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Abstract

The paper presents the results of monoaural and binaural acoustic measurements and
speech-intelligibility tests conducted in two classrooms representative of typical school
buildings in Italy. The sample of two classrooms was selected based on a statistical analysis
of reverberation time measurements taken in more than one hundred Italian schools. In
the two sample classrooms, measurements were taken both when the room was empty
and when it was occupied by pupils. The binaural measurements were conducted on two
students who were fitted with special headphones equipped with binaural microphones,
with sound sources placed in various positions within the classroom, both in the acousti-
cally untreated classroom (with a long reverberation time) and in the acoustically treated
classroom (with a short reverberation time). The results of the speech intelligibility tests
conducted on 25 elementary school students confirmed that speech intelligibility improves
significantly in the acoustically treated classroom.

Keywords: schools; reverberation time; intelligibility; binaural acoustic parameters; room
acoustics; spatial release from masking; interaural time and level differences

1. Introduction

The negative effect of reverberation on children’s speech intelligibility has been tested
in-field in different classroom scenarios accounting for different types of noise. Astolfi et al.
(2012) found that traffic noise is the most interfering noise followed by babble noise, but
a lowering in reverberation time brought an increase in speech intelligibility only with
traffic noise located outdoors and not with babble noise, whose source was in the middle
of the classrooms [1]. In a study by Buss et al. (2017), carried out without reverberation
in a laboratory, it has been proved that for children aged 5 to 16 years and for adults, a
two-talker masker is more detrimental for speech intelligibility than a one-talker masker,
due to the increased cognitive resources needed to perceptually isolate the target in the
context [2].

In their review, Leibold and Buss (2019) [3] found that adult-like performance for
speech-in-speech recognition is not usually observed until adolescence. Difficulties are due
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in part to the immature allocation of attention to the relevant target speech and extensive
listening experience is required before maturing selective attention abilities. Additionally,
working memory seems to play an important role in the development of speech-in-noise
recognition. Children with high working memory appear to have high performance on
masked speech-recognition tests. The central auditory process is responsible for selective
attention, which allows isolation of target and masker speech by auditory grouping pro-
moted by different vocal characteristics, temporal onsets, and binaural cues. Children,
however, seem to require more acoustic cues than adults to perceptually isolate target and
masker speech [3].

The speech-intelligibility benefit from spatial separation of the source from the masker
is known as a Spatial Release from Masking (SRM), which is typically computed as the
difference in Speech Recognition Threshold (SRT) between conditions in which the target
and masker are co-located versus spatially separated. Speech Recognition Threshold (SRT)
is the signal-to-noise ratio (SNR) yielding a certain % correct recognition score (i.e., for
example, Speech Recognition Threshold 80%, SRT80 in dB SNR, is the signal-to-noise ratio
yielding an 80% correct recognition score). SRM is likely associated with at least two
binaural processes, which are the “better-ear listening” and the “binaural unmasking” [4].
The former is related to the listener’s ability to detect sound from the ear which has a better
signal-to-noise ratio, and the latter to the differences in the interaural phase between signal
and noise sources, caused by differences in path distance to each ear, exploited by the brain
to detect a signal. These processes are related to the Interaural Time and Level Differences
(ITDs and ILDs) [5-7]. ITD is the difference in arrival time of a sound wave at the two
ears, due to the path length difference from the source to each of the ears. ILD is caused
by the attenuation due to head shadowing at high frequencies. ITD and ILD are the most
important cues for the auditory system to localise sound sources.

SRM was found for children as young as 4 years in the case of both asymmetrical [8,9]
and symmetrical interference configurations [9]. Asymmetrical interference configuration
usually considers the target at 0° azimuth and the maskers at +90° or —-90°, while in the
symmetrical configuration, the maskers are either at +90° or —90. The asymmetrical config-
uration provides access to both monaural head shadow and interaural differences cues [10],
while when maskers are displaced symmetrically, the monaural head shadow is minimized,
resulting in a reduced availability of spatial cues for source segregation [11]. However, no
significant difference in SRM has been found in the asymmetrical and symmetrical configu-
rations by Misurelli and Litovsky (2012) [9], except when the target and the maskers consist
of the same-sex stimuli in the symmetrical interferer condition [12]. In this case, SRM
is significantly reduced because not only monoaural cues are reduced, but also spectral
difference cues. Furthermore, no significant differences have been found between adults
and children in anechoic conditions [10,11]. On the contrary, Peng and Litovsky (2021) [6]
observed SRM immaturity in children between 6 and 15 years of age compared to adults.
They found that the adult-child difference of ~3 dB SRM was mainly driven by children’s
poorer ability to use interaural differences rather than head shadow [6].

The above-referenced studies refer to anechoic conditions in the laboratory, while
only a recent study, to the best of the Authors” knowledge, has concerned SRM with
reverberation in typical classroom conditions. Peng et al. (2021) [13] found that children in
the 7-12 years age range have not reached maturity in using binaural cues that are distorted
in reverberation, as adults. They demonstrated 3-8 dB SRM on average in reverberant
environments, which was much smaller than that observed for adults (10-13 dB) [13].

Reverberation does not affect the sound-source localization ability [14]. Indeed, the
“precedent effect in sound localization” (Wallach et al., 1949) claims that a sound source is
localized based on the location of the first arriving sound more than on the directions of the
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reflected sounds arriving later and from many directions unrelated to the source [15]. The
“echo threshold” is the briefest delay between the first arriving sound, i.e., the direct sound,
and the delayed sound, i.e., the first arriving reflected sound, which allows the listener
to perceive one single sound instead of two spatially separated sounds. This is named
“fusion”, and the localization of the fused signal is at or near the location cued by the first
of the two signals, i.e., the direct sound. In the literature, a wide range of echo thresholds is
reported, which is from 2 to 100 ms, depending on many factors including age, hearing
status, and differences in stimuli [16]. It also depends on the signal since it is roughly 1 ms
for short impulses, 50 ms for ongoing speech, and 80 ms for classic/romantic music [4].
Children about 5 years old exhibited significantly longer echo thresholds than adults, which
leads to a more robust fusion effect on one side, but also to a deficit in localization of the
delayed sound when this threshold is within the limit for adults on the other side, which
suggests an immature spatial hearing in children [17,18].

