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Singing in different performance spaces: The effect of room
acoustics on vibrato and pitch inaccuracy
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ABSTRACT:

Previous literature suggests that musical performers may be influenced to some extent by the acoustic environment
in which they sing or play. This study investigates the influence of room acoustics on singers’ voice production, by
analyzing consecutive sung performances of classically trained students in five different performance spaces. The
analyzed voice parameters were vibrato rate, extent, and pitch inaccuracy. Nine classically trained student-singers
performed the same aria unaccompanied on a variable starting pitch that was consistent between spaces. Variance in
vibrato rate and pitch inaccuracy was primarily explained by individual differences between singers. Conversely, the
variance attributable to the rooms for the parameter of vibrato extent was larger compared to the variance attribut-
able to the performers. Vibrato extent tended to increase with room clarity (C80) and was inversely associated with
early decay time (EDT). Additionally, pitch inaccuracy showed a significant negative association with room support
(ST,). Singers seem to adjust their vocal production when performing in different acoustic environments. Likewise,

the degree to which a singer can hear themself on stage may influence pitch accuracy.
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I. INTRODUCTION

Singers tend to report that the acoustic environment in
which they sing alters the way they perform a musical work
(Jordan, 1980) regardless of how that repertoire was pre-
pared. Indeed, spatial environments do modify sound and
typically performance spaces are acoustically designed for
the benefit of the listening audience (Beranek, 2004).
Performing spaces can influence a singer’s perception and
affect their musical delivery; adding variability and possibly
requiring adaptation during a performance (Ternstrom,
1993; Luizard and Bernardoni, 2020). Anecdotally, vocalists
are sometimes encouraged by their instructors to perform in
different spaces to familiarize themselves with different
acoustic environments.

Past literature has explored the influence acoustic perfor-
mance spaces may have upon the musicians playing within
different environments (Amengual Gari et al., 2019; Scharer
Kalkandjiev and Weinzierl, 2015; Scharer Kalkandjiev and
Weinzierl, 2013; Kato et al., 2015; Bolzinger et al., 1994).
Investigations have primarily studied instrumental musicians
performing in virtual sound environments that are auralized
in real-time. This process allows systematic study of the
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effect of acoustic spaces upon musicians and a solution to the
challenges in traveling and reserving access to multiple ven-
ues. These types of studies suggest that performers adjust
tempo, articulation, and timbre as a result of the aural feed-
back they receive during a performance.

In a study of pianists, participants decreased their
dynamic level and articulation when reverberation time
increased (Bolzinger et al., 1994). Likewise, trumpet players
tended to lower dynamic level, decrease tempo, and darken
their timbre (i.e., highlight lower frequency spectral energy)
in more reverberant environments (Amengual Gari et al.,
2019). In a study including twelve instrumentalists, research-
ers determined that 8% of the variance in their musical inter-
pretations, which included tempo and timbre, could be
explained by room acoustic parameters (Scharer Kalkandjiev
and Weinzierl, 2015). An interesting point, the authors of this
study acknowledge, was that the physical space in which
musicians performed was literally and experientially different
than the virtual acoustic environments they were perceiving.
Their subjects expressed putting “effort” into visualizing the
spaces they were aurally experiencing. As such, the resulting
perceptual disconnect may have influenced participants’
instinctive responses. Kato et al. (2015) measured one oper-
atic baritone in a sound field simulation system using five dif-
ferent room acoustic conditions; ranging from an anechoic
space to a church-like space with high reverberation. The
authors noted significant changes to tempo, loudness, pitch
accuracy, and vibrato extent as a result of room conditions.
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Studies in live performance halls also suggest that per-
formers alter their performance due to aural feedback. A
field study with a renowned cellist performing the same con-
cert in seven different concert halls showed that more than
half (58%) of the variance in measured performance charac-
teristics could be explained by room acoustic parameters
(Scharer Kalkandjiev and Weinzierl, 2013). More closely
related to singers, Ternstrom (1993) found that different
choirs adapt their vocalism in more absorbent rooms by rais-
ing their loudness levels and formant peak frequencies.

