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Summary: Objectives. Voice teachers and clinicians often use vibrato characteristics as auditory-perceptual 
cues for giving functional instructions. Historical texts also point to the use of vibrato characteristics as a 
diagnostic tool as far back as the 18th century. This study investigates the relationship between vibrato rate and 
vibrato extent, and the auditory-perceptual ability of professional voice teachers to assess the vibrato rate of a 
synthesized singing voice. 
Methods. Thirty-five professional voice teachers completed a Visual Sort and Rate task with 20 synthesized 
singing samples that systematically varied in both vibrato rate (Vrate) and vibrato extent (Vext). Two generalized 
linear mixed effects models and one linear model were designed.
Results. Both Vrate and Vext were found to be significantly associated with the perception of Vrate as well as 
with the accuracy of perceptual judgments. Neither listener age, nor amount of teaching experience were sig-
nificant predictors of perceptual accuracy. Inter-rater agreement for the entire sample set was moderate and 
intra-rater reliability for samples with identical Vrate (but differing Vext) was found to be negligible.
Conclusions. While professional voice teachers have a skilled ability to discern nuanced auditory-perceptual 
vocal characteristics such as vibrato, in this study, samples with an identical Vrate, but for which the Vext differed 
seemed to demonstrate a high amount of listener rating error and variability. As such, it seems that both Vrate 

and Vext may play a role in the perception of vibrato rate.
Key Words: Singing voice–Vibrato–Auditory-perception–Voice pedagogy–Frequency modulation.  

INTRODUCTION
The perception of vibrato characteristics is of particular interest 
to and holds practical value for voice pedagogues due to its 
relationship to voice production and performance practice. To 
date, the literature provides evidence for the physiological, 
neurological, and acoustical bases of vibrato.1,2 Vibrato has 
been reported to depend upon synergies (ie, equilibrium) be-
tween the postural, respiratory, phonatory, resonatory, ar-
ticulatory, and neurological systems.3–5 It often serves as a 
means for teachers and clinicians to monitor overall func-
tion.6,7 Furthermore, voice teachers monitor vibrato char-
acteristics to ensure that singers perform within accepted 
boundaries of specific musical genres, such as earlier periods of 
Western Classical style (Medieval, Renaissance, Baroque), 
Contemporary Commercial Music (CCM) and musical 
theater, and non-Western traditions such as Peking Opera or 
traditional Hindustani music.8–11 As such, it is of specific in-
terest, and the objective of this present study, to investigate the 
perception of vibrato rate by experienced singing voice tea-
chers.

Vibrato
Vibrato in singing is a periodic oscillation of frequency, 
amplitude, timbre, subglottic pressure, closed quotient, and 

formant frequencies. Adjustments in the frequency vibrato 
extent and rate may impact the perception of sung tones. 
Frequency vibrato extent describes how far above and 
below the mean frequency that the fundamental frequency 
(fo) and all its harmonic components sweep each cycle.12,13

It is measured as a percentage or in cents, with 6% (100 
cents) representing a musical half step.14 Typical values in 
Western Classical singing are approximately ± 50 cents, or 
a quarter tone,2,15 though the literature is conflicted as to 
how it reports and measures vibrato extent values.16 Ad-
ditionally, recent inquiry suggests that the vibrato extent of 
modern-day professional Western operatic singers may 
exceed historically reported norms.17,18 Frequency vibrato 
rate refers to the number of frequency oscillations that the 
fundamental frequency (fo) and all its harmonic compo-
nents sweep per second and is measured in Hertz (Hz). 
Typical values for vibrato rate in Western Classical singing 
range from 4.5 Hz to 6.5 Hz.15,19 Reported values for fre-
quency vibrato rate have been shown to have decreased 
over the past century.17,18,20

Perception of Vibrato
Some literature outside of music and singing voice science, 
such as those related to the perception of vocal tremor, are 
relevant to this discussion given the possible relationship 
between vocal vibrato and essential vocal tremor.1 Kreiman 
et al21 reported that differences in tremor rates were most 
easily perceived when the tremor was sinusoidal and of small 
amplitude. That is to say, when tremor “extent” was smaller 
and more regular, participants were able to detect tremor 
rate differences. The same study also found that differences 
in tremor rate were easier to perceive when the rate was 
higher. These findings suggest that differences in the vibrato 
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rate of singing samples might be perceived most accurately 
in samples with a low vibrato jitter/shimmer (ie, perturba-
tions in cycle-to-cycle vibrato rate and extent, respectively), 
a smaller frequency extent, and a higher rate. They also 
indicate a relationship between an individual’s auditory- 
perceptual acuity and a possible psychoacoustic interaction 
between vibrato rate and vibrato extent—a relationship that 
has been the subject of recent study related to essential voice 
tremor severity.22

Several studies have examined perceptual aspects of vi-
brato in vocal and instrumental performance. One such 
study developed rules for controlling vibrato characteristics 
in synthesized samples of string instruments. The re-
searcher found vibrato rate to be of greater import to the 
just-noticeable difference (JND) than vibrato extent.23

Furthermore, the JND for detecting vibrato rate changes 
was reported to be approximately 6%.

