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Abstract: This work investigated the relationships between room
acoustics, background noise level, and vocal effort of a speaker in simu-
lated classrooms of various volumes. Under simulated acoustic environ-
ments, talkers adjusted their vocal effort linearly with the voice support,
i.e., the degree of amplification offered by the room to the voice of a
speaker, at his own ears. The slope of this relationship, called the room
effect, of —0.24 dB/dB was significant only in the case of the highest
noise levels of 62 dB. The vocal comfort for the speaker, however, was
found to be more closely related to noise annoyance than to room
reverberance.
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1. Introduction

Classroom acoustic design aims to improve the teacher-student speech communica-
tion.! Most guidelines for the classroom acoustic design have the goal of enhancing
speech intelligibility*® on account of its impact on the students’ learning process. At
the same time, teachers need to speak comfortably and without straining their voice,
since around two-thirds of the teacher population suffer or have suffered from voice
problems during their working career.” Bad acoustic design of classrooms can alter the
auditory feedback of teachers, who as a consequence, increase the voice levels with
potential risks for their own voice.*®

In the literature,” two room acoustic speaker-oriented parameters have been
found relevant to characterize the propagation of sound between the mouth and the
ears of a speaker: the decay time DTy mE, linked to the perceived voice comfort in the
absence of audible background noise, and the voice support STy, linked to the vocal
effort. The vocal comfort in a room is a subjective attribute that is directly correlated
to the positive evaluation of the room for speech production and to the perceived sup-
port. It is also negatively correlated to the feeling of having to raise the voice and to
the tiredness after speaking long in the room.” The vocal effort can be defined”’ as a
subjective physiological magnitude different from voice level, which accounts for the
changes in voice production required for the communication at different distances,
under different noise or room acoustics conditions. In a more pragmatic way, we
define the vocal effort as the exertion of the speaker, quantified objectively by the
A-weighted speech level at 1 m distance in front of the mouth.’

The decay time DTx me and the voice support STy are obtained from an
oral-binaural room impulse response (OBRIR), i.e., an impulse response measured at a
microphone located at the ears of a dummy head when a loudspeaker at its mouth
acts as the source. The decay time is a measure of the rate at which the sound decays
in the room and is defined as the time it would take for the reverse integrated energy
curve of an IR to decay 60dB after the arrival of the direct sound at 7y, calculated
from the initial decay of X dB. This is,

60
DTx me = 54 (t_x — 1), (1)

®Author to whom correspondence should be addressed.
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where 7_y is the time at which the reverse integrated energy curve of the IR is X dB
lower than before the arrival of the direct sound.’

The voice support measures the degree of amplification offered by the room to
the voice of a speaker at his own ears® and is defined as the difference between the
reflected sound level (Lg) and the airborne direct sound level (Lp) of the voice of the
speaker as found in an OBRIR,’

STy = Lg — Lp(dB). )

Pelegrin-Garcia and Brunskog® carried out talking tests in simulated rooms
with teachers, in absence of background noise, and found a quadratic relationship
between DT4o mE, averaged over the octave bands between 125 Hz and 4 kHz, and the
perceived vocal comfort, with a maximum of preference for decay times between 0.4
and 0.5s. In addition, they found that the talkers’ voice level varies linearly with the
voice support, averaged over the same octave bands, and they referred to this slope as
“room effect.” It depends on the type of talking instructions and on the individuals.
Group-wise, the room effect ranges from —0.93 dB/dB, with free speech, to —0.1 dB/dB
with a simple communication task such as reading a text.

On the other hand, voice levels increase under different noise levels at a rate
of 0.5 to 0.7dB/dB for moderate-high noise levels.® This increase, known as the
“Lombard effect,” is described as a natural response to account for loudness altera-
tions of one’s own voice or to maintain speech intelligibility in adverse conditions.

The present study aims to determine how the room effect is affected by chang-
ing in the noise level in simulated classrooms, without changing the visual appearance
of the physical environment. The secondary goal is to find out the preferred acoustic
conditions for talking in a classroom.

