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ABSTRACT:
Classical singers’ performances vary across different acoustic environments. The changes in the delivery are

influenced by the singer’s perception of the venue’s acoustics. This study investigated these relationships using nine

professional or semi-professional classical singers. Participants performed Giordani’s “Caro mio ben” aria in five

venues, and the acoustic parameters reverberance (T30 and EDT), clarity (C80), early vocal support (STv), and tonal

color (EDTf) were measured. From a factor analysis of the subjective analysis three major factors emerged that, we

propose, would represent three generalized percepts of Room Supportiveness, Room Noiselessness, and Room

Timbre. These percepts correlated significantly with objective acoustic parameters traditionally linked to vocal sup-

port, reverberation, and timbre. Room Supportiveness and Room Noiselessness significantly contributed to the sing-

ers’ likability of the acoustic environment, while Room Timbre did not. This indicates that singers’ perceptual

preference for a performance space may be influenced by factors affecting both auditory feedback and vocal func-

tion. These findings underscore the need for performing space designers to consider the unique needs of all stake-

holders, including listeners and performers. The study contributes to the bridging of the gap between subjective

perceptions and objective measurements, providing valuable insights for acoustic design considerations.
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I. INTRODUCTION

While the acoustic design of concert halls and other per-

formance venues has evolved over time, the fact remains that

the acoustic environments are generally designed for the ben-

efit of the listening audiences rather than that of the perform-

ers.1,2 Since the 17th century, professional instrumentalists

and singers have noted that an acoustic environment influen-

ces their perception of a performing space.3 These subcon-

scious or conscious observations may result in adjustments to

their musical performance.4,5 In two recent papers, Luizard

et al. study the changes in singers’ voice production across

concert halls. It was confirmed that singers use individual

adaptation patterns through several adaptation strategies. In

the first one Bass Ratio and STearly were found as predomi-

nant monaural room criteria.6 In the second one, Voice

Intensity and IACClate were the most used voice and spatial

parameters, respectively.7 Furthermore, a recent investigation

suggests that there is objective evidence of this phenome-

non.8 Therefore, it seems reasonable to conclude that the

acoustic environment of a space is an important factor for the

performing artist to consider when preparing a performance.

Musical perception and subsequent conscious or subcon-

scious responses by the performer represent critical consider-

ations, because, “the singer, when he is performing, cannot

know what he sounds like to the people who are listening.”9

This response is due, in part, to the natural masking that

occurs in the human auditory system as the sound produced

by the human voice is filtered or otherwise altered by bone

conduction, tissue dampening, and an individual’s head-

related transfer function (HRTF).9,10 Therefore, acoustic

responses from a space may support or hinder a singer’s self-

perception and delivery.

A previous paper by the current authors explored quan-

titative changes to a singer’s vibrato characteristics and

pitch inaccuracy compared to objective acoustic parameters

in five performance spaces. It appeared that singers may

adjust their vocal production in different environments.8

This present work is the second phase of the aforementioned

study. It contextualizes the prior objective analysis by

exploring the subjective perceptions of the singers and by

comparing their descriptions and preferences with the

acoustic parameters in each of the five spaces. As such, this

paper expands upon our current understanding of how a

room’s acoustic environment influences a singer’s perfor-

mance from the perceptions, observations, and lived experi-

ences of singing performers.

A. Acoustic measurements and preferences

Early literature related to ensemble musicians’ prefer-

ence of acoustic environment has focused primarily ona)Email: pb81@illinois.edu
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changes to reverberation and early reflection time. Marshall

reported that instrumental soloists tend to prefer reverbera-

tion more than ensembles; noting that musicians seem to

prefer early reflections between 17 and 35 ms.11 Ternstr€om

observed performance-related changes as a function of

reverberation time and other characteristics pertaining to a

room’s acoustic environment.12 It was reported that a pro-

fessional choir produces increased sound power in the long-

term average spectra (LTAS) in more absorbent rooms and,

conversely, increased formant peak frequency levels in

rooms characterized by both short reverberation time and

increased spectral energy in the low-frequency range.11,12

Later studies explored additional room acoustical parame-

ters such as early support and the possible influence on

musical performance. Overall, these studies reported that

dynamic level increased in rooms with short reverberation

time and/or high support, but that the adjustment strategy is

highly individualized.5,13,14 Fry suggested that singers are

unique in the sense that they need an acoustic balance

between two distinct factors. Fry described the “time smear”

