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Effectiveness of acoustic treatments and PA redesign by
means of student activity and speech levels

Domenico De Salvio, Dario D’Orazio∗

Department of Industrial Engineering, University of Bologna

Viale del Risogimento 2, Bologna, 40136, Italy

Abstract

The assessment of the acoustic quality of learning spaces traditionally concerns
objective parameters. The most recent standards consider the occupancy of
students in the design process. However, the dynamical behaviour of students
during lectures is not considered by these two approaches. The student activity
(SA) - i.e. the noise generated by students during lessons - was proposed as a
metric to assess this dynamical context. Moreover, teachers’ speech level (SL)
may depend on the acoustic properties of the room and speech reinforcement
system (Public Address PA). In the present work, SA and SL measured in two
historical university lecture halls are used to assess the quality of the acous-
tic environment before and after renovation works. Restoration includes both
acoustic treatments and PA redesign. Both measurements were carried out in
a pre-COVID19 scenario. Clustering techniques, Gaussian Mixture Model and
K-means, were used to measure the student activity and the speech levels after
long-term monitoring of active classrooms. Outcomes show lower mean levels
of both SA and SL and lower signal-to-noise ratios, suggesting the achieving of
quieter environments. Differences of behaviour by both students and teachers
have been detected through Lombard slopes and correlation coefficients. These
preliminary analyses suggest that clustering techniques seem to be a valid tool
to assess acoustic quality in dynamic contexts.

Keywords: Classroom acoustics, Machine learning, Student activity, PA
system, Gaussian Mixture Model, K-means clustering

1. Introduction

Well-being in learning spaces is a basic condition to provide an effective
and successful learning process. Concerning this, acoustic comfort has a strong
impact on the attention span of the students as well as on the vocal effort of
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the teachers [1, 2]. The most important aspect in educational spaces regards
communication quality, thus speech intelligibility. The outline of this concern
is assumed made up of two factors: the reverberation and the signal-to-noise
ratio [3]. Intelligibility parameters can be related to the sound energy in the
room, e.g. the early-to-late index C50, or the modulation transfer function, e.g.
the Speech Transmission Index STI [4]. Both kinds of metrics can consider the
background noise to link the two factors of speech intelligibility. In this case,
the early-to-late index C50 is defined as U50 [5].

However, the background noise is not only due to mechanical systems or
traffic but there is a dynamic component as well, represented by the human
noise. This includes both the activities carried out in neighbouring spaces and,
mostly, the noise generated by the students attending lectures, called student
activity [6]. Background noise leads the speakers to increase their voice because
of the Lombard effect, as well as increases both energetic and informational
masking [7]. The increasing of the vocal intensity of the teacher is affected by
the room acoustics characteristics besides the background noise. In fact, the
feedback given by the room amplification has an approximately linear relation-
ship to the voice level. Hence the vocal support plays an essential role in the
teachers’ comfort [8]. Performance tasks of students are influenced too, having
detrimental effects on reading comprehension and vocabulary-learning tasks [9].

In light of these considerations, occupancy plays a key role in the intelligi-
bility issue. Student activity can be measured via clustering methods used in
machine learning also, like Gaussian Mixture Model, besides the more typical
equivalent and percentile levels [6, 10, 11, 12]. Further unsupervised clustering
algorithm, specifically K-means clustering, was used to detect whether class-
rooms were occupied or empty [13]. Previous work conducted by the authors
compared all these methods in three university lecture halls [14].