Even if the localization of a sound source is not affected by reverberation, increasing
reverberation reduces ITD and ILD and this results in poorer performance in speech
identification. However, in the case of adult listeners, it has little effect on the benefit of
spatial separation of the target and the masker, i.e., it does not affect the SRM in the case of
informational maskers, which is preserved compared to anechoic conditions and is higher
compared to the case of energetic maskers [19]. This represents the condition more often
found in real environments where listeners use the “precedent effect” to derive localization
from signal transients and thus perceive the target as distinct from the masker.

Binaural listening appears to have limited effects on reducing the impact of noise
on learning in children. Leist et al. (2022) compared a realistic classroom-noise scenario
presented either monaurally, with identical signals delivered to both ears, or binaurally,
preserving interaural differences and spatial information, while children performed tasks
involving auditory and visual information processing [20]. Word identification was more
impaired in the monaural than in the binaural condition, whereas listening comprehension
and short-term memory were similarly affected in both conditions. These findings suggest
that irrelevant speech effects are mainly driven by cognitive interference between automatic
speech processing and verbal information maintenance, while attention capture elicited by
spatially separated and changing sound sources plays only a minor role.

Some advantages of using child HATSs (Head And Torso Simulators) rather than
adult HATSs and/or omnidirectional measurements have been observed when assessing
A-weighted equivalent sound-pressure levels in classrooms, due to their anthropomorphic
characteristics [21]. For prominent ear measurements, no differences are observed between
adult and child HATSs and the omnidirectional microphone up to 2 kHz. However,
differences emerge around 4 kHz between HATS measurements and the omnidirectional
microphone, while above 8 kHz, differences can be observed between child and adult
HATSs, with higher values recorded by child HATSs. Notably, sharpness values also differ
across transducers, with child HATSs showing greater high-frequency content compared
with adult HATSs.

Despite the extensive literature on speech recognition in noise and on the use of bin-
aural cues for source segregation, most studies have been conducted under anechoic and
laboratory conditions. Evidence collected in real classrooms remains limited, although
reverberation and “classroom bubble” noise may substantially degrade the linguistic sig-
nal and increase the cognitive load on children. Importantly, speech understanding in
classrooms is not an isolated outcome, but a prerequisite for higher-level cognitive pro-
cesses, such as verbal working memory. Compared to attention or reading comprehension,
working memory is more sensitive to the acoustic environment [22] and exhibits stronger
plasticity during the primary-school stage [23]. As reported in the literature in suboptimal
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school acoustic environments, characterized by long reverberation times and background
babble noise, the extra cognitive effort required to process and restore degraded auditory
signals directly consumes phonological and executive control resources, thereby reducing
young children’s effective verbal working-memory capacity [24]. Because primary-school
children are in a critical developmental window marked by ongoing maturation and high
neurocognitive plasticity, verbal working memory serves as a foundational cognitive bottle-
neck for broader learning activities (including reading comprehension and task attention).
Focusing verbal working memory thus provides a more sensitive and direct mechanistic
measure of how classroom acoustic quality affects young children’s cognitive processing.

Systematic reviews demonstrate that classroom acoustic treatments (e.g., sound ab-
sorbers and diffusers) generally reduce reverberation and improve speech perception,
attention, and student well-being across diverse educational settings. However, excessive
absorption can inadvertently lower signal intensity and Speech Transmission Index (STI),
thereby increasing listening effort. Furthermore, the overall effectiveness of these interven-
tions varies depending on specific noise conditions, spatial configurations, and individual
cognitive or perceptual vulnerabilities [25].

In this framework, global room-acoustic parameters such as Reverberation Time (RT),
Clarity (Csp), and Speech Transmission Index (STI) are particularly relevant to describe
classroom communication quality. Binaural measures such as interaural time and level
differences (ITDs and ILDs), interaural cross-correlation (IACC), and direct-to-reverberant
ratio (DRR) may provide complementary information to interpret perceptual differences be-
tween rooms with different acoustic quality. While monaural parameters describe the room
acoustics, the binaural parameters focus on the listeners perspective. The paper aims to in-
vestigate which binaural cues are and are not affected by acoustic treatments and therefore
identifying the likely perceptual mechanisms behind the observed cognitive benefit.

The objective of the present study is to compare monoaural and binaural acoustic
parameters measured in two “twin” primary-school classrooms in Italy, identical in vol-
ume and layout but characterized by very different reverberation, with the results of
comprehension tests based on verbal working memory, administered in an ecological
setting. A classroom representative of typical reverberant conditions in Italian historical
school buildings is compared with an acoustically treated classroom, by analyzing classical
room-acoustic parameters (RT, Csp, STI) and binaural parameters, as well as children’s
performance on the Listening Span Test under controlled “classroom bubble” noise.

2. Materials and Methods

To investigate the impact of classroom acoustics on primary-school children’s listening
and learning performance in an ecological environment, an experimental methodology
combining acoustic characterization and cognitive assessment was established. The overall
workflow, illustrated in Figure 1, outlines the sequential steps of the investigation. First,
a statistical analysis of typical Italian primary-school classrooms guided the selection
of two twin case-study rooms in Florence, identical in layout but differing in acoustic
treatment (untreated classroom C1 vs. acoustically optimized classroom C2). Subsequent
room acoustic measurements—incorporating both monaural and binaural parameters
under unoccupied and occupied conditions—were performed to thoroughly characterize
the sound field. Finally, comprehension tests were administered under controlled noise
conditions to a selected sample of primary-school pupils to evaluate cognitive performance
across the two acoustic environments. Each stage of this experimental investigation is
detailed in the following subsections.
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Figure 1. Experimental methodology workflow, including site selection, monaural and binaural
acoustic characterization, and the crossover design for comprehension testing in the two sample
classrooms (untreated C1 and acoustically treated C2). The arrow indicates the swap between Group
A and Group B across the environments (C1 and C2), after two months.