The literature is robust when discussing the JND of var-
ious aspects of musical performance.24–27 The JND for fre-
quency perception is particularly relevant to the topic of 
vibrato extent and rate. For pure tones (ie, sinusoidal 
steady-state signals), the JND of pitch—or the frequency 
difference limen—varies with fo, sound intensity level, and 
duration.25,28 Studies in speech science point to 500 ms being 
the durational threshold at which expert listeners may judge 
a vocal tremor as being moderate to severe.29 The literature 
also confirms that vocal tremor is more easily perceived 
during sustained phonation than in connected speech.30

Vibrato characteristics also seem to influence experts’ 
perception of pitch. In a study comparing operatic singers 
and early music performers, expert listeners were found to 
assign pitch to a sung sample correctly when the frequency 
vibrato extent value was smaller.31 More broadly, the lit-
erature suggests that vibrato does seem helpful when as-
certaining the pitch of a sung tone, though, of course, the fo 

is known to be perceived as the geometric mean of a vi-
brato note’s extreme oscillating frequencies.32 Further-
more, d’Allesandro and Castellengo33 demonstrated that 
the overall fo oscillation pattern influences pitch perception. 
Of particular relevance to the present study is their finding 
that the “separation/fusion of pitch perception” is related 
to and influenced by both vibrato extent and vibrato rate.

In addition to improving the perceptual accuracy of in-
tonation differences, vibrato has been shown to influence 
listeners’ ability to discern the number of voices in an audio 
sample.34,35 Erickson et al analyzed the perception of un-
trained listeners using synthesized stimuli to examine the 
role of vibrato—among other factors—in (a) the perceived 
difficulty of discerning the number of voices performing and 
(b) the ability of listeners to perceive differences in intona-
tion. They found that vibrato and formant patterns in the 
stimuli interacted with the listeners’ ability to hear two si-
multaneous voices.35 Furthermore, their work agrees with 
Daffern et al31 and supports the concept that listeners per-
ceive a sample without vibrato as more pitch-different than 
samples with vibrato. That is to say, listeners determine 
pitch more accurately when the vibrato extent is smaller.

Listeners also appear to be sensitive to differences in 
cyclic variations in loudness—termed amplitude vibrato (or 
loudness vibrato). While frequency vibrato is both ex-
tensively studied and reported to be influential to lis-
teners,36 there is some literature that suggests that cyclic 
spectral variations play a fundamental role in the percep-
tion of vibrato.37 As harmonics of the fundamental fre-
quency sweep through vocal tract resonances, amplitude 
and timbral variations occur, sometimes in phase with; 
sometimes 180 degrees out of phase with; and sometimes at 
twice the rate of the frequency vibrato—depending upon 
the location of resonances relative to the harmonics.36,38

However, this sensitivity “has its limits,” as more recent 
research indicates that listeners cannot detect fluctuations 
of loudness or spectral centroid location below approxi-
mately 15%.39 The same authors also reported that “pro-
portional fluctuations in loudness are perceived as being 
about 1.3 times deeper [ie, larger in extent] than propor-
tional fluctuations in spectral centroid;39” suggesting that 
listeners are more sensitive to loudness variations than to 
those of timbre.

In addition to discussions of the perceptual thresholds 
and sensitivity of listeners to differences in vibrato char-
acteristics, it is also of value to study the preference of 
professional musicians. Trained singers who have primarily 
choral experience have been found to prefer a narrow vi-
brato extent.40 Furthermore, trained voice professionals 
have been found to judge a tone to be without vibrato when 
the peak-to-peak extent falls below 27 cents.41 The same 
study also noted that the measured vibrato rate sig-
nificantly affects where this extent threshold occurs. This 
observation may be explained by literature that suggests 
that the perception of vibrato extent may be tied to the rate 
of frequency changes (RFC) (measured in cents per 
second).42 RFC varies with a change in frequency vibrato 
rate or extent. In other words, the ability of listeners to 
identify or perceive differences in vibrato characteristics 
may be a function of proportional changes between vibrato 
rate and vibrato extent, and those perceptual distinctions 
may be temporally variant.

