C}‘
Documenta 2.
Acustica

lectronica

o

=)

¥
X

COVER PAGE

Document downloaded by @DAEL

Wed May 27 17:25:58 2026
For personal use

When automatic English translation is provided, only the original document
is authentic.
The EAA cannot be held responsible of any translation error

Bibliographical reference

Speaker-Oriented Classroom Acoustics Design Guidelines in the Context
of Current Regulations in European Countries, David Pelegrin-Garcia,
Jonas Brunskog and Birgit Rasmussen, Acta Acustica vol. 100 (Number
6), 2014, pp. 1073-1089

DOl
https://doi.org/10.3813/AAA.918787



ACTA ACUSTICA UNITED WITH ACUSTICA

Vol. 100 (2014) 10731089 DOI 10.3813/AAA.918787

Speaker-Oriented Classroom Acoustics Design
Guidelines in the Context of Current Regulations
in European Countries

David Pelegrin-Garcia", Jonas Brunskog?, Birgit Rasmussen®

D Laboratory of Acoustics and Thermal Physics, KU Leuven, Belgium. david.pelegringarcia@fys.kuleuven.be

2 Acoustic Technology, Technical University of Denmark. jbr@elektro.dtu.dk

3 SBi, Danish Building Research Institute, Aalborg University (AAU-CPH), Copenhagen, Denmark.
bir@sbi.aau.dk

Summary

Most European countries have regulatory requirements or guidelines for reverberation time in classrooms which
have the goal of enhancing speech intelligibility and reducing noise levels in schools. At the same time, school
teachers suffer frequently from voice problems due to high vocal load experienced at work. With the aim of im-
proving working conditions for teachers, this article presents guidelines for classroom acoustics design that meet
simultaneously criteria of vocal comfort and speech intelligibility, which may be of use in future discussions for
updating regulatory requirements in classroom acoustics. Two room acoustic parameters are shown relevant for
a speaker: the voice support, linked to vocal effort, and the decay time derived from an oral-binaural impulse re-
sponse, linked to vocal comfort. Theoretical prediction models for room-averaged values of these parameters are
combined with a model of speech intelligibility based on the useful-to-detrimental ratio and empirical models of
signal-to-noise ratio in classrooms in order to derive classroom acoustic guidelines, taking into account physical
volume restrictions linked to the number of students present in a classroom. The recommended values of rever-
beration time in fully occupied classrooms for flexible teaching methods are between 0.45s and 0.6 s (between
0.6 and 0.7 s in an unoccupied but furnished condition) for classrooms with less than 40 students and volumes
below 210 m*. When designing larger classrooms, a dedicated acoustic study taking into account considerations
about geometry, material and speaker/audience placements should be made, which can help to increase the voice
support and reduce the vocal effort.

PACS no. 43.55.Fw, 43.55.Hy

1. Introduction

The acoustic design of school classrooms, both in terms
of noise control and room acoustics, is relevant because it
affects the quality of oral communication between teach-
ers and students, which is still the most common way of
teaching and learning. Students need a physical environ-
ment which preserves speech intelligibility, makes the oral
message easy to listen and engages them into the process
of learning. When this is achieved, the acoustic environ-
ment is no longer a barrier for students’ personal develop-
ment and academic achievement. At the same time, teach-
ers’ speech needs to be understood; they have to speak
comfortably and without straining their voice. Two con-
cepts related to the voice of the teacher are defined in this
context: vocal comfort and vocal effort. The vocal com-
fort in a room is a subjective attribute that is directly cor-
related to the positive evaluation of the room for speech
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purposes and to the perceived support, and negatively cor-
related to the feeling of having to raise the voice and to
the tiredness after speaking longly in the room [1]. The
vocal effort, according to Traunmiiller and Eriksson [2],
is a physiological magnitude different from vocal inten-
sity, which accounts for the changes in voice production
required for the communication at different distances, un-
der different noise or room acoustics conditions. Some
descriptors of vocal effort are vocal intensity, fundamen-
tal frequency, phonation time, and spectral distribution.
Moreover, the student-activity noise should be as low as
possible to minimize teachers’ discomfort. When these
needs are met, teachers might experience higher satisfac-
tion at work and have a good quality of life (with low
stress, anxiety and vocal load). Figure 1 summarizes the
needs of students and teachers regarding the acoustic en-
vironment. Figure 2 shows the most common sources of
noise present in classrooms, such as noise from traffic, in-
stallations, neighboring activities, noise generated in corri-
dors and playgrounds, and activity noise generated inside
the classroom. The noise generated by the students inside
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Figure 1. Needs of students and teachers in classrooms related to
the acoustic properties of the environment.
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Figure 2. Noise sources commonly present in classrooms. De-
sired (non-noise) sound sources are the voices from teacher and
students and the audio from audiovisual resources.

the classroom is considered by teachers to be a stress fac-
tor [3, 4].

