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PREVIOUS RESEARCH HAS FOUND THAT

instrument-like timbres (hereafter, timbres) can affect
the Goodness-of-Fit (GoF) evaluations of cadences
(Vuvan & Hughes, 2019). Here, we expand these find-
ings by testing more timbres and chord sequences and
analyzing a wide array of chordal and timbral vari-
ables. One hundred and thirty-five participants with
varying levels of music training provided GoF ratings
for 15 C-C-X chord sequences constructed with
piano, clean electric guitar, and choir timbres. The
third chord was a major, minor, major-minor sev-
enth, or minor seventh chord. The ratings of choir
stimuli were higher and their range narrower than
the ratings for the other two timbres, regardless of
music training. Additionally, the profile formed by
the GoF ratings of the 15 choir stimuli was different
from the profiles of the other two timbres. Further
analyses provided detailed information about the
effect of timbre as well as harmonic and melodic
factors on the ratings. Attack was identified as a likely
contributor to GoF ratings of choir stimuli being
higher than the ratings of the other stimuli. Tonal
contextuality (Leman, 2000), affected by diffuse partials,
and the importance given to the soprano are discussed
as two plausible explanations for the narrow range and
other idiosyncrasies of the GoF ratings of the choir
stimuli.
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T IMBRE MAY AFFECT LISTENERS’ PERCEPTIONS

of how well certain chords go together. There is
evidence that instrument-like timbres (hereafter,

timbres)1 affect Goodness-of-Fit (hereafter, GoF) rat-
ings of chord sequences. Vuvan and Hughes (2019)
found that GoF ratings for two cadences, bVII-I and
V-I, were less differentiated from each other when
played with a distorted electric guitar timbre than when
played with a piano timbre. Since bVII-I is common in
popular music but rare in classical music2 while V-I is
common in both styles of music, results were attributed
to the two timbres activating different style-specific har-
monic schemata. However, Vuvan and Hughes (2021)
later acknowledged that purely sensory mechanisms
related to the distortion of the electric guitar (e.g.,
greater presence of higher partials affecting the clarity
of pitch structures) could provide an alternative expla-
nation for the effect of timbre on GoF ratings in their
experiments. The results from Vuvan and Hughes are
intriguing and invite further inquiry. The current study
further explores the effect of timbre on GoF ratings by
expanding the number of chord sequences and timbres
investigated as well as the number of chordal and tim-
bral variables considered.

1 The expression ‘‘instrument-like timbre’’ refers to the fact that the
block chords in Vuvan and Hughes (2019) and the current experiment
were constructed using sampled tones as opposed to using a recording of
human performers playing or singing the chords. Although the tones we
used are sampled from recordings of real instruments and real singers, it
is possible that some listeners can tell the difference between chords
created with sampled tones and recordings of humans performing the
chords. Throughout the article, we use the word ‘‘timbre’’ as an
abbreviation of ‘‘instrument-like timbres.’’ The term ‘‘timbral’’ will be
used with a more comprehensive meaning as in the expression ‘‘timbral
features.’’ The term ‘‘instrument’’ will be reserved for discussing research
that uses recordings of human performances, for referring to our
manipulation of the instrument libraries within the context of a digital
audio station, and for referring to one of the components of the PCA in
our statistical analysis.

2 In this article we use the term ‘‘classical music’’ to refer to ‘‘common-
practice music’’ which is tonal music from the Western European
tradition, ca. 1750–1900. We use the term ‘‘popular music’’ to refer to
English-language pop and rock music. Although Vuvan and Hughes
(2019) used the specific term ‘‘rock music’’ instead of ‘‘popular music,’’
we will use the term ‘‘popular music’’ instead since all the main currently
available harmonic corpora include songs from both pop and rock
repertoires.
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The Effect of Timbre on Other Experiments
Using Block Chords

The effect of timbre on GoF ratings found by Vuvan and
Hughes (2019) is part of a growing body of evidence
that extra-harmonic features such as duration and tim-
bre can affect the perception of harmony. For instance,
Jimenez et al. (2024) found that the duration of the
chords can make chord-type changes more salient in
comparison to voicing changes. In the specific case of
timbre, its effect on chord perception has already been
found in experiments using a wide variety of approaches
including behavioral and brain responses. For instance,
it has been shown that when asked whether two chords
had the exact same pitches, participants are slower and
less accurate when the timbre of the two chords is dif-
ferent (Beal, 1985; Cho et al., 1991, 1993). Virtala et al.
(2018) investigated event-related EEG potentials in an
oddball paradigm using major and power chords (i.e.,
a major chord without its third) played with clean and
distorted electric guitar tones. The effects of timbre and
harmony changes were additive, with the strongest mis-
match negativity (MMN) responses obtained when both
timbre and harmony were changed at the same time.
Although it could be expected that harmonic contrast
will elicit greater MMNs with clean than distorted elec-
tric guitar because distorted electric guitar power chords
tend to sound major (Juchniewicz & Silverman, 2013),
this pattern failed to reach statistical significance. Jime-
nez et al. (2023) asked participants to rate the similarity
of chords in pairs of same-root piano chords taken from
the openings of commercial recordings of well-known
pop songs. They found that timbral brightness and pitch
register were the two most important factors affecting
the ratings, while the ratings were not affected by chord
type differences.

There is also some evidence that timbre can affect
the perception of chord type, one of the factors that
has influenced GoF ratings in previous studies
(Krumhansl, 1990). Rodrigues et al. (2017) found that
participants with no previous music training were
more successful at learning to identify major, minor,
diminished, and augmented chords when played on
acoustic guitar than when played on piano. Skorik
et al. (2018) found that participants with no music
training were consistently able to differentiate between
major and minor chords when played on piano, but
the differentiation was hindered when chords were
constructed using sine waves with a long fade-out,
and no differentiation was possible when the chords
were constructed using sine waves without any ampli-
tude ramps.

Finally, other studies on the perception of isolated
chords provide some insights that familiarity of timbre
can affect chord perception (Lahdelma & Eerola, 2020).
Results from similar experiments provide support for
the notion that timbral features have an effect on the
perception of stability and consonance (Arthurs et al.,
2018), pleasantness (Baltes et al., 2023; Marjieh et al.,
2022) and some emotions that have been traditionally
linked to the major-minor dichotomy (Lahdelma &
Eerola, 2016a).

However, there are some studies showing no effect of
timbre on the harmonic perception of chords. For
instance, Virtala et al. (2014) tested musicians and non-
musicians by introducing occasional oddball chords
(minor chord or the second inversion of the major
chord) in a series of randomly transposed major chords.
All chords were played with piano tones or sinusoidal
tones. They found an effect of timbre for the behavioral
detection of the inversion oddball but not the chord-
type oddball. Parncutt et al. (2023) asked musicians and
nonmusicians to rate dissonance of trichords played
using piano and octave-complex tones (whose timbre
resembles that of an electric organ) and found no effect
of timbre.