Of particular interest to the authors of this study is the 
variable use of expert and amateur listeners in studies related 
to vibrato and timbre perception. Contrary to the results 
reported by Wooding and Nix,41 Reddy and Subramanian43

found that there were significant differences between the 
experienced and inexperienced groups of judges. More spe-
cifically, singer (ie, experienced) judges perceived vibrato 
characteristics with more detail than the inexperienced 
judges. Yet, other studies suggest that measurements of vi-
brato extent and rate are only moderately correlated with 
the judgments of expert listeners.44 It seems that the use of 
expert or non-expert listeners should be determined by the 
goals of individual studies. As such, those studies which aim 
to inform pedagogical or clinical practice—such as the study 
described in this paper—should consider either training lis-
teners as a component of the research method or studying 
the evaluations of expert listeners.
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Lastly, while it might be reasonable to argue against the 
ecological validity of using synthesized voice samples to study 
the auditory-perceptual abilities of skilled listeners—profes-
sional voice teachers in this case—the practice of using syn-
thesized audio samples to study auditory-perceptual 
characteristics of voicing has historical precedence in the lit-
erature.22,29,33,34,40–42 Furthermore, studies suggest that the 
“context in which a quality judgment is made…” is primarily 
responsible for listener agreement.45 In the context of the 
current study, it was assumed that expert listeners would be 
likely to classify samples at a “…specific, subordinate level of 
abstraction…”46 and that they may be unduly influenced by 
stimuli if there were additional timbral or phonatory cues. 
This inquiry specifically chose to prioritize synthesized sam-
ples for which phonatory and timbral factors were system-
atically controlled. As such, this study aimed to use 
synthesized audio samples to carefully control for psychoa-
coustic factors that may influence an individual’s auditory- 
perceptual judgment. The use of synthesized samples will be 
outlined further in Methods.

In summary, past literature suggests an intriguing con-
nection between essential vocal tremor and vocal vibrato. 
Historical voice pedagogy texts also point to the im-
portance of vocal vibrato as a diagnostic tool for vocal 
function and as an indicator of performance practice. 
Studies in both speech-language pathology and voice 
pedagogy impress the importance of auditory-perceptual 
training in clinical and performance practice—a “gold 
standard” for clinicians and singing teachers. As such, it is 
the objective of this study to understand the ability of ex-
perienced voice teachers to discern characteristics related to 
vocal vibrato. In so doing, it may be possible to develop a 
framework which systematically and efficiently trains the 
auditory-perceptual skills of future clinicians and voice 
teachers.

Hypotheses
The purpose of this study was to determine the accuracy 
and reliability of voice professionals in making judgments 
about the frequency vibrato rate of synthesized singing 
voice samples. Additionally, this paper investigated the 
relationship between demographic factors, such as age and 
years of teaching experience, and rating accuracy. We hy-
pothesized (1) that vibrato rate and vibrato extent both 
would be significant predictors of the perception of vibrato 
rate, (2) that both vibrato rate and vibrato extent would be 
significant predictors of perceptual accuracy, and (3) that 
demographic factors would not be significant predictors of 
perceptual accuracy.

METHODS
Permission for the study protocol was obtained from the 
University of Texas at San Antonio IRB (UTSA IRB 
FY20-21-247). Participants were recruited via messages on 
the ASHA Special Interest Group 3 list-serv, on social 
media forums for singing teachers, and by direct email. 

Direct recruitment emails were sent to 162 singing teachers, 
with specific attention toward recruiting a gender and 
ethnically diverse participant population. The qualifica-
tions of the study included the following self-reported cri-
teria: 

• Singing teachers residing in the U.S.
• Minimum age of 22 years.
• Minimum education of a completed undergraduate 

degree in music.
• Intact hearing (self-reported, with corrective hearing 

aids if necessary).
• Access to a computer and headphones for playing 

audio files.

Participants
Sixty-seven teachers responded to recruitment efforts, and 
35 (52%) completed all aspects of the perceptual protocol. 
Demographic information about the participants can be 
found in Tables 1 and 2. Note that of the 35 participants 
who completed the perceptual protocol, only 30 partici-
pants also fully completed the questionnaire.

Equipment
Twenty synthesized singing samples were created using 
Madde (Tolvan Data, Stockholm, Sweden) on the pitch C5 
(∼523 Hz). The vibrato extent and rate measurements for 
each sample are found in Table 3 and were chosen so as to 
approximate historically reported norms as well as values 
outside of that range. The vowel used for all samples was 
[a] with the following supraglottal vocal tract resonance 
frequencies: F1 = 816 Hz, F2 = 1346 Hz, F3 = 3031 Hz, 
F4 = 3984 Hz. The duration of each sample was 5 seconds, 
which was chosen to allow listeners enough time to notice 
frequency-related changes given that duration is a key 
factor in the JND of frequency. Of course, given that 
participants were permitted unlimited opportunities to 
listen to stimuli, the duration of each sample was of less 
import than controlling acoustic parameters. As such, the 
default Madde parameters were maintained for all synthe-
sized samples (source spectrum tilt = −6 dB/octave; 
flutter = 1%; Q1-Q6 = 10).

Each sample was normalized to a relative sound level of 
68 dB in Praat.48 A gradual intensity modulation was ap-
plied to the first and last 0.5 second of each 5-second 
sample in Audacity (v.2.4.2.0) (The Audacity Team) to 
ensure that participant responses were not influenced by 
the onset or the offset (ie, attack and decay) of the syn-
thesized samples. Each file was then converted to mp3 to 
limit the file size for participants. Note that the sound level 
of the playback was not controlled outside of ensuring that 
the original audio files were normalized to 68 dB.

