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A B S T R A C T

This study addresses the issue of an enhanced acoustical design of rooms for speech, which besides targeting
high speech intelligibility also ensures minimal effort in speech reception. Speech-in-noise tests in the Italian
language were proposed to normal-hearing young adults, both in situ, within an existing university classroom,
and via headphones, using auralized signals obtained from acoustic simulations of the same environment. Later,
auralization was used to investigate the effect of realistic modifications to the room acoustics (acoustical treat-
ment of a wall, change of the room size) by altering the virtual model of the classroom. The speech reception
performance was characterized by using both the number of words correctly recognized (speech intelligibility,
IS) and two estimates of listening effort: the behavioral measure of response time (RT) and a subjective judge-
ment on a rating scale (LE). Firstly, the correspondence between the IS, RT and LE results in situ and in auralized
conditions was considered and discussed. Then, the effectiveness of the three metrics in outlining the effect of
the acoustic changes of the room was analyzed. The results showed that there were no differences between the
compared acoustic conditions in terms of IS. The effects of the characteristics of the room acoustics were instead
discriminated when RT and LE were considered, with the greatest number of significant differences observed by
using RT. Using RT therefore seems to be an effective and promising strategy to better discern the effects of the
room acoustics and to enhance the acoustical design of rooms for speech.

1. Introduction

In the planning stage of the acoustical design of rooms for speech
(e.g. classrooms, conference rooms, theatres, etc.) the targets can be as-
signed either in terms of objective acoustical parameters, as for instance
reverberation time [1] and Speech Transmission Index (STI) [2], or in
terms of speech reception performance via the percentage of correctly
recognized words (i.e. speech intelligibility score, IS) [3]. Intelligibil-
ity and the former objective metrics are correlated, and their relation-
ship depends on the type of speech material used for the speech-in-noise
tests (logatoms, words in isolation, sentences, etc.) [4]. Compliance
to such specifications ensures the correct reception of an appropriate
amount of utterances, but does not warrant per se a comfortable speech
communication. In fact, even when a good or near ceiling IS is ob-
tained, listeners may experience exertion due to the presence of rever-
beration [5] and noise [6]. In these cases, the goal of speech recep

tion becomes harder and listeners are required to allocate further cog-
nitive resources to cope with the increased task demands. This process,
termed “listening effort” [7], does not just mirror the changes of speech
reception accuracy but may also vary independently as it happens in
the most favorable listening conditions, when performance accuracy is
maintained at the expenses of a more explicit cognitive processing [8].
Owing to the limited availability of personal cognitive capacity [9], a
practical consequence is that when increased resources are allocated to
word reception, less capacity will be available for higher level process-
ing of speech (e.g. recall of information, understanding of instructions,
extraction of discourse meaning, etc.). So, when high levels of effort
have to be sustained for long periods (e.g. during lessons), fatigue may
arise with negative consequences on learning and cognitive achieve-
ments of listeners [10]. Within this context, several categories of listen-
ers are more vulnerable as is the case for non-native listeners, due to
their lower language proficiency [11,12].
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Traditional speech-in-noise tests are rather insensitive to the deploy-
ment of processing demands [5], and it follows that an acoustical de-
sign based only on speech intelligibility results overlooks information
on listening effort that are instead of paramount importance to ensure
optimal functionality inside spaces devoted to speech communication. A
detailed framework for the understanding of effortful listening was re-
cently elaborated, with a thorough discussion of the many factors that
affect this construct [7], pointing out that to date no single measure is
available to capture the multifaceted experience of effortful listening.
Over the years, several methods have been proposed for the scope, the
peculiarities and limits of which are also discussed in the relevant lit-
erature, stemming in prevalence from studies on hearing impairment
[7,10,13,14]. One family of indices is physiological; they track uncon-
scious reactions of the nervous system, for instance pupil dilation, skin
conductance, heart rate and cortisol levels. In some cases, such as pupil-
lometry, they are considered promising [15] but most often cannot be
implemented outside a single-user setup in the laboratory or in clin-
ical settings, making measurements in more ecological contexts, such
as rooms in working conditions, impracticable. As alternatives, cogni-
tive-behavioral measures and subjective ratings have been proposed to
collect information on listening effort. In particular, the subjective rat-
ing of “listening difficulty” has been firstly introduced for normal-hear-
ing adult listeners [16] and for children [17], which consists in report-
ing a personal impression on a categorical scale with opposite anchors.
Variations of “listening difficulty” effectively traced a perceived worsen-
ing of the reception conditions whilst speech intelligibility had limited
variations or was near ceiling [18]. The same effect was monitored in
Ref. [19] highlighting that the STI could be a rough predictor of the sub-
jectively rated listening effort, given the correlation of the latter with
STI for most of the tested conditions. However, subjective ratings are
built upon conscious expressions that are difficult to generalize due to
possible individual biases in the scaling adopted [20], caused by choice
and interpretation of anchors and of instructions that do not coincide.
This was the case for instance in Ref. [17] where participants of dif-
ferent ages interpreted the scale differently. In order to overcome these
inherent limitations of self-rated indices, cognitive-behavioral metrics
have been used, primarily to monitor the engagement of the cognitive
resources underpinning speech reception. This type of metrics can be
typically implemented within two alternative paradigms. On the one
hand, dual-task experiments are developed where the auditory task is
paired with a secondary task of which the variation is the indirect mea-
sure of listening effort (for a detailed review see Ref. [21]); on the other,
single-task auditory experiments are implemented of which the accu-
racy results are paired with a suitable additional measure sensitive to
the cognitive load. A candidate measure to be collected in single-task
paradigms is the response time (RT) to the auditory stimulus, which
proved to reflect the amount of resources required to interpret and re-
spond to the incoming signal [22–24]. RT is thought to trace the pro-
cessing load and thus to be informative on the related effort. Since it
carries complementary information to the intelligibility scores, it could
be used to improve the means of evaluation of rooms for speech [10].
This quantity was used for instance in monitoring the decrease of speech
reception performance resulting from an effortful listening due to pro-
longed exposure to different types of noises during a 1-h lesson period
[25,26].

The present study specifically addresses the issue of an improved
acoustical design and evaluation of rooms for speech, based on both per-
formance accuracy (traced by IS) and on feasible estimates of the listen-
ing effort; in the latter case, they are achieved by means of both sub-
jective ratings (LE) and the behavioral quantity response time (RT). For
the scope, two main issues have been considered.

First, the correspondence between the employed metrics acquired
from in situ and auralized speech-in-noise tests has been investigated. A
university classroom was chosen as a case study, being a room typol

ogy for which good environmental comfort was demonstrated to greatly
influence the learning capacity of students [27–29]. Auralization tech-
niques based on calibrated acoustical simulations were used to playback
sound fields via headphones in a laboratory setting, after the same lis-
tening conditions were presented ecologically in the real classroom. Sev-
eral studies have addressed the issue of the validity of acoustical simu-
lations, finally showing that, once the virtual models are carefully cali-
brated upon measures, the auralized sound field can almost be equiva-
lent to the real one as concerns acoustical perceptual attributes [30]. A
comparison of speech intelligibility data in the framework of auraliza-
tion was also performed. Literature results showed that a good agree-
ment between real and virtual data can be obtained [31] but consistency
in speech intelligibility results seems to decrease for shorter reverbera-
tion times and too noisy sound fields [32,33]. Furthermore, the details
of the head related transfer functions (HRTF) employed in the simula-
tions might influence the results to a notable extent [34]. Despite sev-
eral specific studies on speech intelligibility and auralization, the eco-
logical validation of the RT and LE metrics, that is a proof of correspon-
dence between the values retrieved under natural and synthetized con-
ditions, is still lacking. Therefore, this first task of the study is necessary
to understand how well the auralization techniques are capable of mim-
icking everyday realistic communication conditions and is preliminary
to further virtual investigations on the effect of changes to the room
acoustics on the same metrics.

