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NOTE-TO-NOTE CHANGES IN BRIGHTNESS ARE ABLE
to influence the perception of interval size. Changes that
are congruent with pitch tend to expand interval size,
whereas changes that are incongruent tend to contract.
In the case of singing, brightness of notes can vary as
a function of vowel content. In the present study, we
investigated whether note-to-note changes in brightness
arising from vowel content influence perception of relative pitch. In Experiment 1, three-note sequences were
synthesized so that they varied with regard to the brightness of vowels from note to note. As expected, brightness
influenced judgments of interval size. Changes in brightness that were congruent with changes in pitch led to an
expansion of perceived interval size. A follow-up experiment confirmed that the results of Experiment 1 were
not due to pitch distortions. In Experiment 2, the final
note of three-note sequences was removed, and participants were asked to make speeded judgments of the pitch
contour. An analysis of response times revealed that
brightness of vowels influenced contour judgments.
Changes in brightness that were congruent with changes
in pitch led to faster response times than did incongruent
changes. These findings show that the brightness of
vowels yields an extra-pitch influence on the perception
of relative pitch in song.
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A

NUMBER OF FACTORS EXTRANEOUS TO

fundamental frequency have influence over the
perception of relative pitch. For example,
the perception of relative pitch can be influenced by
pitch register (Russo & Thompson, 2005a), loudness
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(McDermott, Lehr, & Oxenham, 2008; Thompson,
Peter, Olsen, & Stevens, 2012), facial movement (Abel,
Li, Russo, Schlaug, & Loui, 2016; Thompson, Graham,
& Russo, 2005; Thompson, Russo, & Livingstone,
2010), and brightness (Allen & Oxenham, 2014;
McDermott et al., 2008; Russo & Thompson, 2005b).
With regard to the latter, note-to-note changes in
brightness that are congruent with changes in pitch
have been found to lead to an expansion of perceived
interval size (i.e., pitch distance), whereas incongruent
changes lead to a contraction.
The brightness of a sung note can be dynamically
manipulated through performance expression with
effects on audibility (Sundberg, 1972; 1994) as well as
emotion (Livingstone, Choi, & Russo, 2014). The
brightness of a sung note can also be manipulated
through word selection, and through vowel content in
particular. In the case of song, pitch is produced in
a manner that is determined by the melody and should
thus be independent of vowel content; however, on the
basis of other research demonstrating extra-pitch influences, it seems likely that vowel content has some influence over relative pitch perception. In the current study,
we investigate whether note-to-note changes in brightness arising from vowel content may influence the perception of relative pitch.
Although the musical significance of vowel content
has been explored with regard to timbral aspects of
music (e.g., Slawson, 1985), to our knowledge, only
one prior study has done so with regard to the perception of pitch relations. Fowler and Brown (1997)
investigated the pitch separation that is necessary to
hear a ‘‘high vowel’’ as being equal in pitch to a ‘‘low
vowel.’’ Using naturally produced spoken vowels that
were resynthesized to manipulate fundamental frequency, Fowler and Brown found that a high vowel
[i] had to exceed a low vowel [a] by 4.35 Hz in order
to sound equal in pitch. This finding maps on to the
notion that [i] sounds ‘‘higher’’ than [a]. In phonetic
terms, ‘‘high vowel’’ refers to the height of the tongue
relative to the roof of the mouth. In acoustic terms, the
range of formants in high vowels tend to be relatively
wide but the first formants (F1) tend to be relatively
low (Hillenbrand, Getty, Clark, & Wheeler, 1995). The
net result of these formant differences is that high
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vowels tend to have reduced brightness relative to
low vowels.
Although brightness has been associated with several
spectral features, spectral centroid appears to be the
most robustly linked acoustic dimension (Hall & Beauchamp, 2009; McAdams & Giordano, 2011; Schubert &
Wolfe, 2006). In order to characterize relative brightness for stimuli with varying pitch height, we defined
our stimuli in regards to the normalized spectral centroid, quantified as the amplitude-weighted mean of
the frequency spectrum divided by fundamental
frequency.
Experiment 1a

In Experiment 1a, we investigated whether note-to-note
changes in brightness arising from vowel content can
influence the perception of sung interval size. Threenote sequences were synthesized using vocal synthesis,
allowing for independent control over brightness and
pitch. Each vowel was produced in the context of a consonant-vowel syllable: d[i], d[o̞], d[ɑ]. See Figure 1 for
examples of vowel spectra, along with associated spectral centroids (fc).
Our key prediction was that pitch and brightness
would interact, such that trials in which pitch and
brightness changed in the same direction (congruent
trials) would elicit the perception of a larger interval
than trials in which pitch and brightness changed in
opposite directions (incongruent trials). Furthermore,
we predicted that larger changes in brightness across the
sequences would lead to a larger congruency effect than
smaller changes in brightness.