from a sound’s reverberation which provides singers the

opportunity to hear and shape their musical phrasing in addi-

tion to the clarity necessary to “get the words across.” The

author suggested that an acoustic space with early high-

frequency reflections would be optimal and named

London’s Wigmore Hall as such an example.9

Marshall and Meyer investigated the auditory impres-

sions of both ensemble singers and soloists in a semi-

anechoic laboratory with synthetic sound fields. They found

that early reflections and reverberation contribute positively

to ease of singing. More specifically, they reported that early

reflections contribute positively to ease of singing if the

value was measured as less than 40 ms. This observation is

in direct contrast to the preferences of instrumental ensem-

bles.15 Later, Meyer clarified that vocal ensembles prefer

the early decay time (EDT) of the stage environment to be

no shorter than the reverberation time of the hall. Soloists,

in contrast, have been found to prefer later reflections mea-

suring approximately 60–120 ms, because of the post-

masking effect caused by their own voice.10 Meyer also

noted that early reflections measuring approximately 25 ms

(i.e., the direct sound field) positively contribute to a sing-

er’s sense of comfort while singing. Some researchers have

suggested training somatosensory and kinesthetic awareness

so as to mitigate the effects of different acoustic environ-

ments on a singer’s performance.9

A more recent study seems to support and further clar-

ify the subjective preferences of soloists. Gade summarized

the most important characteristics that correspond with the

subjective sense of acoustic environment. Specifically, solo-

ists seem to prefer “modest reverberance” and “high clar-

ity.” The author suggested that an imbalance between these

two acoustic characteristics can affect note clarity and into-

nation. In addition, room support was found to reduce the

impression of effort and to allow for more dynamic contrast

provided by low background noise. Without modest rever-

berance, high clarity, and adequate support, musicians

tended to have a sense of “forced” playing which resulted in

fatigue. Last, the preferred timbre or tonal color of a room

was found to possess a balance between “warmth,” “body,”

and “brilliance.”16

B. Questionnaires and vocabulary

Past investigations have used interviews and question-

naires to ascertain the acoustical preferences of musical per-

formers and conductors. Gade explored establishing a

common language between descriptive perceptions of musi-

cians and objective acoustic measurements to guide archi-

tects of concert halls. Overall, the study found that

musicians tended to judge the acoustic environment of a hall

along two dimensions: an overall quality judgment labeled

“overall acoustic impression,” and a second which included

only “timbre.”17

Influenced by the work of Gade and others, Dammerud

provided questionnaires to orchestral musicians. These

questionnaires contained open-ended questions and a five-

point Likert scale for elements including physical comfort,

ensemble elements of balance, dynamic ease, timbre, reflec-

tions, and overall impressions. The study concluded that

players seem able to discern different acoustic conditions,

but that they struggle to define the cause(s) of the differ-

ences they perceive.18

Similarly, Silingardi et al. compared survey questions

with acoustic parameters; finding that high values of clarity

(C80) and reverberation (T30) aligned with the preferred

theatre of orchestral musicians among three historic Italian

theatres.19 Farina developed a questionnaire and distributed

it to “highly qualified” music listeners regarding their per-

ceptions of eight Italian theatres and halls,20 influenced by a

survey from Wilkens.21 After finding linear correlations

between subjective and physical evaluations, the question-

naire was reduced to nine subjective preferences in a five-

point range and recommended nine objective parameters to

guide future researchers.20,21 The current study follows the

previously outlined method. In so doing, it aims to deter-

mine the perceptions and acoustic preferences of profes-

sional singers.

II. EXPERIMENTAL METHOD

A. Participants

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 unoccupied

performing venues on the University of Illinois at

Urbana–Champaign campus regularly used for musical
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performances. These include Smith Memorial Room, Smith

Recital Hall, Krannert Center’s Colwell Playhouse,

Krannert Foellinger Great Hall, and Krannert Amphitheater.

Please refer to Bottalico et al.8 for a detailed description of

measurement methods and room acoustic characteristics.

The Smith Memorial Room, a chamber music hall,

boasts a “dry” acoustic characteristic, meaning its reverbera-

tion time is relatively low. Nevertheless, the balance

between early and late reverberations (C80¼ 2dB) is com-

mendable, thanks to the effective sound reflections from the

room’s side and ceiling. A large rug mitigates reflections

from the floor, thus preventing tonal unbalance from comb-

filtering effects. This combination of acoustic properties

makes the room well-suited for recordings.