The enhancement of acoustic environments involves both objective and sub-
jective aspects. Students prefer treated spaces, indeed [15]. Despite the sub-
jective impression and the listening effort depend more on reverberation than
intelligibility besides other factors like sentence complexity, age, and linguis-
tic abilities, the location of treatments is fundamental to properly increase the
acoustic quality of classrooms [16, 17, 18]. In fact, in spaces with high intel-
ligibility scores, high comprehension by the students is achieved even for low
signal-to-noise ratios [19]. Improvements are observed on the speech levels as
well. Good acoustic conditions help the communication quality between teachers
and students; however, a reinforcement system can improve the teachers’ com-
fort, keeping down their voice levels whether or not they have a quiet voice [20].
A public address (PA) facilitates achieving high SNRs preventing the trigger of
the Lombard effect [11]. This issue concerns most of all large lecture halls. Thus,
a PA does not regard all seats in a large room but direct sound must be reached
adequately up to the back [21, 22]. Nevertheless, intelligibility improvements
are influenced by the adaptation of the listening effort and binaural processes,
thus it is important to understand to what extent a PA helps, together with the
acoustic characteristics of the room, the perceptual enhancement of the comfort
of listeners [23, 24].
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In this work, the student activity was measured before and after the acoustic
restoration of two lecture halls. Both measurements were performed in a pre-
COVID19 scenario. The outcomes are focused on detecting changes in students’
and teachers’ behaviour during lectures. Thus, the Lombard effect and correla-
tion among occupancy and the levels of the identified sound sources have been
analyzed. Further discussions have been carried out about the spectra of the
sound sources. Finally, considerations regarding the variations of student activ-
ity and speech levels have been made through 15-minutes samples monitoring
of each lesson.

2. Method

2.1. Lecture halls

Two university lecture halls have been renovated to enhance the acoustical
conditions. The renovation works have been concerning the acoustic treatments
of the surfaces and the re-design of the PA system. Following, a brief description
of the spaces under study:

- Hall I has a rectangular plan, wooden and terraced seats that return a
typical amphitheatre shape of the space, reflective surfaces, and an ar-
ticulated false ceiling. The volume is about 1000 m3, and the maximum
occupancy is about 250 students.

- Hall II has a rectangular plan, wooden and terraced seats, reflective sur-
faces, and a flat false ceiling. The volume is about 900 m3, and the
maximum occupancy is about 200 students.

The two halls are quite similar in geometry and material properties; and
vary essentially by the shape of the false ceilings, besides an extra volume on
the rear part of the room in Hall I.

2.2. Design of acoustic treatments

The renovation works regarded the installation of acoustic treatments made
by wooden absorber panels, placed to cover the rear wall and the overhanging
beams of the halls. Moreover, the PA systems have been replaced with line
arrays (L-Acoustic Syva) located behind the teachers’ desk and supplementary
loudspeakers (L-Acoustic 5XT) as fillers for the first and the last rows of the
audience area. The high similarity of the halls allowed to design same treatments
for both halls. Due to the different sensibility of the loudspeakers, the gain and
the phases between line arrays and fillers were set to reach a homogeneous
coverage of the direct sound in the seating area with the help of a numerical
model (Odeon Room Acoustics v.15.0 and Soundvision v.3.5.1).

Impulse response measurements have been carried out before and after the
restoration in both halls according to ISO 3382 in an unoccupied state. Monoau-
ral receivers were used to acquire Exponential Sine Sweep – 512 K length, sam-
pled at 48 kHz – signals sent from an omnidirectional source. The latter was a
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high SPL custom dodecahedron calibrated in a reverberation chamber accord-
ing to ISO 3741. Two source positions, one on the axis in the middle of the
room behind the desk, and the other asymmetrical near the desk were used.
Receivers were located homogeneously in the seating area. The same source-
receiver positions were used before and after the restoration. The reverberation
time, early-to-late index, and the Speech Transmission Index before and after
the treatments are shown in Table 1.

The acoustic characteristics of both halls are shown in Figure 1. Reverber-
ation time T30 and the sound strength G before (black lines) and after (red
lines) the treatments are plotted on top for Hall I and on the bottom for Hall
II. The treatments had the best effectiveness on mid and high frequencies of
reverberation time. The sound strength G shows how the treatments affect the
sound decay through space. PA system is a directional source; thus, the offset
of the G values is arbitrary and set to be comparable with the omnidirectional
sources. Both halls show a faster decrease of SPLs after the renovation; this
underlines the need for a PA system, with an optimized directivity, to spread
the sound more homogeneous up to the bottom of the room. The reliability of
the PA is shown with the red dashed lines.