GoF Ratings and Harmonic Perception

Studying the effect of timbre on chord perception using
GoF ratings can be particularly informative because it
can reveal the extent to which timbre affects the per-
ceived tonal relationship between chords (e.g., har-
monic syntax), arguably one of the most important
functions of chords in tonal music. Although the great
majority of GoF studies have focused on the perception
of single tones (for a review, see Krumhansl & Cuddy,
2010), there have been several GoF studies investigating
the perception of chords (Bharucha & Krumhansl,
1983; Chander & Aslin, 2023; Craton et al., 2021;
Creel, 2011; Hughes, 2011; Krumhansl, Bharucha, &
Castellano, 1982; Krumhansl, Bharucha, & Kessler,
1982; Sears et al., 2019; Vuvan & Hughes, 2019). While
most of the recent GoF studies on chords have focused
on investigating whether GoF can be influenced by the
occurrence frequency of chords and chord transitions in
classical and popular music, only Vuvan and Hughes
(2019) have used timbre alone as a cue for trying to
activate style-specific harmonic schemata. However,
taking into consideration the potential spectral overlap
between harmonic and timbral information, it seems
reasonable to expect that the effect of timbre on har-
monic perception may extend beyond the activation
of style-specific schemata.
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Aims

The aim of the current study was to analyze the effect of
15 chord sequences and 3 timbres as well as of more fine-
grained chordal and timbral variables and participants’
music training on GoF ratings. Three general questions
guided our analyses: 1) Can an effect of timbre on GoF
ratings be found using different timbres and chord
sequences than those used by Vuvan and Hughes (2019)?
2) Is that effect modulated by music training? 3) What can
an analysis of fine-grained chordal and timbral variables
tell us about the effect of timbre on GoF ratings?

All chord sequences in the experiment followed the
pattern C-major – C-major – test chord, that is, C-C-X
(see Stimuli and Figure 1) and the timbres used in the
study were piano, electric guitar, and choir. These chord
sequences and timbres were selected based on pilots (see
Stimuli). The fine-grained variables were selected based
on their effect on chord and timbre perception in pre-
vious experiments. Table A1 (Appendix) provides
detailed descriptions of all the chordal and timbral vari-
ables used in the analysis. Most of the chordal variables
described harmonic or melodic attributes of the chord
sequences. The harmonic variables included the

theoretical tonal distance between chords C and X in
Lerdahl’s Tonal Pitch Space (hereafter, TPS distance,
Lerdahl, 1988), and Tonal Contextuality (hereafter,
TC, Leman, 2000) of the X chord in the context of the
C chord, which is a measure of harmonic similarity
related to the concept of pitch commonality (Bigand
et al., 1996) but calculated from raw audio. Harmonic
variables also included two variables related to style-
specific harmonic schemata, the frequency of occur-
rence of chord transitions from C to X in a classical
music corpus (Harrison & Pearce, 2018) and a popular
music corpus (Chander & Quinn, 2023). Only one
chordal variable, Roughness, calculated using the model
by Vassilakis (2001), described a harmonic attribute of
the X chord as an isolated event. Although the rough-
ness measure was calculated from audio in this study,
we considered this variable to be a harmonic chordal
variable because it was more influenced by pitch struc-
ture (chord type and voicing) than the timbres used in
this experiment. Among the chordal variables were also
the soprano and bass motions between chords C and X.
The timbral variables included temporal descriptors
(e.g., attack time, temporal centroid), spectral variables
(e.g., spectral centroid, spectral flatness), and one
spectro-temporal descriptor (spectral flux). The values
for the timbral variables were calculated by analyzing
the raw audio of the X chord.

Although timbre tends to be more perceptually salient
than harmonic structure (Jimenez et al., 2023), music
training has sometimes been found to attenuate the
tendency to focus on timbre over harmony (Beal,
1985). Music training has also been found to facilitate
the mental processing of harmony in a variety of tasks
(e.g., tension ratings in Bigand et al., 1996; stability and
consonance ratings in Arthurs et al., 2018; noticing dif-
ferences between chord sequences in Eitel et al., 2024;
identifying songs from chord sequences in Jimenez &
Kuusi, 2018; assessing the harmonization of vocals from
well-known songs in Jimenez et al., 2022). Music train-
ing has also been found to affect GoF ratings of piano
chords (Craton et al., 2021, Experiment 2). On the other
hand, there are studies that have found no statistically
significant effect of music training in tasks rating
pleasantness of chords in isolation (Arthurs et al.,
2018; Johnson-Laird et al., 2012) or in context
(Roberts, 1986), liking of piano chords (Craton et al.,
2021, Experiment 1), in identifying songs from single
chords (Jimenez et al., 2023), nor in the general level of
GoF ratings of cadences in studies using multiple tim-
bres (Vuvan & Hughes, 2019). In our case, music train-
ing was assessed using the Gold-MSI musical training
scale (see, Procedure).

FIGURE 1. Transcriptions of the second and third chord of the fifteen

chord sequences used in the experiment.
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Method

PARTICIPANTS

The project was approved by the Research Ethics
Committee of the University of the Arts Helsinki
(Reference number 055111). The online experiment,
hosted in PsyToolkit (Stoet, 2010, 2017), was visited
210 times between July 7 and August 5, 2023. Since
we knew that the number of non-serious visitors and
survey bots is large in crowdsourcing platforms (Ahler
et al., 2019; Dennis et al., 2020), we used a relatively
difficult loudness pre-test to screen participants and to
minimize the influence of the quality of participants’
headphones, the environmental noise, and participants’
hearing deficiencies like hearing loss. Participants’ task
in the loudness pre-test was to choose the loudest tone
of a series of five otherwise identical piano tones. The
loudness pre-test included three separate trials, and par-
ticipants were allowed to listen to the series of five tones
from each trial as many times as they wanted before
moving on to the next trial. Altogether, 6 visitors aban-
doned the survey before taking the pre-test, and 50
visitors failed to answer the pre-test correctly. Addition-
ally, we excluded 19 participants for various reasons; for
example, leaving parts of the experiment unanswered,
or being inconsistent (see description of consistency
checks below). Participants’ data were excluded if
their responses for the 9 consistency checks (see Pro-
cedure) were too inconsistent with their own previous
responses to the same exact stimuli, and the correla-
tion between their ratings averaged across timbres and
the average ratings of all the other participants was
lower than .20.

The total number of participants whose responses
were included in our main analysis was 135 (67 male,
63 female, 5 other; age M ¼ 30.78, SD ¼ 10.76). We
grouped the 135 participants according to the Gold-MSI
factor 3 (Musical Training). The degrees of training
were defined as follows: 1–2.99 ¼ low training
(n ¼ 87); 3–4.99 ¼ medium training (n ¼ 29);
5–7.0 ¼ high training (n ¼ 19). All the participants in
our group with high music training have lived most of
their lives in Anglophone and European countries, and
most of the participants in our low music training group
were from Spanish-speaking countries (e.g., Mexico,
Chile). However, since our online participants in
Spanish-speaking countries are likely to have had at
least some exposure to Anglophone popular music, we
considered that any differences found between the
music training groups would be primarily driven by
music training rather than major differences in listening
exposure across countries.

STIMULI

Stimuli are available at https://osf.io/tajyz/. Each stimulus
consisted of three chords: two C major chords and the
test chord. Fifteen test chords were included: Major triads
(D, E, F, G, Bb), minor triads (Dbm, Ebm, Em, Gm Am),
major-minor seventh chords (C7, Eb7, Gb7), or minor
seventh chords (Dbm7, Dm7). Figure 1 provides tran-
scriptions of the last two chords from each stimulus.

The chord sequences and their voice leading followed
those used in Bigand et al. (1996) and were convenient
for our study for several reasons:

1. Chord sequences in Bigand et al. (1996) are short.
2. All chord sequences in Bigand et al. (1996) are

voiced using the same contrapuntal pattern in
which the outer voices moved inwards by contrary
motion, systematizing the direction of the soprano
and bass voice in the stimuli and simplifying their
analysis. We did not change the pattern even
though it caused a ‘‘parallel’’ voice-leading with
some chord combinations.

3. Chord sequences in Bigand et al. (1996) use the
four most common chord types found in Western
tonal music according to numerous corpora
(e.g., Arthurs et al., 2018; Kolchinsky et al., 2017;
Nadar et al., 2019).

