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RIASSUNTO
La presente nota tecnica riguarda la correzione acustica di un’aula universitaria sede di attività
multimediali per studenti definiti “non–nativi” dalla IEC 60268-16. Il discomfort acustico
percepito da professori e studenti solleva il problema di un’insufficiente intelligibilità del parlato.
Il processo progettuale prevede l’uso di formule previsionali e di simulazioni numeriche,
focalizzandosi sui parametri T30, C50, STI. La preservazione del patrimonio artistico della stanza
non permette il raggiungimento della qualità acustica con solo i trattamenti di acustica passiva,
pertanto `e stato aggiunto un sistema di amplificazione per raggiungere i requisiti della UNI 11532
(dicembre 2017).
ABSTRACT
This technical note deals with the acoustic correction of a historical university lecture room,
a multimedia centre of an English course for international students, considered as “non-native”
according to IEC 60268–16. The acoustic discomfort perceived by teachers and students concerns
a poor speech intelligibility. The design process involves the use of prediction formulae and
numerical simulations, focusing on T30, C50 and STI criteria. Since the preservation of artistic
heritage of the room doesn’t allow the fulfilment of acoustic quality with only the passive acoustic
treatments, a public address system was designed in order to reach the requirements of UNI 11532
(December 2017).
Parole chiave: metodi previsionali, UNI 11532, intelligibilità del parlato, simulazione.
Keywords: prediction methods, UNI 11532, speech intelligibility, simulation.
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1. Introduction
Classrooms acoustics is an issue widely debated in the technical literature of recent
years. In Italy, prescriptions and design guidelines are provided by Circ. Min. n. 3150
22/5/1967 [1], D.M. 18/12/1975 [2] and, more recently, by UNI 11367 [3] and UNI 11532
[4], that become mandatory due to L. 221/28.12.2015 (Green Public Procurement) [5]. In
Europe several countries provide requirements, more or less strict, for optimal acoustic
conditions in classrooms. Some of them state the maximum value of reverberation time
(English BB93 [6], Spanish CTE DB-HR [7], Danish BR 2010 [8], Norwegian
NS8175:2012 [9]) while some others express the ideal range as a function of the volume
(French NF S31-080 [10], German DIN 18041 [11], Austrian O¨ NORM B 8115-3 [12]).
The current draft of UNI 11532 [4] (December 2017) states that reference values of
reverberation time must be calculated according to the method provided by DIN 18041
[11]:
(1)

=

log

−

(s)

where A and B are two constants and V is the volume of the classroom, in m3. In case
of classrooms belonging to the category A3, i.e. “Speech/Classroom teaching” up to 1000
m3 (see fig. 1), the suitable value of reverberation time is expressed as:
(2)

= 0.32 log

− 0.17

(s)

where V is the volume of the classroom, in m3.

Figure 1 - Valori di riferimento del tempo di riverberazione secondo la DIN 18041.
A1: Musica, A2: Parlato/Conferenza, A3: Parlato/Insegnamento, A4:
Parlato/Requisiti speciali, A5: Sport -Range accettabile in funzione della
frequenza - Target values of reverberation time according to DIN 18041.
A1: Music, A2: Speech/Lecture, A3: Speech/Classroom teaching, A4:
Speech/Special requirements, A5: Sport. Suitable range vs frequency
Target values are considered in furnished room and in occupied state, with an
occupancy of 80% of the total. Since measurements are performed in unoccupied state
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according to ISO 3382 [29], the reverberation time in occupied state was calculated with
the following formula [11]:
(3)

=

∆
.!"#

(s)

where
Tocc is the reverberation time in occupied state, in s;
Tunocc is the reverberation time in unoccupied state, in s;
∆A is the additional equivalent absorption area due to the occupancy introduced,
in m2 Sabine (values provided by DIN 18041 [11] in tab. A.1).
-

Reference values of sound clarity depends on the intended use of the space, as UNI
11532 [4] states. In case of educational spaces, e.g. lecture rooms, it provides the suitable
values of C50, according to UNI 11367 [3]:
(4)