Smith Recital Hall features a classic shoe-box style

design, resulting in abundant side reflections. Like most

shoe-box halls, its EDT is slightly shorter than its late rever-

beration, which envelops both the performers and the audi-

ence with a full, robust sound.

The Krannert Center’s Colwell Playhouse is an ideal

venue for dance performances, intimate musicals, and spo-

ken word presentations. Despite its large size, the room is

relatively dry acoustically. The wide range of C80 values

confirms this dryness.

The Krannert Foellinger Great Hall is an impressive

performance space, masterfully crafted by Cyril Harris, one

of the 20th century’s most influential acousticians. After

experiencing the unsuccessful innovations of Beranek’s hall

at Lincoln Center, Harris adopted a more conventional

approach while strategically selecting materials and shapes

that enhance sound diffusion. The room’s acoustic values

are nearly ideal for symphonic music, with the slope of early

decay slightly surpassing late reverberation, augmenting the

impact of orchestral attacks and improving vocal

intelligibility.

Finally, the Krannert Amphitheater is an open-air per-

formance venue, designed in the style of ancient Greek and

Latin amphitheaters. Although it’s an open environment,

there is mild reverberation caused by side reflections and the

scattering effects from the risers. The former contributes to

early reflection, while the latter creates delayed reflections.

However, due to the absence of a ceiling and enclosed

space, a late sound field does not form.

C. Protocol

Over a period of three hours, singers performed in each

of the five unoccupied halls listed. The order of the halls

was the same for all the participants due to limited availabil-

ity of the spaces. Singers were directed to stand on a marked

place on each stage and perform the same Italian art song

(“Caro mio ben” by G. Giordani) a cappella. Following the

performance, singers were led to a quiet space to fill out a

questionnaire about their perceptions of performing in that

space. They were then guided to the next hall and repeated

the protocol. Preparation of the questionnaire used descrip-

tive words following previous studies,17,20 but items were

rephrased into terms more familiar to American singers.

There were 23 contrasting characteristics on analog scales

(10 cm) and participants marked their subjective evaluation

of each characteristic on each scale (see Table II). Two

items were not filled out by all participants and were omit-

ted, resulting in 21 total pairs.

D. Data processing

Data were processed statistically using R software fol-

lowing the scheme shown in Table III. The analysis was

divided into two phases. In the first phase, the objective was

to identify the set of significant affective impressions in the

overall evaluation of the halls. A factor analysis (FA) was

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

number of years of experience.

ID Age Gender Voice type Years of experience

1 26 Female Mezzosoprano 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 Mezzosoprano 7

TABLE II. Questions presented to the singers about their perceptions of

performing in a space with the attributes presented at the two extremes of

the visual analog scale.

Please select your overall impres-

sions of singing in this space:

Difficult Easy

Unpleasant Pleasant

Dry Reverberant

When not singing how do you

perceive the overall sound level

in this space?

Quiet Noisy

Disruptive Peaceful

Dull Live

What was your impression of

how your voice felt singing in

this space?

Unsupported Supported

Dull Brilliant

Thin Full

Diffused Concentrated

Light Heavy

Weak Powerful

Muted Amplified

What was your impression of

how you heard yourself overall?

Difficult Easy

Weak Strong

Flat Sharp

Dark Bright

Muddy Clear

How much do you like your

sound in this space?

Not at all Very much

How did you find the volume of

this space for your voice?

Very small Very large

Would you like to perform a non-

amplified full vocal recital in this

space?

Not at all Very much
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performed on the questionnaire. In this analysis, factors are

represented as linear combinations of the original variables

without inherent meanings. FA uncovers latent factors that

explain observed correlations or covariances between varia-

bles. Assigning names to factors is a context-dependent,

subjective process based on the examination of factor

loadings.22

The second phase focused on obtaining the relationship

between the hall’s acoustics and subjective impressions.

Mixed-effect linear regression is a statistical method used in

various fields to analyze data with hierarchical structures. It

considers both fixed effects (population-level relationships)

and random effects (individual variations within groups).23

III. RESULTS

A. Phase I: Identification of significant subjective
impressions in the assessment of the acoustics of the
stage

1. Obtaining subjective impressions (semantic axes)

A factor analysis was performed using Ordinary Least

Squares (OLS) to find the minimum residual (minres) solu-

tion. This analysis suggested grouping the 21 items in the

questionnaire into three axes with a mean complexity of 1.4.