2.1. Description of the Case Study

In order to carry out in a real context the study on the effect of acoustic quality in
the comprehension and learning process of primary-school children, it was necessary to
identify two sample classrooms. To this end, a statistical analysis was conducted on a
sample of one hundred forty-four Italian schools (many of them located in the city of
Florence). The results showed that part of this sample was composed of a classroom with
no acoustic treatment while another part had some kind of acoustic treatment (usually
an absorbing ceiling). The reverberation time and clarity measurements in 1/3 octave
frequency bands were carried out in all classrooms (1 = 144). All classrooms were not
occupied by pupils and normally furnished. The average values of reverberation time
between third octave bands of 200-5000 Hz (i.e., between octave bands of 250-4000 Hz)
was analyzed based on the requirements of Italian standard UNI 11367 annex C [26].

Figure 2 shows the statistical distribution of average value of reverberation time in the
sample of 144 classrooms.

Figure 2. Statistical distribution of results of reverberation time (average 250-4000 Hz) in a group of
144 classrooms.
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The average value of the RT in this sample was 1.2 s, the median was 1.1 s, and the
80th percentile was 1.6 s.

To carry out the tests, it was consequently necessary to select a classroom representative
of the typical Italian classrooms, i.e., with an average value of RT of about 1.2 s in the octave
bands range of 2504000 Hz.

The sample classroom (C1) of the current study was selected in a primary school of
the city of Florence that was built as a convent before 1800; the adaptation to the current
scholastic use dates back to the 1950s. This school is representative of many other schools
where no acoustic treatment was realized.

The average unoccupied reverberation time of the selected classroom was 1.3 s in the
octave band range of 250—4000 Hz; therefore, near to the average value of the sample of
144 Italian classrooms.

To carry out the test it was necessary to select two different classrooms in the same
school: the one described above, with high reverberation time (C1), and another with low
reverberation time (C2). To this aim, a classroom of the same school building treated with a
sound-absorbing ceiling was selected as the second sample classroom.

To better represent the two conditions of optimal and inadequate acoustics, additional
sound-absorbing panels were added to the walls of classroom with the ceiling treatment,
to obtain in this classroom a value of the reverberation time adequate to the optimum
value defined by the Italian standard UNI 11532-2 [27,28] for classrooms accommodating
hearing-impaired pupils.

The Italian standard UNI 11532-2 [28] provides the following equation to define the
optimum value of reverberation time for classroom housing pupils with hearing defects.

RTopt = 0.321g(V) — 0.17(s)

where V is the volume (m?3) of the classroom.
Considering the room (C2) dimensions of 7.2 x 6.2 x 3.8 m> (see Figure 3, right), the
optimal reverberation time according to UNI 11532-2 is about 0.5 s.

Figure 3. The case study: two twin classrooms with different acoustic quality. The untreated
classroom C1 on the left, and the treated classroom C2 on the right.

The average reverberation time obtained in this classroom (C2) after the insertion
of additional absorbing panels to the walls was about 0.4 s in the octave bands range of
250-4000 Hz; therefore, about one third of the reverberation time in the other classroom.

In this way, the two test rooms chosen presented the same boundary conditions, except
for the sound-absorbing material in one of them (in the ceiling and in part of the walls).
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2.2. Room Acoustics Measurements
2.2.1. Monaural Measurements

Different procedures were used for the measurements carried out in the whole sample
of 144 classrooms and in the case study of the two classrooms (untreated C1 and treated C2)
selected as case study.

Room acoustic measurements carried out in the sample of 144 classrooms were per-
formed with a two-channel class 1 real-time analyzer 01 dB (from 2012 Acoem, Limonest,
France) Symphonie with preamplifiers and 12-inch gross diffuse-field microphones. Before
each measurement, the microphones were calibrated.

An impulsive type of sound source (clapper II Bielettro, Castellare di Pescia, PT, Italy)
was used for sound-field generation for reverberation and clarity measurements.

In total, 10-16 impulse response measurements were analyzed and averaged for each
room, depending on room volume. Every measurement performed was in third-octave
frequency bands between 50 and 5000 Hz.

Measurements were performed within rooms in furnished and unoccupied conditions,
following ISO 3382-2 [29] and Italian standard UNI 11532-1 [27]. Microphones were placed
at a distance of at least 1 m from each surface and at a height of at least 1.2 m to simulate
the ear height of a seated child.

From impulse response measurements, spatial average of reverberation time, RT, and
Clarity, Csg, were obtained for each classroom.

For Speech Transmission Index, STI, measurements, a Talk-Box Bedrock model BT65,
and an analyzer Bedrock SM 90 were used (Bedrock, Rijswijk, Netherlands).

With reference to the two case studies C1 and C2, acoustic measurements were per-
formed both in unoccupied and occupied conditions, in the presence of pupils while
administering the tests, which are described in a dedicated section below. In the occupied
condition, the measurement of the impulse response was performed using the omnidirec-
tional source 01 dB omni, generating a sine sweep signal (frequency range of 20-20.000 Hz),
since the clapper produces an impulsive noise which can be harmful to children’s hearing.
The two sound sources (Clapper and Dodecahedron) are comparable in the frequency
range of 0.5-8 kHz [30].

Impulse responses were measured in 18 different positions randomly distributed in
each of the two sample classrooms. Background noise was measured in two different points
in each classroom.

2.2.2. Binaural Measurements

The two sample classrooms (C1 and C2) were also characterized by binaural measure-
ments in unoccupied conditions. In particular, the following binaural parameters were
measured for the two listening positions and two sound sources: Interaural Time Difference
(ITD), Interaural Level Difference (ILD), binaural Csg, InterAural Cross Correlation (IACC),
Direct-to-Reverberant Ratio (DRR) [31].

Interaural Level Difference (ILD) and Interaural Time Difference (ITD) were obtained
to investigate the perceived sound localization, while InterAural Cross Correlation (IACC)
was used to retrieve information on the sound spatial impression. Direct-to-Reverberant
energy Ratio (DRR) was also obtained for the two ears and as the average value between
the two ears. Speech Clarity (Csg) was evaluated as a frequency-dependent parameter
separately for the two ears.