Luizard and Bernardoni (2020) also studied the effect
of acoustic conditions on four singer performances. They
investigated the extent of variation within six different
empty rooms representing eight acoustic conditions; two
were equipped with banners to change reverberation times.
Singers of each voice type (soprano, mezzo, tenor, bass) per-
formed three classical pieces without accompaniment in
their own repertoire and then all performed one common
piece. There was no pattern among these four singers
together; however, there were significant individual adapta-
tions made to the changing acoustics in temporal, dynamic,
and/or timbral features. These mostly included changes in
loudness and timbre, which Ternstrom (1993) also observed.
Luizard and Bernardoni (2020) further recommended that
this experiment should be replicated with singers perform-
ing consecutively in different acoustic environments to
lower the variability in singing due to factors other than
acoustics. These include the time between recordings and
changes in psychological and physical state. Scheduling and
accessing several halls for use in one day is difficult to
reproduce; however, on the campus of the University of
Illinois Urbana-Champaign (UIUC), there are five profes-
sional performance spaces that make this approach possible.

The aim of this present study is to explore variations in
vibrato rate, vibrato extent, and pitch inaccuracy that singers
make in response to performing consecutively in five differ-
ent acoustic environments. Measurements are taken from
audio recordings made in each performance space.

Early research on the topic of vocal vibrato provided
the acoustic description of vibrato that centers on the
“periodic pulsation, generally involving pitch, intensity, and
timbre, which produces a pleasing flexibility, tenderness,
and richness to tone” (Seashore, 1931). There are two com-
mon parameters to objectively describe vocal vibrato in
modern singing voice science literature: vibrato rate and
vibrato extent. Vibrato rate specifies the number of undula-
tions per second and vibrato extent describes how far phona-
tion frequency rises and falls around a mean value during a
vibrato cycle (Sundberg, 1987). Typical values for vibrato
rate in singers are 4.5 to 6.5 Hz in frequency. Vibrato extent
is measured either as a percent or in cents and typical values
are around 0 to =3% or *50 cents, a quarter-tone, above
and below the mean frequency (Titze, 1994). It is important
to note that commonly used applications and algorithms
have been reported to measure vibrato extent differently
(Nestorova and Glasner, 2021) and that recent studies have
found that modern professional opera singers can exhibit
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vibrato extent in excess of *100 cents (Ferrante, 2011;
Glasner and Johnson, 2020).

Vocal intonation, also known as pitch accuracy, is
defined as the precision of a singer’s fundamental frequency
(fo) to a reference frequency that is maintained by self-
monitoring and by corrections in the laryngeal muscles
(Bottalico et al., 2017). A singer must often sing in different
environments in which acoustic feedback used in self-
monitoring will differ. Thus, singers learn to rely not only
on external feedback but also on internal feedback such as
skeletal vibrations (Kleber et al., 2017; Scotto Di Carlo,
1994). However, even trained singers show decreases in
pitch accuracy in the absence of external feedback (Ward
and Burns, 1978). Such auditory feedback has been shown
to be monitored by the audio-vocal system (Hain et al.,
2001) and, more recently, has been shown to affect vibrato
characteristics in classically trained singers (Lester-Smith
etal., 2022).

Il. EXPERIMENTAL METHOD
A. Subjects

The use of human subjects for this research was
approved by the Office for the Protection of Research
Subjects at the University of Illinois Urbana-Champaign
(IRB #18179). Six female and three male singers (average
age 25.2 years) volunteered to take part in the experiment.
The age, gender, and voice type of the nine participants are
reported in Table I. The singers were predominantly gradu-
ate students in Western classical singing, with an average
number of consistent classical singing lessons equal to
9.2 years.

B. Room descriptions

Participants were asked to sing in five different per-
forming venues on the University of Illinois at Urbana-
Champaign campus: the Smith Memorial Room, Smith
Recital Hall, Colwell Playhouse, Krannert Foellinger Great
Hall, and the Krannert Amphitheater. To describe the rooms,
Impulse Responses (IRs) were recorded using an Impulsive
Sound Source (model BAS006, Larson Davis, Provo, Utah)
and analyzed with XL2 Audio and Acoustic Analyzer (NTi
Audio, Tigard, Oregon). The microphone used was the

TABLE I. Characteristics of the sample, with age, gender, voice type, and
number of years of experience.