4. The chord sequences used in Bigand et al. (1996)
are diverse and relatively balanced in terms of:
a) tonal distances according to Lerdahl’s Tonal
Pitch Space (1988), and b) frequency of occurrence
in corpora of Western tonal music.

Since our goal was not to test chord tension or cadences
but to test GoF ratings for the last chord of short chord
sequences regardless of whether listeners could hear the
sequences as cadential or not, we followed a chord pat-
tern C-C-X (instead of the C-X-C used by Bigand et al.,
1996). That is, we increased the salience of the context
chord C by repeating it, and omitted the last C chord,
making it possible for the participants to evaluate chord
X in the context of the C chords. Choosing only 15
chord sequences allowed us to test chord sequences with
three timbres without creating an experiment that was
too long. Furthermore, the repetition of the C major
chord: a) increased the chances that all the stimuli were
heard in the key of C major (potentially increasing
inter-rater agreement), b) gave the participants time
within each stimulus to concentrate on the C major
chord regardless of the timbre (that constantly changed
from one trial to another), and c) decreased the tempo-
ral uncertainty related to the three timbres having dif-
ferent attack envelopes. Finally, the repetition of the
C major chord could facilitate harmonic perception by
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doubling the time of the C major chord (Jimenez et al.,
2024).

Specific Chord Sequences
The main goal when selecting the 15 chord sequences
for this study was to achieve a diverse and relatively
balanced set in terms of: a) tonal distances according
to Lerdahl’s Tonal Pitch Space (1988), b) frequency of
occurrence in corpora of Western tonal music, c) chord
types, d) roots, e) melodic intervals in the top voice, and
f) the extent to which their ratings of GoF were affected
by timbre in pilots. When referring to the chord
sequences in the main text of this article, the first two
chords will be described with a single ‘‘C’’ symbol as
opposed to repeating the symbol (e.g., C-D instead of
C-C-D). In the figures, however, each chord sequence
will be referred to by only specifying the X chord
(e.g., D instead of C-C-D) for brevity.

Timbre
Three versions of each of the 15 chord sequences were
created using three different timbres: piano, electric
guitar, and choir. These specific timbres were selected
based on three criteria:

1. Ecological validity: Creating block-chord stimuli
with piano, electric guitar, and choir is naturalistic
because piano, electric guitar, and choir often play/
sing block chords in real music and because those
instruments are commonly used in Western tonal
music. Additionally, the authors believed that the
selected libraries sounded particularly realistic and
most nonmusicians were able to identify the
instruments from the timbres in pilots.

2. Liking: Pilots with nonmusicians and 30 different
timbres showed similar moderate levels of liking
for chords played with the three timbres that were
ultimately chosen for the main experiment. The
goal of using timbres with similar levels of liking
was to reduce the potential effect of preference on
GoF ratings. Additionally, we avoided timbres with
low levels of liking because these types of timbres
could have increased fatigue, reducing the quality
of the responses and the likelihood that partici-
pants finish the experiment.

3. Effect of timbre on GoF ratings: Pilots indicated
that GoF ratings for chord sequences played with
the choir timbre that was ultimately selected for
the main experiment were different from the rat-
ings for chords sequences played with piano and
electric guitar timbres. These differences were
larger than the differences we found between the
GoF ratings of other timbres.

The following are the specific details of how the timbres
were generated:

Piano tones were generated using the ‘‘Bösendorfer
Grand Piano’’ from Logic Pro. All the plugins for that
instrument were turned off and the MIDI key velocity
for all tones was set to 75.

Electric guitar tones were generated using the
‘‘Session Guitarist - Electric Sunburst’’ from Kontakt,
Native Instruments and using the following settings:
Preset ¼ Clean Groove (Toolbox A), Retro Echo ¼ off,
and Expression ¼ 75. These settings produced clean
(low level of distortion) but slightly twangy electric gui-
tar tones. Clean tones were used to avoid seventh chords
becoming too dissonant.

Choir tones were generated using ‘‘Labs Choir’’
from Spitfire Audio and using the following settings:
Expression ¼ 100%, Dynamics ¼ 100%, Reverb ¼
0%, Attack ¼ 0 ms, Decay ¼ 0 ms, Sustain ¼ 50%,
Release ¼ 600 ms. The samples from this library
consist of choir humming long tones with a smooth
attack and a subtle gradual crescendo in intensity
(see Figure 2).

Monophonic audio stimuli were used instead of
stereo audio stimuli to reduce the number of variables
that could potentially affect participants’ ratings.

Loudness
The loudness of the tones used to create the chords
was equalized following a two-step procedure: We
first performed an initial round of loudness equaliza-
tion using pyloudnorm (Steinmetz & Reiss, 2021).
One of the authors then listened to all stimuli and
adjusted the loudness of any tones that sounded
anomalously loud or quiet. These manual changes
reached no more than þ/- 4 dB. Two other authors
verified that the equalization with the additional sub-
jective changes was better than the automated equal-
ization alone.

Duration
The interonset interval between chords was 1,500 ms.
The MIDI duration of the chords was also set to 1,500
ms but the actual duration of the tones was slightly
longer because, even when the reverb setting of both
the instrument and the DAW were turned off, the gen-
erated sounds included the natural resonance that tends
to briefly linger in real-world situations due to physical
properties of the instruments and the acoustical spaces
in which they are usually played. This short resonance
was kept in our stimuli to prevent timbres from sound-
ing unnatural.

An interonset interval of approximately 5 ms was
added between each of the four tones of all the
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electric-guitar chords. The onsets of the tones were
ordered according to register from low to high tones
(i.e., bass, tenor, alto, soprano). This interonset interval
was added to mimic the sound of a quick down strum
(lower strings first) with a pick. Pilots indicated that this
procedure facilitated the identification of the instru-
ment. Longer interonset intervals were avoided to pre-
vent participants from hearing the individual tones as
separate events (Simon et al., 2019), which would have
introduced additional melodic and rhythmic factors
that could have influenced participants’ ratings of the
chords. Recordings of real strumming were not used
because that would have prevented us from fully con-
trolling the loudness of the individual tones of the
chords.

PROCEDURE

Participants were recruited online by word of mouth
and using the crowdsourcing platform Prolific. We
used PsyToolkit software (Stoet, 2010, 2017) for data
collection.

Participants that successfully completed the loudness
pre-test were presented with five training trials and the
following instructions:

In this page, we will show some examples of the type
of main questions we will ask you in this survey.
Please listen to all the five excerpts before providing
any ratings. Then listen to the excerpts again and rate
them in terms of how well the third chord fits with the
previous two chords in the excerpt. This task is
comparable with the question ‘‘How well do two col-
ors go with each other?’’3 The excerpts in this page
exemplify different degrees of goodness-of-fit you will
find in the main section of the experiment (i.e., ‘‘very
good fit,’’ ‘‘very poor fit,’’ or intermediate degrees of
fit). Try to provide a wide range of ratings accord-
ingly, but try to also respond intuitively without
thinking too much about all the different specific
ways in which the third chord may be different from
the previous two chords. Important: We will some-
times omit the third chord to verify that you are
paying attention to the task. When the third chord is
omitted, please select the option ‘‘the third chord is
missing’’ instead of providing a goodness-of-fit
rating.

FIGURE 2. Waveforms of the C chord played on the three timbres.

3 The instruction ‘‘How well do two colors go with each other?’’ was
adopted from Parncutt et al. (2019).
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Participants rated the GoF of the third chord in each
sequence using a 7-point scale (1¼ very poor fit, 7¼ very
good fit). The five training stimuli had the same C-C-X
pattern as the main stimuli, but the X chord in these
chord sequences were not used in the main experiment.
Additionally, chords for the training stimuli did not use
the timbres from the main experiment but were instead
constructed using sinusoidal tones in a way that resem-
bled elements of piano and guitar tones (amplitude
envelope) and choir tones (absence of broadband inhar-
monicity related to percussive attacks).