Second, a proper virtual acoustics design scenario was developed by
the simultaneous alteration of the listener's location and room proper-
ties (geometry and materials) inside the simulated classroom. The simu-
lated changes to the room acoustics were especially chosen to represent
realistic interventions that could be implemented in classrooms for opti-
mization purposes. The auralized outputs were used to prepare compar-
ative speech-in-noise tests of which the intelligibility scores, response
times and subjective ratings were collected. By doing so the present
study aims at gaining new insights on how the sound in the built envi-
ronment influences occupants' performance, directly identifying if (and
how) changes in the room acoustics affect the outcomes in a speech re-
ception task. As recently pointed out in Ref. [35], to date only a few
studies have addressed this topic by investigating on experimental con-
ditions that result from actual acoustic interventions. In the relevant
studies reviewed in Ref. [35], speech intelligibility was taken as a direct
quantifier of the effects of changes to the room acoustics. The informa-
tion on the deployment of cognitive resources required during the task
would then positively complement the accuracy data, adding valuable
knowledge for the design of acoustic environments that best meets the
occupants' needs.

Finally, the current study addresses the relationship between differ-
ent metrics used as proxies of listening effort, which to date is still un-
clear: in fact, different measures can yield different results [36], as sup-
posedly reflecting underlying constructs that do not entirely match. The
results of the experiments will help in identifying to what extent the
consideration of the listening effort can enhance the acoustical design of
rooms for speech and which of the two viable metrics here selected (RT
and LE) is the most suitable for the scope. All experiments in the study
involved two groups of participants with different mother tongues, in
order to investigate if the method can trace differences in speech recep-
tion between native and non-native listeners.

2. Methods

2.1. Participants

Twenty-one young adults participated in the current study, all of
them self-reporting normal hearing. The participants were recruited by
word of mouth among the students and the academic staff of the Free
University of Bozen-Bolzano. They were all Italian citizens born in the
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bilingual context of South Tyrol (where the University of Bozen-Bolzano
is located) and thus living since birth in an Italian/German speaking en-
vironment. Based on their self-declared mother tongue, the participants
were divided into two groups: 10 native Italian speakers (5 female, 5
male; mean age: 24.4 years, σ: 1.7yr) and 11 native German speakers
(6 female, 5 male; mean age: 25.9 years, σ: 7.9yr). In the following, the
groups will be named NI and NG respectively.

All NG participants started the acquisition of Italian as a second lan-
guage before the age of eight, and used the Italian language either for
their university studies (with many of their courses being in Italian) or
for daily communication. Prior to the experiment, NG participants were
asked to self-rate their proficiency in listening of the Italian language
on a 7-point category scale, with the highest extreme value labeled as
“mother tongue”. The resulting median rating was 5.0 (interquartile
range: 1.25).

2.2. Speech material

The Diagnostic Rhyme Test (DRT) [37] in the Italian language was
used for the experiment. The DRT is a consonant confusion test, which
bases on a target word embedded in a carrier phrase (e.g. “La prossima
parola che diremo è riso”, which is Italian for “The next word is rice”).
The target item is drawn from a corpus of 105 rhyming pairs, all of them
meaningful, disyllabic words. Within each pair, the distinctive feature
of the initial consonant varies, still keeping the consonant-vowel transi-
tion (e.g. /ˈriso/and/ˈlizo/). The speech material is optimized as regards
phonemic distribution of the Italian language and word familiarity.

The test sequences were recorded by an adult, native Italian, female
speaker; she was instructed to speak at conversational rate, maintain-
ing a natural prosody and avoiding any emphasis on the final, target
word. The recordings took place in a silent room, at a sampling fre-
quency of 44.1kHz. All of the sequences were filtered as to match the
long-term spectrum of a female speaker indicated by the IEC60268-16
standard [2], and set to the same root mean square value. The record-
ings were then organized into five lists of 18 words each. The remain-
ing 15 words were organized into a shorter list, to be used in the initial
training phase.

2.3. Listening tests in the existing classroom

2.3.1. Outline of the classroom and measurement set up
Speech-in-noise tests were conducted in a university classroom, part

of the Classroom Spaces Living Lab of the Free University of
Bozen-Bolzano. The room is box-shaped, with floor dimensions
7.29m×7.62m and 3.55m high, resulting in a volume of 197m3. It
is characterized by flat surfaces (ceiling: unpainted concrete, floor:
linoleum finishing, walls: painted plasterboard); the lateral partition
with the adjacent corridor is acoustically treated with Topakustik ® 6/
2 sound absorbing paneling. The classroom is furnished with wooden
desks and chairs and is designed for a maximum of 25 students.

For the experiment, the room was set up as shown in Fig. 1. A B&K
type 4720 artificial mouth was placed close to the desk, at a height of
1.5m, and oriented towards the audience; it was used to deliver the
speech signal. Interfering background noise was played back with a B&K
type 4292-L omnidirectional source located on the floor, exactly below
the speech source. Two measurement positions (R1, R2) were defined
within the room, located respectively at 2.5m and 5.5m from the loud-
speakers. Two omnidirectional, B&K type 4189 1/2 inch microphones
were positioned at a height of 1.25m and used for the objective de-
scription of the listening conditions. Also binaural impulse responses
were collected in situ by means of two head and torso simulators B&K

Fig. 1. Classroom plan: relevant dimensions [m], position of the speech and noise sources
(S1 and S2), position of the measurements points (R1 and R2). Locations of the partici-
pants close to the measurement points are depicted by chair occupancy.

type 4100 placed at R1 and R2 respectively, with ears at 1.15m in
height from the floor.

The measurement setup included two B&K type 5935 signal condi-
tioners, a B&K type 4231 calibrator, an RME Fireface© UC full-duplex
sound card and a laptop. Test signals and acoustics elaborations were
managed by means of Aurora suite in the Adobe Audition® package.

Reverberation time (T30) and speech clarity (C50) values at the two
listening positions were derived from monaural impulse responses [38]
measured with the swept-sine technique during the experiment (occu-
pancy of the classroom: 50%). The mid-frequency values (average of
500–2000Hz octave bands) were 0.82 and 0.84s (T30), and 3.6 and
0.4dB (C50) respectively at R1 and R2.

2.3.2. Listening conditions and test procedures
For the listening tests, the speech level was fixed at 63dB(A) at

1m in front of the source, corresponding to a vocal effort of a speaker
between “normal” and “raised” [4]. The resulting levels at R1 and
R2 were 61.0 and 57.4dB(A) respectively. A stationary noise with the
same long-term spectrum of speech was played back to partially mask
the speech signal. Its level was set so as to achieve the same level of
speech as in R1 (signal-to-noise ratio SNR equal to 0dB); the result-
ing noise level in R2 was 58.7dB(A). The choice of the SNR was in-
tended to mimic conditions that may arise during group work, for in-
stance in laboratory assignments or, most often, in the context of open
plan group work [28,29]. A comprehensive description of the tested lis-
tening conditions within the classrooms was obtained by calculating the
Speech Transmission Index (STI), which describes the combined effect
of background noise and reverberation on the transmission quality of
the speech signal. The STI values were 0.52 in R1 and 0.46 in R2, corre-
sponding to an intelligibility rated as “Fair” [4].

A touchscreen handset was given to each participant, to be used for
response selection by means of a soft pen. A wireless test bench was
used to manage the experiment [25]; the server application running on
a laptop simultaneously controlled the audio rendering, the presenta
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tion of the alternatives on the touchscreen handsets and the collection
of words choices and response times. During the experiment, the partic-
ipants sat around the two receiver positions (Fig. 1). They listened to a
target word embedded in the carrier phrase and then selected one of the
three options (the rhyming pair and the “none of the two” alternative)
that were displayed on the touchscreen after the audio playback offset.
A training session was firstly proposed, with the aim of familiarizing the
participants with the test procedure. During the experiment, the partic-
ipants completed one test list of 18 words in each position. They were
instructed to pay attention, and asked to respond as accurately as pos-
sible but they were not urged to provide the quickest possible response.
They were also informed that the word played back was always one of
the two rhymed alternatives. After each list, the participants were asked
to rate their perceived listening effort (LE), answering to the following
question: “How much effort did it take to hear and understand the words?”
The responses were given on a 10-points scale, ranging from minimum
effort (1) to maximum effort (10), which appeared on the handset touch-
screen after the last pair of words from each list. The experiment was
presented separately to NI and NG listeners, in two subsequent sessions.
The same test lists were presented to the two groups of participants.