Subject ID Age Gender Voice : type Years of experience
1 26 Female Mezzo-soprano 11
2 21 Female Soprano 5
3 24 Male Tenor 18
4 26 Female Soprano 12
5 30 Female Soprano 16
6 24 Female Soprano 8
7 24 Male Baritone 10
8 29 Male Bass 10
9 23 Female Mezzo-soprano 7
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M2211 (NTi Audio, Tigard, Oregon). The source was
located in the center of the stage and the receiver was
located in different positions in the audience. From the IRs
reverberation time (T30), early decay time (EDT), and clar-
ity (C80) were calculated with AURORA, a plug-in for
AuDACITY (Farina, 2000). The parameters were averaged
over the 500 Hz and the 1 kHz octave bands, following the
indication of the standard ISO 3382—1 (ISO, 2008). Volume,
number of seats, reverberation time (T30), early decay time
(EDT), and clarity (C80) of the halls are listed in Table II.
The table includes the average, the minimum, and the maxi-
mum values measured in different audience locations. The
Smith Memorial Room and Smith Recital Hall are both
located within the Tina Weedon Smith Memorial Hall, a his-
toric building completed in 1920. The Smith Memorial
Room is modeled after a drawing room with marble floors,
plaster walls, crystal chandeliers, and a large rug covering
almost the entirety of the floor. It seats 56 people and has a
volume of about 400m?. It is used primarily for chamber
music concerts and recordings. Its reverberation time (T30)
is 1.04s. T30 in this room is lower compared to the pre-
ferred values of T30 for chamber music halls (between 1.6
and 1.8s) suggested by Beranek (2004). Also, the average
EDT (0.98s) is lower compared to the preferred values of
EDT for chamber music halls (between 2.2 and 2.6s). The
C80 instead is within the preferred values (—2.0 to 2.0 dB).
The Smith Recital Hall is a large concert venue seating 802
guests on the main floor and balcony. The interior is mainly
mahogany wood and has an approximate volume of
6600 m°. The T30 for this space is 1.75s. T30 and EDT in
this room are lower compared to the preferred values for
concert halls (between 1.8 and 2.1s for T30 and 2.2 and
2.6 s for EDT). The C80 instead is within the preferred val-
ues (—3.0to 0dB).

The remaining spaces are housed in the Krannert
Center for Performing Arts, a 28 000 m” performing arts and
academic facility home to five indoor stages and an outdoor
amphitheater. The Colwell Playhouse serves as a venue for
small-scale dance and spoken word performances. It seats
641 people and has an approximate volume of 11 600 m”. It
is occasionally used for music performances and is typically
judged by the performers as a rather dry space. Its T30 is
1.42s. Even if this room is designed for spoken word per-
formances, T30, EDT, and C80 are within the range of pre-
ferred values for opera houses (between 1.4 and 1.6s for

T30; 1.5 and 1.9s for EDT; and 1.0 and 3.0dB for C80).
The Krannert Foellinger Great Hall has a grand stage that is
designed for large orchestral performances. The hall can
seat 2059 people and has a volume of 16 500 m® and a T30
of 2.47s. T30 in this room is higher compared to the pre-
ferred values for concert halls (between 1.8 and 2.1s). The
EDT and the C80 instead are within the preferred values
(2.2 and 2.6 s for EDT; —3.0 to 0dB for C80). The Krannert
Amphitheater is a Greek-inspired outdoor performance
venue used during temperate weather conditions and up to
560 people can sit on the curved concrete steps. In this
space, the average T30 is 0.68 s, the average EDT is 0.22s,
and the average C80 is 18.30 dB. These values are similar to
the ones measured in ancient open-air theaters such as the
Theater of Tyndaris in Sicily, Italy (Astolfi et al., 2020).

Another set of IRs was recorded through a Head and
Torso Simulator (HATS, GRAS 45BB KEMAR, Holte,
Denmark), to represent the acoustics experienced by the
singers. An exponential sweep signal was emitted by the
mouth and recorded by the ears of the HATS. The recorded
sweep was deconvolved with the emitted sweep inverted on
the time axes, obtaining the IR, as explained by Brunskog
et al. (2009) and Pelegrin-Garcia (2011). The impulse
responses mouth-ears (IRyg), early decay time (EDT) corre-
sponding to the perceptual dimension of the reverberance,
C80 corresponding to the music clarity, IACC,. corre-
sponding to the envelopment were analyzed with AURORA, a
plug-in for aupaciry (Farina, 2000). Voice support (ST,),
corresponding to the degree of amplification produced by
the room on the talker’s voice, as perceived by the talker
himself, was calculated with matLAB R2018a following the
indication of Pelegrin-Garcia (2011). The parameters EDT
and C80 were averaged between 500 and 1000 Hz octave
bands and between the two ears. IACC,, and ST, were
averaged over the 125 Hz to 4 kHz octave bands. The aver-
age between the two ears is reported for ST,. Figure 1 shows
the five rooms. The parameters obtained from the IRy are
reported in Table III.