The measurements were performed using a source Talkbox (NTi Audio AG, Liecht-
enstein) and a dodecahedron (01 dB omni) as sound sources and a binaural microphone
set (In-Ear Microphone, Type 4101, Bruel&Kjaer, Danimark). Figure 4 shows the positions
of the Talkbox (51, S2, and S3), dodecahedron (S2 and S3), and listeners (L1 and L2) in
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the two classrooms C1 and C2. The binaural microphone set was worn by two children
(11 years old), who were considered listeners in positions L1 and L2. The measurements
were performed by first locating the Talkbox in the three positions and generating a sine
sweep of 3 s with a frequency range of 20-20,000 Hz. The same procedure was followed for
the dodecahedron measurements in the two positions S2 and S3. The Talkbox S1 position
is considered as the target speaker (T), while the Talkbox S2 and S3 are considered as
single-talker interferers producing unwanted noise (N). The dodecahedron in S2 and S3
positions is considered a multi-talker interferer producing unwanted noise (N). In this work,
the above-mentioned parameters have been analyzed for the target and noise positions.

Figure 4. Experimental setup of binaural measurements: in classroom C1, on the left, and in classroom
C2, on the right. Positions of the sources, in light grey (S1, in the target speech position at 3.6 m from
the listener, S2, at one meter from the listeners, S3 at one meter from the listener, 120°), and listeners,
in dark grey (L1 listener type one, L2 listener type two).

Figures 4-6 show the measurement setup, with the position of the children during the
binaural measurements.

Figure 5. Experimental setup of binaural measurements in the classroom C1 (untreated): listener L1
and the two sources (S2, Talkbox at one meter from the listener L1 and dodecahedron S3, at one meter
from the listener).
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Figure 6. Experimental setup of binaural measurements in the classroom C1: on the (left), listener
type one (L1); on the (right), listener type two (L2).

The broadband Interaural Time Difference ITD was calculated using the threshold
method described in [32]. The broadband Interaural Level Difference ILD was calculated as
the energy ratio between the left and right ears. Since in human auditory perception, ITD
and ILD are used complementarily for the lower and higher frequency range, respectively,
the Binaural Room Impulse Responses, BRIRs, were lowpass filtered in the first case
and high-pass filtered in the second, using a 10th-order Butterworth filter with a cutoff
frequency of 1300 Hz, as in [33]. The broadband Direct-to-Reverberant Energy Ratio, DRR,
values for the left and right ears were calculated by exploiting the open-source MATLAB
R2023b toolbox in [34], which includes a function that determines the direct sound as the
peak of the squared impulse response and returns the DRR value using a time window of
5 ms centered in the peak to select the direct sound [35]. The binaural speech clarity was
evaluated in octave bands and provided as the average value from 250 Hz to 2 kHz [28].
Differences have also been obtained between speech clarity from the target source and each
noise source, at the left and right ears, respectively, and as a mean value between the ears.
These differences have been used to evaluate the gap in speech clarity between the target
and the noise [36]. The JND (just noticeable difference) of IACC is assumed to be 0.075 [29].
The ITD JND is 58 us, while the ILD JND is 1.9 dB, at mid frequencies [37]. The JND for the
Direct-to-Reverberant Ratio (DRR) is approximately 2-3 dB for reference DRRs between
0 and +10 dB [38]. For classrooms, the just noticeable difference (JND) for the speech clarity
Csp, over the frequency range 0.5-2 kHz, is approximately 1.1 dB, while an increase of
about 3 dB is generally required to achieve a clearly perceptible improvement in speech
intelligibility [39].

2.3. Comprehension Tests

To investigate the effect of noise on verbal working memory in elementary school children,
within an ecological school environment, a test consisting of a particular listening test, Listening
Span Test [40], was administered within the two case-study classrooms C1 and C2.

Detailed information about the method of analysis is contained in [41], while in the
following a summary of boundary conditions and of main parameters analyzed is reported.

The test was carried out in the two selected classrooms, C1 and C2, where a dodecahe-
dral source, placed in a corner position (Figure 7, position M, and Figure 8), reproduced a
“classroom babble” recorded in a real classroom and reproduced to give an equivalent SPL in
the center of the classroom of 59 dBA. This was considered as a masking sound source (M).

https:/ /doi.org/10.3390/buildings16193788
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Figure 7. Experimental setup during the comprehension tests: in the classroom C1 on the (left), and
in the classroom C2 on the (right). Positions of the Talkbox (T), microphones (R1 at one meter from
the target speech, R2 in the middle), and the masking sound source (dodecahedron) (M).

Figure 8. Experimental setup during the comprehension tests: on the (left), positions of the Talkbox
(T) and microphones (R2 at one meter from the Talkbox, R1 in the middle) in the classroom C1; on the
(right), positions of the masking sound source (dodecahedron) (M) in the classroom C2. In the photo
the absorbing panels placed near the walls are shown.

Both the dodecahedron reproducing the babble (M) and the Talkbox reproducing the
signal (T) were calibrated to give a predetermined level in classroom C1.

The Talkbox was calibrated to give 60 dBA at 1 m of frontal distance, according to
ISO 9921:2003 [42], while the omnidirectional source was calibrated to give an average
level of about 59 dBA in the center of the classroom. The level of 59 dBA was chosen as
representative of bubbling generated by primary-school children [43].

The average SPL generated by the dodecahedron and by the Talkbox in the two
classrooms C1 and C2, which were amplified to give the same emission, was different as a
consequence of different values of reverberation time as described in Figure 9.

Figure 9 shows the SPLs measured in the center of the classroom and at 1 m in front of
the talk box or of the teacher in the classroom C1 and in the classroom C2. Both background
noise and noise produced by the loudspeaker in position M (the bubble noise) were almost
uniform in the classroom, while Talkbox speech and teacher speech were greater in front of
the source. The difference between the position in front of the source and that in the center
of the classroom is greater in classroom C2 (green bars in the graph of Figure 9) because of
the lower reverberation time.
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Figure 9. SPLs in classrooms C1 and C2 due to the talk box, to the teacher’s speech, to the babble
reproduced by the dodecahedron, and to background noise.