$%& ≥ 0

(dB)

where C50 represents the value averaged over all the sources and receivers values in
the octave band range 500 Hz-2000 Hz. While the reverberation time should be a property
of the hall, the sound clarity depends on sound source and receiver positions, thus it must
be considered as property of the listening point. That implies a proper choice of sound
sources and receivers positions during the ante-operam and post–operam measurements,
not explicitly stated in the standards. Furthermore, both mean and lowest value of sound
clarity over all the source–receiver couples must be considered.
With regard to the intelligibility criterion: The Speech Transmission Index. Suitable
values of STI are provided by UNI 11532, according to the English standard BB93 [6]
and UNI 11367 [3]:
(5)

( ) ≥ 0.6

which corresponds a “good” quality of speech intelligibility according to IEC 60268–
16 [28].
Several studies have been focused on suitable intelligibility criteria in educational
spaces. They span from the analytical prediction models [14–17] to the effect of the
occupancy [18–20], or from the speaker’s comfort [21–25] to the method to perform GA
simulations [26, 27]. Notwithstanding some of the results of these studies are taken into
account, this work concerns a technical work following the requirements of the draft
version – at the time of writing – of UNI 11532 (December 2017).
2. Case study
The room has a quite regular shape, approximately it’s a single volume box 6.5 meters
high. Its main feature is its constrained ceiling: a vault covered by old frescoes of artistic
worth. This lecture room has hard and reflecting plaster walls and its furniture is made up
of wooden desks and quite upholstered chairs. All its significant characteristics are
provided in table 1.
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Figure 2 - Interno dell’aula assunta come caso studio (maggio 2017) - Interior view
of the lecture room under study (may 2017).
Table 1 - Caratteristiche principali dell’aula - Lecture room’s main features.
Elements

ID

Description

Length

L

11.0 m

Width

W

7.6 m

Height

H

6.5 m

Volume

V

550 m3

Occupancy

N

56 students + 1 teacher

Seating area

SA

64 m2

Volume/Seating area ratio

V/SA

8.6

Before the acoustic correction, teachers and students complained of the acoustic
discomfort, due to a high reverberant sound field and an insufficient speech clarity.
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3. Acoustic measurements
On May 5th 2017, in order to qualify the initial acoustic condition of the room, an
acoustic measurements campaign was performed in full furnished condition and in
unoccupied state according to ISO 3382 [29]. An omnidirectional high SPL dodecahedron
[30] was used as sound source while a monoaural microphone was used as receiver.
Monaural impulse responses (IRs) were acquired launching an Exponential Sine Sweep
signal, 512 K in length and sampled at 48 kHz [31]. Two sound sources positions and 12
receivers positions were chosen for the measurements campaign (see fig. 3). An accurate
analysis was carried out on T30, C50 (in the range 125 Hz-4000 Hz) and STI criteria.
The measured values highlight the inadequacy of the room compared to the minimum
requirements of intelligibility criteria (see tab. 4).

Figure 3 - Planimetria dell’aula: posizioni delle sorgenti sonore (SS1, SS2) e dei
ricevitori (1÷12) durante le misurazioni - Plan of the classroom: sound
sources (SS1, SS2) and receivers positions (1÷12) used in the
measurements campaign.

3.1 Background noise measurements
Background noise level was measured within the room using a class–1 sound level
meter. Measurements were performed with the projector and the air conditioning system
turned on. Results are provided as a function of frequency in figure 4. In addition to the
requirements of sound insulation [32, 33] on systems noise, the background noise level
data are needed to evaluate the value of STI both in analytical prediction and in numerical
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simulation processes [34]. Background noise measurements results might be used in
further analysis concerning U50 criterion, i.e. the useful-to-detrimental sound ratio.

Figure 4 - Livello di pressione sonora equivalente del rumore di fondo, espresso in
dB e in funzione della frequenza - Equivalent sound pressure level of
background noise, expressed in dB as a function of frequency.