2.3. Student activity and speech levels measurements

The active lectures were measured through the student activity SA and the
speech levels SL. Two sound level meters monitored 9 lessons before (lessons A-
I) and 9 lessons after (lessons J-R) the renovation works. The method previously
described in [14] was used (please, see previous work for further details).

Sound level meters were placed in the middle of the students’ area. Thus,
the source-receiver distance was about 10 m. The lessons were entirely recorded,
then the pauses were cut in post-processing in order to analyze only the lecture
time. Equivalent continuous sound levels were recorded every 0.1 s to ensure the
recording of the pauses among syllables and words [25]. An operator attended
lectures to check for possible unforeseen events and give broader context to
the analysis. Indeed, it could be possible to have different kinds of lessons,
depending on the involvement of the students in the discussion or on the use of
multimedia files.

After the cut of the unwanted parts of the recordings in post-processing,
the sound pressure levels SPLs of each sound level meter were processed via
two unsupervised clustering techniques, the Gaussian Mixture Model and the
K-means clustering. The first technique, the Gaussian Mixture Model (GMM),
decomposes the probability distribution function of the recorded SPLs as a sum
of Gaussian curves. In Fig. 2 an example of the recorded lecture is shown.
The bars show the recorded occurrences and the solid curve of the obtained
probability density function to process via clustering methods. Each SPL is
assigned to each curve basing on the likelihood function. In this work, each
sound source, the student activity, and the speech level are associated with each
mean obtained by the algorithm. The second technique, the K-means cluster-
ing, assigns each recorded SPL basing on the minimization of the geometrical
distance among them. Each centre of gravity of the obtained clusters is called
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“centroid”. Similar to the means for GMM, each centroid is associated with
each sound source.

In order to run these algorithms, the number of clusters to obtain must be
set. Since only two sound sources are expected, a fixed number of clusters k = 2
were set for both algorithms. This is confirmed by checking on the detectable
peaks of the occurrences curves [6]. The lower values, i.e. the lower mean of
the Gaussian mixture or the lower centroid of the clusters, were attributed to
the student activity, whereas the higher values were to the speech level of the
teachers.

It is worth noting that all lessons analyzed in this work were carried out
through the PA system.

3. Results

The 18 lessons were recorded and analyzed via Gaussian Mixture Model,
K-means clustering, percentile, and equivalent levels. Table 2 shows the out-
comes of the clustering processes averaged over the two sound level meters. The
lectures from A to I in the upper part of the Table refer to previous outcomes
obtained in [14] and were measured before the restoration, whilst the lectures
from J to R refer to the measurements carried out after the renovation. The
mean values are shown at the end of each series of lectures, ante and post. The
standard deviations of the outcomes obtained by the two receivers are shown in
brackets. Other information in this Table is provided by the hall, the occupancy
with the respective percentage over the maximum capacity, and the equivalent
absorption area Aocc taking into account the contribution of the students for
each lesson.