2. Experimental method

The acoustic environments were generated in an acoustic virtual reality (AVR) system®
that convolved the speech signal produced by a user located in an anechoic room with
the measured OBRIRSs of five rooms, in order to give participants the auditory percep-
tion of speaking in a real environment. Under simulated acoustic conditions the partic-
ipants were invited to perform a talking test, having no visual feedback of the mea-
sured room. At the end of each trial they were asked to answer three questions
regarding the auditory speaking experience in order to find the correlations between
the vocal comfort and the acoustic condition.

2.1 Conditions

The simulated room acoustic conditions were obtained loading the OBRIRs library
measurements in the AVR system to give the participants the experience of auditory
sensation measured in the real space.

OBRIRs were measured in five dlfferent rooms, ordered from lower to hlgher voice
support: Room 1, an anechoic room of 293 m (STy=—-12.2dB, DT4 Mg =0.04 s);” room 2,
a normal modern classroom of 302m?® with acoustical treatment (STy=-9.7dB,
DT4me=0.50s); room 3, an old rather large classroom of 297 m* (STV7—7 2dB,
DT4me=1.30s); room 4, an old fashioned narrow long classroom of 144m® (STy
=—6.1dB, DT4yme=1.105); and room 5, an empty reverberation room of 207m?> (STy
=-3. 6dB DT4O,ME_ 1.41 S)

The auditory effect of the room was obtained in real time by streaming convo-
lution between the speech signal of the participant and the selected OBRIR using the
low-latency (4 ms) non-uniformly partitioned convolution engine described in Pelegrin-
Garcia er al® The speech signal was picked up with a headworn Microphone
Sennheiser MKE 2P located at 2cm from the edge of the lips in the line between the
mouth and the right ear and the simulated sound reflections to the voice of a talker
were delivered via Sennheiser HD650 headphones. The signals were also recorded for
further post-processing.

In the AVR system, the OBRIRs were presented to the speaker in a random
order, both without noise or combined with a speech shaped noise® at two different
levels (L =50dB, Ly =62 dB measured at the listener’s ears), to allow the simulations
of fifteen room acoustics conditions. “Speech shaped noise” is a stationary noise
sequence whose spectrum follows the long term average speech spectrum, averaged for
several male and female talkers, with a peak on the 1/3rd octave band of 250 Hz.
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2.2 Participants and instructions

Twenty-two participants were involved in the experiment: ten were teachers (four
females and six males) and twelve were Ph.D. or university students (two females and
ten males) without self-reported hearing or vocal problems. Participants had not
engaged into vocally demanding activities for a few hours before the experiments.
They were asked to speak as if they were delivering a lecture in a classroom. For this,
they were given 15 difference maps, one for each simulated room, with the instruction
to describe as clearly as possible to the experimenter the route from a starting point to
a finishing point, making reference to the labelled items along the path within a time
limit of ninety seconds. English or Italian language was used throughout the experi-
ments and participants were requested to maintain eye-contact with the experimenter
seated at 6 m distance in front of her/him.

Each participant was invited to answer a questionnaire regarding the auditory/
speaking experience and to write down any remarks about the experiment. Participants
answered by drawing a vertical tick in a horizontal line of 100 mm length ranging
from total disagreement (extreme left) to total agreement (right) with the following
statements.

(1) The room helps me to speak comfortably.
(2) The room feels reverberant.
(3) Ifind it difficult to speak due to the noise.

The three statements have been linked below to voice comfort, room reverber-
ance, and noise annoyance, respectively.

2.3 Post-processing of the speech signals

The voice recordings were post-processed with WAVESURFER 1.8.8p4 and Microsoft
EXCEL. For each acoustic condition, the equivalent speech sound pressure level of the
phonated segments (Lg,cq) at the position of the headworn microphone was deter-
mined. The total average Lg,.q was assumed equal to 67 dB (Ref. 10) (unweighted
Lpcq at 1 m from the speaker, averaged between males and females) to account for the
lack of a reference measurement at the microphone and the arbitrary internal reference
of wavESURFER. The difference between 67 dB and the total average uncalibrated level
was then added to each L, ., value.