Unrelated to the file conversion, but of import for future 
protocols is that the authors observed following data col-
lection that the audio samples were bandlimited at 3.5 kHz. 
Upon further investigation, it seems that this spectral lim-
itation is inherent to the Madde application.
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Protocol
Each participant was emailed a link to a demographic 
questionnaire as well as one of two PowerPoint slides 
(v.16.64) (Microsoft Corporation, Redmond, WA). The 
two versions of the slide included 20 randomly sorted voice 
samples embedded within the slide. The protocol used for 

this study followed a variation of the Visual Sort and Rate 
(VSR) method suggested by Granqvist.47 Participants 
opened the PowerPoint slide, clicked on the icon for each 
sample, listened to it through headphones as many times as 
necessary, and placed the icon along an x-axis (24.66 cm) 
based on the rate (ie, speed) of the vibrato. Figure 1 shows 
a blank example of the slide. Participants were naïve to the 
fact that some stimuli were identical in rate (see Figure 1
for the participant instructions). As participants listened to 
more samples, they rearranged the icons until they were 
satisfied with their sorting and rating. The completed slide 
was then saved and emailed back to the investigators for 

Table 1.  
Demographic Information (Categorical) for All 
Participants Who Completed the Questionnaire (n = 30) 

Characteristic

Frequency 
(Relative  
Frequency)

Gender identity
Female 20 (66.7%)
Male 9 (30.0%)
Non-binary 1 (3.3%)
Voice type
Soprano 16 (53.3%)
Mezzo soprano 4 (13.3%)
Tenor 4 (13.3%)
Baritone 4 (13.3%)
Bass 1 (3.3%)
Countertenor 1 (3.3%)
Teaching environment
Full-time academic and private 14 (46.7%)
Part-time academic and private 7 (23.3%)
Academic only 5 (16.7%)
Private only 4 (13.3%)
Primary style of singing (perform)
Western classical 23 (76.7%)
Musical theater 3 (10.0%)
Jazz 1 (3.0%)
Opera 1 (3.0%)
Other 2 (5.9%)
Folk, Gospel, Pop, Rock, R&B 0 (0.0%)
Primary style of singing (teach)
Western classical 19 (63.3%)
Musical theater 6 (20.0%)
Pop 3 (10.0%)
Opera 1 (3.0%)
R&B 1 (3.0%)
Listen to vibrato as an indicator 

of vocal function
Always 20 (66.7%)
Sometimes 8 (26.7%)
Seldom 2 (5.9%)
Never 0 (0.0%)

Table 2.  
Demographic Information (Numerical) for All 
Participants Who Completed the Questionnaire (n = 30) 

Mean Min Max SD

Age 46.4 23.0 72.0 13.6
Total teaching experience 21.0 2.0 45.0 12.5
Full-time teaching experience 14.6 0.0 42.0 11.2

Table 3.  
List of the Sample Codes in Addition to the True Rank 
(Based on Vibrato Rate), Vibrato Rate, and Vibrato 
Extent for Each Token 

Sample Code True Rank Vrate (Hz) Vext (cents)

T 1 4.8 100
L 1 4.8 100
C 3 5 100
G 4 5.2 100
W 4 5.2 100
X 6 5.4 100
H 7 5.5 100
I 7 5.5 100
Q 7 5.5 100
DD 7 5.5 100
N 7 5.5 60
J 7 5.5 80
A 7 5.5 200
D 7 5.5 180
B 7 5.5 160
E 7 5.5 120
P 17 5.8 100
AA 18 6 100
R 18 6 100
BB 20 6.2 100

FIGURE 1. Image of the blank Powerpoint slide. Each partici-
pant was given to use, to sort, and rate the synthesized singing 
samples.
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analysis. Note that there was no prescribed time limit to 
complete the VSR task following Granqvist.47

Analysis
Analog Data
While Granqvist47 suggested the use of a free application, 
Visor (Tolvan Data, Stockholm, Sweden), for VSR tasks, 
the present study prioritized years of teaching experience 
rather than technological aptitude or facility. As such, 
Adobe Acrobat Pro DC (v.2022.001.20112) (Adobe, Inc., 
San Jose, CA) was used to analyze the analog data in each 
PowerPoint slide.

Each slide was first converted to PDF format. Distance 
measurements were collected using the “Measuring Tool” 
plugin feature, which was standardized to the document 
size (27.94 cm). To ensure consistency, the terminal right 
end of the measurement tool was placed at the beginning of 
each icon.

Statistical Analysis
Statistical analysis was performed using R 4.1.2 (R Core 
Team, Vienna, Austria) and RStudio (v.1.5.46) (RStudio, 
Boston, MA). The lme4 package was used for all modeling 
procedures.49 The irr package was used to estimate agree-
ment between participants and reliability within partici-
pants for samples with an identical vibrato rate value.50

The confidence level for statistical analysis was set at 
95% (α = 0.05).