FIGURE 1. Vowel spectra and associated spectral centroids for
syllables (di, do, da) synthesized on A3 (220 Hz).

Method
PARTICIPANTS

Twenty-seven participants ranging in formal music
training from 0 to 9 years (M ¼ 2.69 years of formal
training, SD ¼ 2.91), were recruited from an introductory psychology course at the University of Toronto,
Mississauga. These participants included 11 men and
16 women, ranging in age from 17 to 28 (M ¼ 19.44
years, SD ¼ 2.29). All reported having normal hearing
and received course credit for their participation.
STIMULI

To minimize uncontrolled variability, note sequences
were synthesized rather than produced by real vocalists.
Synthesis was realized using VocalWriter 2.0 software
(KAE Labs, 2005), which is based on the Klatt formant
synthesizer (Klatt & Klatt, 1990). Three consonant-

vowel syllables (d[i], d[o̞], d[ɑ]; hereon: ‘‘di,’’ ‘‘do,’’
‘‘da’’) were synthesized on all chromatic pitches falling
between F3 and E4. Each syllable was 1.22 s in total
duration. The consonant portion of the syllable (‘‘d’’)
was 20 ms and the offset portion of all vowels was to 7
ms. Figure 1 provides examples of vowel spectra
and associated centroids for syllables synthesized on
A3 (220 Hz). The frequency normalized spectral centroid (i.e., ratio of the spectral centroid to the fundamental frequency) for all pitches used in Experiment 1
was relatively low for di, high for da, and intermediate
for do (see Figure 2).
Syllable sandwiches. Syllables were combined to form
‘‘syllable sandwiches.’’ In each case, two identical syllables produced at the same pitch surrounded a central
syllable produced at different pitch (da-di-da, di-da-di,
da-do-da, do-da-do, do-di-do, and di-do-di). The
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PROCEDURE

FIGURE 2. Spectral centroid (with standard error bars) of di, do, and da
(normalized for f0)

change in brightness was largest for syllable sandwiches
combining da and di, smallest for syllable sandwiches
combining da and do, and intermediate for syllable
sandwiches combining do and di. This factor is referred
to as brightness change. The sequencing of syllables led
to a rise-fall or fall-rise contour. This factor is referred to
as brightness contour. The pitch change between the first
and second tone was equivalent to the pitch change
between the second and third note, corresponding to
a perfect fifth (P5, seven semitones) or a tritone (TT,
six semitones). This factor is referred to as pitch change.
The sequence of pitches across the three notes led to
a rise-fall or fall-rise contour. This factor is referred to as
pitch contour.
The orthogonal manipulation of these dimensions
yielded 24 unique vocal melodies: 3 brightness changes
(da-do/small, do-di/medium, da-di/large) x 2 pitch
changes (P5, TT) x 2 brightness contours (rise-fall,
fall-rise) x 2 pitch contours (rise-fall, fall-rise). In order
to keep participants focused on pitch change and not
absolute pitch, these 24 tone sequences were synthesized at three different pitch heights (low, middle, high).
For the rise-fall pitch contour, the first tone was produced on F3, G3, or A3, and for the fall-rise pitch
contour, the first tone was produced on C4, D4, or E4.
Abstracting a step further, the combination of centroid
contour and pitch contour for each tone sequence could
be described as congruent or incongruent. Examples of
congruent and incongruent stimuli are provided in
Figure 3.