The cumulative variance explained by the first three

axes is 100% (Table IV). The contribution of the original

items to the axes was analyzed to determine the concept

associated with each of them, thereby obtaining the follow-

ing three factors or dimensions:

• Factor 1—The items that contribute most to this factor

are Voice support (Unsupported-Supported), Voice full-

ness (Thin-Full), Pleasantness of singing (Unpleasant-

Pleasant), Ease of singing (Difficult-Easy), Loudness of

own voice (Weak-Strong), Voice brilliance (Dull-

Brilliant), Voice gain (Muted-Amplified), Reverberance

while singing (Dry-Reverberant), Voice power (Weak-

Powerful), Pleasantness of room feedback while singing

(Not At All-Very Much), Voice self-perception (Difficult-

Easy), and Pleasantness of non-amplified singing (Not At

All-Very Much), and Liveliness in the space when not

singing (Dull-Live). This factor explains 56% of the

variance in the original variables. Considering that this

factor represents the assessment of the voice support pro-

vided by the room combined with the overall assessment

from the singers’ perspective, it was named Room

Supportiveness.
• Factor 2 includes the perception of Room Noiselessness.

It is the assessment of room quietness and how this can

affect voice clarity. It also includes the concepts of rever-

berance and room size. The items that contribute most to

this factor are Peacefulness in the space when not singing

(Disruptive-Peaceful), Voice clarity (Muddy-Clear),

Room size for singing (Very Small-Very Large), and

Pleasantness of room feedback while singing (Not At All-

Very Much). The only opposite of this factor, with nega-

tive correlations, is the Reverberance while singing (Dry-

Reverberant), and Noise perception in the space when not

singing (Quiet-Noisy). This factor explains 28% of the

variance in the original variables.
• Factor 3 includes the perception of Room Timbre. It is

the assessment of how the room affects spectral compo-

nents. The items that contribute most to this factor are

Voice timbre (Dark-Bright), Voice intonation (Flat-

Sharp), and Liveliness in the space when not singing

(Dull-Live). The only opposite of this factor, with nega-

tive correlations, is the Voice weight (Light-Heavy). This

factor explains 16% of the variance in the original

variables.

Consistency of perceptual space was verified with

Cronbach’s Alpha. The values for this reliability coefficient

for the three dimensions ranged from 0.68 to 0.92 (Table

IV), showing that these scales have considerable

reliability.24,25

2. Analysis of the relation between subjective factors
and singing likability of the room

A Linear Mixed Effects (LME) model was run with the

response variable singing likability of the room rated

between “Not at all” and “Very much.” This question is

bolded in Table IV. The fixed factors considered in the

model were: Factor 1 (Room Supportiveness), Factor 2

(Room Noiselessness), and Factor 3 (Room Timbre), while

TABLE III. Data processing stages, techniques, and expected results.

Stage Objective Technique Expected result

Phase I: Identification of significant

subjective impressions in the assess-

ment of the acoustics of the stage for

singers.

Obtaining subjective impressions or

semantic axes.

Factor analysis

Cronbach’s alpha.

Obtaining subjective impressions representa-

tive of the concepts singers use to describe

the acoustics of the space.

Analysis of the relation between

subjective impressions and singing

likability of the space

Mixed-effect linear

regression.

Ordering subjective impressions or factors

in relation to their significance in the singing

likability of the space.

Phase II: Identification of the acous-

tical parameters on the stage calcu-

lated from the oral-binaural impulse

responses that influence subjective

impressions.

Calculating acoustical parameters

from oral-binaural impulse response.

Procedures suggested

by the ISO 3382-1

(Ref. 24)

Obtaining groups of acoustical parameters

statistically independent that can be used as

predictors in models.

Analysis of the relationship between

acoustical parameters and subjective

impressions.

Mixed-effect linear

regression.

Obtaining the impact of each independent

acoustical parameters on singers’ subjective

impressions.
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subject id was considered as a random factor (see Table V).

The estimate of standard deviation for subject id as a ran-

dom effect was 0.02, whereas the residual standard devia-

tion was 0.10. The singing likability of the room increased

with a rate of 0.12 when the Voice Support factor increased,

and with a rate of 0.07 when the Room Noiselessness factor

increased. The factor Room Timbre was not a significant

contributor to the singing likability of the room.