This study aimed to understand the predictive relation-
ship between vibrato rate and listener perception. As such, 
two linear mixed effects models were designed. The first 
model included the distance on the x-axis (d) as the de-
pendent variable, participant as a random effect, and vi-
brato rate (Vrate) and vibrato extent (Vext) as fixed effects. 
The second model used the absolute difference between the 
true rank and the rank determined by each participant for a 
sample (|Δrank|) as the dependent variable, and, otherwise, 
was identical to the first model. The residuals for both 
models were found to violate the assumption of normality 
using the Shapiro-Wilk test. As such, both models were 
redesigned as generalized linear mixed effects models 
(GLMM) fit by maximum likelihood (Laplace approx-
imation).

For the first model, d, Vrate, and Vext were scaled and 
centered. They were subsequently transformed by adding a 
constant to the scaled variables to allow for GLMM ana-
lysis using a Gamma family distribution (ie, no non-posi-
tive values). The second model followed the same process 
for the variables |Δrank|, Vrate, and Vext.

A final linear model was designed with the sum of the 
absolute rank differences for each participant (∑|Δrank|) as a 
dependent variable and with the following independent 
variables: age, teaching experience, and full-time teaching 
experience. No random effects were considered as each 
participant only had one value for ∑|Δrank|.

Two intraclass correlation coefficient models (ICC) were 
calculated to estimate listener agreement and reliability. 
The estimate of inter-rater agreement was calculated based 
on a single-rating, absolute agreement, two-way random 
effects model. The estimate of intra-rater reliability was 
calculated based on a single-rating, absolute-agreement, 
two-way mixed effects model.

RESULTS
The present study follows in part the VSR method as 
suggested by Granqvist47 for assessing perceptual acuity of 
voice samples in recordings. Listeners were professional 
voice teachers, for whom descriptive statistics can be found 
in Tables 1 and 2. The participants were given one of two 
prepared slides and were asked to sort and rate audio 
samples of a synthesized singing voice along an x-axis from 
lowest vibrato rate to highest vibrato rate. Submissions 
were analyzed according to the distance of each sample 
from the origin on the x-axis (0.00–24.66 cm) and according 
to their difference in rank compared to the true rank of the 
audio samples (Table 2). The vibrato rate and vibrato ex-
tent of each synthesized sample were known to the authors, 
but were not revealed to the participants at any point.

Perception of Vibrato Rate
For the purpose of this study, the placement of an audio 
sample icon along the x-axis and, thus, the distance mea-
surement for each sample is considered equivalent to a 
listener’s perception of vibrato rate. A GLMM fit by 
maximum likelihood (Laplace Approximation) was de-
signed with d as the dependent variable, participant as a 
random effect, and Vrate and Vext as fixed effects. It was 
controlled with a BOBYQA (Bound Optimization BY 
Quadratic Approximation) optimizer.51 All variables ex-
cept for the random effect were scaled, centered, and 
transformed with a constant. The model converged and 
showed significant negative associations of Vrate and Vext 

with d (Table 4).

Accuracy
Rank accuracy was calculated by taking the absolute dif-
ference between the participant’s ranking of an audio 

Table 4.  
Summary of the Fixed Effects for the GLMM for the 
Perception of Vibrato Rate 

Fixed Effects:

Estimate SE t-value Pr (> |z|)

Vrate −0.083 0.003 −29.203 0.000 *
Vext −0.011 0.003 −3.561 0.000 *

The perception of vibrato rate was measured as the distance value along 
the x-axis (d) for each audio sample within each listener’s completed 
slide.
Abbreviation: SE, standard error.
* Indicates values that were found to be significant at the 95% confidence 

level.   
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sample and the true rank. A GLMM fit by maximum 
likelihood (Laplace Approximation) was designed with 
|Δrank| as the dependent variable, participant as a random 
effect, and Vrate and Vext as fixed effects. It was controlled 
with a BOBYQA optimizer. Vrate and Vext were scaled, 
centered, and transformed with a constant. The model 
converged and showed significant negative associations of 
Vrate and Vext with |Δrank| (Table 5).

Demographics and Total Error
A linear model was designed to study the predictive ability 
of age and teaching experience on total ranking error of 
professional listeners (∑|Δrank|). Note that this model only 
included participants who completed both the perceptual 
task and the questionnaire (n = 30). The model was not 
found to explain a significant amount of variance (R2

adj 

= −0.047, F3,26 = 0.5651, P = 0.643). The coefficients for the 
independent variables (age, teaching experience, and full- 
time teaching experience) as well as their respective P-va-
lues can be found in Table 6. No demographic variable was 
found to be a significant predictor of a listener’s total 
ranking error.

Listener Agreement
The ICC (2,1) was calculated to test for two-way agreement 
between participants for d (perception of vibrato rate). Two 

participants each did not provide a rating for one sample. 
Those samples (DD and X) were automatically omitted from 
the dataset for the calculation of ICC in a listwise way. 
Agreement between listeners for 18 samples was estimated to 
be 60.5% (ICC = 0.605, F(17,445) = 64.2, P  <  0.000). The 
confidence interval for ICC population values was found to 
be 0.456–0.778.