Excessive noise and late reverberation degrade speech
intelligibility (see e.g. [5]). The effect of degradation is
higher for younger students [6, 7] and those with impair-
ments in hearing or developmental skills than for the gen-
eral population. Early studies by Bradley [8] and Houtgast
[9] found that speech intelligibility improved in adults for
A-weighted Signal-To-Noise Ratios (SNR) up to +15dB.
Later, Bradley and Sato [6] suggested that the SNR that
makes 75% of the students achieve 95% of speech intel-
ligibility scores above grade 6 should be +15 dB, but for
students in grade 1 the SNR should be +20 dB.

Most European countries have regulatory requirements
or guidelines regarding the acoustic design of classrooms,
with the goal of providing ideal conditions for teaching
and learning in terms of speech intelligibility. These re-
quirements or recommendations establish limit values of
service-equipment and traffic noise and reverberation time
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(or target values in some countries) and minimum values
of sound insulation.

Besides affecting speech intelligibility, noise and class-
room acoustics affect the vocal comfort and vocal health
of the teacher. The latter has recently been studied in a
joint Swedish-Danish project [10]. In a prevalence study
of voice problems among teaching staff, 487 teachers of 22
schools in southern Sweden answered a questionnaire re-
garding voice problems [11]. The results showed that 13%
of teachers suffered from voice problems at the time of the
investigation. Room acoustics was pointed out as one of
the causes leading to voice problems. Moreover, a link was
found between the voice power level used by a talker in a
room and the amplification that a room produces on his
voice at his own ears, in the presence of low noise levels
[12, 13]. This effect is related to the Lombard reflex (in-
crease of voice power level of a talker in the presence of
noise) [14] and the café effect [15] (which is related to the
influence of the acoustic absorption in a room with several
talkers on the voice power levels used by them; a decrease
in absorption increases the energy of the reverberant field
and thus the sound pressure levels, which in turn lead the
talkers to raise their voices due to the Lombard effect). A
model for the café effect in eating establishments has been
proposed by Rindel [16].

After introducing a summary of some of the current Eu-
ropean regulatory requirements on classroom acoustics,
the present paper describes the room acoustics param-
eters relevant for a speaker, their connection to subjec-
tive attributes (vocal effort and vocal comfort), and pre-
diction models for their spatial average, in terms of vol-
ume, surface area and statistical reverberation time. With
these prediction models, some initial guidelines based on
vocal comfort optimization are given. Simple models of
speech intelligibility based on the early-late ratio Csg and
the useful-to-detrimental ratio Usg, combined with empir-
ical models of student-activity noise and voice power re-
ported by Hodgson et al [17], are used with the aim of
refining the initial guidelines and find classroom acoustic
conditions which simultaneously meet criteria of speech
intelligibility for students and vocal comfort for teachers.

Room acoustics parameters relevant for a speaker, their
relationship with voice, and their prediction models have
been presented separately in previous research [13, 18, 1].
Thus, the present article contributes to unify that scattered
information, presenting findings in a coherent manner, and
to relate speaker-oriented requirements with speech intel-
ligibility metrics in order to derive novel practical guide-
lines for classroom acoustics design. These guidelines are
compared to current European regulations of reverberation
times in classrooms, pointing out aspects to consider in fu-
ture updates of these regulations.

2. Current classroom acoustics regulations
in European countries

Classroom acoustics is a concern of increasing awareness,
as demonstrates the increasing number of countries in Eu-
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Table I. Summary of the norms containing the classroom acoustic design guidelines and the regulatory building codes.

Country Building Code Standard/Guideline Year =~ Comments
Denmark  BR 2010 [21] — — Requirements within Building Code. It refers to [22] for details.
France CCH [23] Arrété du 25 2003  Application details for the requirements are described in [25].
avril 2003 [24]
Germany  (see comment) DIN 18041: 2004  There is no common Building Code for schools to all federal
2004 [20] states in Germany. DIN 18041:2004 is a recognized technical
rule (Anerkannte Regel der Technik) required in the design of
schools.
Norway TEK’2010 [26] NS8175: 2012  The Building Code expresses the requirements as Class C of the
2012 [27] Classification Scheme NS8175:2012
Spain CTE [28] DB-HR [29] 2009
UK Building Regulations  BB93 [31] 2003
2010 [30]

rope which have included classroom acoustic regulatory
requirements in their building codes during the last 5-10
years (e.g. Spain) or which have made these requirements
more strict (e.g. Denmark and Norway).