C. Protocol

The experiment was conducted in one recording session
within four performance halls and one outdoor amphithe-
ater. Recordings were made in five locations consecutively
beginning in Smith Memorial Room, followed by Foellinger
Great Hall, Colwell Playhouse, Krannert Amphitheatre, and

TABLE II. Reverberation time (T30), early decay time (EDT), and clarity (C80) measured with an omnidirectional source located on the stage and the
receiver in on the audience in the five spaces. All parameters were averaged over the 500 Hz and the 1 kHz octave bands. The table lists the average, the min-
imum, and the maximum values measured in the audience. The volume and the seat number are also included.

Room name Volume (m3 ) Seats Measurement point No. T30 (s) C80 (dB) EDT (s)

Smith Memorial Room 400 56 9 1.04 (1.07-1.11) 2.00 (0.65-3.45) 0.98 (1.09-1.18)
Smith Recital Hall 6600 802 27 1.75 (1.56-1.87) —0.83 (—2.65-2.87) 1.85 (1.72-2.15)
Krannert Great Hall 16500 2059 21 2.47 (2.01-2.65) —0.29 (—2.67-8.45) 2.18 (1.55-2.53)
Krannert Colwell Playhouse 11600 641 18 1.42 (1.34-1.48) 2.48 (0.50-7.25) 1.43 (1.18-1.71)
Krannert Amphitheatre — 560 9 0.68 (0.41-0.99) 18.30 (12.00-22.07) 0.22 (0.06-0.52)
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concluding with Smith Recital Hall. The recordings were
performed using an omnidirectional measurement micro-
phone (M2211 NTI audio) connected to a portable recorder
(TASCAM DR-40X portable recorder) with a sampling rate
of 44.1kHz at 32 bits.

In all of the recordings, the performance spaces were
unoccupied, and their environments were unchanged.
Singers entered and stood in the same location which was
marked for them in the center of each stage. Each singer
performed the A and B sections of the Italian art song,
“Caro mio ben” by Tommaso Giordani once in each space
and without musical accompaniment. The starting pitch was
chosen according to the voice type and was maintained in
all spaces. The starting pitches chosen were Fs for the sopra-
nos, Ebs for the mezzos, the tenor selected Eb,, the baritone
Dy, and the bass C4. They were not directed to follow a
tempo.

TABLE III. Early decay time (EDT), C80, late interaural cross-correlation
(IACClate), and voice support (ST,) measured on the state with a HATS
(IRMmE) in the five space. All parameters were averaged over the 500 Hz and
the 1 kHz octave bands, except for IACClate and ST, which were averaged
over the 125Hz to 4kHz octave bands. All the parameters, except for
TACClate, were averaged between the two ears.

Room name C80(dB) EDT (s) IACC_late STv (dB)
Smith Memorial Room 16.16 0.40 0.499 —10.54
Smith Recital Hall 23.53 0.35 0.510 —13.28
Krannert Great Hall 26.82 0.35 0.487 —13.00
Krannert Colwell Playhouse 25.84 0.34 0.487 —-4.97
Krannert Amphitheatre 22.82 0.38 0.499 —11.04
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FIG. 1. (Color online) The five halls
analyzed in the study: (a) Smith
Recital Hall, (b) Smith Recital Hall,
(c),(d) Krannert Great Hall, (e)
Krannert ~ Amphitheatre, and  (f)
Krannert Colwell Playhouse.

D. Voice Analysis

MATLAB version 2014 b and praAT version 5.4.01 were
used for voice analysis. Three parameters were analyzed:
vibrato rate, vibrato extent, and pitch inaccuracy. Each
audio recording was manually segmented to isolate the
notes/syllables highlighted in Fig. 2.

Vibrato primarily consists of a periodic f; modulation
(Dejonckere et al., 1995). As mentioned, traditionally, the
main parameters used to characterize the vibrato are the rate
and the extent. Vibrato rate (V 4.) represents the number of
fo oscillations per second. It is evaluated as the reciprocal of
the mean time difference between two subsequent f, maxima,

1A 1
Viate = = i1 i ) (1)
N Zﬂ i
i= Omax S omax

where i is the cycle identifier, N is the f; maxima identifier,
and t}o,,m is the time instant of the i th cycle of fy maximum.
It is important to define limits of pulsation rate that may be
considered as vibrato. Relying on the observations of
Ekholm et al. (1998) and Ferrante (2011), the extreme range
may be defined as 4.2-8.1 Hz in females and 4.8-6.6 Hz in
males (mean = 2 standard deviations [SD]). Following the
indications of Manfredi et al. (2015), the range 4.2-8.1 Hz
was considered for both genders.