Stimuli were presented and responses recorded using
custom software running on a Power Mac computer.
Participants were asked to judge the interval size
between the flanking notes and the central note on
a 5-point scale, with ‘‘1’’ being a very small pitch change
and ‘‘5’’ being a very large pitch change. Participants
were encouraged to make judgments as quickly as possible (after Russo & Thompson, 2005b).
The experimental trials were blocked by pitch contour, with block order counterbalanced across participants to minimize carry-over effects. Within each pitch
contour block, the trials were independently randomized in 2 sets of 36, thus yielding 2 repetitions of each
stimulus and a total of 72 trials. The participants
received each block twice, for a total of 4 repetitions
of each stimulus (288 trials). At the beginning of the
first instance of each block type, participants received
either five practice trials, or as many as they needed to
become familiar with the task.
Results and Discussion

Ratings of interval size were collapsed across transposition and repetition. These ratings were then analyzed
using repeated measures ANOVA, with Pitch Contour
(rise-fall, fall-rise), Pitch Change (P5, TT), Brightness
Contour (rise-fall, fall-rise), and Brightness Change
(small, medium, large) as within-subject factors. For
the purpose of space and clarity, we report here confirmatory analyses meant to assess our experimental
predictions, detailed above. Descriptive statistics
(Appendix Table 1) and ancillary analyses are reported
in the Appendix.
As expected, there was a significant main effect of
Pitch Change, F(1, 26) ¼ 37.21, p < .001, G2 ¼ .093,
such that participants perceived P5 to be a larger
interval than TT. There was also a significant main
effect of Brightness Change, F(2, 52) ¼ 13.87, p <
.001, G2 ¼ .042. Large brightness changes received
higher interval size ratings than small brightness
changes, t(26) ¼ 4.72, p < .001, d ¼ 0.91, or medium
brightness changes, t(26) ¼ 5.76, p < .001, d ¼ 1.11,
and there was no difference in ratings between small
and medium brightness changes, t(26) ¼ 0.36, p ¼
.72, d ¼ 0.07.
As predicted, there was a significant two-way interaction between Brightness Contour and Pitch Contour,
F(1, 26) ¼ 11.27, p ¼ .002, G2 ¼ .020. This interaction was driven by congruent stimuli receiving higher
interval size ratings than incongruent stimuli, t(26) ¼
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FIGURE 3. These four example stimuli demonstrate the crossing of pitch contour and brightness contour dimensions (notated in the treble clef for
simplicity). The upper-left and lower-right examples are congruent. The lower-left and upper-right examples are incongruent. The pitch contour
dimension has been traced using dashed lines, while the brightness contour dimension has been traced using solid arrows.

3.36, p ¼ .002, d ¼ 0.65. Most critically, there was
a significant three-way interaction between Brightness
Change, Brightness Contour, and Pitch Contour, F(2,

52) ¼ 5.27, p ¼ .008, G2 ¼ .012. Further analysis
indicates that the effect of congruency is largest for
large brightness changes, t(26) ¼ 4.66, p < .001, d ¼
0.90, relatively smaller for medium brightness changes,
t(26) ¼ 2.27, p ¼ .03, d ¼ 0.44, and nonsignificant for
small brightness changes, t(26) ¼ 0.01, p ¼ .99, d ¼
0.003.
Figure 4 plots perceived intervals size for congruent
and incongruent note sequences involving small,
medium, and large changes in brightness.
Experiment 1b — Control Experiment

FIGURE 4. Perceived interval size (with standard error bars) for
congruent and incongruent note sequences involving small, medium,
and large changes in brightness.

There is a tendency across languages to produce so
called ‘‘high vowels’’ such as [i] at a higher fundamental
frequency than low vowels such as [a] (Whalen & Levitt,
1995). Although Fowler and Brown (1997, Experiment
1) found that this production effect does not hold for
sung vowels, we conducted a control experiment to
investigate whether the results obtained in Experiment
1a were somehow due to differences in the perceived
pitch of individual vowels. Participants were required to
match the frequency of a pure tone with individual
syllables.
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Experiment 2 were pre-registered and can be viewed at
https://osf.io/9xf43.