B. Phase II: Identification of the acoustical parameters
on the stage calculated from the oral-binaural impulse
response that influence subjective impressions

1. Calculating acoustical parameters from oral-
binaural impulse response

The room acoustic parameters, calculated from oral-

binaural impulse responses by DIRAC v6 and custom

MATLAB codes, are shown in Table VI. They represent inde-

pendent perceptual dimensions, namely, reverberance

(EDT), definition (sound clarity; C80), loudness and self-

hearing (early vocal support; ST_v), and low-frequency

energy (LFE) or tonal color (EDT_f). T30 values refer to the

objective measurements of reverberation and were taken

from measurements completed in the audience.

All parameters were averaged over the 500 Hz and the

1 kHz octave bands, except ST_v, which was averaged over

the 125 Hz to 2 kHz octave bands, following Pelegr�ın-

Garcia.26 Two further criteria were calculated, even if they

are not included in ISO standard.24 First, such as criterion of

LFE, EDT_f is used,17 which is expressed as in Eq. (1),

EDTf ¼
EDT125 Hz þ EDT250 Hz

EDT500 Hz þ EDT1000 Hz

: (1)

Second, ST_v is defined as in Eq. (2),

STv ¼ Lr � Ld; (2)

where Ld is the direct field’s energy, and Lr is the energy of

the reflected field, both extracted from Oral-Binaural IRs

measured using a Head and Torso Simulator (HATS, GRAS

45BB KEMAR, Holte, Denmark). The first term of the latter

equation is integrated over a temporal window from 0 to

5 ms of the oral-binaural impulse response, whereas the

reflect is integrated from 5 to 100 ms of the impulse

response. This latter domain corresponds to the rest of IR

because the significant reflections’ energy is concentrated

within the first 100 ms. Values of ST_v measured, respec-

tively, at the left and right ear, are averaged.

In addition, the full-band version of the room parame-

ters was tested in the statistical analysis, and the results

showed a slightly larger proportion of variance explained by

room acoustics, while the number of significant relation-

ships between individual voice and room parameters was

much reduced.

2. Analysis of the relationship between groups
of design elements and affective impressions

Three Linear Mixed Effects (LME) models were run

with the response variables Factor 1 (Room

Supportiveness), Factor 2 (Room Noiselessness), and Factor

3 (Room Timbre). The fixed factors considered in the model

were the objective acoustical parameters. Models were

TABLE IV. Factor analysis of the items.

Items (extremes) MR1 MR2 MR3

Ease of singing (Difficult-Easy) 0.77

Pleasantness of singing (Unpleasant-Pleasant) 0.77

Reverberance while singing (Dry-Reverberant) 0.66 �0.44

Noise perception in the space when not singing

(Quiet-Noisy)

�0.74

Peacefulness in the space when not singing

(Disruptive-Peaceful)

0.88

Liveliness in the space when not singing (Dull-

Live)

0.58 0.40

Voice support (Unsupported-Supported) 0.87

Voice brilliance (Dull-Brilliant) 0.72

Voice fullness (Thin-Full) 0.80

Voice focus (Diffused-Concentrated)

Voice weight (Light-Heavy) �0.67

Voice power (Weak-Powerful) 0.63

Voice gain (Muted-Amplified) 0.68

Voice self-perception (Difficult-Easy) 0.56

Loudness of own voice (Weak-Strong) 0.74

Voice intonation (Flat-Sharp) 0.41

Voice timbre (Dark-Bright) 0.72

Voice clarity (Muddy-Clear) 0.80

Pleasantness of room feedback while singing

(Not At All-Very Much)

0.56 0.41

Room size for singing (Very Small-Very Large) 0.48

Pleasantness of non-amplified singing (Not At

All-Very Much)

0.50

% Variance explained 56 28 16

Cronbach’s Alpha 0.92 0.77 0.68

TABLE V. LME models fit by REML for the response variable singing lik-

ability of the room and the fixed factors Factor 1 (Room Supportiveness),

Factor 2 (Room noiselessness), and Factor 3 (Room Timbre).

Estimate Std. Error df t value p-value

(Intercept) �0.11 0.08 40 �1.32 0.193

Factor 1 0.12 0.02 39 7.96 <0.001

Factor 2 0.07 0.02 41 3.41 0.002

Factor 3 �0.04 0.05 41 �0.87 0.391

TABLE VI. Room acoustic parameters, calculated from oral-binaural

impulse responses by DIRAC v6 and custom MATLAB codes.