Vibrato extent (V. is the difference in frequency
between a maximum and a minimum of f, within a cycle
(i.e., the amplitude of the cycle). Here, it has been computed
as the mean of the differences between f, maximum and f;,
minimum in each cycle,
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FIG. 2. Score of the aria performed by the participants. The highlighted notes were analyzed for voice parameters.

2)

L (£ = Fo,
Vew = N Z (f ’

i=1

where ff)m — fé)m is the difference between the maximum
and minimum of fundamental frequency on each cycle. To
compare results among participants, the measurements in
Hz were converted in cents, by means of

1

Omax
i

Com(iy = 1200 % 3.322 3)

ent(i
Omin

In the same way as for rate, limits need to be defined
for extent values that may be considered compatible with
vibrato. According to reports by Ferrante (2011) and Anand
et al. (2012), the extremes should be *=17-145 cents for
females and *+38-130 cents for males. For vibrato extent,
the relevant limit is the lower one. Once again, following
the indications of Manfredi et al. (2015), the threshold of
*17 cents was taken for all singers. Henceforth, V., is
computed excluding those cycles that exhibit an extent less
than *17 cents.

Pitch inaccuracy was evaluated by extracting the central
portion of each note to exclude voice attack and release
effects. Fundamental frequency was estimated by means of
the autocorrelation method in PRAAT, using Hanning win-
dows with a temporal length of 3 divided by the value of the
pitch floor, with pitch limits of =123 cents from the refer-
ence value, with a 0.05-time step, an octave cost of 0.0025
per octave, and a voiced/unvoiced cost of 0.20. All other
parameters had default values. Following Ward and Burns
(1978), the distance (absolute value of the difference) in
cents between the produced note and the reference note is
given by

Ac = [1200 - log, (fo/f 7). v

where f; is the produced note and f,.. is the reference note in
Hz. Reference notes were established for both equal
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temperament and pure and just intonation; however, the
results were not statistically different. To compare the pre-
sent results with those of previous studies, results are
reported for the equal temperament.

E. Statistical analysis

Linear mixed models (LMM) and generalized linear
mixed models (GLMM) were used for the statistical analy-
ses, using the software rR3.6.0 and the Ime4 (version 1.1-10)
package (Bates et al., 2014). Different models were built for
the three response variables (vibrato rate, vibrato extent, and
pitch inaccuracy). Vibrato rate and extent followed a normal
distribution and linear mixed models were used to fit these
two response variables. In agreement with analytical meth-
ods used for generic accuracy data, the distribution of the
response variable (the distance in cents between the note
produced by the singer and the reference note) was most
consistent with the Gamma distribution, thus a GLMM with
a binomial distribution (Laplace approximation) was used
for this response variable. With eight singers singing in five
spaces, the data are structured in different levels of variance.
Mixed-effects models are particularly suited to analyze a
hierarchical data structure (Hox et al., 2017). The models
were computed for each of the three voice parameters,
where both fixed effects (the room acoustical parameters)
and random effects (the difference among signers) could be
simultaneously taken into account.

lll. RESULTS

First, the effect of sex on the three parameters measured
was assessed. Three mixed effect models were run with
vibrato rate, vibrato extent, and pitch inaccuracy as response
variables and sex as a predictor. Room and singer id were
considered as random factors. In all the three models, the
differences introduced by the singer sex were not statisti-
cally significant, for this reason, sex was not included as a
factor in the following analyses.

Bottalico etal. 4135
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TABLE IV. Means and standard errors of the three parameters vibrato rate
(Viate), Vibrato extent (Vey,), and pitch inaccuracy (Ac) by sex and by rooms.