The experiment also included six attention checks
that were interspersed among the main trials and
included two C chords but no X chord. If the partici-
pants missed an attention check for the first time, they
were notified of the miss, and after a second miss they
were not allowed to complete the experiment. The
experiment also included nine consistency checks that
were identical to main trials except that they were pre-
sented to participants at the end of main section, after
the 45 main trials and six attention checks, and were not
considered for any analysis other than for calculating
a self-consistency score.

The main section of the study consisted of 60 trials:
45 main trials (15 chord sequences x 3 timbres), 9
consistency checks, and 6 attention checks. The stimuli
were presented in one of 18 pseudo-randomized orders
in which the timbre always changed from one trial to
the next and stimuli with the same X chord (but dif-
ferent timbre) were separated by 10 or more trials. To
reduce participants’ fatigue, the 60 trials were pre-
sented in three blocks of 20 trials. Participants were
asked the questions from Gold-MSI (Müllensiefen
et al., 2014) between blocks. After the 60 trials, parti-
cipants heard audio clips in which the chord pattern
C-C-C was played with each of the 3 timbres used in
the experiment and were asked to use a 7-point scale to
rate their liking and familiarity with the timbres. Most
participants completed the entire session in less than
30 minutes.

DATA ANALYSIS

To respond to our three general research questions (see
Aims), we analyzed GoF ratings in two different ways.
We used a three-way repeated-measures mixed ANOVA
with factors of training (low, medium, high), chord
(each of the 15 chord sequences described in the Stimuli
subsection of the Method) and timbre (piano, electric
guitar, and choir). Since four participants had incom-
plete rating data, their responses were removed before
running the ANOVA, resulting in a total of 5,895 obser-
vations across 131 participants.

To explore potential mechanisms for the results we
observed, we used principal components analysis (PCA)
for grouping the 7 chordal and 9 timbral fine-grained
numerical variables, followed by a linear regression to
analyze whether the PCA components predicted the
participants’ GoF ratings.

Results

THREE-WAY ANALYSIS OF VARIANCE

Figure 3 shows the goodness-of-fit ratings for three
timbres and fifteen chord sequences for all participants
together and for the three groups of music training
separately. Table 1 shows the results of the correspond-
ing three-way ANOVA. There were significant main
effects of timbre and chord (but not training), as well
as significant two-way interactions of timbre � chord
and training � chord (but not training � timbre). The
three-way interaction between timbre, chord, and train-
ing was not significant.

For the main effect of timbre, post hoc paired t-tests
(with timbre ratings averaged across chords and
Bonferroni corrections for multiple comparisons)
showed that GoF ratings in the choir timbre (Mchoir ¼
5.57, SDchoir ¼ 0.80) were clearly higher than GoF rat-
ings in the piano timbre (Mpiano¼ 4.45, SDpiano¼ 0.81),
t(130)¼ 13.25, p < .001, Cohen’s d¼ 1.39. On the other
hand, the GoF ratings in the piano timbre were also
higher than the GoF ratings in the guitar timbre, but
the effect was not as strong (Mguitar ¼ 4.17, SDguitar ¼
0.86), t(130) ¼ 4.18, p < .001, Cohen’s d ¼ 0.33. For the
main effect of chord, reporting all paired t-test outcomes
was unfeasible, but there were clear differences between
chords as shown in Figure 3.

The two-way interaction between timbre and chord
was most likely driven by the fact that, as shown in
Figure 3, there was less variation in the GoF ratings for
chords in the choir timbre than with those in the piano
and guitar timbres. Indeed, the range of ratings was
narrowest for the choir stimuli (2.21 for choir, 2.63 for
piano, and 2.86 for guitar). Moreover, since the highest
ratings for choir are close to the upper end of the ratings
scale, it is likely that the narrowing of the range for
the chord ratings is, at least partially, a consequence of
a ceiling effect.

There were also other, more specific differences that
may also have driven the interaction between chord and
timbre. For instance, in the guitar timbre, the Am chord
was rated clearly lower than the G and F chords, while
in the piano and choir timbres they were not
significantly different. Additionally, the Dbm and Dbm7
chords were rated clearly lower than every other chord
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in the choir timbre, but not in the guitar and piano
timbres. A ceiling effect cannot explain these specific
differences between the ratings of the three timbres.
Alternative explanations for the narrowing of range and

a potential explanation for the more specific differences
will be explored later in this section.

The two-way interaction between training and chord
was most likely driven by the differences between the

FIGURE 3. Goodness-of-fit ratings for three timbres and fifteen chord sequences. All participants together (upper left plot), participants with Gold-

MSI musical training 5-7 (upper right plot), 3-4.99 (lower left plot), and 1-2.99 (lower right plot). The chord names on the x-axis describe the X chords

from the 15 C-C-X patterns. To facilitate comparison, chord sequences are arranged according to the GoF ratings for piano by all participants together.

Error bars indicate standard errors.

TABLE 1. Results of Three-way ANOVA with Factors of Training, Chord, and Timbre

Predictor dfNum dfDen Epsilon SSNum SSDen F p Z2
p

(intercept) 1.00 128.00 89403.67 2305.25 4964.19 < .001 .97
training 2.00 128.00 77.49 2305.25 2.15 .121 .03
timbre 1.86 238.70 0.93 1258.01 1553.88 103.63 < .001 .45
chord 9.77 1251.18 0.70 3416.32 4079.45 107.19 < .001 .46
training � timbre 3.73 238.70 0.93 25.04 1553.88 1.03 .389 .02
training � chord 19.55 1251.18 0.70 321.68 4079.45 5.05 < .001 .07
timbre � chord 21.41 2740.72 0.76 261.08 4624.48 7.23 < .001 .05
training � timbre � chord 42.82 2740.72 0.76 70.37 4624.48 0.97 .520 .01

Note. dfNum ¼ degrees of freedom numerator. dfDen ¼ degrees of freedom denominator. Epsilon ¼ Greenhouse-Geisser multiplier for degrees of freedom, p values and degrees
of freedom in the table incorporate this correction. SSNum ¼ sum of squares numerator. SSDen ¼ sum of squares denominator. Z2

p ¼ partial eta-squared. Training ¼ music
training factor from Gold-MSI; timbre ¼ piano, electric guitar, and choir; and chord ¼ 15 C-C-X chord sequences.
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training groups in terms of the range of GoF ratings
(see, Figure 4). Overall, the range of GoF ratings was
greater for the high training group than the other two
groups of participants. However, since the groups were
highly imbalanced, it is unclear how robust this effect is.

PRINCIPAL COMPONENT ANALYSIS AND LINEAR REGRESSION

To provide a more fine-grained understanding of the
effect of timbre on the GoF ratings, we continued the
analysis with a two-phase procedure. The first phase of
the analysis was a PCA in which we had 7 chordal
variables and 9 timbral variables (as listed and explained
in Appendix Table A1). The main goal of the PCA was
to minimize any issues related to multicollinearity
(Appendix Table A2 shows the correlations between all
the variables). For the PCA with the 16 variables, the
Kaiser–Meyer–Olkin (KMO) index (.560) and Bartlett’s
test (p < .001) showed that the data were suitable for
factor analysis. The analysis revealed five components
that together explained 87.604% of the variance. The
component matrix was varimax rotated to make the five
components easier to interpret. The rotated component
matrix was interpretable (see the loadings in Table 2),
and the components were interpreted as follows:

Component 1 (explaining 34.7% of the total variance)
was interpreted as the ‘‘Instrument’’ component because
it grouped variables that consistently differentiate the
choir stimuli from the piano and electric guitar stimuli
regardless of chord sequence. This component included
three temporal descriptors (attack time, decay time, and
temporal centroid), two spectral descriptors (spectral
spread and spectral entropy), and one spectro-
temporal descriptor (spectral flux). According to these
variables and compared to other stimuli, choir stimuli
had smoother and more sustained amplitude envelopes,

and spectra that were more complex, less spread, and
that changed more over time.