The present paper does not aim at making an exhaus-
tive overview of the current regulations in all the European
countries, but to represent a fair overview of the trends
in regulatory requirements regarding reverberation time
(other room acoustic parameters including maximum al-
lowed indoor ambient noise levels and minimum sound in-
sulation values, while relevant, are out of the scope of this
paper). For this, six European countries with regulatory
requirements for classroom acoustics have been chosen:
Denmark, France, Germany, Norway, Spain, and United
Kingdom (UK). The building regulations and the doc-
uments containing the requirements/guidelines for class-
room acoustic design are summarized in Table I. A similar
comparison of regulatory requirements in Nordic countries
can be found in [19]. All the countries in Table I, with the
exception of Germany, have national building codes that,
in different ways, link to the requirements for classroom
acoustics. The building legislation in Germany is compe-
tency of the Lénder and thus, there is no building code
common to the whole country. For specific constructions,
the German jurisdiction establishes that recognized techni-
cal rules (Anerkannte Regel der Technik) should be used.
The standard DIN 18041:2004 [20], containing the class-
room acoustics design guidelines, is a recognized technical
rule.

A summary of the requirements regarding reverberation
time in ordinary classrooms for general primary and sec-
ondary education (and thus excluding sports halls, mu-
sic rooms, workshops and other specialized educational
spaces) is shown in Table II. Some of the countries (Den-
mark, Norway, UK, Spain) establish maximum values for
the reverberation time whereas others (Germany, France)
establish target ranges as a function of the volume. In par-
ticular, Germany establishes a relationship between the
volume and the target reverberation time Ty, (soll is the
German word for target) and defines a range of accepted
values around that target reverberation time for different
frequency bands (see Figure 3). This is a trend that other
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Figure 3. Maximum and minimum limits of reverberation time
(relative to the target reverberation time T, shown in Table II)
in frequency bands set by DIN 18041:2004 [20].

European countries follow (e.g. Austria [32], Switzerland
[33], Belgium [34]).

The UK proposes different maximum reverberation
times for primary and secondary school classrooms, in re-
sponse to the fact that speech degradation due to late re-
verberation is worse for younger students (primary educa-
tion) than for elderly ones (secondary education) [6, 7].
In addition, they define maximum reverberation times for
other educational spaces (e.g. music rooms, open-plan ar-
eas, sports halls) which are not within the scope of the
present article.

The countries in Table II verify the compliance of the
requirements in different ways. In all countries, calcula-
tions are requested during the design stage. Moreover, in
Denmark and Norway, local authorities (when approving
a new building project) can demand that in sifu measure-
ments are conducted. In the UK, the legislation recom-
mends but does not require carrying out verification mea-
surements in schools after they have been newly built.

The Norwegian Building Code expresses the acous-
tic requirements of classrooms as class C of Classifica-
tion Scheme NS8175:2012 [27]. A Classification Scheme
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Table II. Regulatory requirements for classroom reverberation time in different European countries, in addition with details about the
conditions of the criteria. All values are referred to unoccupied but furnished classrooms (unless otherwise expressed). HI: hearing

impaired students.

Country Required T'[s] Freq. range [Hz]

Details of T’

Denmark < 0.6 125-4000

France V <250m*:04<T<08 Average 500—-1000-2000
V>250m%06<T<12

Germany Ty, = 0.321og m% -0.17 100-5000
(V = 1001113 e d Tsoll =047s
V =250m? = T,y = 0.60s)

Norway <05 125-4000

Spain V <350m* <0.5 Average 500-1000-2000
UK Nursery & primary: < 0.6 Average 500—-1000-2000
Secondary: < 0.8
ForHI: < 04

Ty according to ISO 3382-2. Max. in each 1/1 octave
band. At 125 Hz: max. +20% accepted

Occupied values. Unoccupied values +0.2 s. Limits for
T as a function of freq. shown in Figure 3. Values in
classrooms for HI should be 20% lower.

Ty according to ISO 3382-2. Max. in each 1/1 octave
band. At 125 Hz: max. +30% accepted

Unfurnished: 7' < 0.7s

Values for unfurnished spaces. T may gradually in-
crease at low frequencies (250 Hz and 125 Hz) but no
more than 30% over limits

sets acoustic criteria (in terms of reverberation time, in-
door ambient noise levels and sound insulation) to clas-
sify classrooms (and other spaces) in different levels of
acoustical quality, called classes. In NS8175:2012 [27],
class A has the highest acoustic quality and class D has the
lowest (Classification Schemes in other countries might
have different criteria and denomination for the classes).
In NS8175:2012 [27], reverberation time in classrooms
should be not higher than 0.4 s to achieve class A or B,
0.5 s for class C or 0.6 s for class D. Sweden [35] and Ice-
land [36] also have Classification Schemes. The trend in
Classification Schemes is that classrooms are rated better
the shorter the reverberation time (and also the lower the
indoor ambient noise level and the higher the sound insu-
lation).

