacefulness and Melancholy exhibited lower energy levels. Energy depended both on

the intrinsic properties of the musical material and the expressive interpretation provided by the pianist.

The ANOVA conducted on the number of played notes (per fragment) revealed a significant
interactive effect of Hand x Composer [F (2,53) = 3.74, p<0.03, n2,= 0.12]. Post-hoc analyses indicated
that both Chopin and especially Bach excerpts (p<0.01) exhibited a significantly higher proportion of
right-hand keystrokes compared to left-hand ones. Bach fragments showed the highest overall note
density (i.e., total number of played notes per fragment), followed by Chopin. Conversely, Beethoven
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excerpts were characterized by the highest number of left-hand notes and the lowest number of right-
hand notes (p<0.001), suggesting a left-hand dominant motor profile. Despite the substantial
structural and stylistic differences among the three composers, fragments with similar acoustic and
structural properties were associated with comparable emotional perceptions across pieces. This
suggests that expressive features contributing to emotional tone can transcend compositional style.

An additional ANOVA was conducted on the number of notes played in minor key phrases,
using as a factor the emotional category identified by participants (Melancholy, Argumentative,
Tension, and Power). The analysis (Fig. 5) revealed a significant main effect of emotional category
Emotional category [F (3,36) = 11.37, p<0.00002, 1n)2,= 0.49] and of its interaction with Hand [F (3,36) =
10.37, p<0.00005, n?,= 0.46]. Post-hoc comparisons revealed comparable levels of structural
complexity (as indexed by the number of notes played) between the melancholic and argumentative
fragments, albeit with a trend toward increased complexity in the latter. A marked rise in complexity
was observed in fragments conveying tension or struggle (p < 0.005), and an even more pronounced
increase was noted in those associated with the expression of power (p < 0.001). Notably, the
interaction between factors indicated that this effect was specific to the right-hand piano part, with
no significant differences emerging in the left-hand part as a function of emotional category.
Interestingly, the left hand (reflecting right-hemispheric engagement) was significantly more
involved in executing notation associated with low-arousal affective states —such as Melancholy (p <
0.0001) —whereas the right hand exhibited greater involvement in performing notation linked to
high-arousal states, such as Power (p < 0.02), as evidenced by post-hoc analyses.
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Figure 5. Distribution of played notes across affective musical fragments and manual lateralization. (Top):
Average number of notes played per fragment across four expressive categories (Melancholy, Argumentative,
Tension, and Power). A progressive increase in note density is observed with increasing emotional intensity.
(Bottom): Manual lateralization of note execution, showing a greater involvement of the left hand (blue) in
fragments conveying low-arousal states (e.g., Melancholy), and of the right hand (red) in high-arousal states
(e.g., Power). Error bars represent standard error of the mean (SEM). Post-hoc comparisons revealed significant

differences in hand usage across affective conditions (p < 0.0001 for Melancholy; p < 0.02 for Power).
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A further ANOVA was conducted on the number of notes played in major key phrases, using
as a factor the emotional category identified by participants (Peacefulness and Joy). The analysis (Fig.
6) revealed a significant main effect of Emotional category [F (1,14) = 52, p<0.00001, n?,= 0.79]. The
number of notes associated with the Joyful emotional state (M =57.75, SD = 3.96) was markedly higher
than that employed to convey a sense of Peacefulness (M = 21.6, SD = 3.01), highlighting a substantial
increase in musical density corresponding to heightened emotional arousal, regardless of composer.
The further interaction of Emotional category x Hand [F (3,36) = 10.37, p<0.00005, 1n2,= 0.50], and
relative post-hoc comparisons, revealed no significant hand asymmetry in the execution of musical
fragments conveying Peacefulness, whereas a pronounced right-hand dominance emerged for high-
arousal emotional states such as Joy —a pattern reminiscent of that observed in the performance of
passages in the minor key.