Component 2 (explaining 17.7% of the variance) was
interpreted as the ‘‘Harmonic motion’’ component
because it consisted of variables that pertained to the
chord sequence (TPS, frequency of occurrence of chord
transitions) and of one variable that was predominantly
driven by chord sequence with very little influence of
timbre (TC).

Component 3 (explaining 14.1% of the variance) was
interpreted as the ‘‘Brightness’’ component because one
of its two variables was spectral centroid, which is com-
monly associated with perceived timbral brightness.
The other variable in this component, spectral flatness,
is connected to spectral centroid not only in our set of
stimuli but also in a large set of recordings of isolated
tones from orchestral instruments (Reymore et al.,
2022). Both spectral centroid and spectral flatness were
also connected to average pitch of chords, thus describ-
ing the average register of the chord.

Component 4 (explaining 11.6% of the variance) was
interpreted as the ‘‘Dissonance’’ component. This com-
ponent included two main variables: Roughness and
inharmonicity, which were both influenced by the
chord-type, voicing, and timbre. Although frequency
of occurrence in popular music primarily loaded on
component 2, its loading on component 4 was also high.
Frequency of occurrence in popular music was the only
variable to have loadings higher than .500 on more than
one component.

Finally, Component 5 (explaining 9.5% of the
variance) was interpreted as ‘‘Melodic motion’’ compo-
nent since it included two melody-related variables: the
bass motion and the soprano motion.

As the second phase, we ran a linear regression
analysis. In this analysis we used the five PCA compo-
nents as model 1 to explain the participants’ GoF rat-
ings. Since two of the three training groups were small,
we used all participants as one group.

The Durbin-Watson statistic (1.651) and the residuals
showed that the data were suitable for a regression anal-
ysis. The model summary showed that the model
explained 90.6% of the GoF ratings (F Change ¼
85.790; p < .001). We also tried a model with the three
timbres and the four chord types added as dummy vari-
ables, since it was possible that the repetition of stimuli
had an effect on the GoF ratings. However, they did not
affect the model fit, so we do not report that more
complex model here.

Further analysis of the five components showed that
four of them were statistically significant predictors of
the GoF ratings. The most important predictor was C2

FIGURE 4. Goodness-of-fit ratings for the three levels of music training.
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‘‘Harmonic motion’’ (Beta ¼ .646, t ¼ 13.981, p < .001).
The effect can be explained by the variables loading on
C2: stimuli with smaller TPS distance (i.e., the chords
were tonally closer), greater TC (i.e., the chords were
spectrally closer), and greater frequency of occurrence
in classical and popular music had higher GoF ratings.
Another important predictor was C1 ‘‘Instrument’’
(Beta ¼ .581, t ¼ 12.564, p < .001), showing that stimuli
with smoother and more sustained amplitude envel-
opes, and with more complex, less spread, and more
strongly changing spectra had higher GoF ratings. This
component differentiated the choir timbre from the
other two timbres. Component C5 ‘‘Melodic motion’’
(Beta ¼ .374, t ¼ 8.094, p < .001) was explained by the
two variables loading on it: the smaller the soprano
motion and the wider the bass motion, the higher the
GoF rating. Component C4 ‘‘Dissonance’’ (Beta¼ -.147,
t ¼ -3.177, p ¼ .003) showed that the more dissonant
the chords were, the lower the GoF ratings were. This
indicates that consonant chords had generally higher
GoF ratings than dissonant chords. This was the case
even though our stimuli only included relatively conso-
nant chord types. Finally, component C3 ‘‘Brightness’’
(Beta ¼ .008, t ¼ .177, p ¼ .861) was not a statistically
significant predictor in the regression.

POTENTIAL EFFECT OF PARTIALS DIFFUSENESS

Earlier, a ceiling effect was identified as a potential
explanation for the choir GoF ratings to be narrower

in range than the ratings for the other two timbres.
However, factors other than a ceiling effect could have
contributed to the narrowing of GoF ratings. Figure 5
shows that the range of TC is narrowest for the choir
timbre.

This pattern may be related to the partials of the choir
being more diffuse than the piano or electric guitar
partials. Figure 6 shows spectrograms for an isolated
A3 pitch and the C chord from the experiment using
the three timbres. We used the term ‘‘partials diffuse-
ness’’ to describe how each partial in the choir timbre
tends to be spread over a wider frequency range (i.e., the

TABLE 2. Rotated a Component Matrix for PCA of Chordal and Timbral Variables.

Component

C1 C2 C3 C4 C5

Type Variable Instrument
Harmonic

motion Brightness Dissonance
Melodic
motion

Chordal 1. TPS distance (distance in Tonal Pitch Space) .009 -.945 �.009 .103 �.206
2. Frequency of occurrence classical music �.007 .943 .014 �.074 �.033
3. Frequency of occurrence popular music .057 .655 .126 -.586 .224
4. TC (harmonic similarity according to Leman) .061 .729 �.022 .381 .189
5. Roughness .367 �.001 .061 .735 �.391
6. Soprano motion .043 �.290 .063 �.091 -.798
7. Bass motion .012 .076 .374 �.329 .721

Timbral 1. Attack time ms (linear) .989 .023 �.074 .044 .017
2. Decay time ms (linear) .985 .034 .032 .068 .064
3. Temporal centroid ms .892 .021 .277 .177 �.112
4. Inharmonicity .301 .010 �.007 .699 .115
5. Spectral centroid �.157 .022 .969 .050 .019
6. Spectral entropy .911 �.002 .297 .187 .013
7. Spectral flatness .240 .017 .945 �.068 .114
8. Spectral flux .976 �.005 �.125 .111 .008
9. Spectral spread -.845 �.011 .256 �.351 .169

Note. Extraction Method: Principal Component Analysis. Rotation Method: Varimax with Kaiser Normalization. aRotation converged in 6 iterations.

FIGURE 5. TC for the 3 timbres and 15 chord sequences. Greater TC

values can be understood as lower spectral contrast between chords.
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horizontal line appears thicker in the spectrogram)
than the partials for the two other timbres.

One possible reason for the partials of the choir
being diffuse is the fact that each note is sung by more
than one person, and in those circumstances, there is
likely to be a slight offset of fundamental frequencies
(Cuesta et al., 2018; Jers & Ternström, 2005). Other
reasons for the diffuse partials may include vibrato
(Cuesta et al., 2018; Jers & Ternström, 2005) and
timbral differences between the voices that are singing
the same note. However, in this study it is not possible
to compare the multiple singers of individual tones
since we do not have access to separate recordings of
the individual singers (i.e., the multiple singers are
already mixed in each of the tones used to create the
choir chords).

One of the steps in Leman’s model (2000) is to
transform the fine-grained spectra into 40 frequency

bins that Leman refers to as filters. In Figure 6, grey
cells to the right of each spectrogram indicate the band-
widths of 34 of the 40 filters that Leman’s model uses.
Since the bandwidths of these filters correspond to
critical bands (Bark scale), the filters do not exactly
correspond to partials. The more diffuse a partial is, the
more likely it is that the partial contributes to more than
one filter. This situation is likely to make the chord
images within Leman’s model blurrier, ultimately
affecting the resulting TC values.