3. Statistical analysis

The statistical analysis was carried out with IBM spss staTisTIics 20. A linear regression
model was applied to investigate both the room effect and the Lombard effect: the
room effect was calculated as the slope of the linear relationship relating Ly, .q to STy
for each subject, whereas the Lombard effect/slope was determined for each participant
as the difference in Ly, oq for the conditions of Ly=50dB and Ly =62dB, averaged
across rooms, divided by the difference in noise levels of 12 dB. Confidence intervals
were extracted to estimate the reliability of results.'’

Moreover, a bivariate correlation analysis was addressed to find out the rela-
tionships between objective acoustic data and subjective answers. In order to reduce
the differences across people due to subjective scaling and to normalize the data, for
each participant the answer to each question was substituted by the difference from the
average value divided by the sample standard deviation.'!

4. Results
4.1 Voice support and noise level

Table 1 shows the room effect averaged across participants, the related standard devia-
tions and the confidence intervals for the different noise levels. The negative magnitude
means that talkers tended to speak softer as the voice support increased. This slope
increased with noise levels: the average room effect was —0.10 dB/dB on silence condi-
tion, —0.11 dB/dB for Ly =50dB and —0.24 dB/dB for Ly =62 dB.

Nevertheless the reliability of the average results was given by a 90% confi-
dence interval. In silence, the confidence range of —0.23-0.02dB does not exclude the
possibility of having an actual slope of 0dB/dB (i.e., no room effect) on the overall
population. In the case of Ly =50dB, where the confidence range was —0.23-0dB, the
same conclusion applies. On the opposite, in the noisiest condition of 62dB, a clear
tendency of raising the voice with increasing voice support was found by the confi-
dence range of —0.33 to —0.15dB, entirely shifted towards negative scores.

Figure 1 shows the graphical representation of the vocal effort dependency on
STy (i.e., the room effect), on equal noise level. The large error bars indicate the high
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Table 1. Average, standard deviation and 90% confidence intervals of room effect (dB/dB) per noise condition
and Lombard slope (dB/dB).

Room effect

No noise Ly=50dB Ly=62dB Lombard effect
Average —0.10 —0.11 —0.24 0.19
Std. dev 0.35 0.33 0.25 0.16
90% conf. int —0.23-0.02 —0.23-0 —0.33to —0.15 0.13-0.25

variability of the results, with standard deviations of about 4dB. In the silence condi-
tion, the lowest measured L, o corresponded to room 2, characterised by a low voice
support of —9.7dB. When Ly = 50dB, the minimum vocal effort was measured in the
room 5, with highest voice support (—3.6dB). In the noisiest condition of Ly =62dB,
room 4 (STy = —6.1dB) was found to be the best room to speak in. The highest vocal
effort was measured in room 1 (the anechoic room, STy = —12.2dB) for two out of
three noise conditions.

The Lombard effect results are summarised in Table 1. The positive confi-
dence range shows the talkers’ trend to raise their voice when the noise level
increased.”> The voice level averaged across participants and rooms ranged from
67.2dB for Ly=50-69.5dB for Ly=62dB and the mean slope was 0.19 dB/dB. This
slope is lower than the ones reported in literature,>® which could mean that talkers
lacked incentive for establishing a successful communication scenario. At the same
time, the large standard deviation of the slope (0.16 dB/dB) is in good agreement with
the common observation that the Lombard effect or reflex is highly variable from
speaker to speaker.'?

4.2 Subjective data

Table 2 displays the most significant Pearson correlations between input data of voice
support (ST,), decay time (DT40mg), noise level (L), and speech sound pressure levels
(Lsp.eq)» and the average normalised subjective scores on perceived voice comfort,
room reverberance, and noise annoyance. Subjective data were obtained as the average
over 22 participants for each acoustic environment (15 in total as the product of the
three noise levels and the five rooms).

The voice comfort scores were negatively related to the noise annoyance
scores, to the L, oq scores and to the Ly scores. The perceived room reverberance was
positively related to the room acoustic parameters ST, and DTy mE, and the noise
annoyance was positively related to both Ly and L, oq.