Figure 10 shows the spectrum SPL of the chatter noise reproduced by the dodecahe-
dron and measured in the centre of the classroom C1. As shown in Figure 9, the A-weighted
SPL corresponding to the spectrum of Figure 10 was 58.7 dBA and the signal reproduced
was previously measured in a real classroom and can be considered representative of the
noise produced by children babble in a classroom.

Figure 10. SPL spectrum of the babble noise reproduced by the dodecahedron and measured in the
centre of the classrooms C1.

2.4. Participants and Test Design

To carry out the test, a sample of 25 s-grade children was selected and divided into
two homogeneous groups (later indicated as Group A and Group B). The children involved
had typical cognitive and linguistic development. None of the participants had diagnosed
hearing loss or auditory processing deficits, speech, language, or learning disorders, or
certified neurodevelopmental or intellectual impairments. Children performed the tests at
the same time of day (in the morning from 9 to 12 am) in both classrooms.
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At first, the test was administered to group A in the very reverberant classroom (the
untreated classroom C1) and to group B in the classroom with acoustic treatment (the treated
classroom C2); after 1 month, the test was repeated, inverting the two groups: group A in
the classroom C2 with acoustic treatment and group B in the untreated classroom C1. In
this way, four combinations of the tests performed were analyzed:

Group A in the classroom C1 (untreated);
Group B in the classroom C2 (treated);
Group A in the classroom C2 (treated);

Group B in the classroom C1 (untreated).

All the tests were administered by the same researcher/examiner who administered
the task (Ph.D. in Psychology), and the same researcher to control the sound pressure level
produced by the voice and by the babble noise and the background-noise level. The sound
pressure level generated by the voice varied between 59 - 61 dB at 1 m from the mouth and
was monitored during all sessions with the Vocal Holter Med dosimeter (Device developed
by the Polytechnic University of Turin, the University Otorhinolaryngology 2 Unit of the
University of Turin, and PR.O.VOICE 6rl, a Polytechnic University of Turin start-up.) [44].

2.5. Statistical Analyses

A statistical comparison of verbal working-memory performance obtained by the
same children in the two different acoustic contexts was performed.

To test verbal working memory, a simplified version of Daneman and Carpenter’s
(1980) Listening Span Test for children from second to fifth grade, described in [41],
was used.

The level of performance was determined by coding the children’s responses into six
indices representing the level of span, evaluation, words recalled, intrusions, inventions
and inversions.

In particular, the index “Evaluations” was obtained by assigning one point for each
statement heard correctly judged for its truthfulness or falsity by the child; the index
“Words recalled” was obtained by assigning one point for each correct word recalled by
the child; the index “Span” indicates the sequence of words of maximum length correctly
remembered and written down by the child; the index “Intrusions” was obtained by
counting each word recalled and written down by the child that was not in the last position
in the sentence uttered by the researcher; the index “Inventions” was obtained by counting
each word written down by the child with semantic or phonological similarity to the last
word but not present in the sentence uttered by the researcher; finally, the index “Inversions”
was obtained by counting each word recalled and written down by the child but not in the
exact sequence of presentation as in the sentence uttered by the researcher.

The normality of the distribution of the results was determined using the Shapiro—
Wilk test.

3. Results and Discussion

In the following, monaural and binaural acoustic-measurements results and compre-
hension tests results are reported for the two sample classrooms.

3.1. Monaural Acoustic-Measurements Results

Figures 11 and 12 show the average values of reverberation time and clarity Cs
measured in the two sample classrooms with and without children.
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Figure 11. Average reverberation time in the two case-study classrooms C1 and C2 (untreated and
treated) with (occupied) and without children (unoccupied).

Figure 12. Average clarity Csg in the two case-study classrooms, C1 and C2, with (occupied) and
without children (unoccupied).

During the measurements in the occupied classrooms there were 25 children, with
their schoolbags and coats in the classrooms in addition to the technicians who performed
the measurements.

Figure 11 shows that reverberation time in the classroom C1 reduces from 1.3 to 1.0 s
from unoccupied to occupied condition, while Figure 12 reports the clarity Csy increases
from —1.6 to +4.9 dB, as average values in the octave bands frequency range from 250 to
4000 Hz. In the classroom C2, reverberation time is almost the same without and with
children, while clarity increases from 9.2 to 13.5 dB in the same frequency range.

Figure 13 shows the Speech Transmission Index, STI, evaluated in the classrooms
C1 and C2 with normal background noise and with background noise generated by the
dodecahedron.

The calculation of STI was carried out according to IEC 60268-16:2020 [45] with the
following input data.

- Reverberation time measured in the occupied condition 1 m from the source and in
the center of the classroom.

- Signal (the speech level) was measured in the same positions as the Talkbox with the
sound source calibrated to give 60 dBA at 1 m in front of the loudspeaker.
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Background Noise measured both with normal activity in the classroom (Figure 13,
bars on the left) and with the chatting noise generated by the omnidirectional source
(Figure 13, bars on the right).

Figure 13. Speech Transmission Index in the two occupied classrooms, C1 and C2, 1 m in front of the

Talkbox and in the center of the classroom, with normal background and with background due to the
babble reproduced by the dodecahedron.

It is evident that the STI reduces when moving from 1 m in front of the source to

the center of the classroom and when introducing the chatting noise, but mainly when

considering the reverberant classroom instead of the absorbing classroom.

3.2. Binaural Acoustic Measurements Results

Figure 14 shows the binaural clarity Csy evaluated for the two listeners and two

sources in three different positions for the treated C2 and untreated C1 classrooms. The

following outcomes can be drawn:

The results obtained from the two children’s heads are consistent.

Csp is approximately 2—4 dB higher for the Talkbox source, which has the directivity of
a human talker and simulates a single-talker noise source, than for the dodecahedron,
an omnidirectional source that simulates multi-talker background noise.