The clarity of the pitch content of the chords can be
measured via chroma distributions. That type of audio
analysis tells a similar story as the TC values. For
instance, the range of Euclidean distances between the
chroma distribution of the C chord and the chroma
distribution of the 15 target chords in the current study
is narrower for choir (1.26) than for piano (1.56) or
electric guitar (1.52).

FIGURE 6. Spectrograms of an isolated A3 pitch and the C chord using the three timbres. The height of the grey cells to the right of each spectrogram

indicates the bandwidth of the first 34 of the 40 filters that Leman’s model uses. The full range covered by the center frequencies of the auditory filters

in Leman’s model is from 140 Hz to 8,877 Hz.
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POTENTIAL EFFECT OF THE IMPORTANCE GIVEN TO THE SOPRANO

Another factor that could explain the narrow range of
the choir ratings is the relative importance given to the
soprano. Giving more importance to melodic motion
and less importance to harmony can narrow the range
of GoF ratings by, for instance, reducing the impact of
the most chromatic chord sequences. Although our
stimuli included four voices, the soprano was the voice
to most likely attract attention because of the high-voice
superiority effect (Trainor et al., 2014). The importance
given to the soprano can be influenced by its musical
characteristics (e.g., how it is played) and by listeners’
attention or sensitivity to melody. Correlations between
GoF ratings and the absolute interval size of the melodic
motion of the soprano in semitones (Table 3), are con-
sistent with the notion that the soprano was most salient
in the choir stimuli and that music training modulated
that tendency. Correlations between GoF ratings and
the melodic motion of the soprano suggest that the
influence of the soprano is greatest for the choir stimuli.

The correlations in Table 3 also suggest that the ten-
dency for GoF ratings to be more influenced by the
soprano motion, although present for all participants
groups, is stronger for participants with medium and
low music training. Although there are only 19 partici-
pants with high music training in the current study, this
relatively small number may be sufficient to obtain
a reliable pattern in the context of this analysis since
intersubject agreement is frequently higher among
musicians than nonmusicians in experiments where
participants are asked to rate block-chord sequences
(Bigand & Parncutt, 1999) or short passages of music
(Krumhansl, 1996).

Table 3 also includes the correlation between the GoF
ratings and TPS distance, the variable with the highest
loading in the Harmonic motion component (C2). The
correlations between GoF and TPS distance show pat-
terns that are often opposite to the correlations between
GoF and soprano.

The relative importance given to the soprano
also offers a plausible explanation for somewhat

idiosyncratic patterns such as the GoF ratings of choir
C-Dbm and C-Dbm7, which are considerably lower
than the ratings of the other chromatic chord sequences
(see Figure 3). The soprano motion of both C-Dbm and
C-Dbm7 is C5-Ab4, which is the largest interval in the
soprano of all the 15 chord sequences (for the transcrip-
tions of the stimuli, see Figure 1). The other chromatic
chord sequences (C-Ebm, C-Eb7, and C-Gb7) use the
soprano C5-Bb4, which is the second smallest soprano
motion in the stimuli set. The GoF ratings for these five
chromatic stimuli are consistent with participants pro-
viding lower GoF ratings to chord sequences with larger
melodic intervals in the soprano when the stimuli were
played with the choir timbre.

Discussion

The current study investigated the effect of timbre on
GoF ratings of short chord sequences played using
piano, electric guitar, and choir tones. Timbre and chord
sequence affected the GoF ratings. Choir stimuli
received higher GoF than piano and electric guitar stim-
uli, and this general effect was observed regardless of the
participants’ music training. Interactions were found
between timbre and chord sequences as well as between
chord sequences and music training. The analysis iden-
tified fine-grained timbral variables that differentiated
the choir timbre from the other two and could have
therefore contributed to the generally higher GoF
ratings for choir stimuli. The analyses also identified
a variety of chordal variables that can explain the differ-
ences between chord sequences in terms of GoF. Finally,
two potential explanations for the interaction between
timbre and chord sequences were proposed. These
explanations were analyzed using some of the timbral
and chordal fine-grained variables.

THE EFFECT OF THE THREE TIMBRES AND NINE TIMBRAL VARIABLES

The clearest differences between the three timbres in
terms of GoF were found between choir and the other

TABLE 3. Correlations Between GoF Ratings, Melodic Motion of Soprano, and TPS Distance for All Participants and Participants Grouped by
Music Training

Soprano motion TPS distance

Piano E guitar Choir Piano E guitar Choir

All participants �.48 �.48 �.72 �.90 �.92 �.81
High music training �.45 �.41 �.56 �.94 �.91 �.85
Medium music training �.51 �.49 �.75 �.84 �.91 �.81
Low music training �.46 �.49 �.75 �.90 �.90 �.75
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two timbres. Our analyses and discussions on the dif-
ferences between timbres focused on the three main
differences found between the GoF ratings of the choir
stimuli and the other stimuli: 1) GoF ratings were
higher for choir for all chord sequences; 2) the range
of GoF rating was narrowest for choir; and 3) choir was
different from the other two timbres in terms of the
profile of GoF ratings for the 15 chord sequences. In
the following section we discuss the potential explana-
tions for those three differences.

1. Why were GoF ratings higher for choir?
One of the simplest possible explanations for the fact
that the GoF ratings were higher for choir is that parti-
cipants simply liked the choir timbre better than the
other two timbres used in the experiment. However,
participants reported liking the piano and choir timbres
used in the experiment more than the electric guitar
timbre (5.30, 5.39, and 4.29 respectively on a 7-point
scale). The extent to which this pattern of preference
differs from the pattern of GoF ratings (4.44, 5.56, and
4.17 for piano, choir, and electric guitar, respectively)
indicates that preference is not sufficient to explain the
effect of timbre on the GoF ratings. Similarly, familiarity
cannot explain the GoF ratings for choir since partici-
pants reported being least familiar with the choir timbre
(3.67, 4.71, and 5.78, for choir, electric guitar, and piano
on a 7-point scale).

Another factor that reduces the likelihood that
higher GoF ratings for choir were simply a conse-
quence of participants’ preference for the choir timbre
is the way the three timbres were selected. One of the
criteria to select the three timbres was the liking ratings
of participants in pilots. Liking ratings for chords
played using 30 contrasting timbres were collected in
pilots with 69 participants. In that context, all three
timbres ultimately selected for this experiment were
liked and the differences between their liking ratings
were small (less than 0.18 on a 7-point scale). Differ-
ences in liking ratings collected in the main experiment
may be larger than the liking ratings in the pilots
because the main experiment only uses 3 timbres and
because liking ratings in the main experiment were
always collected in the same order (piano, electric gui-
tar, and choir).

Factors other than preference are likely to have driven
the main effect of timbre in the GoF ratings. We found
temporal variables, spectral variables, and one spectro-
temporal variable that distinguished choir stimuli from
piano and electric guitar stimuli. Compared to piano
and electric guitar, the choir stimuli had smoother and
more sustained amplitude envelopes, more complex and

less spread spectra, and a spectrum that changed more
over time. It is possible that gradual transition between
chords created by the smooth attack of the choir stimuli
made chord changes sound less abrupt (having higher
GoF) than when played with the sharper attacks of
piano and electric guitar.

There is evidence that a smoother attack can reduce
perceived tension. For instance, participants in Para-
skeva and McAdams (1997) rated piano excerpts as
being tenser than the orchestral version of the same
excerpts and attributed that result to the piano having
a sharper attack than the orchestral instruments. Sim-
ilarly, ratings of nostalgia and tenderness of isolated
chords played with either piano or string tones in Lah-
delma and Eerola (2016a) were positively correlated
with attack. However, it is possible that the effect of
attack on chord perception depends on the specific
timbres being tested. For instance, Arthurs et al.
(2018) showed that isolated chords were perceived as
being more consonant, pleasant, stable, and relaxed
when played on piano than when played with organ,
despite organ tones typically having slower attacks
than piano tones. It is also possible that the acoustic
characteristics of the performance spaces (real or sim-
ulated) such as reverb can further soften the transition
between chords complementing the effect of attack.
Future research would be needed to separately test the
effect of attack.