The measured A-weighted SA and SL values before the treatments lie re-
spectively in the range of 47.5 – 61 dB and 63.3 – 75.5 dB for GMM, 48.8 –
56.5 dB and 64.2 – 76 dB for KM, 45.8 – 61.6 dB and 64.8 – 79.2 for percentile
and equivalent levels. The measured SA and SL levels after the treatments lie
respectively in the ranges 47.2 – 53.9 dB and 59 – 72.1 dB for GMM, 49.7 – 54.1
dB and 61.2 – 72.7 dB for KM, 45.9 – 53.3 dB and 61.1 – 74.4 dB for percentile
and equivalent levels. Before the restoration work, the standard deviations be-
tween the two receivers, respectively for SA and SL, lie in the ranges 0 – 2 and
0.8 – 4.6 dB for GMM, 0 – 1.9 and 0.8 – 4.5 dB for KM, 0.5 – 9.5 and 3.6 – 7.1
dB for percentile and equivalent levels. Concerning the measured s.d. of SA and
SL after the treatments, values lie respectively in the ranges 0.3 – 3.1 and 0.1 –
1.9 dB for GMM, 0.2 – 1.5 and 0.1 – 2.1 dB for KM, 0.4 – 1.1 and 0 – 3 dB for
percentile and equivalent levels. The measured A-weighted mean values of SA
and SL and their standard deviations in brackets before the treatments are re-
spectively 52.1 (1.0) and 68.3 (2.6) dB for GMM, 53.3 (0.8) and 69.6 (2.5) dB for
KM, 53.1 (4.4) and 72.2 (4.7) dB for percentile and equivalent levels. The same
parameters measured after the treatments are respectively 50.8 (1.0) and 65.6
(0.8) dB for GMM, 51.7 (0.8) and 67.6 (1.1) dB for KM, 50 (0.7) and 67.8 (1.1)
for percentile and equivalent levels. The measured values in the present work
are both higher if compared to SA and SL values measured by Hodgson [6] in
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American university classrooms and lecture halls were respectively in the range
30 – 50.2 dB and 43 – 59 with average values of 41.9 and 50.8 dB. Choi [12]
measured university active classroom in Korea with average values of noise –
SA was not detected – and SL respectively of 43.7 and 51.4. It is worth noting
that, unlike the cited works and as stated above, all lectures were carried out
with a PA system.

The occupancy is similar before and after the treatments, considering the
weight of outliers. Before the treatments, lesson E and lesson I were attended
by respectively 250 and 200 people, whilst lesson M and lesson R, measured
after the works, were attended by 80 and 95 people.

4. Discussions

4.1. Signal-to-noise ratio and assessments about the treatments

The intelligibility issue is outlined by two main factors, as stated above: the
reverberation time and the signal-to-noise ratio. During lectures both of these
factors change, the first according to the occupancy, the second as a function
of SA and SL. The signal-to-noise ratio SNR can be defined as the difference
between SA and SL, indeed. Whereas the occupancy can be determined by
counting the number of students, the detection of SA and SL is more compli-
cated. Table 2 shows the outcomes obtained via GMM, KM, percentile, and
equivalent continuous levels.

Comparing the techniques, the mean values of SA and SL decreased after
the treatments by all methods. It could means that a quieter environment has
been achieved, particularly for teachers who show an average reduction of about
2.3 dB for the unsupervised methods, GMM and KM, and about 4.4 dB for the
equivalent continuous levels and the 90th percentiles. The student activity has
decreased as well, respectively an average of about 1.4 for the unsupervised
methods and 3.1 dB for the 90th percentile level. Moving the analysis among
methods after the restoration works (lessons from J to R), it is worth noting
that the KM gives back higher values of SA with respect to the other in most
lectures whilst the L90 the lower values. Regarding the SL, the Leq returns the
highest values in the greater part of lectures whereas the GMM is the lowest
in all cases. Thus, the comparison among techniques seems to confirm the
results obtained in previous work [14]. Percentile and equivalent continuous
levels seem to overestimate SL whereas returns the lowest values for SA after
the works. This could mean that the human chatter does not fit with the 90th
percentile of exceeded time. Differences between GMM and KM are due to the
heteroscedasticity of the measured values, i.e. the different variances among
data return different clustering outcomes [26].

Further considerations are needed about the initial hypotheses of the two
algorithms. As pointed out in [27], the mean difference between GMM and KM
regards the cluster distribution of data. In GMM, a single data point can belong
to more than one cluster with an assigned probability whereas in KM this is not
possible. In this latter technique single data point can be assigned only to one
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cluster. The ability to assign one point to one or more clusters is the difference
between hard and soft clustering [28].