80

Bl Emotional tone  Peacefulness

20 I Emotional tone  Joy

60
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40

Number of notes/fragment

20
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Figure. 6. Manual distribution of note execution as a function of emotional tone. Bar plot illustrating the number
of notes per fragment performed by the left and right hands for two contrasting emotional states: Peacefulness
(low-arousal) and Joy (high-arousal). While no significant lateral asymmetry was observed for Peacefulness, Joy
elicited a markedly greater involvement of the right hand, suggesting a motoric correlate of emotional arousal.

Error bars represent standard error of the mean (SEM).

A further ANOVA was conducted on the number of gestures/sec, reflecting both executive
complexity, and motoric energy, for fragments in minor and major mode, respectively. The first
ANOVA showed the significance of Emotional category [F (3,36) = 9.44, p<0.00001, 1?,= 0.44]. Post-
hoc comparisons indicated a markedly lower execution speed (gestures per second) in fragments
perceived as expressing Melancholy, compared to other types of emotional states conveyed in the
minor key (see Fig. 76). The second ANOVA also revealed a significant main effect of Emotional
Category [F (1,14) = 28.24, p < 0.0001, n?, = 0.67], with a markedly higher execution speed observed
for fragments conveying Joy compared to those expressing Peacefulness.
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Figure 7. Average gesture frequency (gestures/sec) associated with distinct expressive categories under two
musical modes: minor key (left) and major key (right). Blue bars indicate mean values; vertical lines represent
standard error. In the minor mode, Argumentative, Tension, and Power conditions elicited significantly higher
gesture rates compared to Melancholy. In the major mode, Joy was associated with markedly more gestural
activity than Peacefulness. These results suggest a systematic relationship between the emotional-prosodic

qualities of music and the intensity of bodily expressivity and motor activity of the pianist.

4. Discussion

The present findings offer compelling evidence for a tight coupling between perceived
emotional tone in music and its underlying acoustic and motoric features, as revealed by
performance-level analyses. Specifically, variations in key, acoustic energy, tempo, note density, and
manual lateralization systematically aligned with the emotional categories assigned by listeners,
suggesting a shared encoding of affective intent across expressive and structural dimensions [15, 3,
10, 17]. Higher emotional arousal —indexed by categories such as Power, Tension, and Joy —was
consistently associated with increased sound intensity (dBFS) and note density, particularly within
the right-hand register. This pattern is consistent with prior evidence linking high-arousal states to
elevated motor output and increased activation of left-hemispheric motor networks, commonly
associated with right-hand dominance in pianistic execution. Conversely, low-arousal emotional
tones (e.g., Peacefulness, Melancholy) were marked by reduced acoustic intensity, lower motoric
complexity, and enhanced involvement of the left hand, pointing to a possible right-hemispheric
specialization for the expressive rendering of subdued or introspective affective states [28-30].

Interestingly, despite the stylistic and structural differences among the selected composers
(Bach, Chopin, Beethoven, see Fig.8), similar emotional categories elicited comparable acoustic and
motor profiles, suggesting that expressive features shaping emotional perception may transcend
compositional idiom.
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Figure 8. Representative excerpts highlighting the extreme stylistic differences in considered piano works by
Bach, Chopin, and Beethoven. The musical passages correspond to J. S.Bach’s The Art of Fugue (BWV 1080),
specifically Contrapunctus XI, mm. 153-156 (top); Frédéric Chopin’s Ballade No. 1 in G minor, Op. 23, mm. 94-96
(middle); and Ludwig van Beethoven’s Piano Sonata in Ab major, Op. 110, mm. 10-11 (bottom). Each excerpt
exemplifies the composer’s distinct approach to thematic development and texture —from Bach'’s intricate fugal
counterpoint, to Chopin’s dramatic lyricism and pianistic idiom, and Beethoven'’s late-period synthesis of

structural clarity and expressive depth.

The observed right-hand lateralization for high-arousal states, alongside the increased execution
speed in both major and minor key passages, further underscores the motor-affective integration
underlying musical performance. These effects may reflect the embodied nature of emotion
processing, wherein affective meaning is not only perceived but also enacted through differential
motor planning and execution [31]. Finally, the interaction between musical mode (major vs. minor)
and emotional content highlights the importance of context-dependent mappings between harmonic
structure and affective interpretation [10, 17]. While fragments in major mode conveyed arousal-
related differences (e.g., Joy vs. Peacefulness), similar gradations were also evident in minor-mode
passages (Melancholy to Power), emphasizing that musical affect arises from a dynamic interplay
between structural, expressive, and sensorimotor dimensions [13].