The data retrieved in the experiments were word scores (correct/in-
correct/none of the two), response times defined as the time elapsed
between the end of the audio playback and the item selection on the
touchscreen, and subjective ratings of listening effort.

2.4. Listening tests in auralized conditions

2.4.1. Set up of the virtual classrooms
A virtual model of the existing classroom was created using the room

acoustics software Odeon® v14.01.
Firstly, a geometric model made of 261 surfaces was created in

SketchUp® and then imported in the acoustic CAD software. A view of
the model is reported in Fig. 2. The geometric model included, besides

boundary surfaces, also wooden desks, chairs and all the furnishing ele-
ments of the classroom that could be relevant for the acoustic simulation
(e.g. lighting fixtures, radiators, shelves). Initial absorption coefficients
were assigned to surfaces and objects based on the Odeon® material li-
brary and on data available from literature. A mid-frequency scattering
coefficient of 0.05 was assigned to all boundary surfaces; for desks and
chairs, based on the scale-model measurements of desks and chairs in a
row reported in Ref. [39], a value of 0.5 was chosen. A speech source
with the directivity pattern of a human talker (Tlknorm in Odeon®) and
emitting a signal spectrally shaped to match a female talker [2] was de-
fined for the calculation of the room acoustics parameters. The virtual
source was located at the same position as in the existing classroom.

A preliminary calibration of the virtual model in unoccupied con-
ditions was initially performed. To the scope, six receiver positions
were defined in the audience (Fig. 2) and measures in the real class-
room with omnidirectional, B&K type 4189 1/2 inch microphones were
achieved at the same locations (height of receivers: 1.25m) with the
speech source in the same position as during the in situ experiment.
Simulations were performed with a transition order of two, with 2000
early rays and 16000 late rays. During the calibration process, the
acoustical material properties were step-by-step adjusted, still keeping
physically realistic values, until the differences between measured and
simulated values of the selected acoustical parameters were smaller
than the Just Noticeable Differences (JND) defined by the ISO 3382-1
standard [38]. In accordance with the literature on the calibration of
virtual acoustic models of small classrooms [40], reverberation time
(T30, EDT) and speech clarity (C50) were selected as relevant indica-
tors. In Table 1, measured and simulated acoustic parameters (mid-fre-
quency values, averaged over the 500–2000Hz octave bands) are re-
ported for the six receiver positions; their differences are also indi-
cated. It is relevant that for all positions and acoustic parameters the
difference between measured and simulated values was smaller than
the corresponding JND (5% for reverberation time, 1dB for clarity). A

Fig. 2. Geometric model of the classroom. In the model all relevant details of the classroom geometry are represented. The six receiver positions used for the calibration in unoccupied
conditions and the speech source are also indicated.
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Table 1
Comparison between measured (meas.) and simulated (sim.) acoustic parameters in the unoccupied classroom at six receiver positions (P1–P6) for the source located at the desk position.
The values reported are the averages over the 500–2000Hz octave bands. Differences (diff.) were considered acceptable when smaller than the corresponding JND [38]: 5% for EDT and
T30, and 1dB for C50.

Measurement position EDT [s] T30 [s] C50 (dB)

meas. sim. diff. (%) meas. sim. diff. (%) meas. sim. diff. (dB)

P1 1.16 1.13 2.6 1.06 1.04 1.9 −0.6 0 0.6
P2 1.10 1.06 3.6 1.08 1.03 4.6 −2.8 −2.3 0.5
P3 1.11 1.13 1.8 1.04 1.06 1.9 −0.7 −1.1 0.4
P4 1.16 1.12 3.4 1.05 1.05 0.0 −4.1 −3.4 0.7
P5 1.15 1.11 3.5 1.04 1.02 1.9 −1.9 −1.6 0.3
P6 1.08 1.04 3.7 1.04 1.01 2.9 −1.1 −1.7 0.6

similar calibration accuracy was obtained for all listening positions and
was deemed appropriate for the scope of the work.

Then, the virtual model of the classroom in occupied conditions was
set up and further calibrated. The noise source was added to the model
and set as omnidirectional (Omni in Odeon®), replicating the directiv-
ity pattern of the loudspeaker used in the real classroom. Two omni-
directional receiver points were created, corresponding to R1 and R2.
The geometry of the chairs was modified to consider the presence of
seated persons; they were modeled as two parallelepipeds: a (0.6×0.5
x 0.4) m seat and a (0.2×0.5 x 0.4) m seatback. Furthermore, in ac-
cordance to [40], their scattering coefficient was modified and set to
0.7. Air temperature and relative humidity were set according to av-
erage values measured during the in situ tests (T=23°C, RH=23%).
Simulations were performed with a transition order of two, with 2000
early rays and 16000 late rays. The virtual model in occupied condi-
tions was calibrated with reference to the measured octave-band val-
ues of T30, spatially averaged across the two monaural receivers. The
choice of calibrating the occupied model over two positions was mo-
tivated by the limited spatial variation of the T30 values, as resulted
by the preliminary calibration. Similarly, in Refs. [25,26] it was found
that the spatial deviation of the considered acoustical parameters (i.e.
T30, STI) was smaller than the JND values when considering small class-
room with size comparable to the present one. Therefore, owing to
the spatial distribution of the metric, a calibration over a larger num-
ber of positions would not have benefitted the final virtual model. In-
deed, the final T30 value was 0.81s to be compared with the mea-
sured value of 0.83s. Then, to further verify the correspondence be-
tween the acoustical conditions in the real and the simulated class-
room, also the EDT and C50 parameters were compared, which are ex

pected to vary with the listening positions. The comparisons are re-
ported in Table 2, where, for the sake of completeness, also the acousti-
cal parameters obtained with the noise source are reported. It has to be
noticed that the differences between measured and simulated acoustical
parameters at both R1 and R2 are smaller than the corresponding JND
also for EDT and C50. A similar calibration accuracy was obtained for
the two listening positions and was deemed appropriate for the scope of
the work.

Finally, starting from the calibrated virtual model of the existing
classroom (C1), two other virtual classrooms were created: C2, replicat-
ing the existing classroom except for the acoustical treatment of the lat-
eral wall (replaced by a painted plasterboard finishing), and C3, having
the same material properties of C1 but with a doubled volume along the
longitudinal direction. The same sources and receiver position as in C1
were set for C2. In C3 a single receiver (R3) located 1.62m from the end
wall of the classroom was defined; the distance from the end wall was
chosen to be the same as that of R2 in the C1 and C2 models. The main
characteristics of the three classrooms, regarding the receivers, room
shape, and material properties are summarized in Table 3.

2.4.2. Listening conditions and procedure
Auralized listening conditions in the three virtual classrooms were

created by convolving the anechoic speech signal and noise, used for the
in situ experiment, with the simulated binaural room impulse responses
(BRIRs) at the receiving positions for both speaker and noise sources.

Firstly, the sound power level of the virtual sources was defined,
based on the C1 model. Specifically, it was required that the same

Table 2
Measured and simulated acoustic parameters at the listening positions R1 and R2 in the occupied virtual model.

Source Listening position T30 [s] EDT [s] C50 (dB)

R1 R2 R1 R2 R1 R2

Speech source real classroom 0.82 0.84 0.81 0.86 3.6 0.4
model C1 0.80 0.82 0.78 0.83 3.7 0.8

Noise source real classroom 0.81 0.80 0.74 0.72 3.4 0.8
model C1 0.78 0.78 0.71 0.69 3.2 1.1

Table 3
Characteristics of the three virtual classrooms: geometry and material properties. The last column reports the αw values of the treated/untreated lateral wall, according to the standard
[41].