Listener Reliability
Intra-rater reliability was estimated for listeners’ rating of 
samples for which the vibrato rate was identical (5.5 Hz). 
This portion of the dataset included 10 samples. One was 
incomplete and was automatically omitted in a listwise 
way. Reliability within listeners for nine samples was esti-
mated to be 0% (ICC = 0.000, F(8272) = 1.00, P = 0.440). 
The confidence interval for intra-rater reliability was found 
to be −0.014 to 0.053.

DISCUSSION
This paper aims to investigate voice professionals’ ability to 
accurately perceive vibrato rate. To do so, it presented 35 
professional voice teachers with 20 synthesized singing voice 
audio samples for which vibrato parameters—vibrato rate 
and vibrato extent—varied systematically. While having 
singing teachers perceptually evaluate synthetic samples of 
modulated phonation is not entirely reflective of their pro-
fessional activities (ie, training human artists), it is one of the 
most controlled means for perceptual investigations avail-
able to present-day singing voice researchers.

The results of this inquiry suggest the following: (1) that 
vibrato rate and vibrato extent both may be factors in the 
perception of vibrato rate by professional voice teachers, 
(2) that alterations of both vibrato rate and vibrato extent 
may result in difficulty correctly ordering audio samples 
based upon vibrato rate (ie, accurately perceiving vibrato 
rate differences), and (3) that demographic factors such as 
age and teaching experience do not seem to significantly 
predict the perceptual acuity of professional voice teachers 
in regard to assessing vibrato rate. Agreement between 
listeners was estimated to be approximately 60.5% and 
intra-rater reliability for samples with identical vibrato 
rate—but differing vibrato extent—was negligible. These 
findings further emphasize the complex perceptual nature 
of vocal vibrato. Furthermore, they indicate that, while 
professional voice teachers do seem to have a developed 
ability to discern the vibrato rate of audio samples, vibrato 
extent may influence even a professional’s ability to dis-
tinguish differences in vibrato rate.

Perception of Vibrato
Results related to the VSR scale (Figure 2) suggest that 
both vibrato rate and vibrato extent influence professional 
voice teachers’ ability to perceive vibrato rate in synthe-
sized singing samples. More specifically, as vibrato extent 
became larger, or wider, participants tended to rate audio 
samples as having a slower vibrato rate. This finding seems 

Table 5.  
Summary of the Fixed Effects for the GLMM for the 
Rank Accuracy 

Fixed Effects

Estimate SE t-value Pr (> |z|)

Vrate −0.009 0.004 −2.456 0.014 *
Vext −0.014 0.003 −4.205 0.000 *

The rank accuracy was measured as the absolute difference between the 
true rank and the listener’s rank for each audio sample (|Δrank|).
Abbreviation: SE, standard error.
* Indicates values that were found to be significant at the 95% confidence 

level.   

Table 6.  
Summary of the Linear Model for Demographic 
Information as a Predictor of Total Ranking Error 
(∑|Δrank|) 

Model Coefficients:

β Estimate SE t-value Pr (> |t|)

Age 0.590 0.815 0.724 0.476
Teaching experience −0.295 1.095 −0.270 0.789
Full-Time (FT) 

teaching experience
0.064 0.841 0.076 0.940

The total ranking error rank was measured as the sum of the absolute 
differences between the true rank and the listener’s rank for each audio 
sample. No independent variable was found to be a significant predictor 
of total ranking error.
Abbreviations: FT, full-time; SE, standard error.
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to support the findings of Vatti et al,42 who suggested that a 
relationship exists between a listener’s judgment of vibrato 
rate differences and the RFC in a singing sample—a metric 
that represents both the vibrato rate and the vibrato extent 
of a sample.

Curiously, there was a negative association between vi-
brato rate and the distance along the x-axis. This ab-
normality might be a function of the number of samples 
with an identical vibrato rate (5.5 Hz) (Table 2). The se-
lection of synthesized samples for perceptual studies of the 
singing voice will be discussed in further detail in Future 
Research. Nonetheless, based on the results of this study, it 
seems prudent for clinicians to consider that their ability to 
discern the vibrato rate of a singer might be related not just 
to the singer’s demonstrated vibrato rate, but also to the 
singer’s simultaneously occurring vibrato extent.

Accuracy
Both vibrato rate and vibrato extent seem to affect the 
ability of professional voice teachers to accurately sort and 
rate synthesized singing samples based on vibrato rate. The 
results from this study suggest that listeners were less ac-
curate when the vibrato rate was constant and when the 
vibrato extent was independently altered. Based upon the 
models presented above, it might be tempting, though er-
rant, to suggest that a smaller vibrato extent leads to a 
generalized and decreased ability to ascertain the vibrato 
rate of a singer. Instead, the direction of the association 

between vibrato extent and perceptual accuracy can be 
thought of as an artifact of the present research method, 
though the presence of a significant association between 
vibrato extent and the perception of vibrato rate warrant 
further investigation.