The left and right ears show similar Csy values when the source is positioned at
0° azimuth. As expected, the right ear exhibits higher clarity up to 6-8 dB at the
highest frequencies than the left ear when the noise source is located at 120° azimuth.
Cs is higher for all sound sources (target and noise) in the treated classroom across all
octave bands, with improvements exceeding 10 dB in most cases. The only exceptions
occur at low frequencies and for the dodecahedron source at 1 kHz in S2, where the
increase is approximately 4 dB.

Csp generally increases with frequency in both the treated and untreated classrooms
and for both ears. The main exceptions are a negative peak at 1 kHz for the source
in S2, particularly with the dodecahedron, and the source in S3, where Cs) remains
relatively stable above 250 Hz.

A local minimum around 1 kHz was observed only in the acoustically treated class-
room when the Talkbox and the dodecahedron were positioned at 0° azimuth and 1 m
from the listener. This feature was not present in the untreated classroom. A possible
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explanation is that the reduction of late reverberation could have made interference
effects between the direct sound and residual early reflections more evident. In the
untreated classroom, the higher reverberant energy may have masked these spectral
irregularities, resulting in a smoother frequency response.

Figure 14. Binaural Clarity in the untreated (C1) and treated (C2) classrooms for two different source
types (Talkbox and dodecahedron) located in three positions (S1, S2, and S3).

Table 1 shows the values of ITD, ILD, IACC, C50, and DRR computed from the binaural

impulse responses. It can be seen that:

The results obtained from the two children’s heads are consistent across all source
positions and acoustic treatments, except for IACCearly and IACCfull. Differences in
ILDearly and ILDfull are observed only for the omnidirectional noise source located
at 120° azimuth in the acoustically treated classroom/

Csg and DRR (left, right, and mean) are consistently higher in the treated classroom,
with differences exceeding their respective J]NDs by more than ten and three times,
respectively. In contrast, ITD, ILD, and IACC do not exhibit clear trends, as the ob-
served differences are generally within or close to their corresponding JNDs. However,
ITD shows a slightly higher increase than JND in the case of the child L1 when the
nose source, either the Talkbox or the Dodecahedron, was at 120° azimuth at 1 m
from the listener. The head size effect of the child L2 leads to a smaller change in ITD
amplitude due to classroom acoustics. The generally higher IACC values observed
for both children in the acoustically treated classroom may be related to its lower
reverberation, as reverberation tends to decorrelate the signals at the two ears [38].
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Table 1. ITD (low-pass filtered with a cut-off frequency of 1.3 kHz), ILD (high-pass filtered with a cut-off frequency of 1.3 kHz), broadband IACC, left ear, right ear,
and within-ear mean DRR (broadband) and Cs (average from 250 Hz to 2 kHz) values computed from the binaural impulse responses.

Listener L1 Listener L2
. . Multi-Talker Noise . . Multi-Talker Noise
Talker Type Single-Talker Noise (Talkbox) (Dodecahedron) Single-Talker Noise (Talkbox) (Dodecahedron)

Speech/Noise position T@3.6 m,0° N@1 m,0° N@1 m,120° N@1 m,0° N@1 m,120° T@3.6 m,0° N@1 m,0° N@1 m,120° N@1 m,0° N@1 m,120°

Classroom C1 C2 C1 Cc2 C1 C2 C1 Cc2 C1 C2 C1 Cc2 C1 C2 C1 Cc2 C1 C2 C1 Cc2
ITDearly (us) 41.7 62.5 41.7 20.8 5417 625.0 48.6 27.8 444 4 520.8 556 625 208 208 5833 5625 55.6 41.7 486.1 465.3
ITDfull (ps) 34.7 62.5 34.7 20.8  541.7 625.0 48.6 27.8 416.7 5208 556 625 208 208 5833 5625 55.6 41.7 4375 4653
ILDearly (dB) -07 —-0.2 -1.2 1.2 -99 —10.6 0.8 1.0 —6.2 -66 —-10 -17 -05 -04 -84 -10.6 0.0 2.0 —6.5 —-9.6
ILDfull (dB) -0.7 -02 —-1.1 1.2 -9.0 —-10.6 0.7 1.0 -5.3 —6.5 -10 -17 -05 -04 -76 —-10.6 0.0 2.0 -54 95

TACCearly (-) 0.5 0.6 0.9 0.8 04 0.5 0.6 0.7 0.2 0.3 0.5 0.7 0.8 0.9 0.5 04 0.7 0.7 0.3 04

[ACClate (-) 0.1 0.2 0.2 04 0.1 0.3 0.2 0.3 0.3 0.3 0.1 0.2 0.1 0.4 0.1 0.3 0.2 04 0.2 04

TACCfull (-) 0.4 0.6 0.8 0.8 0.3 0.5 0.5 0.7 0.2 0.3 04 0.7 0.8 0.9 0.4 0.4 0.6 0.7 0.2 0.4
C50_L (dB) —0.1 12.5 5.1 18.6 2.0 13.1 5.6 16.8 0.9 11.3 —04 116 6.5 19.5 1.2 14.3 5.8 16.8 —-0.3 12.7
C50_R (dB) 0.1 12.4 6.7 19.9 6.8 19.7 5.7 16.5 4.3 16.0 —-12 118 7.3 20.0 6.5 20.3 5.4 15.8 4.0 16.3
C50_mean (dB) 0.0 12.5 6.0 19.3 5.1 17.6 5.7 16.7 3.0 14.3 -0.7 117 6.9 19.8 4.7 18.3 5.6 16.3 24 149
DRR_L (dB) —2.7 5.8 8.5 16.5 —3.6 2.6 4.7 11.2 -79 -32 —-18 55 8.8 15.8 -3.0 3.8 5.9 9.3 —-9.3 —-2.3

