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Figure 1: Sound sources’ locations (S1, S2) and the spatial grid of microphone receivers (R1, R2, ..., RN)
employed during the first measurements campaign in furnished and unoccupied condition.

Table 1: Main features of the lecture halls under study. The total volume (V), the shape, the mazimum seating
capacity (N), and the students area (S) are reported. The main room and intelligibility criteria measured
in unoccupied condition are also provided: the reverberation time (Tsp) at mid frequencies and the speech
transmission index (ST1) (EN ISO (2008); BS EN (2011); UNI (2018); DIN (2016)).

Hall \% Shape N S Tz  STI
(m?) (m?) (s

A 900 Amphiteatre 200 100 1.34 0.48

B 850 Shoe-box 160 80 1.88 0.44

Table 2: Occupied condition: main results from measurements carried out during a whole day of lessons. For
each lesson, the percentage of people compared to the mazimum seating capacity, the measured A-weighted values
of student activity, the temperature and the relative humidity are shown. Values are averaged over the two sound
level meters employed in the measurements performed during lessons.

Hall Lesson Occupancy Student activity (s.d.) Temperature (s.d.) Relative humidity (s.d.)

(%) dB(A) °C (%)

1 125 48.4 (0.3) 24.1 (1.9) 56.6 (3.0)

2 80 50.3 (1.5) 25.3 (0.3) 52.1 (1.8)

A 3 60 61.0 (0.6) 26.1 (0.7) 51.7 (3.2)

4 75 55.3 (0.1) 23.8 (0.6) 48.3 (1.7)

5 100 53.4 (0.0) 26.5 (0.7) 50.3 (2.8)

1 65 53.0 (2.0) 23.2 (0.7) 46.2 (1.4)

B 2 50 50.6 (1.2) 24.2 (0.6) 47.7 (3.4)

3 105 57.7 (1.0) 24.6 (0.4) 47.6 (3.4)

4 105 51.1 (2.4) 25.7 (0.6) 51.5 (2.9)
The second campaign of measurements was intended in this kind of measurements is made up of two sound
to obtain sound pressure levels related to the student level meters placed in the students area. A-weighted
activity (D’Orazio et al. (2020)). Therefore, it was equivalent levels has been recorded every 100 millisec-
performed in occupied state by recording an entire onds to better detect the background noise during the
day of lessons in each hall. The equipment employed pauses of the speech. The location of the sound level
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Figure 2: Reverberation time values: measured and calibrated values are referred to the unoccupied state; pre-
dicted and simulated values are referred to the occupied state. T values are averaged over all the source-receivers
pairs and reported for each octave band. The error bars are referred to twice the Just Noticeable Difference

(JND) EN ISO (2008), according to Vorlander (2013).

meter was selected in the middle of the lecture halls,
at least 1 m far from surfaces to avoid strong reflec-
tions by the nearest surfaces. The height was set at
1.2 m above the floor, similar to the ear of a seated
person. The lessons have been attended by an opera-
tor among the students. Pauses between and within
lessons and unforeseen peaks have been cut in the
post-processing phase.

Acoustic simulation

In the present study the acoustic simulations were
used to investigate the different consequences of the
occupancy on the speech intelligibility. First of all,
the 3D models of the lecture halls were built with pre-
cise rules of modeling approximation using a commer-
cial CAD software. The acoustic simulation method
selected for the present work employs ray-tracing al-
gorithms (Christensen (2011)), which are particularly
suited to simulate the acoustics of large environments
as those ones under study (Vorldnder (2007), Savioja
and Svensson (2015)). The virtual models of the
halls were calibrated based on the outcomes of the
first campaign of measurements aforementioned. Ac-
cording to geometrical acoustics (GA) techniques, the
models were tuned adjusting the material properties
assigned to the surfaces within reliable ranges rec-
ommended in available datasets (Cox and d’Antonio
(2016)). All the remaining details of the calibration
process are described in Fratoni et al. (2019).

Once having tuned the models according to the
acoustic features in unoccupied state, the possibility
to simulate the percentages of occupancy recorded
during the second kind of measurements were ex-
ploited. With reference to Equation 1, the values
of Aipers k referred to the absorption area of one per-
son seated on wooden chairs were taken from specific

datasets provided in the standards DIN (2016) and
UNI (2018). It was chosen to simulate the presence
of the students related to 80% and 50% of the maxi-
mum seating capacity, respectively, of hall A and hall
B, setting 50 dB as the corresponding level of student
activity.