Consider Figure 3 which uses RFC to visualize the 
combined relationship of vibrato extent and vibrato rate 
with the mean ranking error across participants. It also 
contrasts synthesized samples for which the vibrato extent 
varied with those for which vibrato rate varied. From this 
visualization, it seems that ranking error was higher on 
average for audio samples with a vibrato rate of 5.5 Hz 
(50% of the samples). In other words, listeners seemed to 
have difficulty accurately sorting samples based upon vi-
brato rate when the vibrato rate was identical, but the vi-
brato extent was variable. As such, the results of this study 
seem to indicate that vibrato rate is not the sole influence 
on the accurate perception of vibrato rate.

Demographics and Total Error
Anecdotally, the fields of voice performance and voice 
pedagogy emphasize the relationship between years of ex-
perience and auditory-perceptual acuity. Indeed, in all 
forms of Evidence-Based Practice, including Evidence- 
Based Voice Pedagogy, clinical or voice teacher expertise is 
held as an equal part of a triumvirate of values that informs 
best practice.52,53 While experience is an important com-
ponent of voice training, the results of this study suggest 

FIGURE 2. A boxplot of each audio sample and the range of distance values assigned by listeners. The blue box highlights audio samples 
for which the vibrato rate was 5.5 Hz. Note the variability in the highlighted samples compared to those for which the vibrato extent was 
constant (100 cents).
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that experience and age alone may not be significant pre-
dictors of a listener’s ability to accurately determine vibrato 
rate in singing voice samples. This finding may be a result 
of having a participant pool with 21.6 years of teaching 
experience on average, or it may be influenced by a parti-
cipant pool with a mean age of 46.8 years. It is possible that 
future studies may determine a threshold of teaching ex-
perience that results in high auditory-perceptual acuity; 
however, it is likely that specific and directed auditory- 
perceptual training may prove to be more efficacious in 
helping voice professionals to develop auditory-perceptual 
judgment of vibrato characteristics.

Listener Agreement
While age and teaching experience did not significantly pre-
dict participants’ total error in the VSR task, estimated 
agreement between listeners was found to be poor-to-good 
based on the estimated confidence interval for the ICC 
(0.456–0.778).54 This study also found that intra-rater relia-
bility for the subset of samples with a vibrato rate of 5.5 Hz 
was negligible. In combination, these two findings suggest 
that, while professional listeners may have moderate agree-
ment (or poor-to-good) in terms of their perception of vi-
brato rate, samples that differ in vibrato extent, but not 
vibrato rate may tend to result in extreme perceptual varia-
bility. This finding is in agreement with Wooding and Nix 
who reported that a narrow vibrato extent can confound 
listeners’ judgment of vibrato and non-vibrato tones.41

Limitations
As has been acknowledged throughout this paper, a pri-
mary limitation of this study is that the vibrato rate values 

of synthesized samples were not monotonically increasing. 
This oversight necessitated a more complicated, though 
appropriate, statistical analysis and led to less generalizable 
results. Additionally, though the statistical analysis used in 
this study was more complex than that planned for in the 
original research design, many participants attempted to 
“stack” stimuli icons when they believed the vibrato rate to 
be identical (Figure 4). This observation suggests that 
participants overarchingly understood the directions.

Many participants reported the VSR task to be rather 
onerous and, in some cases, to require over 1 hour to 
complete. Obviously, a perceptual task that requires 1 hour 
or more to complete can result in listener fatigue or even 
participant attrition47; however, it is unclear how future 
studies might both target a participant pool of professional 
voice teachers without allowing for geographic diversity. 
As such, controlling for time while allowing for the full 
benefit of the VSR method—which includes improved lis-
tener reliability—might be challenging.

This study prioritized listener experience and geographic 
diversity so as to analyze the auditory-perceptual abilities 
of professional voice teachers; however, one difficulty that 
arose from this choice was the authors’ inability to control 
for playback sound levels. As such, a limitation of this 
paper is that individual computers may introduce un-
desirable effects related to signal processing. Additionally, 
while all participants were asked to document their use of 
headphones, those technologies are known to introduce 
varying transfer functions, which may result in unknown 
filtering effects or distortions.

One additional concern is that the application Madde seems 
to bandlimit synthesized signals at 3.5 kHz. Lester-Smith and 

FIGURE 3. Scatterplot of the relationship between mean ranking error across all listeners for each token and the rate of frequency 
change (RFC) for each token. Gray points represent tokens for which the vibrato extent was 100 cents, but the vibrato rate was variable. 
Black points represent tokens for which the vibrato rate was 5.5 Hz, but the vibrato extent was variable.
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Story suggest that spectral energy above 5 kHz may contribute 
to the perception of frequency modulations in the human 
voice.7 Furthermore, Monson et al point to spectral energy 
above 5 kHz and up to 20 kHz as potentially playing a sig-
nificant role in speech and voice perception.55 It is also possible 
that normalizing the SPL of stimuli may have made it more 
difficult for listeners to discriminate between tones given that 
SPL may vary when vibrato extent causes resonance-harmonic 
interactions. Likewise, the use of .mp3 conversion may have 
introduced unwanted acoustic distortions. As such, it is pos-
sible that there was a trade-off, of sorts, in the use of easily 
manipulatable synthesized singing samples and easily trans-
ferable files to study the perception of voice professionals.