Model Receivers Dimensions [m] Volume [m3] Acoustical treatment of the lateral wall αw of the lateral wall

C1 R1, R2 7.29×7.62 x 3.55 198 yes 0.50
C2 R1, R2 7.29×7.62 x 3.55 198 no 0.05
C3 R3 7.29×15.24 x 3.55 396 yes 0.50
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sound pressure levels as measured in situ, 1m away from the sources
were also measured in the virtual model. The same sources sound power
levels were used for the three virtual models. From a practical point
of view, the assumption corresponds to considering the same female
speaker, talking with the same vocal effort in the three classrooms.
Even though it is known that the vocal output of talkers depends on
room acoustics [42,43], the adjustment of diverse sound power levels
for each room was deemed not essential for the present purposes. Then,
a virtual listener was defined in the acoustical CAD models having the
head-related-transfer-functions (HRTFs) of the B&K type 4100 head and
torso simulator, which were already available from previous measures.
The auralization procedure involved creating separate BRIRs at each se-
lected listening position within the virtual classrooms, for both speech
and noise sources; the BRIRs were then convolved with the correspond-
ing anechoic material.

The auralized listening conditions are described in Table 4. A fur-
ther confirmation of the calibration procedure is obtained by the com-
parison of the measured binaural values with those simulated in model
C1. In fact, all differences between the acoustical parameters obtained
by means of binaural in situ impulse responses and those output from
the simulations (see Sec. 2.3.2) are smaller than the corresponding JNDs
(reverberation time: 5% [38]; sound level: 1dB [38]; STI: 0.04 in Annex
F of [2]). The same calibration accuracy was obtained for both listening
positions.

The same panel of testers taking part in the in situ tests also per-
formed the auralized experiments in a quiet laboratory environment.
The testing setup consisted of a laptop with the listening test system,
a RME Fireface© UC sound card, a headphones amplifier (Behringer,
Powerplay PRO-XL HA4700) and Audio-technica type ATH-m50x head-
phones. The presentation of the stimuli and the data collection was con-
trolled by the same wireless test bench as described in Sec. 2.3.2. The
participants responded by using the touchscreen handset. The experi-
mental set up was calibrated placing the headphones over a B&K type
4100 head and torso simulator.

The experimental session was held almost two months after the in
situ listening tests, with groups of a maximum of four people at a time,
following the same procedure as described in Sec. 2.3.2. Firstly, a train-
ing session was proposed; afterwards participants completed five lists of
18 words, each one proposed in a different listening condition. After the
completion of each test list, the participants were asked to rate the sub-
jective listening effort over a 10-points scale. Words lists and listening
conditions were randomized across the groups of participants.

2.5. Statistical analysis

All statistical analyses were conducted using the software R [44].
For the analysis of IS results, the responses were coded using a binary
score (0/1, corresponding to incorrect/correct); the selection of “none
of the two” was considered an incorrect response. The percentage of
correct responses was calculated for each participant in each listening
condition (in situ and auralized). Individual RT data were examined in

detail, to remove excessively large values possibly due to participants'
lack of attention [45]. An absolute cut-off of 5000ms was set, beyond
which RT results were discarded and considered as missing data. The
procedure yielded the removal of 0.4% of the dataset. As concerns sub-
jective ratings, consistently with literature studies exploring the same
subjective metric approach [19,46], the absolute values of LE were con-
sidered in the analysis. In fact, adopting a normalization of subjective
data aimed at reducing individual variability (e.g. converting individual
LE data in the corresponding Z-scores) would have prevented a reliable
comparison of the results across the two groups of participants (NI/NG)
and the description of the values of the differences across the listening
conditions. The effect of individual trends, which is an important aspect
of both LE and RT data, was then addressed through the choice of a suit-
able statistical technique.

To resolve this issue it is useful to recall that several methodologi-
cal concerns have been raised in using common statistical methods for
the analysis of response time data [22,45,47–49] and for elaborating
the outcomes of forced-choice tasks [50,51]; these concerns are espe-
cially relevant when analyzing data with repeated measurements over
the subjects as in the present case. First, the response variable distribu-
tions often depart from the normal distribution. As pointed out in Ref.
[49], a considerable variation in the shape of the RT distribution is to
be expected, both at individual level and for the specific experimental
condition. In general, the RT distribution can be considered as positively
skewed, rising rapidly on the left and having a long positive tail on the
right [45]. Similarly, the normality assumption is not met when consid-
ering IS results expressed as the proportion of words correctly identified
over those presented. In fact the outcome variable will be bounded to
the [0; 1] interval and thus will be better represented by a binomial dis-
tribution, not a normal one. This is especially true when considering fa-
vorable conditions (as those selected for the present experiment) where
the IS distribution will be concentrated on larger values closer to unity
due to the increased selection of correct responses. The specific distribu-
tions of the data collected in the experiment are reported and discussed
in Appendix A. Second, when multiple measures are acquired for each
participant in different experimental conditions they will not be statisti-
cally independent, even when conditions have been carefully controlled.
For instance, each participant potentially has a slightly biased response
time, and this characteristic will affect all the responses from that par-
ticipant. Then, the added variability in responses related to individuali-
ties need to be addressed together with the variability explained by the
fixed factors of the experiment (e.g. listening conditions).

Therefore, the generalized mixed-effects model GLMM (lme4 pack-
age [52]) was chosen for data analysis, being a statistical method show-
ing the twofold advantage of dealing with not-normal data distributions
and with non-independent individual responses. In particular, the lat-
ter issue is handled through the definition of the participants as a ran-
dom factor within the model, i.e. a subset of subjects randomly sam-
pled from a larger population. Instead of analyzing aggregated data
based on the participants mean, GLMM predicts the individual re-
sponses to the fixed factors of the experiment. For each participant a

Table 4
Auralized listening conditions in the three virtual classrooms (C1, C2 and C3) at the listening positions (R1: front, R2 and R3: back). Data refer to the average of left and right channels.
The data measured in the real classroom are also included for comparison with the auralized classroom C1.

Classroom T30 [s] Receiver Speech level dB(A) Noise level dB(A) SNR STI

C1 0.81 R1 61.0 60.9 0.1 0.52
R2 57.4 58.7 −1.3 0.45

C2 1.21 R1 62.6 62.0 0.6 0.49
R2 60.7 60.8 −0.1 0.42

C3 0.88 R3 55.2 54.7 0.5 0.48
real classroom (ref. C1) 0.83 R1 61.0 61.0 0.0 0.52

R2 57.4 58.7 −1.3 0.46
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different baseline value is assumed, upon which the other subject's re-
sponses will depend; furthermore, a different degree of variation across
a fixed factor can be assumed for each participant. Including in the
model the random effect of participants allows the estimation of how
much of the variance in the outcome variable is due to the different in-
dividuals rather than to the effect of the experimental conditions. Fur-
thermore, this type of analysis will reduce the type I error rate [53]. In-
deed, if not partialed out, the variability associated to participants could
mask patterns in the analysis of the fixed effects. A further advantage
of GLMM is that it does not rely on the assumption of a normal distri-
bution of the data, allowing for the selection of the distribution most
appropriate to the response variable. Consequently, raw RT data can be
directly analyzed without the need for transformation prior to analysis:
it has been shown that data transformation does not affect type I errors
[46]48 and that analysis on the transformed RT might be uninformative
as to whether the same significant effects exist on the original, untrans-
formed metric [53].

In this study a GLMM with a binomial distribution was used to an-
alyze IS data, whereas RT results were analyzed using a Gamma dis-
tribution with a log-link function [24,49,53]. For the analysis of the
RT results, both correct and incorrect responses were considered; using
only correct responses did not change the statistical results. The analy-
sis of LE data was instead accomplished with a cumulative link mixed
model (ordinal package [54]), which describes the relationship between
a categorical variable with a clear ordering of the levels (ordinal re-
sponse variable) and the explanatory variables, still considering the sub-
ject variability as a random effect.

For all statistical analyses, model selection was based on a forward
procedure using the likelihood ratio test. The statistical assumptions of
the final model have been verified by checking the normality of the ran-
dom effect terms and the residuals. In case of statistically significant ef-
fects of the main factors or of the interactions, pairwise comparisons
based on the difference of the means were performed using the lsmeans
package [55]; in order to account for planned multiple comparison, a
Benjamini-Hochberg procedure was used.