Viae (Hz) Vexe (cents) Ac (cents)

Mean Std. error Mean Std. error Mean Std. error

Sex
Females 6.1 0.03 87.9 1.5 32.1 14
Males 5.7 0.03 87.6 1.9 33.7 1.9
All 5.9 0.02 87.8 1.2 32.8 1.2
Rooms

Smith Memorial 6.06 0.05 58.4 2.1 30.1 2.4
Room

Smith Recital Hall 5.89 0.05 84.9 24 32.6 2.6
Krannert Great Hall 591 0.05 98.7 2.4 33.7 2.6
Krannert Colwell 5.90 0.05 96.2 2.3 27.1 2.2
Playhouse

Krannert Amphitheatre 5.89 0.05 100.8 22 40.5 3.0

Intraclass correlation coefficients (ICCs) based on ran-
dom intercept only models were computed to estimate the rel-
ative contribution of respective random effects in the
explanation of the overall variance in the data. Regarding the
vibrato rate (V) and pitch inaccuracy (Ac), the variance
attributable to the rooms (ICCroom=2% and 2%, respec-
tively) was smaller in contrast to the variance attributable to
the performers (ICCgjpeer = 50% and 43%, respectively). For
the parameter vibrato extent (V.y,), the variance attributable
to the rooms (ICCgyom =33%) was bigger compared to the
variance attributable to the performers (ICCgjpger =23%).
The mean values and the standard error of the three parame-
ters in the different rooms are reported in Table IV.

The associations between the parameters, both voice
(Viates Vexts and Ac) and room acoustics (C80, EDT,
TACCae, and STygice), Were assessed through the univari-
ate linear mixed effect models. Participant id was used as a
random factor. Table V lists the estimate and the standard
error of each model. Bonferroni adjusted alpha levels of
0.0125 per test were used to control for type I error (0.05/4
acoustical parameters). The following associations were
statistically significant. The vibrato rate was negatively
associated with the Cgo while it was positively associated
with EDT. The vibrato extent was positively associated
with the Cgy while it was negatively associated with EDT
and TACC),.. The pitch inaccuracy was negatively associ-
ated with ST ;ce.

IV. DISCUSSION

The present study aims to investigate the effects of the
room acoustic environment—as described by specific acous-
tic parameters—on the performance and voice production of
Western Classical singers. It analyzes the performances of
nine singers in five different acoustic environments. The
measurements of those acoustic environments are detailed
in Table III. Overall, the results of this study indicate that
variance in performance characteristics can be attributed to
both the individual singer and the room in which a singer
performs, depending upon the acoustic variable. This overall
finding partially confirms the observations of Luizard and
Bernardoni (2020), but the inclusion of vibrato parameters
in this study demonstrates that vibrato characteristics specif-
ically are altered—though likely not volitionally—when a
singer performs in a different room. This finding seems to
indicate that singers may adjust their vocal production when
confronted with differing acoustic environments.

A. Effect of room and individual singers

Most directly, this study followed in part the design of
Luizard and Bernardoni (2020); however, there were two
key differences that distinguish how these results should be
interpreted. First, the participants in this project sang an
identical excerpt. This decision allows the results of this
study to be interpreted without consideration of different
singing styles, vocal ranges, or other differences that arise
as a result of varying pitch, dynamic, and rhythmic content
in multiple song excerpts. Second, the current study specifi-
cally focused on vibrato characteristics as indicators of
vocal performance and, indirectly, of vocal function. As
opposed to Luizard and Bernardoni (2020), who observed
changes in closed quotient (CQ) measurements of singers—
which has been described as a correlate to vocal effort
(Huang et al., 1995)—the authors chose to study vibrato
extent and vibrato rate. These two parameters have been
shown in singing voice research literature and suggested in
historical voice pedagogy texts to be indicators of vocal
function (Prame, 1994; Hakes et al., 1987) and even techni-
cal “flaws” (Nix et al., 2016; McKinney, 2005). As such, it
seems reasonable to conclude—based on the results of the
analysis of the intraclass correlation coefficient—that the
room acoustic environment does alter in some way a
singer’s vocal production. Specifically, the ICCgroom With
room as a random effect and vibrato extent as a dependent

TABLE V. Associations between the three voice parameters (V e, Vex, and pitch inaccuracy), and the room acoustics parameters from the oral-binaural
impulse response (C80, EDT, IACC,,., and ST,). Bonferroni adjusted alpha levels of 0.0125 per test were used (0.05/4) to control for type I error. The bold

values are statistically significant assuming a p-value lower than 0.0125.