PARTICIPANTS

Fourteen participants with varying levels of musical
experience (M ¼ 2.21 years, SD ¼ 3.17) were recruited
from the University of Toronto Mississauga community.
These participants included 5 men and 9 women, ranging in age from 18 to 21 (M ¼ 18.79 years, SD ¼ 0.89).
All were awarded course credit or compensated at a rate
of $10 per hour for their contribution. No participants
had abnormal hearing.
STIMULI

Syllables were drawn from stimuli used in Experiment
1. Specifically, we used di and da syllables at each of two
pitch levels (G3 and D4). Pure tones were generated
using Max/MSP and were randomly assigned a starting
frequency that was 2, 4, or 6 semitones above or below
the nominal pitch of each test syllable.
PROCEDURE

On a given trial, participants heard an alternating
sequence of test syllable and pure tone. Using a mouse,
participants were required to adjust the frequency of the
pure tone until they perceived it to be equivalent in
pitch to the syllable. Adjustments to frequency were
made in increments or decrements of 1 Hz.

Method
PARTICIPANTS

Twenty participants with varying levels of music experience (M ¼ 2.55 years, SD ¼ 4.49) were recruited from
the Ryerson University community. These participants
included 2 men and 18 women, ranging in age from 18
to 24 (M ¼ 20.69 years, SD ¼ 2.06). All were awarded
course credit or compensated at a rate of $10 per hour
for their contribution. No participants reported abnormal hearing.
STIMULI

Two-note sequences were created by altering the
stimuli used in Experiment 1. The final syllable was
dropped from each sequence (e.g., di-da-di became
di-da).
PROCEDURE

On each trial, participants heard a two-note sequence
and were asked to categorize the pitch direction as rising
or falling. Participants were encouraged to make their
responses as quickly as possible.

Results and Discussion

Normalized error was calculated for each trial by subtracting the pitch-matched frequency of the pure tone
from the frequency of the syllable and dividing by the
frequency of the target. These data were submitted
to a one-way ANOVA. No effect of syllable was found,
F(1, 26) ¼ 1.55, p ¼ .22, G2 ¼ .056. The results of the
control experiment support the view that brightness
effects observed in Experiment 1 were due to alterations
in the perception of relative pitch rather than systematic
distortions of absolute pitch.
Experiment 2 — Contour Judgments

If syllable content is able to influence perception of
interval size, it may also extend to other aspects of
relative pitch processing. In Experiment 2, we investigated whether changes in brightness arising from
vowel content can influence the perception of contour.
In each trial, participants heard a two-note sequence
with rising or falling pitch contour that was synthesized using the same vocal synthesis parameters used
in Experiment 1. Our predictions and analysis plan for

FIGURE 5. Response times (with standard error bars) for congruent
and incongruent note sequences involving small, medium, and large
changes in brightness.
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Results and Discussion

The accuracy of contour judgments was high (M ¼ 0.83,
SD ¼ 0.18) and its distribution was negatively skewed
(-.184), indicative of a ceiling effect (Bulmer, 1979).
Accordingly, our analyses focused on response time data
only. Figure 5 plots response times for congruent and
incongruent trials when brightness changes are small,
medium, and large.
Response times were discarded if they were more than
3 standard deviations from the mean response time
across participants. Next, response times were collapsed
across pitch change, transposition, and repetition.
These response times were then analyzed using repeated
measures ANOVA, with Pitch Contour (rise-fall, fallrise), Brightness Contour (rise-fall, fall-rise), and
Brightness Change (small, medium, large) as withinsubjects factors.
As predicted, there was a significant interaction
between Pitch Contour and Brightness Contour, F(1,
19) ¼ 4.50, p ¼ .05 G2 ¼ .002. This was driven by
faster responses to congruent than incongruent trials,
t(19) ¼ 2.12, p ¼ .05, d ¼ .47. Most critically, there was
a significant three-way interaction between Brightness
Change, Brightness Contour, and Pitch Contour, F(2,
38) ¼ 3.87, p ¼ .03, G2 ¼ .003. Further analysis focused
on each brightness change condition separately. For
large brightness changes, the effect of congruency was
significant, t(19) ¼ 2.24, p ¼ .04, d ¼ 0.50, with faster
responses for congruent than incongruent responses.
For medium brightness changes, the effect of congruency was nonsignificant, t(19) ¼ 1.15, p ¼ .26, d ¼ 0.26.
Finally for small brightness changes, the effect of congruency was significant, t(19) ¼ 2.14, p ¼ .05, d ¼ 0.48,
with faster responses for congruent than incongruent
responses.
General Discussion

The results of Experiments 1a demonstrated that noteto-note changes in vowel content can influence perception of interval size in vocal melodies. This striking
finding may be interpreted as a novel extension of our
prior work on the influence of brightness on perceived
interval size, obtained using synthetic and instrument
timbres (Russo & Thompson, 2005b). Experiment 1b
confirmed that these results were not due to systematic
pitch distortions. Experiment 2 showed that note-tonote changes in brightness may also influence judgments of pitch contour.
In articulatory phonetics, intrinsic pitch relates to the
pitch height at which the vowel tends to be produced.