4. Calibration of numerical model
A three-dimensional CAD model of the lecture room was realized and then calibrated
using a GA software, Odeon Room Acoustics v.12 [35]. The modelling process was
carried out according to guidelines recommended by Odeon’s manual [36]. Desks and
seats were approximated with boxes and the peculiar shape of the vault was discretized
with planar faces (Fig. 5). The modelling method included the choice of working with a
few significant layers, with the aim of simplifying the calibration procedure without any
loss of accuracy [27]. The two layers used to simulate the initial condition of the lecture
room are characterized by different material: on one hand reflective surfaces (walls,
ceilings, floors, glasses) and on the other hand the most absorbing and “scattering”
elements (desks and seats). Scattering and absorption coefficient are provided in table 2.
The calibration of the model was based on in situ measurements results and it was
considered done when the difference between measured and simulated values was lower
than Just Noticeable Difference (JND) range.
Table 2 - Coefficienti di scattering (s) e di assorbimento (α) utilizzati per le
simulazioni numeriche. - Scattering (s) and absorption (α) coefficients
selected from previous literature for the numerical simulation process.
s
Plaster/Floor
Seats
Baffles
Reflector

0.05
0.70
0.50
0.50
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125 Hz
0.02
0.14
0.27
0.18

250 Hz
0.02
0.28
0.42
0.15

500 Hz
0.03
0.35
0.70
0.03

α
1000 Hz
0.03
0.38
0.70
0.03

Ref.
2000 Hz
0.04
0.35
0.70
0.02

4000 Hz
0.06
0.28
0.50
0.02

[37]
[35]
[38]
[35]
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Table 3 - Calibrazione del modello. Condizioni non occupate I pedici “M” and “3”
identificano i valori mediati sulle bande d’ottava, rispettivamente 500÷1000
Hz e 500÷2000 Hz - Model calibration. unoccupied state. “M” and “3”
subscripts identify those values averaged over the octave bands, respectively
500÷1000 Hz and 500÷2000 Hz.
Measured
T30,M

Simulated
TM

(s)

EDTM
(s)

C50,3
(dB)

1.75

1.79

-2.4

Differences
T30,M

(s)

EDTM
(s)

C50,3

C50,3

(s)

EDTM
(s)

(dB)

1.77

1.73

-2.1

0.04

0.06

0.3

(dB)

Figure 5 - Modello numerico dell’aula assunta come caso studio (software
SketchUp): (a) Vista del modello 3D; (b) Dettaglio della volta - Numerical
model of the lecture room under study (software SketchUp): (a) View of
the 3D model; (b) Detail of the vault.
5. Design
5.1 Acoustic treatments
The passive acoustic treatments include the introduction of several baffles and a
reflector in order to reduce the reverberation time and to increase the sound clarity,
consequently improving STI criterion throughout the space. All the devices were hanged
on the pre–existing steel rods preserving in this way the artistic value and the architectural
characteristics of the lecture room (see fig. 6). According to guidelines provided by DIN
18041 [11] baffles were placed in the rear of the room, in the highest area, in order to
reduce the contribution of the reverberant sound field energy without affecting the early
reflected energy. Moreover, previous literature findings allowed to choose the proper
gaps among baffles that maximize the diffraction effect due to their edges and optimize
the absorption performance of the whole system [39]. A reflector was introduced over the
speaker to enhance the early reflections and thus to increase the speech clarity, especially
in the farthest seats, as shown in fig. 7.
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Figure 6 - Vista dei trattamenti acustici (agosto 2017) - View of the acoustic
treatments (august 2017).

Figure 7 - Coverage fornito dal pannello riflettente sull’area degli ascoltatori
(software Odeon) - Reflector coverage on the listeners area (Odeon
software).

5.2 Public address system
In a lecture room the public address (P.A.) system is a critical point for speech
intelligibility: it aims to increase the value of STI and to make it as constant as possible
throughout the room. An accurate placement is needed for a good result because a wrong
position of the P.A. system could decrease the value of STI, instead of increasing it. In
the lecture room used as case study the use of two lines array speakers (vertical opening
25 degrees, horizontal 130-140 degrees on range 250-2000) behind the speaker proved to
be the most effective solution, guiding the direct sound energy only towards the listening
area. Using Soundvision software [40] the coverage of the direct sound field of the line
array speakers was assessed and then optimized, as shown in figure 8.
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Figure 8 - Coverage fornito dai sistemi line array sull’area degli ascoltatori
(software Soundvision [40]). Livello di pressione sonora in dB - Line array
coverage on the listeners area (Soundvision software [40]). Sound pressure
level in relative dB.
6. Prediction methods
In order to estimate the effect of the whole acoustic intervention on T30, C50 and STI
values, each criterion was calculated with the respective prediction method (see tab. 4).
Post–operam value of reverberation time (range 125 Hz-4000 Hz) is estimated with
Sabine formula, taking into account the occupancy, as follows:
(6)

= 0.16 ∑ - /

+
0 12

. .