STv (dB) C80 (dB) EDT (s) EDTf T30 (s)

Smith Memorial Room �10.5 16.2 0.40 0.77 1.04

Krannert Great Hall �13.0 26.8 0.35 0.66 2.47

Krannert Colwell Playhouse �4.90 25.8 0.34 0.77 1.42

Krannert Amphitheater �11.4 22.8 0.38 0.52 0.68

Smith Recital Hall �13.3 23.5 0.35 0.50 1.75
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selected based on the Akaike information criterion.27 The

models were built using the R packages lme4 and lmerTest.

Regarding Factor 1 (Room Supportiveness), the best

model included the ST_v as a fixed factor and subject id as a

random factor. The estimate of standard deviation for sub-

ject id as a random effect was <0.01, whereas the residual

standard deviation was 0.99. Factor 1 decreased with a rate

of 0.28 when the ST_v increased. This finding suggested a

more positive perception of the space in which the singer

was singing when the level of the direct sound was higher

compared to the reflected sound field.

Regarding Factor 2 (Room Noiselessness), the best

model included the EDT as a fixed factor and subject id as a

random factor. The estimate of standard deviation for sub-

ject id as a random effect was 0.24, whereas the residual

standard deviation was 0.65. Factor 2 decreased with a rate

of 16.40 when the EDT increased. This finding suggested

that the room was perceived less silent/quiet when EDT val-

ues increased. It is important to note that Factor 2 consid-

ered the perception of the room noise profile both when the

singer was singing and when they were not singing.

Regarding Factor 3 (Room Timbre), the best model

included the EDT_f as a fixed factor and subject id as a ran-

dom factor. The estimate of standard deviation for subject id

as a random effect was smaller than 0.01, whereas the resid-

ual standard deviation was 0.35. Factor 3 decreased with a

rate of 1.95 when the EDT_f increased. This finding sug-

gested an increase in the “lighter/brighter/sharper” percep-

tion of their own voice in the room when the EDT_f values

decreased. The output of the three models including

Estimates, Standard Error, degree of Freedom, t-values, and

p-values, are reported in Table VII.

IV. DISCUSSION

The aim of the current study was to investigate the rela-

tionship between the singer-reported likability of a perform-

ing space and the acoustic environment of that space. It

analyzed the subjective evaluations made by nine singers of

twenty-one perceptual characteristics of five different per-

forming spaces. To do so, it used a factor analysis of those

subjective evaluations to describe three overarching per-

cepts for singers related to the acoustic environment: Room

Supportiveness, Room Noiselessness, and Room Timbre.

This study also analyzed the association between each of the

aforementioned singer percepts and both singer-reported lik-

ability and objective acoustic parameters.

Overall, both Room Supportiveness and Room

Noiselessness significantly contributed to singer-reported

likability of a performing space. Additionally, ST_v was

found to be significantly negatively associated with Room

Supportiveness, EDT was found to be significantly nega-

tively associated with Room Noiselessness, and EDT_f was

found to be significantly negatively associated with Room

Timbre. That is to say, a room’s acoustic environment does

seem to contribute to how much a singer enjoys singing in a

performing space. Moreover, factors that contribute to how

well a singer is able to monitor feedback seem to influence

their perceptual evaluations more than a room’s timbral

characteristics.

A. Subjective acoustic impressions and likability

Past literature has reported that musicians are capable

of discerning differences in the overall acoustic environment

of a performing space, but that their awareness of individual

acoustic characteristics is not as pronounced.18 Similarly,

Gade17 suggested a two-category paradigm to explain musi-

cian preference: Overall Acoustic Impression and Timbre.

Expanding upon these two investigations, the present

inquiry found that three semantic factors—or singer per-

cepts—accounted for 100% of the variance for singer-

reported subjective characterizations of a room’s acoustic

environment. These factors were termed Room

Supportiveness, Room Noiselessness, and Room Timbre.

1. Room supportiveness

Room Supportiveness explained the majority of the var-

iance in the original variables (56%). This semantic factor

seems to refer to perceptual characteristics which may influ-

ence a singer’s sense of vocal effort given a particular vocal

demand.28 It was found to positively contribute to how

much a singer liked performing in a space. Past study has

suggested a relationship between room acoustics and vocal

effort.29–31 Furthermore, there is evidence that singers adjust

their vocal performance when singing in different spaces—

potentially non-volitionally.6,8 As such, Room

Supportiveness seems to account for a solo singer’s experi-

ence as it influences their vocal function and performance.