The other timbral features that differentiated the
choir chords from the piano and electric guitar chords
(component C1) could have also contributed to the
higher GoF ratings for choir chords. For instance, it
is possible that some of the timbral characteristics of
the choir chords (e.g., sustained amplitude envelope,
complex spectra, and a spectrum that changes over
time), made the timbre more salient, taking attention
away from the harmonic contrast between chords.
Hearing the chord changes as being less contrasting
in the choir stimuli could have led to higher GoF rat-
ings for that timbre.

The only PCA component that did not predict the
GoF ratings in our experiment was C3 ‘‘brightness,’’
constituted by spectral centroid and spectral flatness.
The absence of an effect of brightness on GoF ratings
is somewhat intriguing, taking into consideration that
spectral centroid has consistently been one of the most
perceptually salient features of timbre (McAdams &
Siedenburg, 2019) and high spectral centroid is associ-
ated with lower consonance, pleasantness, stability, and
relaxation ratings of isolated chords (Arthurs et al.,
2018). Because the number of GoF studies with chords
and concentrating on timbre is small, our study calls for
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future research on the connection between brightness
and GoF ratings.

2. Why was the range of the GoF ratings narrowest for
choir?
Although the fact that GoF ratings were narrowest for
choir could be a by-product of a ceiling effect, the dif-
ferences between the three profiles formed by the GoF
ratings of the 15 chord sequences for the three timbres
(see Figure 3) suggest that the ceiling effect is, at the very
least, not the only factor affecting the narrowing of the
range.

TC and a visual inspection of spectrograms suggest an
alternative, compelling explanation for the narrowing of
the range. Since TC can be understood as the sensory
component of harmonic contrast between two musical
events, a narrower TC suggests that the chord sequences
sound less harmonically contrasting when the choir
timbre is used, thus explaining the narrower range of
GoF for the choir stimuli. In turn, the narrower range of
TC can be explained by the choir timbre having more
diffuse partials, presumably due to the choir tones being
sung by more than one singer.

The association just described between TC and GoF
can be understood as an effect of pitch clarity on the
clarity or salience of harmonic relationships between
chords. To further explore the association between the
range of TC and GoF, we calculated the TC values of the
stimuli used in the second experiment of Vuvan and
Hughes (2019). We found that the range of TC (.09 for
piano and .05 for distorted electric guitar) was consis-
tent with the range of GoF ratings (.78 for piano and .37
for distorted electric guitar in a 6-point scale). This
relationship between GoF and TC provides further sup-
port for the notion that pitch clarity in general and TC
specifically, can affect the clarity of harmonic relation-
ships between successive chords.

3. Why was the choir different in terms of GoF profiles?
The choir timbre is different from the other two
timbres in terms of the GoF profiles (see Figure 3).
One potential explanation for these differences is the
importance of the soprano motion in the ratings. The
correlation between GoF ratings and the melodic
motion of the soprano is highest for the choir stimuli
whereas correlations between GoF ratings and TPS, the
variable with the highest loading in the Harmonic
motion component (C2), is lowest for the choir stimuli.

The strong relationship between melodic motion of
the soprano and the GoF ratings of the choir stimuli
could be the consequence of the choir timbre prompting
participants to pay attention to the melodic aspects of
the stimuli. Since attentional resources are finite,

allocating attentional resources to melodic aspects can
result in paying less attention to harmonic aspects (Wil-
liams, 2005, 2008) and the correlation between TPS
distance and GoF ratings being lower for choir than for
piano and electric guitar is consistent with that shift of
attention.

The tendency for GoF ratings to be more correlated
with the motion of the soprano for choir than other
stimuli was stronger for participants with medium and
low music training. This effect of music training is con-
sistent with previous research that has found that parti-
cipants with less music training tend to pay more
attention to melody and less attention to harmony com-
pared to trained participants (e.g., Williams, 2005).

It is also possible that participants did not consciously
attend to either melody or harmony but simply are
more sensitive to one or the other parameter regardless
of whether they consciously paid attention to them dur-
ing the experiment (Bigand et al., 1996; Sears et al.,
2014). However, the choir timbre is more likely to
prompt listeners to attend to melody than the piano
or electric guitar timbre because listeners’ tendency to
make sense of music by unconsciously imitating the
music via subvocalization is likely to be stronger when
the music includes singing (Cox, 2001, 2016). Addition-
ally, the choir timbre in the current experiment differed
from the other two timbres in terms of sustain and
spectral flux. The fact that the choir tones were more
sustained and their spectra changed over time more
than the piano and electric guitar tones could have fur-
ther shifted the focus towards (horizontal) melodic
motions instead of (vertical) individual chords when
rating the choir stimuli.

Importantly, a shift towards paying more attention to
melody can also explain the other differences between
the rating profiles of choir and the two other timbres.
Paying more attention to melody and less attention to
harmony in the choir stimuli can make the harshness of
the chromatic chord sequences less prominent and con-
sequently reduce the range of GoF ratings for the choir
stimuli. Alternatively, paying more attention to melody
and less attention to harmony in the choir stimuli can
reduce the prominence of harmony not only of the
chromatic chord sequences but for all the choir stimuli,
and this can make the GoF ratings more susceptible to
the effect of other more salient attributes such as the
smoothness of attack. It should be clarified, however,
that in the later scenario, the narrowing of the range
of GoF ratings would need to be explained by a different
factor such as a ceiling effect.

The potential effects of TC and attention to melody
on GoF ratings are not mutually exclusive. If pitch is
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slightly less clear in the choir chords as suggested by TC
values and chroma distributions, this attribute can pro-
mote attention to the soprano in choir chords since it
may be easier to attend to the most salient voice when
pitch is less clear in general. However, since the current
experiment does not allow us to confirm that both TC
and attention to melody affected GoF ratings, additional
research will be needed to test the effects of TC and
attention to melody on harmonic perception.

THE EFFECT OF THE SEVEN CHORDAL VARIABLES

Our factor analysis grouped chordal variables into
a Harmonic motion component and a Dissonance com-
ponent, both of which had an effect on GoF ratings.
These components were predominantly harmonic. In
addition, one component, Melodic motion (C5), was
clearly melodic in nature, including the soprano and
bass motion.

The effect of the Harmonic motion and Dissonance
components on GoF ratings resembled the results from
Bigand et al. (1996) despite the differences between the
two studies: ratings in both studies were influenced by
TPS, pitch commonality (defined by TC in our study),
melodic motion, and roughness. Our study, further, sug-
gested that frequency of occurrence and inharmonicity
can affect GoF ratings via an association between those
variables, TPS, and roughness. As shown, inharmoni-
city, a variable that has traditionally been considered
a timbral descriptor in the context of analyzing single
tones, loaded on the same PCA component as chordal
variable roughness. Roughness and harmonicity has
been linked to perceived dissonance of harmonic inter-
vals and chords in many studies (for a review, see Har-
rison & Pearce, 2020). Additionally, roughness and
harmonicity were also highly correlated to each other
in a large set of chords played using different transposi-
tions and voicings (Parncutt et al., 2023).