C80 EDT TACC 4 ST,
Parameters Estimate S.E. Estimate S.E. Estimate S.E. Estimate S.E.
Viate —0.016 0.004 2.32 0.68 0.178 1.80 0.001 0.005
Vext 3.77 0.24 —467 43 —689 120 0.37 0.35
Pitch inaccuracy —0.021 0.311 66.86 50.88 149.91 131.25 —0.88 0.37
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variable indicated that a higher amount of the variance could
be explained by the singers performing in a different room
(ICCroom =33%) than by individual differences between
singers (ICCginger =23%). This finding is in contrast with
those related to vibrato rate and pitch inaccuracy, for which
variance in the models was primarily explained by individ-
ual differences between singers.

The analysis of ICC reveals how a singer’s performance
might be impacted or otherwise altered by the room acoustics
environment, but it does not clearly reveal why a singer
might involuntarily or voluntarily change their performance
or vocal function. As such, it is necessary to consider the
relationship between the dependent variables of vibrato rate
(Vyae)s vibrato extent (V.y), and pitch inaccuracy (Ac) as
well as the independent variables of early decay time (EDT),
late interaural cross correlation coefficient (IACC,), clarity
(Cgp), and voice support (STy) (see Table IV). Note that for
the purposes of this study, only comparisons between vocal
variables and room acoustic variables are relevant to the pre-
sent discussion.

B. Vibrato extent and room acoustics

Of the significant associations listed in Table V, V.,
was found to have a positive association with C80. That is
to say, both the clarity of the room environment at the posi-
tion of the singer and the amplitude modulation of the sing-
er’s vibrato tended to increase together. This phenomenon
bears exploration. Given that Cgy was measured from the IR
representing the path of the mouth-ears of the HATS, an
increase in Cg is equivalent to saying that the proportion of
sound arriving at the singer’s ear within 80ms was high
compared to the sound arriving at the singer’s ear after
80 ms. This point of clarification is in contrast to studies that
analyze room acoustics from the perspective of the audience
member. As such, the singers in this study tended to exhibit
an increase in vibrato extent (i.e., a “wider” vibrato f; range)
when a higher proportion of their sound resided in the early
sound field than in the late sound field. It is possible that this
result could be caused by participants reacting to the audi-
tory feedback (or lack thereof) while singing.

A recent study suggests that loud speaking is self-
reported as being less effortful in a reverberant room than in
a semi-reverberant or anechoic room (Bottalico et al.,
2017). There is also evidence that singers adjust loudness,
dynamic range, and fullness—as well as other timbral char-
acteristics—when performing in different spaces (Luizard
and Bernardoni, 2020). While the current study did not mea-
sure SIL or SPL of the singer-participants, past literature
demonstrates that professional opera singers create sounds
in excess of 97dB (Bjorkner, 2008) (i.e., rather loud
sounds). It is possible that the participants from this study
increased their vocal load as a result of varying amounts of
feedback while singing and, as such, altered their vocal
function in a way that increased the amplitude modulation
of their vibrato (V). There is anecdotal evidence that
heavier vocal production while singing could result in a
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slower vibrato rate and larger vibrato extent (Nix et al.,
2016). While it is not yet clear from the literature the extent
to which auditory feedback impacts vibrato or vocal func-
tion (Schultz-Coulon, 1978; Grillo et al., 2010; Miirbe et al.,
2007), there is a long-standing acknowledgment in the voice
research community that the antagonism between the crico-
thyroid and the thyroarytenoid muscles is one possible
explanation for the existence of vocal vibrato (Sundberg,
1987). As such, any adjustment—conscious or subcon-
scious—that alters the function of either of those two
muscles or the acoustic feedback within the vocal tract
could result in a measurable difference in vibrato extent.

The models also found that vibrato extent was negatively
associated with EDT. That is to say, as the perceived reverber-
ance of a room (EDT) decreased, vibrato extent increased—
and vice versa. This result can be considered similar to that of
the association between vibrato extent and clarity. A low EDT
indicates that a room is not particularly reverberant. As such,
a room with a low EDT at the point of the singer’s head—as
would be the case in a semi-reverberant or anechoic room—
might result in increased self-perceived vocal effort and could
deleteriously affect vocal function.

As mentioned previously, Luizard and Bernardoni
(2020) suggested that a significant and positive relationship
between pitch and IACC),. might be interpreted as an
increase in vocal effort with a decrease in spatial envelop-
ment or intimacy (given that IACC,, and subjective spatial
envelopment are inversely related). Furthermore, Huang
et al. (1995) found that vocal effort tends to increase with
CQ. Indeed, the results of this study show a negative associ-
ation between IACC),. and vibrato extent. Extrapolating
from the conclusions of Luizard and Bernardoni (2020), it is
possible that a decrease in a singer’s sense of envelopment
could produce an increase in CQ and, potentially, an
increase in vocal effort. The culminating result of those
functional and perceptual changes is a decrease in vibrato
extent. Of course, the causes of changes in vibrato rate and
vibrato extent are not well-understood; however, it seems
from these results that the room acoustic environment does
impact singers’ vocal performance and, potentially, their
vocal function.