To better explain to what extent the heteroscedasticity affects the results,
it is useful to visualize two different cases. In Fig. 3a and 3c, the recorded
probability density functions - solid line - and the two Gaussian components
- dotted for SA and dashed for SL - are shown on the left for two lessons (G
and D). The data points belonging to fuzzy borders, i.e. the data in common
between the two clusters weighted by an assigned probability, are highlighted
with the dashed area. The latter is a function of the number of clusters and the
variances of the Gaussian curves, thus the larger the variance, the larger the
overlap area. Looking at the shape of the SA curve, it can be seen how large its
variance is unlike the SL curve, and thus the effect of heteroscedasticity on the
mean values. On the right, in Fig. 3b and 3d, the same lessons are plotted post-
processed via KM. The clusters associated with SA are in dark grey, whereas the
ones associated with SL are in light grey. Here, the distinction of the clusters is
sharp, each data point belongs to one and only one cluster. The consequences
of the fuzzy borders and the heteroscedasticity of the clusters are particularly
evident in lesson G, which returns a difference of SA of 5.3 dB between GMM
and KM. Conversely, it is worth noting that the difference of SL of the same
lesson for both GMM and KM is 0.6 dB. Concerning lesson D, the difference of
SA calculated via GMM and KM is 3.1 dB, whereas is 1.8 dB regarding SL.

It is worth noting that the means of the s.d. are quite different, deeply for
L90 and Leq which show a reduction of 3.7 dB of student activity and 3.6 dB of
speech level. The mean obtained by the unsupervised methods measured lower
decreases but just for the speech level, respectively of 1.8 for GMM and 1.4 for
KM. However, looking at the single lessons, it is evident how the s.d. of the
student activity are lower after the treatments; thus the lack of difference of the
mean values is due to the outliers. The decrease of s.d. may suggest that the
sound field after the renovations is more diffuse and more homogeneous coverage
is achieved with the redesign of PA.

Besides the values obtained for each lesson and the means, the correlations
between student activity and speech levels were plotted to evaluate changes
in the Lombard effect. The relationship between the student activity and the
speech levels is shown in Figure 4. The outcomes obtained before the restoration
are plotted in black, whereas the others are in red. Regression lines show the
tendencies of the results. As stated above, both SA and SL have been decreased
but not proportionally. As a consequence, in Fig. 4 the change of slope of the
relationship between the sound sources can be noticed. This could mean that
the vocal effort of teachers is less affected by the babble of the students and
thus by the Lombard effect.

4.2. Effects of occupancy

The occupancy plays a key role in the dynamical context of the acoustics
of a lesson. While this parameter (occupancy) is fixed in each room in general
school grades, it continuously changes during university lectures. Equivalent
absorption area increases and decreases within university lecture halls. In fact,
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the absorption area of the occupied room is one of the main features affecting
all the parameters proposed by Hodgson et al in their predictive model [6].
As highlighted by Choi, the effect of the students depends on the acoustical
characteristics of the room and their distribution through space [21, 29].