DRR_R (dB) —24 6.6 8.0 15.0 8.9 14.7 3.8 9.8 0.7 2.8 -22 59 8.6 15.3 7.7 145 5.7 7.1 0.8 5.5

DRR_mean (dB) —-2.6 6.2 8.3 15.8 6.1 11.9 4.3 10.5 -1.7 0.8 -20 57 8.7 15.5 5.0 119 5.8 8.3 -1.8 3.1
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As can be inferred from the values reported in Table 1, and as reported above, the
binaural parameters ITD, ILD, C50, and DRR obtained for the two children’s heads show
consistent results across all source positions and acoustic treatments, with differences
within the JND, except for IACC and ILD in one case. The similarity between the two
children’s head results could represent a promising starting point for evaluating these
parameters through measurements performed not with a child HATS, but with in-ear
microphones worn by a child. Under anechoic conditions, ITD, ILD, and IACC can be
obtained from the head-related transfer function (HRTF), which describes how a given
sound-wave input is filtered by the diffraction and reflection properties of the head, pinna,
and torso before the sound reaches the eardrum. HRTFs are usually measured using
microphones placed at the ears and a moving loudspeaker around the subject. However,
the need to remain still makes this method impractical for children. Therefore, Fels and
Vorlander (2009) [46] investigated HRTFs and the computed binaural parameters in 95
subjects aged from 6 months to 17.5 years, using the Boundary Element Method (BEM),
starting from CAD models of the heads. They found that the ear—shoulder distance, head
breadth, and back vertex have the greatest influence, while head height and ear height,
despite changing considerably during growth, have only a minor effect. Among pinna
dimensions, the depth and breadth of the cavum concha were the most influential [46].

Individual HRTF for sound incidences of +90° and —90° azimuth was measured
under anechoic conditions in 23 children aged 7-12 years, revealing variability in ITD
(645 + 44 ps in girls and 666 + 35 ps, in boys), with inter-individual differences largely
outweighing the systematic effect of age [47]. The mean and standard deviation of the SII
(Speech Intelligibility Index)-weighted ILDs were 4.5 dB £ 0.7 dB, and no gender difference
was found.

These findings highlight substantial variability in children’s binaural acoustic charac-
teristics and the challenges to obtain large datasets from this population. However, when
tested in-field, the extent to which this inter-individual variability translates into differ-
ences in IACC remains to be directly established in primary-school children. The limited
differences observed in ITD and ILD, compared with the more pronounced differences
in IACC, suggest that the two children’s head configurations mainly affect the similarity
of the binaural responses rather than their interaural time or level differences. This may
reflect differences in the temporal structure of the binaural responses, particularly due to
reflections and acoustic conditions.

Table 2 shows the difference between target and noise binaural RIRs, ACs, averaged
from 250 Hz to 2 kHz. The following findings emerge:

e  The results obtained from the two children’s heads are consistent.

e  The difference in Csy between the target and noise sources (ACs) is smaller under the
more favourable condition of a 120° spatial separation than with co-located target and
noise sources, by approximately 2-3 dB.

o ACs) is about 2 dB smaller with the multi-talker noise source than with the single-
talker source.

e  When the target and noise sources are co-located in the untreated classroom, ACsg
does not differ between single and multi-talker sources to a great extent. In the treated
classroom, instead, the multi-talker noise source results in lower ACs; values.

e  With the noise source positioned at 120° relative to the target source, AC5y does not
differ between the single-talker and multi-talker noise sources in either the untreated
or the treated classroom.
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Table 2. Difference between target and noise binaural RIRs Cs averaged from 250 Hz to 2 kHz.

Untreated Classroom (C1) Treated Classroom (C2)

GCso_ L  GCso_ R G50 Mean Cs L C50 R C50_Mean
(dB)  (dB) (dB) (dB) (dB) (dB)
T@3.6m, 0 69 -85 7.6 —6.1 ~75 —6.8
N@1 m, 0°
Single-talker o
T@3.6 m, 0 _16 -77 —54 -0.5 -7.3 =51
Lo N@1 m, 120°
T@3.6 m, 0 _6.2 6.7 —63 43 —4.1 —4.2
N@1 m, 0°
Multi-talker o
T@3.6 m, 0 —0.1 ~52 —3.1 1.2 -35 -1.8
N@1 m, 120°
T@3.6 m, 0 _50 —6.6 —6.0 -79 —8.3 —8.1
N@1 m, 0°
Single-talker o
T@3.6 m, 0 oo 68 51 —27 -85 —6.6
L1 N@1 m, 120°
T@3.6m, 0 57 &g 57 _51 —40 —47
N@1 m, 0°
Multi-talker o
T@3.6 m, 0 1.0 —43 -3.0 ~1.1 —4.6 -3.2
N@1 m, 120°

3.3. Verbal Working-Memory Task Results

The detailed results obtained with the verbal working memory task are reported
in Vettori et al. (2022) [41]. The study investigated whether classroom acoustic quality,
specifically reverberation time and background noise, could influence second graders’
Verbal Working-Memory (VWM) performance.

The present study integrates the cited work and delves into the aspects inherent to
the acoustic response of the two classrooms by analyzing the acoustic response with both
monaural and binaural parameters.

VWM is a foundational process for learning, as it enables the simultaneous storage
and manipulation of new information. This is critical in numerous school activities, such
as when students listen to a teacher while attempting to comprehend and encode new
concepts or take notes. It is particularly important to study the efficiency of VWM in early
primary-school children, a stage when cognitive processes are still developing. A sample
of twenty-five second-graders was administered a validated verbal working-memory task
(Listening Span Test by Palladino, 2005) in the two different acoustic conditions given
by classroom C1 and C2 with a time frame of 1 month and controlled background noise
achieved through soundproofing.

Coding the children’s responses yielded significant results for the Span index, for the
number of omitted words, and for the words recalled.

No statistically significant differences between the two conditions were observed in
the other variables (words invention, inversions, intrusions) taken into account.