3. Room acoustics parameters for a
speaker

Traditional room acoustic parameters (e.g. reverberation
time Ty, early-to-late ratio Csg, and speech transmission
index STI) characterize the propagation of sound between
a source and a receiver who are distant from each other.
Instead, room acoustics parameters that aim at character-
izing the propagation of sound between the mouth and the
ears of a speaker are derived from an oral-binaural room
impulse response (OBRIR), i.e. an impulse response mea-
sured at a microphone located at the end of the ear canal
of a dummy head when a loudspeaker inside its mouth
acts as the source. The derivations that will follow assume
the use of a head and torso simulator (HATS) from Briiel
& Kjeer (Briel & Kjer Sound & Vibration Measurement
A/S; Nerum, Denmark) type 4128. Two parameters are
found relevant: the voice support STy and the decay time
DT4o,MmE-

3.1. Voice support

The voice support ST} is a measure of the degree of am-
plification of a room to the voice of a speaker at his own
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ears [18]. More specifically, it is defined as the difference
between the reflected sound level (Lg) and the airborne
direct sound level (L p) of the voice of a speaker, as found
in an OBRIR.

STy = Lz — Lp (dB). (1)

In practical terms, the airborne direct sound level is calcu-
lated by windowing the first 5ms of an OBRIR whereas
the reflected sound level is calculated from the later por-
tion of the OBRIR (5ms to oo). For this calculation, it
is assumed that there are no obstacles closer than 1 m
to the measurement device. If there would be, the direct
sound should be derived from calibrated measurements in
an anechoic chamber, as in [12]. STy is minimum (ide-
ally approaching —oco dB) in free-field, where there is no
reflected sound, and becomes higher the smaller the room
and the higher the reverberation time.

3.1.1. Relation with voice

The voice support is related to the vocal effort experienced
by a speaker in different rooms [12, 13, 37, 38, 39, 1],
and one of its manifestations is variations in the radiated
voice power level. An empirical model that represents the
average variations in voice power level A Ly, of a speaker,
with respect to the average voice power level used in free-
field (Ly ), as a function of STy [12, 13] is

ALy = Ly — Ly 2)

—13-0.78 STy (dB),
if —14.5dB < STy < —6.5dB,

0.5 — 1351log (105T/1° 4+ 1) (dB),
if STy < —14.5dB.

This equation is derived from measurements in a teaching-
like setting with a silent audience. The variations of Ly,
in the presence of activity noise levels larger than 45 dB
do not follow the model of equation (2), as the activity
noise depends itself on the degree of amplification (or ab-
sorption) of the room. The threshold of 45 dB is found by
Lazarus [40] as the minimum level that elicits the Lom-
bard reflex in a speaker.
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3.1.2. Prediction model

The prediction model for the average STy in a room
[18] disregards the importance of the surroundings of the
speaker in determining the actual STy at the speaker po-
sition and provides a unique value for a room, averaged
across positions, assuming the systematic presence of the
direct sound and a floor reflection; all other reflections are
assumed diffuse. The model is expressed as

_ 4(1 — @) o*
STy = 10log < 53 + 4”(2(1)2)
+ ALyrrr — K (dB), (3)

where @ is the mean absorption coefficient of the room,

S the total surface area, Q* the directivity of a speaker in

the downward direction, d the distance from the mouth to

the floor (= 1.5 m), A Lygrrr the magnitude of the diffuse-

field head-related transfer function (HRTF, indB), and K

the difference between the SPL at the eardrum (indB re

20uPa) and Ly, (in dB re 1pW). This model contains the
following terms:

e Diffuse-field attenuation of sound, indicated by the term
4(1 — @)/(S@) inside the logarithm. In the rest of the
article @ will be derived from Eyring’s formula (@ =
1 — exp(=0.161V/(Ty.S))) rather than Sabine’s (@ =
0.161V/(T.S)), as opposed to the original reference
[18], where V is the room volume and Ty the reverber-
ation time. The motivation to choose Eyring’s formula
is that it provides more acurate results in highly absorp-
tive environments (@ > 0.3) than the ones obtained with
Sabine’s formula, which assumes a low mean absorp-
tion coefficient in the room.

e Floor reflection, given by the term Q*/[4x(2d)?] in-
side the logarithm, adding to the diffuse-field attenua-
tion term. The floor reflection is considered present in
all measurements. It is assumed that the floor is totally
reflective and that the mouth and the ears are at a height
of 1.5 m above the floor. All the early reflections from
the walls, when averaged across positions in a room,
are included in the diffuse-field attenuation term. The
reflection from the ceiling is included in the diffuse-
field attenuation term because the distance to the ceiling
varies across rooms, and the model is valid on average
in an ensemble of rooms.

e Diffuse-field HRTF (A Lpyrtr), accounting for the in-
crease in level associated to the use of a dummy head
instead of a small omnidirectional microphone for the
measurement of sound reflections.

e Direct sound characterization with the term —K, which
represents the difference between the source sound
power level and the SPL at the eardrum, empirically de-
termined from laboratory measurements of these quan-
tities using a head and torso simulator B&K type 4128
[18].