With regard to the vowels considered here, a ‘‘high’’
vowel like [i] has a higher intrinsic pitch than a ‘‘low’’
vowel like [a], with [o̞] falling somewhere in-between.
The higher intrinsic pitch of [i] may have a basis in
pharyngeal wall expansion (Ewan, 1975; Titze, 2008)
and/or a constriction of the laryngeal muscles (Dhyr,
1990). From a perceptual stand point, there is some
evidence that a high vowel will be heard as lower in
pitch than an open vowel that is produced at the same
fundamental frequency (Fowler & Jones, 1997).
Although there was no such finding here in the context
of pitch matching (1B), we do find convergent results in
our interval size task (1A).
So, how exactly does this prior work on the intrinsic
pitch of vowels reconcile with the current findings that
have been characterized with respect to the brightness
of vowels? The brightness of vowels was defined here on
the basis of the normalized spectral centroid but it may
have been similarly derived as the inverse of F1, or some
other dimension that has been used to characterize the
vowel articulatory space (e.g., F2–F1). We found that
tone sequences that were congruent in brightness
change and pitch change led to larger judgments of
interval size and quicker judgments of interval contour
than those that were incongruent. The extent to which
these effects generalize across the articulatory vowel
space and for vowels as they are naturally produced in
real singing, remains to be determined. Having a more
fulsome sampling of vowels drawn from across this
space may allow future work to untangle any unique
variance that may be attributable to different vocalacoustic parameters.
The findings of this study may also have implications
for text setting. The primary consideration for text setting
tends to be lyric intelligibility (e.g., Fine & Ginsborg,
2014; Johnston, Huron, & Collister, 2014). Syllabic setting
(one note per syllable) is said to be more intelligible than
melismatic setting (more than one note per syllable). A
secondary consideration has been the influence of intrinsic stress properties of syllables on rhythm. On the basis
of the current investigation, it appears that the influence
of vowel content on melodic pitch perception is yet
another factor to consider in text setting.
While our focus here has been on the perception of
pitch relations in vocal melodies, future work might also
consider note-to-note expectations. Music theorists
have often asserted that the size of a melodic interval
has special significance for expectancy about the next
note to follow (e.g., Huron, 2006; Larson, 2002; Margulis, 2005; Meyer, 1956; Narmour, 1990). If vowel content
exerts a subtle but systemic influence on pitch relations
between notes as demonstrated here, it should also
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influence melodic expectancies, yielding rational consequences for tension and arousal.
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Appendix

Experiment 1a
RESULTS: RATINGS

TABLE 1. Experiment 1 Mean Ratings

Main effect: Pitch Change
Pitch Change

Mean [SD]

P5
TT

3.27 [1.06]
2.99 [1.06]

Main effect: Brightness Change
Brightness Change

Mean [SD]

Small
Medium
Large

3.05 [1.10]
3.07 [1.03]
3.26 [1.07]

Interaction: Pitch Contour x Brightness Contour
Pitch Contour

Brightness Contour

Mean [SD]

Fall-Rise
Fall-Rise
Rise-Fall
Rise-Fall

Fall-Rise
Rise-Fall
Fall-Rise
Rise-Fall

3.19 [1.08]
3.03 [1.04]
3.09 [1.05]
3.18 [1.10]

Interaction: Brightness Change x Pitch Contour
x Brightness Contour
Brightness
Change

Pitch
Contour

Brightness
Contour

Mean [SD]

Small
Small
Small
Small
Medium
Medium
Medium
Medium
Large
Large
Large
Large

Fall-Rise
Fall-Rise
Rise-Fall
Rise-Fall
Fall-Rise
Fall-Rise
Rise-Fall
Rise-Fall
Fall-Rise
Fall-Rise
Rise-Fall
Rise-Fall