As shown in Figure 15, the span index detected, about the maximum sequence of
words remembered, was higher in the treated classroom C2 (M = 2.40; M dn = 2), compared
to the untreated classroom C1 (M = 1.88; M dn = 2). A Wilcoxon signed-rank test indicated
that this difference was statistically significant T = 122, Z = —2.31, p = 0.021, r = —0.33. The
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index of words recalled was lower in the classroom C1 (M = 6.60, SD = 3.04) compared to
that in classroom C2 (M = 8.53, SD = 3.07). This difference, —1.92, 95% CI [—3.64, —0.20],
was statistically significant, #(24) = —2.30, p = 0.030, Cohen’s d = —0.46. Finally, the number
of words omitted was higher in the classroom C1 (M = 6.68, SD = 3.00) compared to
the classroom C2 (M = 4.84, SD = 2.85). This difference, 1.84, 95% CI [0.09, —3.59], was
statistically significant, ¢(24) = 2.17, p = 0.040, Cohen’s d = 0.43. A two-way mixed ANOVA
revealed a significant main effect of acoustic condition on both Span F(1,23) = 4.31, p = 0.049,
1% = 0.16 and Recalled words F(1,23) = 5.19, p = 0.032, 5> = 0.18, with no significant main or
interaction effects observed for testing order (p > 0.05).

Figure 15. Average scores of recalled words, omitted words and span indexes as a function of the
acoustic condition. Error bars indicate standard errors of the means. Note: p < 0.05.

The results obtained in the tests confirmed what was expected; the score that the
children obtained in the very reverberant classroom C1 was lower than in the classroom
with the sound-absorbing treatment C2; “classroom bubble”, in the presence of longer
reverberation times, affects in a negative way the children’s efficiency in successfully
pursuing tasks requiring verbal working memory, particularly when a dual-task paradigm
is involved. High school-classroom reverberation combined with typical classroom noise
can mask or distort speech signals, thereby increasing cognitive load and interfering with
semantic processing or task focus. Thus, children who have to perform tests within overly
reverberant environments spend some of their cognitive resources understanding and
processing phonemes or words masked by reflections, instead of concentrating on keeping
the information in mind to answer the task correctly [3].

3.4. Limitations of the Study and Future Developments

The main limitation of this study is the small sample of children who participated in
the test, which included 25 pupils divided into two groups. The binaural measurements
could be performed only in two representative positions in the two rooms with two
different children.

Another limitation of the study is the fact that the sample consists of pupils with a
relatively high socio-economic level and does not include pupils with learning problems.

In the future development of the study, it is planned to involve a larger number of
pupils from different socio-economic backgrounds.

Furthermore, future developments may include real-time cognitive load analyses,
such as measuring the pupil diameter of the children tested.

These developments in the study could further strengthen the results of the analy-
ses conducted.
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4. Conclusions

This article presents the results of monoaural and binaural acoustic measurements and
comprehension tests conducted in two classrooms representative of the Italian primary-
school context. Of the two classrooms, one was acoustically treated in accordance with the
Italian standard UNI 11532-2 (classroom C2), while the other was not acoustically treated
and represents the average Italian school (classroom C1).

Monoaural measurements were carried out in classrooms C1 and C2 both in occu-
pied and in unoccupied conditions. Results show that average reverberation time in the
classroom C1 reduces from 1.3 to 1.0 s from unoccupied to occupied condition, while
average clarity Csg increases from —1.6 to +4.9 dB. The effect of the students’ presence is
less pronounced but still noticeable in the acoustically optimized classroom (C2).

In the treated classroom C2, STI reduces when moving from 1 m in front of the source
to the center of the classroom and when introducing the chatting noise. This effect is less
pronounced in the untreated classroom C1, where the STI remains low regardless of the
distance from the speaker.

For binaural measurements, no significant differences are observed for the two chil-
dren’s heads, apart from IACC. Clarity Cs is approximately 2—4 dB higher for the source
with a human talker directivity than for the omnidirectional source, representing a multi-
talker source. In the treated classroom C2, Cs( exceeds the values measured in the untreated
classroom C1 by more than 10 dB in the mid- and high-frequency range. As expected, the
right ear exhibits higher clarity than the left ear up to 6-8 dB at the highest frequencies,
when the noise source is positioned at an azimuth of 120°.

As expected, the acoustic treatment leads to a clear increase in Csy and DRR, with
differences exceeding their respective JNDs by more than ten and three times, respectively.
Conversely, ITD, ILD, and IACC do not exhibit clear trends, as the observed differences
are generally within or close to their corresponding JNDs. Differences between the two
children’s heads are mainly observed for IACC.

The results also show that ACsy between the target and noise sources is smaller under
the more favorable condition of a 120° spatial azimuth separation than with colocation.
Furthermore, the single-talker noise source (Talkbox) produces larger ACs, than the omnidi-
rectional multi-talker noise source in the treated classroom, indicating a greater detrimental
effect. In the untreated room, this effect is not evident.

In conclusion, the benefit appears to originate primarily from improvements in speech
clarity and direct-sound dominance rather than from enhanced binaural localization or
spatial-segregation cues.

As reported, the aim of the work was to investigate how the binaural measurements
contribute to the interpretation of the cognitive results by identifying which auditory
cues are affected by the acoustic treatment. It was shown that while ITD, ILD, and IACC
remained largely unvaried between classrooms, substantial increases were observed for Csg
and DRR. These findings suggest that the improved verbal working-memory performance
found in the treated classroom is unlikely to be related to enhanced localization cues (ITDs
and ILDs). Instead, it may be associated with a more favorable balance between direct
and reverberant sound and with increased speech clarity at the listener’s ears. It can
be suggested that under these conditions, children may require less effort to decode the
spoken information, leaving more cognitive resources available for storing and processing
in verbal working-memory tasks. Future studies should build upon these results by
integrating binaural acoustic metrics alongside multidimensional cognitive profiling of
children. Specifically, incorporating non-verbal IQ assessments would allow researchers to
explicitly control for baseline individual cognitive variations.
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These findings contribute new knowledge to the field of classroom acoustics. However,
further experiments using auralized binaural signals with children are needed to determine
whether these parameters are related to speech intelligibility and cognitive performance.
For now, the results obtained in the comprehension tests confirmed what was expected; the
score of the children in the untreated classroom C1 was lower than that of the children in
the treated classroom C2, demonstrating how the bubbling noise in the presence of longer
reverberation times negatively affects the children’s efficiency in those tests that required
the use of verbal working memory.

This is because children in excessively reverberant environments spend part of their
cognitive resources on understanding and processing any phonemes or words masked by
reflections, instead of concentrating on keeping in mind the information needed to answer
the task correctly.
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