The frequency-dependent values of Q*, A Lyrrr and K are

given in Table III.

An overall value of voice support is obtained by
weighting the frequency-dependent values with the typi-
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Table III. Relevant frequency-dependent quantities used in the
prediction model of voice support STy and decay time DTy mk-
Reproduced from [18]. f.: Center Frequency [Hz].

fe | 125 250 500 1000 2000 4000

K [dB] | 3.6 3.7 2.5 4.0 8.3 8.1

0" 095 078 079 060 021 0.25

A Lygrr [dB] 0 0 2 4 11 13
Lp,r[dB] | 580 69.1 735 717 69.0 63.0

Voice Support [dB]
[gp] 19A8] Jamod 8010A BAljE[DY

Volume [ma]

Figure 4. Average voice support versus room volume for different
values of Ty, considering a flat Ty across frequency. The axis
on the right edge shows the average voice power level variations
experienced by speakers according to equation (2).

cal speech spectrum at the ears of a speaker (Lp er in Ta-
ble 11II),

2.6_1 ]Ol—n.ref,lio*'STV,i
STy = Lg = Lp = 10log =—————— (dB), (4
iz 10770

where the subindex i indicates an octave band value,
among the octave bands with center frequencies from
125Hz (i = 1) to 4kHz (i = 6). The predictions from
this model are shown in Figure 4, considering a flat T
across frequency and a room of proportions 2.8:1.6:1. STy,
decreases almost linearly with the logarithm of V' (except
for the largest volumes at low reverberation times) and in-
creases with Tgg. The axis on the right edge shows the aver-
age voice power level variations experienced by speakers,
according to equation (2). The prediction model for STy
has been validated with measurements in 30 educational
facilities [18].

3.2. Decay time DT Mg

The decay time DT4mg [1] (in which the subindex ME
stands for Mouth-to-Ears) is defined as the time it would
take for the backwards integrated energy curve of an
OBRIR to decay 60 dB after the arrival of the direct sound,
calculated from the initial decay of 40dB (value of the
subindex in DTy mg) and assuming a linear decay. Dif-
ferently from traditional impulse responses in which the
receiver is far away from the source, in an OBRIR source
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and receiver are located very close to each other, so the di-
rect sound has much more energy than the reflected sound.
Therefore, the DTy Mg 1S very sensitive to the direct-to-
reflected sound level difference.

3.2.1. Relation with voice

A previous study analyzed relevant subjective attributes
related to the experience of talking in different rooms using
questionnaires [1]. It was found that DTy yg is linearly re-
lated to the sensation of reverberance. More interestingly,
the general sensation of vocal comfort C is non-linearly re-
lated to DTy Mg for all speakers with normal voices. The
vocal comfort C is a weighted average of the answers to
four different questions regarding 1) the general evaluation
of the room for speech purposes, 2) the perceived support,
3) the feeling of having to raise the voice and 4) the sen-
sation of tiredness after speaking longly in the room. The
units of C are standard deviations across scores for the
same individual, whereas the global average vocal comfort
is expressed as C = 0. The pooled results of C for differ-
ent acoustic conditions represented by DTy vg are shown
in Figure 5. Each point in the figure represents the average
C given by a group of participants for one condition in the
experiment. There were three groups of participants, each
containing between 11 and 13 participants.

A quadratic regression model (R?> = 0.65;p < 0.001)
of the pooled results of C for speakers with normal voices
is shown in Figure 5 and defined by

C = —6.4 DTy + 5.8 DTyome — 1.0, S))

The optimum vocal comfort C'Opl is located at DT40 Mg, opt
~ 0.45 s. Three categories of vocal comfort are defined:
recommended, acceptable, and non-acceptable. The rec-
ommended vocal comfort range is where ¢ > éop[ / V2,
thus for DTy Mg between 0.35 and 0.55s. In the accept-
able range, 0 < ¢ < C‘op[ / v/2, which occurs at two dif-
ferent intervals: DT4ome from 0.25 to 0.35s and from
0.55s to 0.65s. The non-acceptable range is given by a
less than average vocal comfort (é < 0), which occurs for
DT4oMme < 0.25 s and for DTy Mg > 0.65 s.