Several studies have explored the perceptual and physiological underpinnings of how slow,
minor-mode music is commonly perceived as sad. For instance, Huron [32, 33] has compellingly
argued that this association is rooted in embodied cues that mirror the expressive behaviors of
individuals experiencing low affective states, such as depression. In such conditions, diminished
dopaminergic activity can lead to reduced muscle tone, including in the laryngeal and articulatory
systems, resulting in vocal expressions that are weak, breathy, and characterized by lower
fundamental frequencies. Moreover, the overall motor behavior of individuals with depressed mood
tends to be marked by hypokinesia—slow, sparse, and lethargic movements. These observable
markers, when encoded in the auditory qualities of music—namely, slow tempi, subdued dynamics,
and a narrow pitch range —are interpreted as communicative signals of sadness. Huron posits that
listeners, whether consciously or not, draw on these embodied correlations to infer emotional content,
thus explaining the widespread tendency to perceive such musical features as expressive of sorrow.
Indeed, in the minor scale, the lowering of the third, sixth, and seventh degrees by a semitone may
play a crucial role in its distinctive emotional tone. In a mirror-like fashion, sad utterances similarly
exhibit lower pitch, minimal pitch variation, reduced intensity, and slower tempo—all cues
associated with sadness in speech. These features parallel the characteristics of sad music, such as
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dark timbres and repetitive, minimally articulated phrases, which resemble a mimed lamentation
[18].

Acoustic spectrum analyses of speech and vocalizations have further demonstrated that
expressions of sadness and anger tend to use frequency intervals typical of minor tonality, whereas
joy is often expressed through major tonality. Consequently, the brain processes music as if it were a
form of voice, intuitively grasping its emotional meaning through innate mechanisms. In a series of
three studies, we investigated the existence of a unified neural mechanism for decoding auditory
emotional cues by transforming speech prosody and vocalizations into instrumental music and
comparing event-related potentials (ERPs) elicited by speech, music, and voices [34-36] examined the
neural encoding of emotional vocalizations and their musical counterparts —violin music digitally
transformed from the same vocalizations. Positive and negative stimuli elicited enhanced late
positive potentials (LP) and amplified N400 components, respectively. Source reconstruction
revealed that negative stimuli consistently activated the right middle temporal gyrus, whereas
positive stimuli engaged the inferior frontal cortex, irrespective of stimulus modality (voice or music).
Acoustic analysis further demonstrated that emotionally negative stimuli tended to align with a
minor key, while positive stimuli were associated with a major key, offering valuable insights into
the brain’s ability to interpret music through an emotional lens.

The current study provides robust evidence that emotional perception in music is tightly
coupled with measurable acoustic and motoric parameters during performance, aligning with and
expanding upon previous findings in affective neuroscience and music cognition [37, 38]. By
systematically manipulating and analyzing expressive musical fragments across different emotional
categories and composers, our data demonstrate that emotional tone is not merely a subjective
interpretation, but reflects quantifiable expressive features, including acoustic energy (dBFS), note
density, gesture speed, and lateralized motor output.

A central contribution of this work lies in showing that arousal-based emotional states, such as
Power, Tension, and Joy, are consistently associated with higher sound intensity, increased note
density, and faster execution speed. These findings converge with neurophysiological evidence
indicating that high-arousal emotions engage sensorimotor and premotor networks more intensely,
particularly in the left hemisphere, which is associated with right-hand dominance in pianistic
execution [39, 40]). In contrast, low-arousal emotions such as Peacefulness and Melancholy were
marked by reduced acoustic and motoric complexity and a significant shift toward left-hand
execution, potentially reflecting a right-hemispheric specialization for the processing of introspective,
low-arousal affective states [28, 41]. This manual dissociation supports previous work suggesting that
emotion-related lateralization in music can be behaviorally observed through expressive
performance features [31].