2. Room noiselessness

Room Noiselessness was found to significantly explain

28% of the variance in the subjective characteristic variables.

It is important to note that the variables Reverberance while

singing and Noise perception in the space when not singing

were negatively correlated with Room Noiselessness,

whereas all others were positively correlated with this factor.

While both Room Supportiveness and Room

Noiselessness contain subjective characteristics which are

related to auditory-feedback, Room Noiselessness seems

TABLE VII. LME models fit by REML for the response variables Factor 1,

Factor 2, and Factor 3 the objective acoustical parameters.

Estimate Std. Error df t value p-value

Factor 1 (Room Supportiveness)

(Intercept) 3.74 0.54 43.0 6.87 <0.001

STv �0.28 0.05 43.0 �5.78 <0.001

Factor 2 (Room Noiselessness)

(Intercept) 7.02 1.58 35.4 4.44 <0.001

EDT �16.40 4.33 35.0 �3.79 <0.001

Factor 3 (Room Timbre)

(Intercept) 2.35 0.32 43.0 7.29 <0.001

EDTf �1.95 0.50 43.0 �3.92 <0.001
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most related to two overall perceptual categories: a room’s

noise profile and its perceived reverberance. While there is

evidence that musicians have a robust ability to process

sound even in the presence of background noise,32 the nega-

tive effects of room noise have been discussed extensively in

the literature.33,34 As such, the positive correlation between

Room Noiselessness and singer-reported likability of a per-

forming space seems quite evident; however, the inclusion of

subjective characteristics related to perceived reverberance

within this factor requires at least some consideration.

This study found that singers tended to rate the likabil-

ity of a performing space as lower if the perceived reverber-

ance while singing was high. At first, this observation might

seem to contradict past literature which indicates that musi-

cians prefer a reverberant space to a non-reverberant

space.10,16 In fact, the inclusion of perceived reverberance

in both Room Supportiveness and Room Noiselessness fac-

tors suggests a nuanced interpretation of the work of

Gade,16 Fry,9 and Meyer:10 soloists and singers prefer rooms

that are characterized by some reverberation, but not too

much. In other words, this study confirms past literature that

suggests that soloists prefer “modest reverberance,”16 but it

groups reverberation with both the way in which a room

positively contributes to a singer’s vocal function and the

way in which a room may negatively mask a singer’s resul-

tant performance. Considered in amalgam, the subjective

characteristics contained within the Room Noiselessness

factor seem to contribute positively to singer-reported lik-

ability of a performing space. Solo singers prefer performing

in spaces that have a low noise profile and modest amounts

of reverberation.

3. Room timbre

While Room Timbre was not found to be a significant

factor in relation to singer-reported likability of a perform-

ing space, it was included in all phases of this analysis due

to its reported perceptual influence in past literature.17,18

The factor accounted for 16% of the variance in the original

variables.

The curious aspect of the results related to Room

Timbre is that singers—and musicians in general—seem to

report timbre as being an important subjective characteristic

related to their preference of an acoustic environment.4,17,18

Yet, these results suggest that singers are keen to perform in

spaces which positively influence their performance and the

ability of others to receive and enjoy their performance. In

contrast, the timbre of a performing space does not seem to

contribute significantly to singer-reported likability of that

space as do supportiveness and noiselessness (i.e., function-

and performance-related factors). While the inherent timbre

of a space inevitably contributes to the way in which sounds

are filtered, it is possible that singers use the term timbre as

a “catch-all” when they truly intend to characterize the per-

ceived reverberance, clarity, and envelopment of an acoustic

environment.

B. Objective acoustical parameters

Past inquiry has investigated the objective relationships

between measures of a room’s acoustic environment and

subjective perceptions of musicians; however, few studies

have attempted to do this for singer-specific perceptions.

Additionally, there were a few variables in the current study

for which the direction of the relationship with a semantic

factor required further explanation.