Results

The first set of results concerns the acoustic mea-
surements performed during the lessons in occupied
condition. The A-weighted equivalent levels Loy were
extracted from the recordings and their occurrences
were analysed via different methods (for more de-
tails see D’Orazio et al. (2020)). In the present work,
the outcomes of the Gaussian mixture model (GMM)
were considered, as they seem more reliable and accu-
rate. The probability density functions of L.q values’
occurences were analysed for each lesson attended.
Since occurrences curves presented two peaks, they
were fitted as a mixture of two Gaussian curves, cor-
responding to two distinct contributions. In each lis-
tener position the Gaussian curve with higher val-
ues of sound pressure level may be associated to the
speech level of the teacher. The Gaussian curve with
lower values of sound pressure level may be associ-
ated to the student activity. The mean values of the
student activity level are reported in Table 2 for each
lesson attended in the two lecture halls (values were
averaged over the two sound level meters employed).

The second set of outcomes is provided in Figure 2
in terms of reverberation time in octave bands. Mea-
sured and calibrated values are provided in unoccu-
pied state, while predicted values according to Equa-
tion 1 and simulated values through GA techniques
are provided in occupied conditions. Since the rever-
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Figure 3: Simulated STI values in unoccupied and occupied condition with different level of vocal effort by the
speaker: normal (N), raised (R), loud (L) (UNI EN ISO (2004)).
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Figure J: Measured values of temperature and relative humidity during lessons activity in halls A and B. The
“P” walues indicate the mean number of people present during lessons, corresponding to the percentages of

occupancy reported in Table 2.

beration time is a quite uniform criterion throughout
the space, the mean values are provided by averaging
the results over all the receiver points. In general, re-
sults show a good agreement between predicted for-
mulas and simulated values in occupied state in terms
of trend versus frequency (see Figure 2). In detail,
in lecture hall A the outcomes are particularly accu-
rate because all the differences between simulated and
predicted values are within the just noticeable differ-
ence (EN ISO (2008)). Conversely, in lecture hall B
the simulations seem to slightly overestimate the role
of the occupants on the reverberation time. This is
probably due to phenomena like the edge diffraction
caused by the seats, that are computed by the ge-
ometrical acoustic simulation and neglected by the
predictive formulas.

The third group of results concerns the computation
of STT values through GA techniques. Distinct val-
ues of background noise were set during the simula-
tions depending on the occupancy conditions: 40 dB
(HVAC systems) in unoccupied state and 50 dB in
occupied state (corresponding to 80% of maximum
capacity in hall A and 50% of maximum capacity in
hall B in Table 2). Three levels of vocal effort were set
for the sound source corresponding to the A-weighted
sound pressure level of a speaker at 1 m in front of
the mouth (UNI EN ISO (2004)): 60 dB (normal),
66 dB (raised), and 72 dB (loud). While the back-
ground noise may be considered quite even through-
out the space, the received speech level at the listener
- without any support from the public address system
- spatially decreases, as measured and assessed in a

previous work (Fratoni et al. (2019)). Therefore, the
SNR values are expected to decrease moving away
from the speaker, as the speech intelligiblity. The
aim is to explore the vocal effort needed to achieve
a certain quality of speech intelligibility throughout
the students area. Figure 3 shows the results of the
different combinations simulated in each lecture hall,
in unoccupied and occupied state.

Discussions

In teaching environments, lessons are generally at-
tended by a quite constant number of students, mean-
ing that the effects of the occupancy on the acoustics
may be considered as stationary. It is true in case of
primary and secondary lessons, when the occupancy
is expected to be quite constant during the day. In
university lecture halls the issue of the occupancy is
related to the strong variations of the number of stu-
dents during the day. Other parameters vary with the
occupancy, i.e. the temperature and the relative hu-
midity, and for this reason these quantities have been
systematically measured - every minute - during the
student activity measurements (see Figure 4). With
reference to Table 2 and Figure 4, the second lessons
in the two lecture halls considered have been simu-
lated. Therefore, the simulation results provided in
Figure 3 are referred to those number of occupants:
160 people in hall A and 80 people in hall B, cor-
responding, respectively, to the 80% and the 50% of
each maximum seating capacity. It should be noted
that in university lessons, even a situation with an oc-
cupancy higher than the maximum seating capacity
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may occur (see Table 2). Together with the corre-
sponding absorption coefficient and the background
noise set equal to the student activity actually mea-
sured, also the temperature and the relative humid-
ity were set during the acoustic simulations. Even
though it still remains difficult to estimate the effects
of temperature and relative humidity variations on
the intelligibility, the influence of those variables on
the overall comfort - and probably on the distraction
and the chatting of the students - is well known.