3.2.2. Prediction model

The prediction model for the average DT mg in a room
[1] makes the same assumptions and contains the same
elements as the model for STy but taking into account
the time structure of the OBRIR. The basic model of an
OBRIR, considered for the DT4o Mg prediction model, is
shown in Figure 6 and consists of three components:

e Direct sound, modeled as a Dirac delta at t = 0, 6(¢)

e Floor reflection, modeled as a delayed and attenuated

Dirac delta, A6(t — ty), with parameters

10log A = 10log <47r(QT)2>
+ ALprrr — K (dB),
2d
ty = - (s). (6)

1078

Document downloaded by @DAEL, 2026-05-27 17:26:02 - personal use only

Pelegrin-Garcia et al.: Classroom acoustics guidelines

0.87

o Subjective data R%=0.65
0.6+ Fitted quadratic model o
04 | Optimum

]
02 'Recommended ©

of o
Acceptable
-0.2f o

Vocal Comfort C [-]

-0.4r
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DTy e [5]

Figure 5. Vocal comfort € as a function of DTyo M in the class-
rooms where subjects were asked to talk during an experiment. A
quadratic regression model is shown, defining an optimum point
and ranges of recommended and acceptable DTy g values.

Direct sound: §(t)

/Floor reflection: Ad(t — to)

Reverberant tail:

/Be"’/" t>0

0t 1

101log[E(t)/Eo)

Figure 6. Energy density time curve of the OBRIR assumed in
the prediction model for DTy Mg, showing the main components
in the airborne acoustic path between the mouth and the ears: the
direct sound, the floor reflection, and the reverberation tail.

e A reverberant tail, modeled as a decaying exponential
function, Be /7, with parameters

41— &
10log B = 101og <M>
Sa
+ ALygrtr — K — 1010gT (dB),
Teo loge
r= 2222 ), 7

In these equations, & is the mean absorption coefficient of
the room obtained through Eyring’s formula, .S the total
surface area, Q* the directivity of a speaker in the down-
ward direction, d the distance from the mouth to the floor
(= 1.5 m), ALygrr the magnitude of the diffuse-field
head-related transfer function (HRTF, in dB), and K the
difference between the SPL at the eardrum and Ly . The
values of O*, A Lyrtr, and K are shown in Table III.

One of the differences with the prediction model for
STy is that the model for DT4o Mg does not have a closed
mathematical expression and is computed by means of an
algorithm with the following steps: modelling of a para-
metric OBRIR (Figure 6), calculation of the backward in-
tegrated energy curve, search of the time instant z_49 when
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the backwards integrated energy curve decays -40 dB rel-
ative to ¢ = 0, and finally DT4ome = 1.5 f_40.

In order to assess the prediction model, a retrospec-
tive analysis of the measurements in 30 educational facil-
ities [18] was performed. The details of the validation are
shown in the appendix. According to this, the model yields
the most accurate predictions for the octave bands of 2 kHz
and 4 kHz. The predictions of the model for the average in
the octave bands of 2 kHz and 4 kHz, considering a flat T
across frequency and a room of proportions 2.8:1.6:1, are
shown in Figure 7, as a function of Ty, and V. For typical
room volumes, DTy4o Mg is shorter than Tyy and decreases
with V' (for equal Tg values).

An approximate regression model fitted to the predic-
tions of the above model in the range of volumes between
50 and 1600 m> and reverberation times between 0 and
1.6's, which is more convenient for calculations, is given
by the expression

DT4()yME ~ 1.33 Tg() —-0.022 10g10 |4
—0.19 Ty - log,, V (s). ®)

4. Speaker-oriented classroom acoustics
guidelines

The previous section described the room acoustic parame-
ters relevant for a speaker and their relationship with voice.
The present section aims at applying those relationships to
the practical design of classroom acoustics.

4.1. Optimization of vocal comfort in classrooms

From the non-linear relationship between vocal comfort
and DTy Mg, shown in equation (5) and in Figure 5, the
range of DTy Mg between 0.35s and 0.55 s was found to
provide recommended vocal comfort levels, whereas the
extended range from 0.25s to 0.65 s provided acceptable
vocal comfort. These range of values are shown in Fig-
ure 8, which is a replot of the prediction model of DT4o Mg
of Figure 7, represented as a function of reverberation time
and volume. In this way, it is straightforward to compare
the areas of recommended and acceptable vocal comfort
with the design recommendations of standards like the
German DIN 18041:2004 [20], which defines a target re-
verberation time Ty, as a function of volume (see Ta-
ble II) or with other recommendations that set a volume-
independent maximum reverberation time.