80 -
75 4
2 0 T ke y=-0.24x + 67.54
= | 1 9 7T w19 R?=10.81
g """""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" y=-0.11x + 66.28
— R2=0.53
65 - O Room 1
o y=-0.10x + 63.48
R2=0.35 A Room 2
60 - $3 Room 3
[ Room 4
<> Room 5
55 T T T T 1
-14 -12 -10 -8 -6 -4 -2 0
ST, (dB)

Fig. 1. Talker-averaged values and standard deviations of the equivalent speech sound pressure level (Lgpcq)
related to the voice support (ST,) of the rooms, for the three noise level conditions. (No noise: light grey sym-
bols, Ly =50 Db: dark grey symbols, and Ly = 62 dB: black symbols.)
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Table 2. Pearson’s correlation coefficients r (p-value <0.001) between voice support (STy), decay time
(DT40,mE), noise level (Ly), speech sound pressure levels (Lgp, oq), and subjective data of voice comfort (com-
fort), room reverberance (reverberance), and noise annoyance (noise).

Ly STy DTo.MmE Lypeq Comfort
DT40MmE 0.941
Lsp.eq 0.419
Comfort —0.461 —0.254
Reverberance 0.624 0.654
Noise 0.729 0.342 —0.610

5. Discussion
5.1 Effect of noise on room effect

The rooms can be divided in two groups according to their voice support and decay
time values: the dry rooms 1 (anechoic room) and 2, and the more reverberant rooms
3, 4, and 5 (reverberant room). Figure 1 shows that the worst rooms for speaking in
both silence and noise conditions, with the highest measured voice levels, are the dry
rooms 1 and 2. This result supports the findings by Brunskog et al'® and Pelegrin-
Garcia® and Pelegrin-Garcia ef al.'*

Under simulated acoustic conditions, there is a room effect, i.e., the talkers’
voice levels linearly increase with decreasing voice support, which increased with noise
level. A larger spread in the results was found in silence and Ly =50dB, whereas a
more reliable trend was identified for Ly=62dB. Pelegrin-Garcia and Brunskog’
found the same room effect as in the present silent condition (—0.10dB/dB) in the case
of describing a map in silence by a group of teachers in almost the same range of STy,
which is approximately the value of the room effect that keeps the loudness of a talk-
er’s voice constant.

They also highlighted the high sensitivity of the speakers toward changing
acoustic conditions. In the present study, acquired knowledge in acoustics, in the case
of students, or experience in explain something to somebody, in the case of teachers,
could have brought to individual changing in the room effect and a large variability in
the results. This variability reduced in the case of the highest noise level condition, and
a possible explanation is that the presence of noise constituted a more demanding talk-
ing scenario which made talkers more aware about the acoustical conditions in order
to profit from the voice support and lower their voice levels. A similar behavior of
more remarkable room effect was observed in a group of teachers with voice problems
compared to teachers without voice problems.'®

5.2 Subjective outcomes

A significant correlation between objective and subjective variables has been found in
the case of Ly with noise annoyance and the DT4p Mg With the room reverberance, as
expected.” Moreover, the significant correlation between noise annoyance and Lip.eq
confirms the Lombard effect and points out noise as a main determinant of vocal
effort. A third main outcome was the relationship between voice comfort and noise
annoyance; however, no correlation was found between voice comfort and room rever-
berance. In a previous research,’ conducted without background noise, the voice com-
fort for speaking was strongly related to decay time by a quadratic function with a
maximum comfort at decay times between 0.4 and 0.5s. From the present study, it
appears that when noise is taken into account, its contribution on the perceived voice
comfort overcomes the effect of reverberation but nevertheless leads to a stronger
room effect (i.e., a decrease of vocal effort with increasing voice support).

6. Conclusions

This research has been conducted in order to determine how the talkers adapt their
voice depending on the combined effect of room acoustics and background noise level,
as well as to find out the preferred acoustic environment for speaking.

Under simulated acoustic conditions, there is a room effect, i.e., talkers’
increase voice levels linearly with decreasing voice support. This slope depends on the
noise level and on individuals. In silence, it had an average value of —0.10dB/dB,
whereas on the noisier conditions of 50 and 62dB, it had an average value of
—0.11dB/dB and —0.24dB/dB, respectively. Lower variability and significance was
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found only for the highest noise level. In general, the dry rooms (anechoic or with the
lowest reverberation) led to the highest vocal effort regardless of the noise levels.

A questionnaire investigation showed that the voice comfort is more closely
related to the perceived noise annoyance than to the perceived room reverberance.
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