Prior to analysis, RT data corresponding to the “none of the two”
responses were considered. This alternative was made available in or-
der to minimize the occurrence of false positives in the IS results, and,
depending on the listening condition, represented a percentage of the
overall responses ranging between 1.5% and 4.1%. A preliminary ob-
servation of the dataset suggested that this choice was always associ-
ated with RTs larger than the RTs of correct/incorrect responses. To
test this occurrence, a dedicated statistical model was setup, with RT
as the response variable and response type (correct/wrong/none of the
two) as the fixed factor. Following the significant effect (χ2(2)=116.2,
p<0.001), the pairwise comparisons showed that RT data associated to
the “none of the two” alternative were significantly larger than RT asso-
ciated with correct or wrong responses (p<0.001 and p=0.006 respec-
tively). The finding indicates that, even though participants were aware
of having always been presented with one of the rhymed alternatives,
in some occasions more processing time was needed, but in the end a
choice could not be made. In this sense, these RT data were not repre-
sentative of a successful decision process and were thus removed from
the analysis. Overall, 20 RTs were removed from the in situ experiment
(2.8% of the dataset) and 47 RTs were removed from the auralized ex-
periment (2.7% of the dataset).

3. Results

3.1. Comparison between in situ and auralized listening tests

In the setup of the statistical models, listening position (R1 vs. R2),
mother tongue (NI vs. NG), mode of presentation (in situ vs. auralized),

and their two- and three-way interactions were considered fixed factors.
Participants were considered a random factor; a random slope was also
specified, supposing that the effect of the mode of presentation might be
different for each participant. The descriptive statistics of the measured
IS, RT and LE data averaged over participants for the two experimental
conditions are shown in Fig. 3. In the following, the outcomes of the sta-
tistical analysis are presented not with reference to the descriptive sta-
tistics but rather to the estimates of the metrics as an output from the
statistical GLMM model where, as discussed above, the random factors
have been controlled for.

The statistical analysis of IS results revealed that the effect of mother
tongue alone was significant (χ2(1)=29.16, p<0.001). When averaged
over mode and position, the estimated probability of a correct response
was higher for NI than for NG, with an IS difference equal to 10.5% (NI:
94.1%, NG: 83.6%). The effects of mode of presentation and listening
position were not significant.

In the analysis of RT data only a significant effect of position
(χ2(1)=13.03, p<0.001) was found, indicating that, when results were
collapsed across mother tongue and mode of presentation, participants
always showed significantly smaller RTs in position R1 versus position
R2 (R1: 1342ms, R2: 1426ms; mean ratio: 0.94). No main effects of
mode of presentation and mother tongue were found. It should be noted
that a visual inspection of the descriptive statistics results (Fig. 2Fig.
3b) might suggest an increase in the mean values in RTs of NG listeners
and a decrease in RTs in auralized conditions for position R1 alone. The
GLMM statistical model showed that neither the effect of mother tongue
nor the interaction between mode of presentation and position reached
the level of significance (p=0.068 and p=0.057). It has to be noticed
that the p value resulting for the interaction between mode of presenta-
tion and position was close to the significance threshold. In order to un-
derstand if the absence of a significant interaction was prompted by the
high variance of the NG group (as showed for instance by the IS results),
the statistical analysis was repeated separately for the two groups. In
the case of NI a significant effect of position was found (χ2(1)=13.28,
p<0.001) but no effect of mode of presentation (χ2(1)=1.58, p=0.21)
nor of the interaction (χ2(1)=1.29, p=0.26). Then, including NG par-
ticipants alone, the results indicated the absence of significant effects
for listening position (χ2(1)=2.96, p=0.075), mode of presentation
(χ2(1)=0.60, p=0.44) and their interaction (χ2(1)=2.59, p=0.11).
Overall, these results further confirmed the absence of an interaction be-
tween listening condition and mode of presentation, but this aspect de-
vises further researches. A detailed discussion is taken on in Sec. 4.1.

Finally, the statistical analysis of the LE ratings showed the presence
of a significant interaction between both position and mode (p=0.007),
and position and mother tongue (p=0.01). The interaction between
position and mode indicated that, for position R2 alone, LE ratings in
higher (more effortful) categories were more likely for the auralized
tests than for the in situ tests (z=2.68, p=0.007). No significant dif-
ference in the LE ratings was found at position R1. When examining
the pairwise comparisons between positions within each mode of pre-
sentation, only the comparison for the auralized condition was signif-
icant (z=−5.25, p<0.001), showing that LE ratings in position R2
were higher than in R1. Then, as concerns the interaction between po-
sition and mother tongue, of which the descriptive statistics is shown
in Fig. 3c, the GLMM model outlined that LE ratings in position R1
were lower than in position R2 for both groups of participants (NI:
z=−4.84, p<0.001; NG: z=−2.40, p=0.016). No significant differ-
ence between NG and NI was found in the LE results in position R1,
whereas in R2 the LE ratings of the NI participants were found to be
higher than the LE ratings of the NG participants (z=2.67, p=0.008).
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Fig. 3. Boxplots of the (a) speech intelligibility IS, (b) response time RT, and (c) subjec-
tive effort LE results averaged across participants. The results are divided according to the
participants' mother tongue (NI, NG), the listening position (R1, R2) and the mode of pre-
sentation of the tests (in situ, auralized). The auralized condition refers to model C1, as
defined in Table 2Table 3. The bottom and the top of the boxes are the first and the third
quartiles of the data distributions, the central, bold line is the median value, and the white
circle is the mean value; 99% of the data fall within the whiskers. The outliers are shown
as points outside the whiskers.

3.2. Auralized listening tests: effects of the acoustical treatment of a lateral
wall

In this case, the GLMM model included mother tongue (NI vs. NG),
listening position (R1 vs. R2), finishing of the lateral surface (with vs.
without acoustical treatment, corresponding to the virtual models C1
and C2) and their interactions as fixed factors; participants were consid-
ered a random factor.

Fig. 4a displays the descriptive statistics of IS data across the two lis-
tening positions for the two virtual classrooms (C1 and C2). The statisti-
cal analysis revealed that the main effect of mother tongue was signifi-
cant (χ2(1)=10.95, p<0.001): the NI participants showed significantly
higher IS results than the NG participants, with a predicted increase
of 7.2%. The analysis showed that the interaction between position
and wall finishing was also significant for the IS results (χ2(1)=4.47,
p=0.035), and the pairwise comparisons indicated the presence of a
significant decrease of the quantity between R1 and R2 only for class-
room C2, without the acoustical treatment (z=4.39, p<0.001). The IS
gap between positions was 9.9%.

As regards RT, the descriptive statistics across the two listening posi-
tions for the two virtual classrooms (C1 and C2) are presented in Fig. 4b.
The GLMM analysis showed a significant main effect of both listening
position (χ2(1)=41.49, p<0.001) and wall finishing (χ2(1)=12.53,
p<0.001), whereas the effect of mother tongue and the interactions
were not significant. Specifically, the pairwise comparisons revealed
that the participants responded significantly faster in R1 than in R2
(mean ratio: 0.90). Furthermore, greater RT results were found in the
virtual classroom without the acoustically treated wall in comparison to
the acoustically treated classroom (mean ratio: 1.06).

Finally, the descriptive statistics of LE subjective ratings are shown
in Fig. 4c. From the statistical model a significant effect of mother
tongue (p=0.035) was found, and the pairwise comparisons showed
that the NI participants gave on average higher LE ratings than the NG
listeners (z=2.13, p=0.033), thus indicating greater perceived subjec-
tive effort. Then, there appeared an interaction between position and
wall finishing (p=0.009) with the LE values increasing in the rear
position of the classrooms (R1 vs. R2 – with treatment: z=−5.68,
p<0.001; without treatment: z=−3.07, p=0.002). However,
whereas in R1 significantly higher LE results were found for the class-
rooms without acoustic treatment (z=−3.97, p<0.001), no significant
difference between the two room preparations was observed in R2.