Figure 8 shows also the target reverberation time which
optimizes the vocal comfort. A suitable empirical fit for
the target reverberation time is given by

Tiargerve = 0.032V/V +0.38 (s), 9)

In principle, the reverberation time in classrooms for
optimum vocal comfort should be between 80% and
120% of Tiarger,ve. This variation range falls within the
recommended vocal comfort range, i.e. in the range
O-STtargel,VC <TZCK 1~2Ttarget,VCa 0.35s < DTypme <
0.55s.
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Figure 7. Mean decay time DTy Mg versus volume for different
values of Ty, obtained as the average of the octave band values
of 2kHz and 4 kHz.
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Figure 8. Level sets of the predicted DTy mg (units are s), as a
function of reverberation time and volume. The areas of DTy Mg
providing recommended and acceptable voice comfort levels are
indicated in darker and lighter gray color. Bold thick line: target
reverberation time Tiue ve Which maximizes the vocal comfort.
Dotted line: target reverberation time Ty, in classrooms defined
in the German standard DIN18041:2004 Dashed line: volume-
independent reverberation time of 0.6 s.

In European standards, one trend is set by the German
DIN 18041:2004, in which the target reverberation time
Tson depends linearly on the logarithm of the volume (with
an offset). Other standards define a volume-independent
reverberation time requirement. In Figure 8, Ty, and a
constant T of 0.6s are shown for comparison purposes,
together with Tiee ve. The reverberation time for opti-
mum vocal comfort Tiyge ve depends on the volume of
the room, but does not follow a straight line in a volume-
logarithmic scale, and has a slope which is approximately
half of the slope of T,. For volumes lower than 200 m?,
Tiarger,ve 18 larger than T, . However, for volumes larger
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Figure 9. Decay time DTy vr versus voice support STy, for dif-
ferent values of Ty (solid lines) and V' (dotted lines). The bottom
axis shows the average voice power level variations experienced
by speakers, according to equation (2).

than 200 m?, Targer,ve 18 lower than T,y Nevertheless, the
differences between Tiarge, ve and Tyoy are under 0.1 s. Sim-
ilar differences are obtained by comparing Tiyge, ve With
the constant 7 = 0.65s, but in this case Tiger,vc 1S be-
low 0.6 s for volumes lower than 300 m> and above 0.6s
for larger volumes. In terms of vocal confort, the German
DIN 18041:2004 does not define a more convenient target
reverberation time than a volume-independent T of 0.6 s
in occupied conditions, but its main advantage over other
standards is the prescription of target values rather than
maximum limit values.

4.2. Assessment of vocal effort

The recommendations presented above have been derived
from a vocal comfort maximization criterion. Thus, the
vocal effort has not been introduced in these guidelines.
Figure 9 shows the mutual relationship between ST} and
DT40mE, for equal values of V' (dotted lines) and T (solid
lines). This chart is obtained by merging the prediction
models shown in Figures 4 and 7, as both models have
been described uniquely in terms of V' and Tgy. This is
meaningful because the horizontal axis (STy ) is linked to
the vocal effort, whereas the vertical axis (DT4omg) is re-
lated to the vocal comfort. On the bottom axis of the figure,
there is an indication of ALy experienced by a speaker
in the presence of low noise levels (ALy, = 0 dB corre-
sponds to the average Ly, produced in an anechoic room)
according to equation (2). The values in this axis illustrate
how different classroom acoustic designs affect the voice
levels of teachers while the audience is silent.

To illustrate the use of the chart, an example is given.
We would like to assess the effect of refurbishing a class-
room of 200 m? in terms of vocal effort and vocal comfort.
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Initially, the reverberation in the classroom is 1.0 s. For this
condition, we would look in Figure 9 for the intersection
for the level lines of V' = 200 m? and Ty = 1.0's, and find
that DT4oME0 ~ 0.83s, STV() ~ —9.0dB, and ALWQ S
—6.0 dB. One possible refurbishment would lower the re-
verberation time to 0.75s. In that case, DT4ome1 =~ 0.6,
STy ~ —10.5dB, and ALy ; ~ —5.0 dB. Here, the re-
furbishment would enhance the vocal comfort from “non-
acceptable” to “acceptable”. The vocal effort would in-
crease, as teachers would raise their voices by approxi-
mately ALy — ALy ~ 1.0dB. Another possible re-
furbishment would lower the reverberation time to 0.5s
in order to fulfill usual design requirements. In that case,
DTsome2 =~ 038 s, STy, ~ —12.3dB, and ALy, ~
—3.5dB. In this case, the vocal comfort would be still ac-
ceptable but the vocal effort would be increased with re-
spect to the initial situation by approximately ALy, —

It is apparent from Figure 9 that lower reverberation
times lead to an increased vocal effort. However, there are
no studies which link these variations in vocal effort to an
increased prevalence of vocal problems among teachers. If
this data were available, it would be possible to refine the
classroom acoustics guidelines with vocal effort consider-
ations, setting a limit to the minimum recommended STy .
For example, if a study found that an acceptable value of
ALy, was more than -3 dB, then a good classroom acous-
tic design should set STy higher than -13 dB.