Concerning the STI maps in Figure 3, among the
three levels of vocal effort the level corresponding to
“normal” is the less reliable situation because it has
been proved that there is a sort of adaptation of the
teacher’s voice with the increase of background noise
(Lombard (1911), D’Orazio et al. (2020)). Neverthe-
less, the comparison among the spatial distribution of
STT values is intended to show that the common sim-
ulated situation would require a “loud” level of vocal
effort to grant a good speech intelligibility in the hall
(STI>0.55).

Indeed, all these remarks are reliable as long as any
support from a public address system is omitted. Ac-
tually, in situation like those ones assessed in this
study, i.e. lecture halls with large seating capacity,
a PA system turns to be necessary to preserve the
health and the voice of the teacher and to grant the
maximum speech intelligibility allowed by the acous-
tics of the hall.

Conclusion

The role of the occupancy has been explored by means
of geometrical acoustic simulations in large university
lecture halls. Machine learning results previously ob-
tained from measurements of student activity were
used as input data to evaluate the effective back-
ground noise in occupied state, higher than the mea-
sured one in unoccupied condition. A more accu-
rate estimation of the speech intelligibility and the
actual vocal effort required by the teacher may be
obtained depending on the occupancy variations dur-
ing the lessons. Future developments of the present
work could involve a predictive model to estimate the
student activity level given a certain percentage of oc-
cupancy.

References
Astolfi, A., V. Corrado, and A. Griginis (2008). Com-
parison between measured and calculated param-

eters for the acoustical characterization of small
classrooms. Applied Acoustics 69(11), 966-976.

Bistafa, S. R. and J. S. Bradley (2000). Predict-
ing reverberation times in a simulated classroom.
The Journal of the Acoustical Society of Amer-
ica 108(4), 1721-1731.

Bottalico, P. and A. Astolfi (2012). Investigations into
vocal doses and parameters pertaining to primary

school teachers in classrooms. The Journal of the
Acoustical Society of America 131(4), 2817-2827.

British Standards Institute (2011). Sound system
equipment—Part 16: Objective rating of speech in-
telligibility by speech transmission index (BS EN
60268-16).

Building Bulletin (1993). Acoustic design of schools
- A design guide (BB 93).

Choi, Y.-J. (2016). Effect of occupancy on acoustical
conditions in university classrooms. Applied Acous-

tics 114, 36-43.

Choi, Y.-J. (2017). Predicting classroom acoustical
parameters for occupied conditions from unoccu-
pied data. Applied Acoustics 127, 89-94.

Choi, Y.-J. (2020). Evaluation of acoustical condi-
tions for speech communication in active university
classrooms. Applied Acoustics 159.

Christensen, C. L. (2011). Odeon room acoustics soft-
ware ver. 11. User manual: Industrial, auditorium
and combined editions. Odeon A/S, Lyngby, Den-
mark.

Cox, T. and P. d’Antonio (2016). Acoustic absorbers
and diffusers: theory, design and application. Crc
Press.

Deutsche Institut fiir Normung (2016). Acoustic
Quality in Rooms- Specifications and Instructions
for the Room Acoustic Design. (DIN 18041).

D’Orazio, D., D. De Salvio, L. Anderlucci, and
M. Garai (2020). Measuring the speech level
and the student activity in lecture halls: Visual-
vs blind-segmentation methods. Applied Acous-

tics 169, 107448.

International Organisation for Standardisation
(2008). Acoustics - Measurement of Room Acous-
tic Parameters - Part 2: Reverberation Time in
Ordinary Rooms (EN ISO 3382-2).

Escobar, V. G. and J. B. Morillas (2015). Analysis of
intelligibility and reverberation time recommenda-
tions in educational rooms. Applied Acoustics 906,
1-10.

Fratoni, G., D. D’Orazio, D. De Salvio, and M. Garai
(2019). Predicting speech intelligibility in univer-
sity classrooms using geometrical acoustic simula-
tions. In Proceedings of IBPSA 2019. Rome (IT),
3-5 September 2019.