In Figure 5, the relationship of the occupancy and signal-to-noise ratio,
student activity, and speech levels was investigated. As stated above, the before
and after states have similar occupancies despite the outliers. Black and red
lines represent respectively the relationship before and after the restoration in
all plots. In the left part, the relationship between occupancy and the signal-
to-noise ratio is shown. The enhancement of the acoustic conditions of the halls
seems to make the correlation more sensitive. SNR increases linearly with the
occupancy, indeed. This could mean that the bigger the audience, the quieter
the environment. Being the SNR the difference between SA and SL, following
analyses concerning the relationship between SA, SL, and occupancy allow to
deepen this outcome. It is well known that a SNR equal or greater to 15 dB
does not affect the intelligibility scores and values around 20 dB are considered
as “ideal” targets in classrooms [30, 4, 31]. In this work, the occupancy of
about 120 students seems to be a threshold for the behaviour of listeners. In
fact, crowded lectures seem to trigger a psychoacoustical effect which leads the
students to achieve the best SNR without affecting the intelligibility. Lower
occupancies keep the SNR lower than 15 dB whilst higher occupancies reach
SNR values greater than 15 dB. In correspondence with the occupancy of about
120 people, the records are more variable, and the measured SNRs span from
about 9 to 20 dB. None of the recorded lessons exceed the value of 20 dB, as
expected for the reasons stated above. Results suggest that in large lecture
halls, despite the optimal acoustic characteristics, a PA is necessary to achieve
a SNR of +15 dB without affecting the vocal effort of the teachers.

In the middle of Fig. 5, the graph shows the correlation between occupancy
and student activity. It is possible to notice how, after the acoustic treatments,
the SA seems to keep a constant tendency regardless of the number of stu-
dents attending the lectures. It could mean that the SA is independent of the
occupancy. This is particularly true for GMM, less for KM which preserves a de-
scending tendency as measured before the treatment, even though with different
slopes. This result could mean that the treatment has been particularly effec-
tive on the listening effort, in fact before the works, crowded lectures measured
lower values of SA.

The right part of Fig. 5 shows the relationship between occupancy and speech
levels. In this correlation, the acoustical treatment seems to have the most
important effect. Tendencies changed from descending to ascending, indeed.
This means that teachers tend to increase their voice levels with rising occupancy
but it could not be strictly related to the vocal effort since all lectures were
carried out with a PA system. The reasons to explain this behaviour could
be multiple. High occupancies before the restoration helped to reach lower
reverberation, more similar to values obtained after the treatment. Furthermore,
black SA tendencies decrease with respect to the occupancy thus, before works,
combining reverberation and noise conditions, the more crowded the quieter
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the environment. Black and red lines cross each other in correspondence with
an occupancy of about 150 students. The main differences between before and
after states are noticeable below this value. Red tendencies change slopes mainly
because lower SL values were measured with half-empty halls.

4.3. Spectral analysis

Spectral analysis can prove whether the clustering works similarly to the
expected speech signal recorded during lectures. In the present work, the aid of
the PA to the teacher’s voice turns out to be very useful to assess the spectral
distribution of the clusters. Indeed, it is expected to have an SL spectrum very
similar to the reference standards [32, 33, 34]. The clustering was broadened
over the octave bands from 125 to 4000 Hz. In Figure 6 the average relative
spectra of each lesson are shown. On the left, the plot presents the outcomes of
SA (dashed line) and SL (solid line) obtained before the renovation, while on
the right, there are the results obtained after the works. Relative spectra were
evaluated setting the 1 kHz octave band equal to 0. Values are averaged over
all measured lectures and shown both before and after the acoustic treatments
of the halls. The shape are clearly attributable to speech sources. In fact, being
produced by a single source, SL has a sharp tendency in agreement with [6],
whereas SA is slightly different, as expected, since it is more diffuse and affected
by the noise which modify the shape, especially in the low frequencies where
the greatest uncertainties are [35, 36, 37].

Different outcomes concern the spectra obtained after the treatments, which
result more flattened even for SL, as shown in Fig. 6b. It is worth recalling
that treatments regarded the redesign of the PA besides the surfaces, thus SL
seems to be deeply affected by the equalization of the new loudspeakers. But
the most interesting result concerns the shape of SA from the middle to the high
frequencies 1-4 kHz. In fact, despite the differences underlined above about the
PA, the shapes of the spectra from 125 up to 500 Hz are quite similar before and
after the treatments. From 1 kHz up, the behaviour of SA is not as expected
since it cannot be influenced by the PA like SL. In this frequencies, the clustering
seems to be less reliable. The reasons why this happened could be hypothesized
on multiple levels. On the side of the algorithms, if the peaks of the occurrences
curves are not so clear, then it may be difficult to characterize the difference
between the two sources. On the side of the renovation works, the treatments
regarded mainly the absorption of mid and high frequencies, thus il could be
possible that the formants of the speech are more affected losing more energy
by the treatments than the fundamentals. On the side of the behaviour of the
students, it has been noticed in previous sections how quieter environments have
been achieved, thus it could mean that the detection of SA is more difficult.