1. Vocal support

ST_v represents the difference between the level of

energy in the reflected field and the level of energy in the

direct field.31 As such, it represents an environment in which

a higher proportion of energy is in the direct sound field com-

pared to the reflected sound when its calculated value is nega-

tive. This study found a significant negative relationship

between ST_v as measured binaurally by a HATS device and

described by Room Supportiveness. That is to say, as the

energy in the reflected sound decreased compared to the

energy in the direct sound field, the singer-reported likability

of an acoustic environment increased. While speakers and

singers have different acoustic needs and produce distinct

dynamic ranges,35 vocal support does seem to be represented

within the semantic factor of Room Supportiveness. As such,

it contributes to the degree to which a singer prefers a perfor-

mance space.

2. Perceived reverberance

This study found that Room Noiselessness was signifi-

cantly negatively correlated with EDT. While past studies

have found that some perceived reverberance is preferred by

soloists,9,10 the findings from this study confirm that high

EDT values may constitute “too much of a good thing.” Or,

as Marshall et al. suggested, “a temporal window exists out-

side of which reflections are judged adversely.”11

Additionally, while the findings from this study confirm the

negative relationship between musician preference of an

acoustic environment and EDT (i.e., soloists prefer “modest

reverberance” per Gade16) it is possible that singers have

different thresholds for perceived reverberance than musi-

cians as a whole.

3. Frequency variation of perceived reverberance

While Room Timbre was not found to significantly con-

tribute to singer-reported likability of an acoustic environ-

ment, it was found to be significantly negatively correlated

with EDT_f. A foundational study related to this topic has

shown that the frequency variation of perceived reverber-

ance (EDT_f) is correlated with subjective evaluations of

timbre.17 The current study is in agreement with Gade’s

work given that both demonstrate a significant negative rela-

tionship between EDT_f and subjective evaluations of tim-

bre. As such, it seems that the semantic factor Room Timbre

accurately represents a singer’s subjective evaluation of the

timbre of an acoustic environment. Furthermore, this finding
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supports the inference that singers are more influenced by

Room Supportiveness and Room Noiselessness than by

Room Timbre.

C. Limitations

While a strength of this study is the use of multiple pro-

fessional performance spaces, its method was limited by the

lack of randomization on the order of those performance

spaces. Instead, the order in which a singer performed in

each successive venue was determined by the availability of

the performance spaces. This lack of randomization could

have introduced ordering effects of a sort, thereby influenc-

ing the relative likability and perception of the acoustic

environments. Both of these possible effects could also be

negatively influenced by increasing performer fatigue

throughout the duration of the protocol. Future studies

should consider and counteract the possibility of ordering

effects by randomizing the order of the performance spaces.

D. Practical significance

One of the more interesting aspects of the binaural anal-

ysis of room acoustic parameters using a HATS device is

that it approximates the aural experience of a singing per-

former. As such, it provides architectural acousticians and

singing voice scientists with the ability to understand more

fully how an acoustic environment impacts a singer’s per-

formance and their subjective perceptions of a space. This

method allows researchers to address Beranek’s observation

that architectural acoustics frequently prioritizes the aural

experience of the listener over that of the performer.1 Given

the increasing evidence that a room’s acoustic environment

influences both vocal function and a singer’s sense of vocal

effort,6,8,29–31 it seems reasonable to conclude that the

acoustic needs of singers (ensembles and soloists) should be

considered as distinct from those of other musicians.

Furthermore, voice training might begin to include

improved strategies to maintain vocal performance despite

inevitable changes in auditory feedback.

V. CONCLUSION

This paper reported the findings of a study that investi-

gated the relationship between singer-reported subjective

evaluations and objective acoustic parameters of perfor-

mance spaces. It further classified twenty-one subjective

evaluations using semantic factor analysis and described

them using three singer percepts: Room Supportiveness,

Room Noiselessness, and Room Timbre. Those three factors

were found to significantly correlate with objective acoustic

parameters that have been shown historically to be related to

subjective perceptions of vocal support, reverberation, and

timbre. Overall, Room Supportiveness and Room

Noiselessness were found to significantly contribute to

singer-reported likability of an acoustic environment; how-

ever—and in contrast to prior reports—Room Timbre was

not found to significantly contribute to how much a singer

liked performing in a space. It seems that singers may

ascertain their perceptual preference of a performance space

based on factors that may influence both their auditory feed-

back and their volitional or non-volitional vocal function

and performance. As a result, it may be worthwhile for those

who design performing spaces to consider the unique needs

of all stakeholders including listeners, singers, instrumental-

ists, soloists, and ensemble performers.
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