One of the most compelling aspects of this study might be its innovative approach to emotional
categorization, especially regarding the inclusion of musically nuanced affective states such as
Argumentative or Melancholy. Unlike traditional basic emotion frameworks (e.g., anger, fear,
disgust; [42]), which may poorly capture the affective subtleties of instrumental music, particularly
in the context of composers like Bach, this study introduces a functionally expressive lexicon more
aligned with music’s semantic and rhetorical dimensions [43, 44]. Strikingly, listener ratings revealed
that such abstract, non-basic emotional categories were readily understood and reliably attributed,
indicating a shared cognitive-affective schema that listeners apply when decoding musical intention,
even in the absence of linguistic content. This finding is particularly noteworthy in light of work on
music as a communicative system, which posits that music may express intentions, tensions, and
resolution strategies through time-structured gestures, mirroring the dynamics of narrative or
argumentation [32, 38, 45]. The reliable identification of categories such as Argumentative suggests
that listeners can decode goal-oriented emotional trajectories in music, especially in styles such as
Baroque counterpoint, which lend themselves to dialogic or rhetorical interpretations. Moreover,
despite marked structural and stylistic differences among composers (e.g., the contrapuntal density
of Bach, the lyrical asymmetry of Chopin, and Beethoven’s rhythmic-motoric force), the results show
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that musical fragments associated with similar emotional states were expressed and perceived
similarly across composers. This points to shared expressive mechanisms that may operate
independently of stylistic convention—possibly mediated by common neural processes for affective
interpretation and sensorimotor simulation [46, 47]. Taken together, these findings underscore the
embodied nature of musical emotion, where expressive intentions are mapped onto specific acoustic-
motor configurations, and perceived affect arises from the listener’s internal simulation of these
motoric gestures [12, 48-50]. The observed hand-specific lateralization —right hand for high-arousal,
left hand for low-arousal —adds further weight to the notion that emotions in music are enacted
through distinct motor profiles, potentially reflecting the affective-motor coupling proposed in
embodied cognition theories.

5. Conclusions

In conclusion, this study advances the neuroscience of music emotion by offering a richer and
more ecologically valid taxonomy of affective states, grounded in the expressive realities of piano
performance. By going beyond conventional emotion labels and embracing musically meaningful
categories, we demonstrate that music can convey a spectrum of psychological states with high
specificity and intersubjective recognizability —affirming its role not just as an emotional stimulus,
but as a language of embodied meaning.

In sum, the present results provide novel empirical support for the neurocognitive embodiment
of musical emotion [49], revealing how performers implicitly adapt acoustic and motoric strategies
in accordance with perceived emotional tone—thereby aligning expressive nuance with the neural
architecture of affective and motor control. Confusion matrix analyses further indicate that observers
reliably discriminate fine-grained emotional nuances on the basis of acoustic and structural features
such as tempo, tonal complexity, dynamic intensity, and motor expressivity, supporting the view that
emotional meaning in music emerges from systematic mappings between sound, action, and affect.

6. Study Limitations

While the present study offers compelling evidence for the structural and motoric
underpinnings of perceived musical emotion, several limitations should be acknowledged. First, the
exclusive use of Western classical piano repertoire—albeit stylistically diverse—limits the
generalizability of the findings to other musical traditions or genres, such as non-Western, vocal, or
electronically produced music. Second, all excerpts were performed by a single expert pianist, which,
while ensuring interpretive consistency, may constrain the variability of expressive nuances and
introduce performer-specific biases in dynamics and gesture. Third, although the sample comprised
highly trained musicians, their shared background may have led to convergent interpretative
strategies, potentially inflating classification accuracy; future research should examine the same
stimuli in musically untrained or cross-cultural populations. Additionally, the emotional categories
employed, while musically nuanced, were predefined and may not fully capture the richness or
ambiguity of listeners' affective experiences. Addressing these limitations will be crucial for refining
models of embodied musical cognition and for expanding the universality claims regarding
emotional decoding in music.
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