4.4. Variations of SA and SL during lectures

In order to increase the statistical significance of the study, a power analysis
was conducted. First, each lesson has been analyzed by slots of 15 minutes
increasing the sample size up to 45. Then, the huge effect size of about 3.8
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calculated for the populations of student activity and speech levels allows the
analysis to reach a significance level of p < 0.001 and a statistical power of
100%.

Besides the statistical significance, the data sample augmentation leads to
analyze the temporal fluctuations of the SNR during lessons. Irrelevant speech
noise, like student activity, can affect speech intelligibility with informational or
energetic masking [38, 39]. Thus, it is important to consider to what extent the
SNR varies during lessons [40].

The temporal tendencies of each lecture before and after the treatments for
GMM and KM are shown in Fig. 7. SL are plotted with solid lines, whereas SA
with dashed lines. The results between the methods seem to be quite coherent
and with similar tendencies. Few exceptions are represented by lesson G before
the treatments and lesson O after the restoration. Differences in this kind
of analysis are strictly related to the shape of the occurrences curve and the
consequent variance of data, as seen in the previous section concerning Fig. 3.
In these two lessons, the occurrences curves are particularly skewed, thus the
SA curve has a high variance and the heteroscedasticity is broadly pronounced.
The small differences obtained for lesson O in Table 2 can be due to the average
calculated on the whole recording and the smaller standard deviation measured
between the two sound level meters after the acoustic treatments. Despite
both techniques produce similar results, the KM seems to be less sensitive to
oscillations. This stability may be due to the non-fuzzy borders of KM clusters.

Correlation coefficients before and after the renovation have been evaluated
between student activity and speech levels for both unsupervised methods be-
sides occupancy and equivalent absorption area in occupied state. In Table 3
the correlation matrix is shown. Before and after correlations are indicated re-
spectively in regular and bold. The first interesting results concern the decrease
of the correlation among SA and SL for both techniques GMM and KM. This
is particularly evident for KM which lowers the correlation from 0.71 to 0.29
whereas for GMM from 0.85 to 0.61. The drop of the coefficient states that SA
and SL keep on having a growing and related tendency but weaker, with scat-
tered data. The matrix highlights as GMM and KM compute differently SA.
The acoustic treatments affect deeply the anti-correlation between the equiva-
lent absorption area and SA which is completely lost for GMM and strengthen
for KM. Regarding SL, despite its weak correlation with the equivalent absorp-
tion area, it is worth noting how the regression slope changes for both GMM
and KM as seen in Fig. 5. More in general, the equivalent absorption area loses
its anti-correlation with almost all parameters except for SA calculated via KM.