C. Vibrato rate and room acoustics

Vibrato rate was found to have a negative association
with C80 and a positive association with EDT. This relation-
ship seems to indicate that when the feedback perceived by
the singer is clearer and less reverberant, singers may
change their vocal function in a way that produces a slower
vibrato. Most importantly, it was found that a higher propor-
tion of the variance in vibrato rate could be explained by
individual singers than by the room in which those singers
performed. In other words, measured differences in vibrato
rate seem to be more a function of the singer recorded than
an effect of the acoustic environment.

While the room condition did not account for a high
degree of variance in vibrato rate between samples, it is
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notable that the vibrato rate results from this study adhered
to trends reported in the literature. Singers who are assigned
male at birth (AMAB) tended to have a slower vibrato rate
than singers assigned female at birth (AFAB); putting this
study in agreement with past reports (Guzman et al., 2012;
Nix et al., 2016; Sundberg, 1994; Glasner and Johnson,
2020) (see Table III). Additionally, the average vibrato rate
of the participants (5.9Hz) fits within reported normative
measures in previous studies (Nix, 2014; Hakes et al., 1988;
Titze, 1994; Sundberg, 1994) and, as such, situates the
results from this study within current singing voice research
literature.

D. Pitch inaccuracy

The control of fundamental frequency has been the sub-
ject of an impressive amount of scholarly discourse. While
it is apparent that control of f, is of import to the profes-
sional singer, it is unclear to what extent auditory feedback
or motor control training play in pitch accuracy (Titze,
1994). It also seems likely that auditory feedback has at least
some influence on pitch accuracy and loudness (Grillo et al.,
2010; Mirbe et al., 2007; Bauer et al., 2006; Larson et al.,
2007, Bottalico et al., 2017). The results of the current study
show a negative association between pitch inaccuracy and
ST,. That is to say, as the support for the voice from the
room (ST,) increases, singers are more accurate. This find-
ing represents a somewhat obvious conclusion. It stands to
reason that the degree to which a singer can hear themself
on stage may positively influence pitch accuracy.

E. Practical application

Practically speaking, this study confirms the existence
of a phenomenon that performers have noted anecdotally for
at least a century: singers tend to perform differently as a
result of the acoustic environment in which they sing
(Jordan, 1980). As such, a pedagogical consideration based
on these findings is that singers should train in a variety of
spaces so as to become accustomed to different acoustical
environments. Singing teachers might also work to develop
pedagogies and methods that prioritize not auditory feed-
back, but rather kinesthetic or somatosensory awareness to
limit the possible negative implications of singing in a
“live” or “dry” hall. Such methods could then be studied,
analyzed, and optimized to enable singers to attain repeat-
able and functional results on stage.

V. CONCLUSIONS

The present study aims to investigate the effect of room
acoustics environment on the vibrato extent, vibrato rate,
and pitch inaccuracy of nine Western Classical singers while
singing in five different acoustic environments. Vibrato
extent was found to have (i) a positive association with C80,
(i1) a negative association with EDT, and (iii) a negative
association with IACCy,.. That is to say, (i) both the clarity
of the room environment at the position of the singer, and
the amplitude modulation of the singer’s vibrato (i.e.,
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vibrato extent) tended to increase together, (ii) as the per-
ceived reverberance of a room decreased, vibrato extent
increased, and (iii) as the spatial envelopment or intimacy
decreased, vibrato extent increased suggesting an increase in
vocal effort. Vibrato rate was found to have (i) a negative
association with C80 and (ii) a positive association with
EDT. This means that when the feedback perceived by the
singer is clearer and less reverberated, singers tend to pro-
duce a slower vibrato. Regarding pitch inaccuracy, the
results of the current study show a negative association
between pitch inaccuracy and ST,. That is to say, as the sup-
port for the voice from the room (STV) increases, singers are
more accurate. A pedagogical consideration based on these
findings is that singers should train in a variety of spaces so

as to Dbecome accustomed to different acoustical
environments.
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