3.3. Auralized listening tests: effects of room shape

The effect of room shape was analyzed with reference to the rear po-
sition alone (R2 for C1 and C2 models, R3 for C3). Fig. 5 reports the de-
scriptive boxplots of the IS, RT and LE measured data for this analysis.
Data were then modeled using GLMMs with mother tongue (NI vs. NG),
classroom typology (C1, C2, C3) and their interaction as fixed factors;
again, participants were considered as a random factor.

As concerns speech intelligibility, a significant main effect of mother
tongue alone was found (χ2(1)=4.78, p=0.029); when the results
were collapsed over position and room type, the NI participants had
higher IS results than the NG participants (mean difference: 5.9%). No
effects were significant for classroom type (χ2(2)=1.35, p=0.51) or
for the interaction (χ2(2)=4.29, p=0.12). Visual inspection of Fig.
5a suggest a high IQR in the results of NG, which could be moti-
vated by a different linguistic proficiency of the participants and poten-
tially mask the presence of a significant effect of listening condition for
the NI participants (having a much smaller IQR). Then, the statistical
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Fig. 4. Boxplots of the (a) speech intelligibility IS, (b) response time RT, and (c) subjec-
tive effort LE results averaged across participants. The results are divided according to the
participants' mother tongue (NI, NG), the listening position (R1, R2) and the finishing of
the lateral wall (with or without acoustical treatment, corresponding to models C1 and
C2). The bottom and the top of the boxes are the first and the third quartiles of the data
distributions, the central, bold line is the median value, and the white circle is the mean
value; 99% of the data fall within the whiskers. The outliers are shown as points outside
the whiskers.

analysis was repeated including NI listeners alone, to check if their
higher intra-group consistency would provide different outcomes. In this
case listening condition was considered as a fixed factor and the results
indicated that the effect of listening condition on the IS metric was still
not significant (χ2(2)=3.15, p=0.21).

Fig. 5. Boxplots of the (a) speech intelligibility IS, (b) response time RT, and (c) subjec-
tive effort LE results averaged across participants. The results are divided according to the
participants' mother tongue (NI, NG) and the classroom typology: rectangular shape with
acoustical treatment (C1), rectangular shape without acoustical treatment (C2), elongated
shape with acoustical treatment (C3). The bottom and the top of the boxes are the first and
the third quartiles of the data distributions, the central, bold line is the median value, and
the white circle is the mean value; 99% of the data fall within the whiskers. The outliers
are shown as points outside the whiskers.

Differently, for the RT results the statistical analysis revealed a
significant main effect of classrooms type (χ2(1)=32.64, p<0.001)
whereas the effects of mother tongue and the interaction were not sig-
nificant. All pairwise comparisons were significant at p<0.01; the RT
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results were the quickest in the elongated classroom C3 (mean RT:
1330ms), slightly increased in the real-size, acoustically treated class-
room C1 (mean RT: 1418ms), and were the slowest in the classroom
with reflective boundaries C2 (mean RT: 1520ms).

Similarly to RT, the statistical analysis of LE showed a significant ef-
fect of classroom typology (p<0.001) alone. The pairwise comparisons
indicated that no difference was present between the ratings of C1 and
C2. The LE results were instead significantly lower in configuration C3
(C1 vs. C3: z=2.65, p=0.008; C2 vs. C3: z=3.61, p<0.001), indicat-
ing that the elongated classroom was subjectively perceived as less de-
manding.

4. Discussion

4.1. Comparison between in situ and auralized tests

Based on the comparison of the outputs of the statistical model of
the speech-in-noise tests in auralized and in situ conditions, insights on
the potentials of the auralization techniques in recreating perceptually
equivalent environments can be drawn, specifically referring to the rel-
evant metrics of RT and LE.

The IS estimates in auralized conditions matched the corresponding
ones obtained with in situ testing, confirming that when properly cali-
brated virtual models are used, where the differences between auralized
and measured relevant acoustic parameters are smaller than the JND,
there is the same speech intelligibility as in real settings. It is interesting
to notice that, for NG group alone, the variance in IS results greatly in-
creased between real and auralized conditions. The finding could be ex-
plained by differences in the states of arousal or motivation between the
two experimental settings. In fact, within the real classroom, the partic-
ipants are prompted to a more focused attention due to the presence of
the other participants, carrying out the same task simultaneously. Dur-
ing the auralized tests, that were self-paced and without the constraints
of community testing, a decrease in participants' arousal emphasized the
presence of differences in the individual performance.

As concerns the measure of RT, no main effect of mode of presenta-
tion was found in the statistical analysis, suggesting that, upon proper
calibration of the virtual model the same absolute values as measured
in situ could be replicated in the laboratory tests. The finding points
toward the ecological validity of the measure of RT in auralized con-
ditions. The equivalence of two modes of presentation as regards RT
was ensured also by the absence of significant interactions, even though
that with listening position was close to the threshold of statistical sig-
nificance (p=0.057). The result might be influenced by the high vari-
ance of the results of the NG group, as suggested by the results of the
analysis including NI listeners alone, where the effect of mode of presen-
tation (p=0.21) and the interaction with listening position (p=0.26)
were clearly not significant. However, this critical point prompts fur-
ther investigation into the relationship between mode of presentation,
acoustical conditions and language proficiency to strengthen and gen-
eralize the present validation. In particular, a wider range of listening
conditions would be helpful and an extension of the panel of partic-
ipants would be also appropriate, either including only native listen-
ers, or objectively assessing the language proficiency of non-native par-
ticipants (see Sec. 4.3). Here, only a significant main effect of the lis-
tening position on RT was found. Whilst IS did not show differences,
it was possible to distinguish between the front and the rear posi-
tion of the classroom using the RT metric, with the latter position as-
sociated to slower RTs. The same RT increase was found in both in
situ and auralized conditions (ΔRT: 85ms and 82ms respectively, av-
eraged over the listening positions), showing that the increase in the

deployed cognitive resources tracked by RT was independent of the
mode of presentation.

As concerns the LE results, a significant interaction between mode of
presentation and position was found. When the results were averaged
across the participants' mother tongue, it was found that the listening
positions were discriminated only when presented in the laboratory set-
ting, thus suggesting that other factors, beside the response to the au-
ditory stimulus, affected the subjective response in situ and decreased
its potentials. It should be noted that the experimental setup and au-
ditory-visual interaction are all factors that could influence the LE re-
sults, especially in the more complex conditions of field experiments.
In particular a great dispersion of the results was observed for the NG
participant in the real classroom, whereas the IQR of the LE results re-
duced (and became comparable with the IQR of NI participant) when
the tests were proposed in auralized conditions. It is believed that the
result stemmed from the subjective nature of the LE rating itself. Indeed,
listening effort depends not only on the task demands but also on an in-
dividual cost/benefit evaluation, involving an appraisal of listening de-
mands in relation to one's capacity [56]. Then, the LE rating will reflect
the listening demands in relation to the participant auditory and cogni-
tive abilities, but also the more subjective aspect of the participant ap-
praisal of its capacity to meet the demands. The high IQR of NG partici-
pants might then indicate a difficulty in the appraisal of their abilities in
performing the speech perception task in the non-native language. The
same difficulty was not observed during the test in auralized conditions,
where the participants possibly built upon their previous experience to
better assess their capacity in relation to the task.

Finally, since no interactions were found between mother tongue
and mode of presentation for any of the response variables, it follows
that the results held independently of the participants' mother tongue,
since they showed the same trends across the two modes of presenta-
tion.

In summary, as regards the comparison between tests in real and au-
ralized conditions, the present study shows that, upon proper calibra-
tion of the virtual model:

• the IS results obtained in the real setting could be replicated in aural-
ized condition;

• the RT results obtained in the real setting could be replicated in au-
ralized conditions. Further investigations are needed to better explore
the relationship between mode of presentation, listening condition
and language proficiency on this outcome.

• the LE results could not be replicated in the two modes of presenta-
tion, and a significant interaction was found between mode of presen-
tation and listening position. The result was driven by the subjective
nature of the LE ratings that beside the effect of the listening condi-
tion also reflect individual, extra-acoustic factors.

Therefore, an ecological validation was achieved with reference to
IS and RT alone, on which the assessment builds upon. In the following,
the LE results will be anyhow discussed, to explore their sensitivity with
reference to the RT results (see sec. 4.4).