(s)

where
- V is the volume of the lecture room, in m3;
- αi is the i-surface’s absorption coefficient;
- Si is the i-surface, in m2;
- Aobj is the equivalent absorption area of people introduced, in m2 Sabine (values
provided by DIN 18041 [11] in tab. A.1).
Sound clarity value (range 500 Hz-4000 Hz) in post–operam condition is calculated
with the simplified model provided by UNI 11532 [4] (December 2017):
(7)

$%& ≈ 10 log(5 &.67

⁄

− 1)

(dB)

This simplified model for predicting the mean value of C50 depends only on the
reverberation time T and for this reason it is preferred to the second model provided by
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UNI 11532 [4], which instead depends on the reverberation time T, the volume V and the
source-receiver distance r.
The value of STI is calculated according to IEC 60268–16 [28] considering the diffuse
sound field approximation.
7. Simulation process
In addition to the prediction methods, an estimate of post–operam results was also
obtained with numerical simulations (see tab. 4). The contribution of the passive acoustic
treatments was simulated with Odeon software [35] introducing the new elements – the
baffles and the reflector – into the numerical model (absorption and scattering coefficient
are provided in table 2). STI values are simulated taking into account the measured
background noise levels. Alternatively, the student activity noise [44] may be considered
in further investigations. Simulations results show that the passive acoustic treatments are
not sufficient to achieve the target value of ST I. The assumption, successively confirmed
by the post–operam measurements, is that the P.A. system allows to fulfill all the
requirements. Finally, with Soundvision software [40], the accurate position of line array
speakers was optimized assessing the coverage provided on the students area (see fig. 8).

8. Post-operam measurements
Post–operam measurements were carried out with the same setup of the ante–operam
measurements but using the new P.A. system as sound source. The results show that the
line array speakers affect more the farthest seats, due to their own directivity pattern. The
assumption is that in the nearest seats there is the direct sound field of the natural voice
of the speaker that might compensate the lack of the P.A. system. Measurements carried
out after the intervention confirmed what expected, i.e. the achievement of the reference
values for all the intelligibility criteria (see tab. 4). In detail, the introduction of the line
array speakers allowed to obtain the target value of ST I parameter in each receiver’s
position, otherwise hardly achievable.
Tab. 4 - Risultati delle misure ante–operam, dei metodi previsionali e dei valori
misurati post–operam in fase di collaudo. I valori in stato occupato sono
calcolati secondo il metodo previsionale fornito dalla DIN 18041 [11] e
ripreso dalla recente bozza della UNI 11532 [4] (vedi equazione 3). –
Results of ante–operam measurements, prediction methods and post–
operam measured values. The occupied values are calculated according to
the prediction method provided by DIN 18041 [11] and the recent review
of UNI 11532 [4] (see equation 3).
Ante–operam
measured

Post–operam
simulated

Prediction
methods

Post–operam
measured

Target values

mean

min.

mean

mean

mean

min.

mean

min.

≥0
≥ 0.60

-2.0
0.55
-

min.

C50,3 (dB)
STI

-2.4

-5.3

0.4

-1.4

-0.8

0.0

-1.9

0.48

0.45

0.57

0.54

0.51

0.60

0.55

TM,unocc. (s)

1.75

1.69

1.17

1.15

1.15

1.08

1.03

-

0.76

0.71±0.14

TM,occ. (s)

1.20

1.13
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Conclusions
This paper concerns the acoustic correction of an historical lecture room hosting a
multimedia course for international students. According to ISO 3382 the ante–operam
condition was qualified by impulse response measurements, from which the values of
intelligibility criteria T30, C50 and STI were obtained. The design process was based on
the reference values provided by the current draft of local technical standard UNI 11532
(December 2017). The proposal was developed using both prediction methods and
numerical simulations on a model calibrated with a geometric acoustics software. The
intervention included passive acoustics treatments – several baffles and a reflecting panel
– and line arrays aiming to achieve a suitable speech intelligibility, preserving at the same
time the architectural constraints of the lecture room. Post–operam measurements
confirmed that the prediction methods used are quite precautionary.
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