Hodgson, M. (1999). Experimental investigation of
the acoustical characteristics of university class-
rooms. The Journal of the Acoustical Society of
America 106(4), 1810-1819.

Proceedings of the 17th IBPSA Conference
Bruges, Belgium, Sept. 1-3, 2021

3710
https://doi.org/10.26868/25222708.2021.30999



13 SEPT i
BRUGES 1|

INTERNATIONAL
BUILDING
PERFORMANCE
SIMULATION
ASSOCIATION

Hodgson, M., R. Rempel, and S. Kennedy (1999).
Measurement and prediction of typical speech and
background-noise levels in university classrooms
during lectures. The Journal of the Acoustical So-
ciety of America 105(1), 226-233.

Hodgson, M. and G. Wong (2009). Ray-tracing pre-
diction of optimal conditions for speech in realistic
classrooms. Applied Acoustics 70(7), 915-920.

Lombard, E. (1911). Le signs de I'elevation de la voix.
Ann. Mal. de L’Oreille et du Larynz, 101-119.

Pelegrin-Garcia, D., B. Rasmussen, and J. Brunskog
(2014). Classroom acoustics design for speakers’
comfort and speech intelligibility: a european per-
spective. In Proceedings of Forum Acusticum 2014.

Pelegrin-Garcia, D., B. Smits, J. Brunskog, and C.-H.
Jeong (2011). Vocal effort with changing talker-
to-listener distance in different acoustic environ-
ments. The Journal of the Acoustical Society of
America 129(4), 1981-1990.

Peng, J., H. Zhang, and D. Wang (2018). Mea-
surement and analysis of teaching and background
noise level in classrooms of chinese elementary
schools. Applied Acoustics 131, 1-4.

Reich, R. and J. Bradley (1998). Optimizing class-
room acoustics using computer model studies.
Canadian Acoustics 26(4), 15-21.

Ricciardi, P. and C. Buratti (2018). Environmen-
tal quality of university classrooms: Subjective and
objective evaluation of the thermal, acoustic, and
lighting comfort conditions. Building and Environ-
ment 127, 23-36.

Sato, H. and J. S. Bradley (2012). Evaluation of
acoustical conditions for speech communication in
working elementary school classrooms. The Jour-
nal of the Acoustical Society of America 123(4),
2064-2077.

Savioja, L. and U. P. Svensson (2015). Overview
of geometrical room acoustic modeling techniques.
The Journal of the Acoustical Society of Amer-
ica 138(2), 708-730.

Shield, B., R. Conetta, J. Dockrell, D. Connolly,
T. Cox, and C. Mydlarz (2015). A survey of acous-
tic conditions and noise levels in secondary school
classrooms in england. The Journal of the Acous-
tical Society of America 137(1), 177-188.

Ente Nazionale Italiano di Unificazione (2018). Carat-
teristiche acustiche interne di ambienti confinati —
Metodi di progettazione e tecniche di valutazione —
Parte 1: Requisiti generali (UNI 11532-1).

International Organisation for Standardisation
(1993). Acoustics — Attenuation of sound during
propagation outdoors — Part 1: Calculation of
the absorption of sound by the atmosphere (ISO
9613-1).

Deutsche Institut fiir Normung (2004). Ergonomics
— Assessment of speech communication. (ISO
9921).

Visentin, C., N. Prodi, F. Cappelletti, S. Torresin,
and A. Gasparella (2018). Using listening effort
assessment in the acoustical design of rooms for
speech. Building and Environment 136, 38-53.

Vorlander, M. (2007). Awuralization: fundamentals
of acoustics, modelling, simulation, algorithms and
acoustic virtual reality. Springer Science & Busi-
ness Media.

Vorlénder, M. (2013). Computer simulations in room
acoustics: Concepts and uncertainties. The Journal
of the Acoustical Society of America 133(3), 1203—
1213.

Wang, L. M., L. C. Brill, J. Nord, and J. Bovaird
(2020). Higher speech levels in k-12 classrooms
correlate with lower math achievement scores.
The Journal of the Acoustical Society of Amer-
ica 148(4), 2631-2632.

Whitlock, J. and G. Dodd (2006). Classroom acous-
tics—controlling the cafe effect... is the lom-
bard effect the key. Proceedings of ACOUSTICS,
Christchurch, New Zealand, 20-22.

Proceedings of the 17th IBPSA Conference
Bruges, Belgium, Sept. 1-3, 2021

3711
https://doi.org/10.26868/25222708.2021.30999