4.2. Effects of room acoustics on the speech reception performance

Table 5 summarizes the results of the statistical analyses output from
the GLMM models reported in Sec. 3.2 and 3.3, relevant for the present
discussion.

When examining the effects of the acoustics treatment of the room
on the speech reception performance, it was found that little informa-
tion was returned by the accuracy results. The IS metric was sensitive
to the participants' mother tongue but not to the modifications to the
room acoustics. Inserting the acoustic treatment on the lateral wall was
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Table 5
Summary of the statistical analysis outputs as concerns the effects of room acoustics on intelligibility results (IS), response times (RT) and subjective ratings of listening effort (LE). The
results refer to the two groups of participants (NI: native Italian, NG: native German), the three virtual classrooms (C1: regular room with acoustical treatment, C2: regular room without
treatment, C3: elongated room with acoustical treatment), and the two listening positions (R1: front, R2: back). The dash within a cell indicates that the corresponding effect (or interac-
tion) is not statistically significant.

IS RT LE

effects of room finishing wall treatment (C1 vs. C2) – RTC1<RTC2 –
listening position (R1 vs. R2) – RTR1<RTR2 –
mother tongue (NI vs. NG) ISNI>ISNG – LENI>LENG
treatment X position C2: ISR1>ISR2 – LER1<LER2

R1: LEC1>LEC2
effects of room shape room shape (C1 vs. C2 vs. C3) – RTC2>RTC1>RTC3 LEC1>LEC3

LEC2>LEC3
mother tongue (NI vs. NG) ISNI>ISNG – –

not picked out as a change by IS, as pointed out by the absence of sta-
tistically significant differences between C1 and C2. Solely based on this
finding, one could argue that given the high IS results already scored in
the untreated classroom (higher than 80%, thus corresponding to intel-
ligibility rated as “Fair” [4]) the addition of acoustical treatment had a
marginal benefit on the listeners' speech reception. Indeed, the increase
of 0.03 in the objective measure of STI accomplished in both listening
positions by inserting the acoustical treatment was lower than the asso-
ciated JND of 0.04. As concerns the STI gap between the listening po-
sitions, it was the same for both C1 and C2 (ΔSTI=0.07), so that one
could expect an almost equivalent measurable reduction in IS in both
cases. Instead, a statistically significant difference between the front and
rear position was found for the untreated room alone (10% decrease).
However, it has to be considered that the STI variations were realized
for different absolute values of the objective metric (C1: 0.52–0.45; C2:
0.49–0.42). Relying on the psychometric curve (i.e. the sigmoid curve
relating STI and IS results [2,4]) it is reasonable to expect that fewer dif-
ferences will be obtained in the IS results when moving towards higher
STI values. The metric will become less informative for the highest STI
values, where it undergoes a ceiling effect.

As also pointed out in Ref. [5], the fact that the number of correctly
recognized words was not affected by the changes in acoustic condi-
tions, does not necessarily imply that the task was not cognitively more
demanding. Specifically, RTs were significantly greater in the classroom
without acoustic treatment (average increase: 82ms), indicating that
more time was spent to process the auditory information. Even though
the task presented in the experiment is not directly representative of the
memorization and recall processes, which are critical for listening en-
vironments [57], it can be inferred that the increase of RTs already in
the speech reception stage will negatively affect speech communication.
Prolonged speech processing will limit the amount of information that
can be held in memory, impairing the subsequent storing and recall.
When the listening effort was tracked using the perceived effort LE, only
a partial difference could be found between the two classroom config-
urations, with the presence of acoustical treatment yielding lower (i.e.
better) ratings for the anterior listening position alone. In R2, despite
the significant increase in the RTs results, the two classroom configura-
tions were rated as similarly effortful. As listening conditions in R2 were
those with the lowest STI (and SNR) values, it could be hypothesized
that the lack of differences was driven by the minor sensitivity of the
LE results in the unfavorable listening condition range. For instance, in
Ref. [19] it was argued that the LE measure is more sensitive at an SNR
higher than −2dB (no reverberation) and in Ref. [16] it was found that
as the listening conditions worsened (either increased reverberation or
lowered SNR) the “listening difficulty” results showed fewer variations
between conditions and consequently lesser discriminating potential.

A similar scenario was outlined when the effect of a change in room
shape was considered. No differences were found in the accuracy re-
sults, whereas both the RT and LE data indicated that less demanding
listening was achieved in the treated long classroom, with smaller RTs
and lower LE ratings in comparison with the treated normal-sized envi-
ronment. Again, a change in the acoustic configuration of the room that
yielded a STI difference lower than the JND between the tested sound
fields, was not tracked by the accuracy results, while it was found to
affect the listening experience as concerns the reported effort devoted
to the task and the response time. The result was caused by the more
favorable listening condition realized in the long classroom. In fact, de-
spite an increase in the reverberation time of the room, a positive SNR
was observed at the back of the classroom thanks to the position and
the omni-directivity of the background noise source as compared to
the directional source of the speaker. From the point of view of room
acoustic design, it would be of interest to examine the effects of a similar
change in room size in the presence of spatially distributed, not punc-
tual, background noise sources mimicking, for instance, unintelligible
student babble. The results would allow the specific pro and cons of a
similar design strategy to be assessed.

4.3. Effects of mother tongue on the speech reception performance

The issue of second-language listeners is especially relevant in school
settings where the effect of the sound environment sums up with the in-
complete linguistic knowledge, thus making the speech reception task
harder, and, in turn, recall and memorization of information. Based on
previous literature studies [11,12,58] a discrepancy in the accuracy per-
formance of the two groups of participants was expected: the NI par-
ticipants scored significantly higher than the NG listeners (with a 6%
average difference), irrespective of the listening conditions. The finding
shows a disadvantage of the NG listeners based on inaccurate percep-
tual processing of non-native words, which could be explained by not
entirely equivalent language proficiency [12].

Interestingly, the RT metric did not disclose the difference of the
two groups. Visual inspection of the descriptive statistics data (see Figs.
4b and 5b) might suggest an increase of RTs for the NG participants,
which could be explained by interferences from their native language
on the lexical or phonetic level [59,60]. However, the GLMM analy-
sis of the RT data did not reveal any statistically significant differences
between the two groups. It has to be recalled that the present experi-
ment collected only self-report assessments of language proficiency. The
NG listeners participating in the experiment self-rated their Italian pro-
ficiency as quite high; they have lived since birth in a bilingual environ-
ment and, according to the definition in Ref. [2], they are considered
as “experienced, daily second language users”. It has to be noticed that
differences might still exist in the individual proficiency in the non-na-
tive language, which can only been disclosed by using an objective as
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sessment, such as testing their linguistic abilities [12,61]. Controlling
individual abilities within the statistical analysis using the test results
as a covariate, or testing native and non-native listeners at the same
IS level would help in better outlining the effects of room acoustics on
the RT results. For instance, in Ref. [62], the performance of native and
non-native listeners was compared in quiet and noisy acoustical condi-
tions where 100% intelligibility was scored by both groups of partic-
ipants. In this case, non-native listeners, though highly proficient, al-
ways showed greater RTs suggesting that when the same level of ac-
curacy is reached, longer processing times are needed to cope with the
task. No interaction was found between listening condition and mother
tongue, leaving open the hypothesis that the increase of RT could have
been carried over from the quiet to the noisy condition, without an ad-
ditional effect of the latter. Non-native listeners are required to deploy
greater cognitive resources (traced by longer RTs) already in quiet con-
ditions due to the effect of native language interference. As in Ref. [62],
the specific hypothesis under investigation in the present study was that
unfavorable listening conditions would add more demands on the pro-
cessing time of non-natives compared to native listeners, but this occur-
rence could not be confirmed by the results. Therefore, dedicated ex-
periments are needed to understand better how listening in reverberant
or noisy conditions affects the RT results of non-native listeners; in the
experiments, a careful control of the language proficiency shall be im-
plemented.