The loadings in the PCA also showed that frequency
of occurrence in classical music loaded on component
C2 while the frequency of occurrence in popular music
loaded both on components C2 and C4. One important
variable loading on C2 was TPS, whereas C4 was char-
acterized by dissonance variables. The differences
between frequency of occurrence in classical and pop-
ular music in terms of their relationship to TPS distance
and dissonance is possibly influenced by two factors.
First, the development of TPS was inspired in part by
traditional music theory (Lerdahl, 1988), which in turn
was developed to describe the harmonic patterns of
classical music (Christensen, 2006). Second, the preva-
lence of major chords over less consonant chords such
as major-minor seventh chords is far greater in popular

than in classical music in which the major-minor sev-
enth chord plays a very important harmonic role. In the
particular case of the two corpora used in the current
experiment, the frequency of occurrence of major and
major-minor seventh chords is 18% and 10% respec-
tively in the classical corpus and 56% and 1% in the
popular music corpus. Indeed, the presence of major-
minor seventh chords has decreased quite dramatically
over time in popular music. Léveillé Gauvin (2016)
found that in the McGill Billboard corpus, containing
Anglophone popular music from 1958–1991, the pro-
portion of songs containing a major-minor seventh
chord decreased from close to 100% in the late 1950s
to around 40% in the late 1980s/early 1990s. In the Yale-
Geerdes corpus, only 12% of songs featured a major-
minor seventh chord. It thus stands to reason that chord
frequency and dissonance would be more clearly asso-
ciated in the popular corpus than in the classical corpus.

Several studies have shown that frequency of occur-
rence of chord transitions in classical and popular music
can predict harmonic surprise as measured by surprise
ratings (Cheung et al., 2023), tonal priming (Sears et al.,
2019), and neural responses (Goldman et al., 2021).
However, there are only two studies about chords inves-
tigating the activation of both classical and popular
music schemata within the same experiment (Hughes,
2011; Vuvan & Hughes, 2019). Both studies used GoF
ratings but only Vuvan and Hughes (2019, Experiment
2) used timbre to test the activation of harmonic sche-
mata. Yet their results are not necessarily only due to
style-specific harmonic schemata since they could be
explained by timbre affecting the clarity of the pitches.

In the current experiment, we found no evidence of
timbre activating style-specific harmonic schemata. For
instance, GoF ratings for both piano and clean electric
guitar were associated to a similar extent to the fre-
quency of occurrence of the chord transitions in both
classical (r¼ .78 for piano and r¼ .80 for electric guitar)
and popular music (r ¼ .84 for piano and r ¼ .83 for
electric guitar). This result is not too surprising since the
frequency of occurrence of chord transitions in classical
and popular music tend to also be correlated (e.g.,
r ¼ .56 for 48 chord sequences used in Bigand et al.,
1996, and r¼ .59 for the 15 chord sequences used in the
current experiment). Focusing on chord sequences that
are typical in one style but atypical in the other and vice
versa (e.g., Sears & Forrest, 2021) will be required in
future studies to properly test the extent to which timbre
can activate style-specific harmonic schemata.

An important difference between most research on
harmonic expectation and the current study is the
length of the chord sequences. Although early research
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on tonal priming, a phenomenon believed to be influ-
enced by harmonic expectation, used two-chord
sequences (e.g., Bharucha & Stoeckig, 1986), most
research on harmonic expectation uses chord sequences
of seven or more chords. Future experiments can test
the effect of timbre on the GoF ratings of longer chord
sequences, but there are some points worth considering.

Despite its strong relationship to GoF ratings in this
study, TPS distance may not be an adequate variable to
test with longer chord sequences. Although TPS dis-
tance has been applied to long chord sequences (Bigand
& Parncutt, 1999; Lerdahl & Krumhansl, 2007), Ler-
dahl’s model does not calculate tonal distances but tonal
tension when applied to long chord sequences, and in
that context, the model involves complex and somewhat
subjective decisions that are hard to generalize and
automatize. In that sense, TC and models based on
frequency of occurrence such as IDyOM (Goldman
et al., 2021), can be easier to operationalize and test.
Ultimately, since TPS distance loaded on the same
Harmonic motion component as the other harmonic
variables (being highly correlated with them), we sug-
gest that it could be excluded from explorations of lon-
ger chord sequences.

This said, testing short chord sequences in future
experiments can still be beneficial. Short chord
sequences are not only practical in terms of reducing
time demands on participants, and a convenient way to
control for harmonic variables (whose complexity
grows exponentially in longer chord sequences), but are
also arguably more ecologically valid now than when
the participants of Bigand et al. (1996) were tested. The
use of looped short chord sequences in popular music
has become more prevalent in recent decades (Chander
& Quinn, 2023), and two-chord sequences, commonly
referred as two-chord shuttles (Tagg, 2014), are part of
that repertoire of loops. Additionally, two-chord
sequences are also very common in film music of recent
decades where they often carry specific narrative asso-
ciations (Murphy, 2006, 2014).

Conclusions

The current study provides further evidence that timbre
can affect the GoF ratings of chords. The effect of timbre
in Vuvan and Hughes (2019) and most of the effect of
timbre in the current study was observed regardless of
music training and despite instructions and training
trials encouraging participants to focus on harmony.
This finding suggests that the effect of timbre on GoF
ratings is not an artifact of participants’ inability to
focus on harmonic information but a more integral

aspect of tonal perception. There seems to be a complex,
and most likely unconscious, connection between tim-
bre, style, harmonic expectations, and GoF. Participants
without specific music training learn timbres specific to
music and gain knowledge about harmony by exposure
to music.

Further research is needed to identify the specific
mechanisms by which timbre affects GoF ratings of
chords. For instance, future work can investigate the
extent to which GoF ratings of chords are affected by
specific timbral parameters (e.g., attack) or by tim-
bres that activate harmonic schemata of particular
styles of music. These types of investigation will
likely involve some challenges regarding the selection
of timbres. On the one hand, although specific tim-
bral parameters can be controlled rigorously, the idea
of creating ecologically valid timbres that do not
evoke any specific musical styles is contradictory.
On the other hand, investigating the role of timbre
on activating style-specific harmonic schemata would
involve using timbres that necessarily differ in one or
more timbral parameters. A potential solution to
these challenges could be to study both types of
effects simultaneously.

Investigating the effect of timbre on the activation of
style-specific harmonic schemata involves some addi-
tional challenges. Different styles of Western tonal
music can be similar in terms of the most common
chord types (e.g., major and minor) and the types of
chord transitions (e.g., diatonic as opposed to chro-
matic). In addition to diatonic chord sequences, the
current study included some chromatic chord sequences
(e.g., C-Ebm) that are infrequent in most styles of West-
ern tonal music. By including the salient contrast
between these two types of chord sequences, we aimed
at making it easier for participants who had no music
training to focus on harmony as opposed to timbre.
However, that type of harmonic difference between
stimuli may need to be avoided in experiments focusing
on distinctions between chord sequences that are com-
mon in one style of Western tonal music but uncom-
mon in another.

An additional challenge involves the fact that, in our
increasingly globalized world, it is difficult to find
styles of Western tonal music that are different from
each other in terms of harmonic patterns, and for
which it is reasonably easy to find a group of partici-
pants that is very familiar with one style but not the
other. Dealing with this challenge most likely would
involve some type of compromise in which smaller
differences between participants in terms of their
familiarity with different styles of music are considered
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instead of aiming for an all-or-none categorization of
participants’ familiarity with musical styles. Another
possibility for future exploration of this topic would
be to teach novel timbre-harmony combinations to test
whether participants can learn timbre-specific
harmonic expectations within one or several experi-
mental sessions. In that case, particular attention
should be given to the balance between novelty (min-
imizing the effect of familiar timbres and harmonies

on the perception of novel timbres and harmonies)
and ecological validity.

Author Note

Stimuli and data are available at https://osf.io/tajyz/.
Correspondence concerning this article should be

addressed to Ivan Jimenez (ivan.jimenez.rodriguez@
uniarts.fi).
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