5. Conclusions

The effectiveness of acoustic treatments and audio redesign has been as-
sessed by the measurement of student activity and speech levels during lectures.
Eighteen lessons were monitored through two sound level meters in two halls
before and after renovation. Then, the student activity SA and the speech levels
SL were analyzed through two clustering algorithms - Gaussian Mixture Model
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and K-means -, broadly used in machine learning to find patterns among data.
Results show a decrease in the mean values of both SA and SL and the standard
deviations between the two receivers. Thus, quieter environments and more dif-
fuse sound fields have been achieved. Moreover, the relationships between the
student activity and the speech levels highlight changes in the Lombard effect.
A drop in the slopes of tendencies between the two parameters has been de-
tected after the acoustic treatments. Further relationships have been explored
among the occupancy, the student activity, the speech levels, and the signal-
to-noise ratio to investigate the role of occupancy during lectures. Outcomes
reveal different behaviours ors by both students and teachers during lessons af-
ter the restoration. The signal-to-noise ratio, i.e. the difference between SL and
SA, seems to be more sensitive to the occupancy, despite the student activity
seems to be quite constant aside from the number of students attending lectures.
Thus, it has been shown how the increase of the signal-to-noise ratio depends
on the increase of the speech levels with the occupancy. Before the treatments,
both student activity and speech levels tended to decrease with the increase
of occupancy. Increasing the statistical power of the discussions, the compar-
ison between the two clustering techniques shows that the Gaussian Mixture
Model is more sensitive to oscillation than K-means clustering. The correlation
matrix among all the parameters taken into account in this work shows how
the treatments affect the dependency among student activity, speech levels, and
occupancy. Lastly, the average relative spectra evaluated before and after the
treatments show the reliability of the clustering methods. Weak points highlight
the need of digging into these techniques to broaden the available features and
make the use of these algorithms more robust.
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Figure 1: Room acoustic properties of the two halls before and after the renovation
works, respectively the Hall I is plotted on top whilst the Hall II on bottom. On
the left the reverberation time as function of frequency octave band. On the right
the sound strength G as function of the source-receiver distance. Values of GPA

have to be taken only qualitatively because they do not refer to an omnidirectional
source.
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Table 1: General and acoustic data of the halls under study before and after the restoration, respectively indicated as “ante”
and “post”. Besides the shape of the inner space, it is shown the volume “V”, the maximum occupancy “N”, the reverberation
time in unoccupied state “T”, the early-to-late index “C50”, the Speech Transmission Index STI and the equivalent absorption
area A0 of the lecture halls in unoccupied state. The subscript “M” states a value averaged over all the receivers in the octave
bands of 500 − 1000 Hz, whereas “3” over the octave bands of 500 − 2000 Hz.

Hall Shape
Volume (m3) Occupancy TM (s) C50,3 (dB) STI A0 (m2)

V N Ante Post Ante Post Ante Post Ante Post

I Amphitheater 1000 250 1.70 1.37 -2.8 -1.4 0.49 0.52 94 117
II Amphitheater 900 200 1.72 1.38 -2.4 -1.0 0.47 0.54 84 105
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Figure 2: Example of the occurrences curve obtained by a recorded lesson. The
histogram shows the normalized bin count of the A-weighted recorded SPLs,
whereas the curve indicates the probability distribution function to process via
clustering techniques.
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(c) Lesson D - GMM
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Figure 3: Lessons G (on top) and lesson D (on bottom). On the left, the Gaussian
mixtures and the respective components are shown. The solid lines indicate the
probability density function recorded during the lecture. The dotted and the
dashed lines show respectively the Gaussian curves associated to the SA and
SL. On the right, the recorded SPLs are shown as function of their occurrences
distribution. The SA and SL clusters are shown respectively in dark and light
grey. Markers indicate the mean values (for GMM) and the centroids (for KM)
which identify the SPL of each sound source.
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Figure 4: Relationship between SA and SL measured values via GMM and KM.
Black and red markers indicate respectively before and after acoustic treatments.
Each marker refers to a whole lesson.
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Figure 5: Relationship between Occupancy and SNR, SA and SL measured values
via GMM and KM. Black and red markers indicate respectively before and after
acoustic treatments. Each marker refers to a whole lesson.
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Figure 6: Average relative spectra of student activity SA and speech levels SL
obtained via GMM and KM. On the left SA and SL obtained before the acous-
tic treatments of the halls are shown, on the right the after state. Values are
averaged over all measured lectures.
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Figure 7: 15-minutes samples of SA and SL for each lecture before and after
the acoustic treatments of the halls. SA and SL are indicated respectively with
dashed and solid lines.
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