Concerning the self-reported measure of listening effort (LE) it is
noteworthy that NG participants reported a lower degree of perceived
effort than the NI participants despite poorer accuracy of results and
no differences in the RTs. It can be speculated that the two groups ei-
ther interpreted the concept of “listening effort” differently or, similarly
to [17], scaled the judgments according to peculiar anchors differently
(e.g. the same categorical value was associated with a different degree
of effort, depending on the participant). Possibly both aspects played a
role in the result which raises the question of consistency between the
IS and LE results across the groups.

4.4. Advantages of an acoustical design based on behavioral indexes

In the present experiment acoustic conditions representative of real-
istic classroom activities were modeled, and the modifications of the vir-
tual classroom model reflected actual acoustic intervention plans or de-
sign strategies. The obtained results yield a direct and immediate insight
on how passive acoustic interventions influence the task performance
and on the deployment of the cognitive resources needed to achieve it.

Monitoring metrics that are considered informative on listening ef-
fort is especially important when intelligibility is satisfactory or even
near ceiling, as in many everyday environmental situations. In the
high-intelligibility region, the metrics of LE and RT show a remark-
able resolution and clarify conditions characterized by similar STI val-
ues (e.g. within one JND) or considered potentially equivalent if traced
by IS. From an applied perspective, this approach would allow for the
design of environments were comfortable listening conditions can be
achieved, minimizing the risks due to suboptimal room acoustics. RT
and LE are respectively a behavioral measure (tracing the processing
time) and a measure of subjectively perceived listening effort; they
reflect different perceptual mechanisms [7,63] and might not output
matching results. In fact, the present experiment highlighted that the
two metrics varied peculiarly as a function of the task demands, with
the changes in one measure not necessarily reflected by the other. Rely-
ing on RT, the effect of modifications to the room acoustics on speech
reception was always successfully traced within each group of partici-
pants with the same mother tongue. As also found in Ref. [46], self-re

port ratings of LE discriminated fewer conditions than the RT, especially
when the listening conditions worsened. The individual interpretation
of the “listening effort” concept influenced the LE results, even more
so when comparing the listeners' group of different mother tongue. The
finding suggests that the response time might be a more sensitive met-
ric for detecting the effects of changes in the listening conditions, which
using LE are not discriminated because they either do not reach the lis-
teners' conscious awareness or undergo ceiling effects.

A strategy for integrating RT in the acoustical design process of pub-
lic spaces where the requirements of communication are paramount
(e.g. in compliance with [1] schools, conference halls, lecture rooms
for medium and long range communication, social/senior centers, can-
teens and restaurants for short range communication) can be depicted
based on the present results. Specifically, the assessment of RT should
follow a preliminary design based on the STI metric, the target values
of which ensure the required IS results based on the conventional psy-
chometric functions. Unfortunately, since statistically different RTs can
be obtained for the same intelligibility score (see Sec. 4.2 and 4.3) a
unique relationship between STI and RT is not viable. Furthermore, RT
will strongly depend on the nature of the specific background noise,
the details of which (e.g. stationary, fluctuating, impulsive, with infor-
mational content, etc.) are known to affect the speech processing time
to a notable extent [64]. For this reasons much work is needed to dis-
cern the link that the various acoustical factors have with the behavioral
quantity, pursuing the ultimate aim of providing more widely accessible
design tools other than listening tests. At present, an acoustical design
also taking over RT necessarily involves the setup and presentation of
case-specific speech-in-noise tests. This added complexity to the acousti-
cal design is not at hand for the most common types of acoustical pro-
jects but can be taken on for the most elaborated or technically demand-
ing ones.

4.5. Study limitations

Despite the present relevant findings, further research has to be de-
voted to better understand the link between sound environment (as
composed by room acoustics, source, and noise characteristics [35]),
and the listening effort in the speech reception task. For instance, the
impact of the type of noise on listening effort in realistic scenarios needs
to be clarified.

Moreover, the present work is limited to the speech reception task,
making the inference that more cognitive demanding tasks, which im-
ply speech understanding (i.e. interpreting the meaning of the message)
or speech recall, will be more affected by a speech reception worsening.
This assumption underlies the current speech evaluation methods [57]
and warrants generality to the present approach. However, employing
more specific and demanding tasks (e.g. word recall, speech compre-
hension, etc.) would better outline the role of unfavorable acoustics on
memory and learning performance in rooms for speech [65–67]. Sys-
tematic information on the effort on the specific tasks could then be
used in the context of acoustical design as well.

Finally, it should be noted that, when using the RT metric, it is
hardly possible to rely on an absolute scale because the RT course re-
flects changes other than just the response to the stimulus. Whereas the
relative differences in RTs between conditions (e.g. with respect to a
baseline in quiet conditions [46]) in a given experiment are driven by
the complexity of the stimulus, the absolute values of the metric might
be affected by inter-experiment variability due to the specific measure-
ment layout and to the test material used. In this work, the ecological
validity of the RT metric was demonstrated by the consistency of the
results obtained in field and in auralized conditions using the same ex-
perimental layout.
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5. Conclusions

The present study investigated the advantages of introducing the lis-
tening effort concept beside IS in the acoustical design of rooms for
speech, and tested two metrics that are considered informative of the
construct, one behavioral (RT) and one self-rating (LE). Four major ob-
servations were made:

(1) Speech-in-noise tests performed via headphones using auralized ma-
terial were found in this work perceptually equivalent to in situ ex-
periments, not only as regards the intelligibility results but also for
the RT metric. The LE results were found to depend on the mode of
presentation.

(2) Using a feasible metric to depict the complex construct of listen-
ing effort to complement traditional intelligibility results is a valu-
able strategy, which allows the discrimination of listening condi-
tions equivalent as regards speech intelligibility. In fact, realistic
modifications to the room acoustics yielding similar accuracy in
word identification were found to change the amount of processing
resources involved in the speech reception task, which can be mon-
itored by using the two proposed metrics.

(3) Using the measure of response time it was possible to discriminate
more listening conditions than using the self-reported effort. The
finding suggests that RT might be a more sensitive metric than LE,
providing information that positively contributes to the optimiza-
tion of rooms for speech; its integration in the process of the acousti-
cal design has been discussed.

(4) Concerning the effects of mother tongue on the speech reception
task, it was found that non-native (but still highly proficient) listen-
ers had a disadvantage at the perceptual level, which was not paired
by changes in RT or LE results. An inconsistency between IS and
LE results was found since the group which achieved the worst ac-
curacy rated the task as being less effortful. More dedicated exper-
iments are required to investigate the comparison of RT results of
native and non-native listeners, with an effective objective qualifi-
cation of language proficiency in order to better discern the effects
of room acoustics.
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Appendix A.

The distributions of the raw IS, RT and LE data are reported in the
following Figures A1–A3. For each metric, three distributions were con-
sidered, one for each of the three statistical analyses performed and de-
scribed in text in Sec. 3.1, Sec. 3.2 and Sec. 3.3. As the participants
responses were coded as 0/1 (corresponding to wrong/correct word),
the distribution of IS data is reported with reference to the average re-
sult over a listening condition (for each participant, ratio between the
number of correct words and those presented in a given condition). His-
tograms and kernel density plots were obtained with the R software us-
ing the following commands: hist() and density().

It can be observed that, in all cases, the distribution of IS data de-
parted from normality due to a prevalence of results close to the unity.
As expected, the RT distributions were skewed with a long tail on the

right. The distributions of LE data showed instead a high variability,
with data similarly spread over all the levels of the response scale. Based
on the observed distribution of the raw data and on literature evidences,
the most appropriate GLMM models were selected for data analysis (e.g.
a Gamma distribution with a log-link for RT data).

Fig. A1. Histograms and kernel density plot for the raw IS, RT and LE data. The distribu-
tions refer to the data used for the statistical analysis reported in Sec. 3.1.
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Fig. A2. Histograms and kernel density plot for the raw IS, RT and LE data. The distribu-
tions refer to the data used for the statistical analysis reported in Sec. 3.2.

Fig. A3. Histograms and kernel density plot for the raw IS, RT and LE data. The distribu-
tions refer to the data used for the statistical analysis reported in Sec. 3.3.
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