Just as the bandlimit imposed by Madde may have ad-
versely influenced the participants in this pilot study, the use 
of self-reported “intact hearing” as an inclusion factor may 
be a limitation of this study. Should participants have had 
limited hearing capabilities, it is reasonable to expect that 
their performance for this psychoacoustic protocol may 
have been negatively impacted. The authors trust the par-
ticipants of this study. Nonetheless, the use of self-reported 

“intact hearing” is a limitation of this study and should be 
controlled in the future if possible.

Future Research
Future studies using the VSR method for perceptual stu-
dies related to the singing voice should be certain to ran-
domize the parameters for synthesized samples. This type 
of planning can be carried out easily with functions in R, 
Matlab, or even a simple online randomizer depending on 
one’s facility with each tool. Randomized parameters that 
are the subject of inquiry should also be monotonically 
increasing so as to facilitate simpler statistical procedures. 
A primary suggestion from this pilot study relates to 
method design. For example, this study could have im-
plemented a far simpler statistical analysis method if it had 
used an equally spaced two-dimensional grid with five 
possibilities of vibrato rate and five possibilities of vibrato 
extent (25 samples), as well as five redundant samples to 
test for intra-rater reliability. Furthermore, it might also be 
prudent in the future to consider using an application such 
as VISOR to reduce the possibility of manual error while 

FIGURE 4. Image of a completed Powerpoint slide by a participant. This figure demonstrates the “stacking” mechanism with which 
many participants completed the VSR task as well as the measuring plug-in used to calculate distance.
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measuring analog data. It would be simple to create a short 
tutorial video to train even geographically diverse partici-
pants or participants who are at risk of being less techno-
logically literate.

In regard to suggestions that are not related to research 
design, this pilot study posits, in agreement with past lit-
erature,41,42 that there is a complex relationship between the 
perception of vibrato rate and vibrato extent. Future studies 
should consider investigating if RFC can adequately capture 
the relationship between the combination of these two 
parameters and the perception of vibrato. It would also be 
relevant to study the difference limen for vibrato rate and 
vibrato extent, again, with the help of professional voice 
teachers and voice specialist clinicians.

There is still a pedagogical and scientific need to understand 
the functional causes of vibrato rate and extent more 
fully.2,18,56 While it is helpful to study the perception of pro-
fessional voice teachers and clinicians, it is necessary to explore 
how they might facilitate functional change in their clients and 
to use scientific inquiry to move beyond folk pedagogy.

Finally, given that both vibrato rate and vibrato extent are 
factors in the accurate perception of vibrato rate and, as such, 
of the percept of vibrato as a whole, future studies should 
consider how to train the auditory-perceptual accuracy of 
future voice teachers and clinicians. Past literature—both 
scientific and otherwise—has pointed to the benefit of using 
vibrato as a diagnostic tool when training singers. As such, it 
may be advisable to train future teachers to distinguish in-
dependently between vibrato rate and vibrato extent57 or, 
similarly, to aurally identify patterns that are appropriate 
based upon performance practice or functional training.

CONCLUSION
The results of this study suggest that there is a complex 
relationship between vibrato rate and vibrato extent in the 
perception of vibrato. Specifically, they show a significant 
association between both vibrato extent and vibrato rate 
with the perception of vibrato rate. Furthermore, while 
professional voice teachers had moderate agreement in 
their sorting and rating of vibrato rate, their perceptual 
accuracy diminished when forced to perform the VSR task 
for samples with the same vibrato rate, but with different 
vibrato extent measurements. These results suggest that 
voice professionals who have experience with nuanced 
auditory-perceptual judgments may characterize a singer’s 
vibrato characteristics based on multiple factors—a con-
cept that has precedence in the literature.

In conclusion, this study found (1) that both vibrato rate 
and vibrato extent may be significantly associated with pro-
fessional voice teachers’ ability to perceive vibrato rate, (2) that 
both vibrato rate and vibrato extent may be significantly as-
sociated with perceptual accuracy, and (3) that listener age and 
teaching experience may not be significant predictors of audi-
tory-perceptual accuracy. The authors underscore the quasi- 
hypothesis-generating nature of this pilot study and, as such, 
suggest that these results be interpreted cautiously. A primary 

suggestion resulting from this paper is that it may be peda-
gogically relevant to train future voice teachers to accurately 
distinguish between changes in vibrato rate and vibrato extent.
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