Fall-Rise
Rise-Fall
Fall-Rise
Rise-Fall
Fall-Rise
Rise-Fall
Fall-Rise
Rise-Fall
Fall-Rise
Rise-Fall
Fall-Rise
Rise-Fall

3.11
3.01
3.10
2.99
3.11
3.02
2.98
3.17
3.36
3.07
3.21
3.39

[1.15]
[1.01]
[1.08]
[1.14]
[0.98]
[1.06]
[1.02]
[1.03]
[1.07]
[1.04]
[1.04]
[1.09]

Ratings of interval size were collapsed across transposition and repetition. These ratings were then analyzed
using repeated measures ANOVA, with Pitch Contour
(rise-fall, fall-rise), Pitch Change (P5, TT), Brightness
Contour (rise-fall, fall-rise), and Brightness Change
(small, medium, large) as within-subjects factors.
There was a significant main effect of Pitch Change,
F(1, 26) ¼ 13.87, p < .001, G2 ¼ .093. There was also
a significant main effect of Brightness Change, F(2, 52) ¼
37.21, p < .001, G2 ¼ .042. All other main effects were
nonsignificant.
There was a significant two-way interaction between
Pitch Contour and Pitch Change, F(1, 26) ¼ 28.59, p <
.001, G2 ¼ .024. There was a significant two-way interaction between Pitch Contour and Brightness Contour,
F(1, 26) ¼ 11.27, p ¼ .002, G2 ¼ .020. There was
a significant two-way interaction between Brightness
Contour and Brightness Change, F(2, 52) ¼ 4.01, p ¼
.024, G2 ¼ .005. All other two-way interactions were
nonsignificant.
There was a significant three-way interaction
between Pitch Contour, Pitch Change, and Brightness
Change, F(2, 52) ¼ 3.97, p ¼ .025, G2 ¼ .005. There
was a significant three-way interaction between Brightness Change, Brightness Contour, and Pitch Contour,
F(2, 52) ¼ 5.27, p ¼ .008, G2 ¼ .012. All other threeway interactions were nonsignificant.
RESULTS: RESPONSE TIMES

Response times were collapsed across transposition
and repetition. These response times were then analyzed using repeated measures ANOVA, with Pitch
Contour (rise-fall, fall-rise), Pitch Change (P5, TT),
Brightness Contour (rise-fall, fall-rise), and Brightness
Change (small, medium, large) as within-subjects
factors.

Vowel Content Influences Relative Pitch

There was a main effect of Pitch Contour, F(1, 26) ¼
4.50, p ¼ .04, G2 ¼ .001. All other main effects were
nonsignificant.
There was also a significant three-way interaction
between Pitch Contour, Brightness Contour, and Brightness Change, F(2, 52) ¼ 4.19, p ¼ .021, G2 ¼ .003. All
other interactions were nonsignificant.
Experiment 2
RESULTS: RESPONSE TIMES

Response times were discarded if they were more than
3 standard deviations from the mean response time
across participants. Next, response times were collapsed
across pitch change, transposition, and repetition. These
response times were then analyzed using repeated measures ANOVA, with Pitch Contour (rise-fall, fall-rise),

65

Brightness Contour (rise-fall, fall-rise), and Brightness Change (small, medium, large) as within-subjects
factors.
There was a main effect of Brightness Contour, F(1,
19) ¼ 5.30, p ¼ .03, G2 ¼ .002. All other main effects
were nonsignificant.
There was a significant two-way interaction between
Pitch Contour and Brightness Contour, F(1, 19) ¼ 4.50,
p ¼ .05, G2 ¼ .002. There was also a significant twoway interaction between Pitch Contour and Brightness
Change, F(2, 38) ¼ 4.69, p ¼ .02, G2 ¼ .004. Finally,
there was a significant two-way interaction between
Brightness Contour and Brightness Change, F(2, 38)
¼ 16.57, p < .001, G2 ¼ .012.
Lastly, there was a significant three-way interaction
between Pitch Contour, Brightness Contour, and Brightness Change, F(2, 38) ¼ 3.87, p ¼ .03, G2 ¼ .003. All
other interactions were nonsignificant.