5. Assessment of guidelines using speech
intelligibility metrics

Any recommendation for classroom acoustic design
should take into account students’ needs in terms of speech
intelligibility. For this, the recommendations of the previ-
ous section will be assessed with a model of speech intelli-
gibility according to the early-to-late ratio Csy and a more
advanced model which uses the useful-to-detrimental ratio
Usp, based on an empirical model of actual signal-to-noise
ratios (SNR) in classrooms.

5.1. Basic prediction model of speech intelligibility
using Cs

The early-to-late ratio Csp, sometimes referred to as
speech clarity, can be used as a rough indicator of speech
intelligibility, empirically related to the speech transmis-
sion index (STI) through the basic relationship [41]

STI = 0.030Csp + 0.555. (10)

The Cs is defined as the level difference of the early ar-
riving speech Lgy cay and the late arriving speech Lg jae
signals. Early arriving speech enhances speech intelligi-
bility, whereas late arrivals are detrimental, and therefore
high values of Csj are in principle beneficial. Thus,

Cso = Lsi carly — LsL1aee (dB). (11)
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According to Nijs and Rychtarikova [41], Lsy carly contains
the direct sound and the early reflections arriving in the
50 ms after the arrival of the direct sound and is given by

LSL,early =Ly (12)
4(1 —@)Por/ I
+10l0g (-2 4+ 2AZOTT  0sormia) (gp),
47r? as

where Q is the directivity of the speaker in the direction
aiming at the listener, r is the distance between speaker
and listener, @ is the mean absorption coefficient of the
room, fy, is an experimental parameter related to the spa-
tial decay rate of the reverberant field and /¢, is the mean
free path of the room (I, = 4V/.S). It is assumed that the
reflected sound follows an exponentially decaying random
process with an amplitude that decays with longer dis-
tances to the source, as suggested by Barron in the context
of acoustics for performance spaces (without any param-
eter P, i.e. fp = 1) [42] and experimentally refined by
Sato and Bradley [43] in the context of classroom acous-
tics by introducing the parameter f,, usually > 1. The mo-
tivation to use this parameter fi, > 1 was to account for a
faster decay of SPL with distance beyond the reverberation
distance in spaces with higher scattering (e.g. classrooms)
than in performance spaces.

The late arriving speech level Lgy 1, on the other hand,
contains the effect of sound reflections arriving later than
50 ms after the arrival of the direct sound,

Lt tate = Ly (13)

4(1 — & Pror /I
+10log <#Spe—°-69”w> (dB).
a

Figure 10 shows the Csp as a function of room volume
and reverberation time. It is assumed that the rooms are
rectangular with dimension ratios 2.8:1.6:1 (length : width
: height) and equal reverberation time across frequency.
For simplicity, it is assumed that the speaker can be ori-
ented toward any direction (thus, Q = 1), that the speaker-
to-listener distance is the geometrical mean of the length
and the width of the room, and that fi, = 1, as in [41].
Moreover, @ is calculated statistically from Eyring’s for-
mula. It can be observed that Cs, varies weakly with vol-
ume and depends mostly on reverberation time. It is there-
fore that classroom acoustics standards setting a volume-
independent maximum limit of reverberation time seek to
maximize speech intelligibility through the Csy metric.

In Figure 10, the upper and lower limits of reverbera-
tion time that result in recommended vocal comfort levels
are shown with bold dashed lines. This range of reverber-
ation time provides speech clarity higher than 1.5dB (or
STI > 0.60), which is sometimes used as a design require-
ment for good speech intelligibility (e.g. [31]). A value of
reverberation time around 0.6 s for all typical classroom
volumes is within the recommended values of reverber-
ation time for vocal comfort (see Figure 8) and therefore
provides also a good speech intelligibility. It should also be
taken into account that among children, hearing impaired
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Figure 10. Cs as a function of the room volume and reverber-
ation time, considering the model in equations (11)—(13). The
upper and lower limits of reverberation time to achieve recom-
mended vocal comfort levels are indicated in bold dashed lines.

persons and students of a foreign language, speech intel-
ligibility is lower than for normal listeners, and thus the
lowest reverberation time given by the bold dashed line
(0.8Targer, ve) should be preferred over higher values.

5.2. Signal-to-noise ratios in classrooms

Speech intelligibility is degraded due to noise, which is
commonly present in educational settings. Noise is usu-
ally quantified relative to the strength of the signal, i.e. the
signal-to-noise ratio (SNR). A more formal definition of
SNR is the difference between the sound power levels of
speech Ly peech and student-activity noise Ly/sa,

SNR = LWspeech — Ly sa (dB). (14)

Empirical models that link student-activity noise, instruc-
tor voice power levels, geometric and acoustic data of the
room and the number of students in university classrooms
are given by Hodgson et al [17]. The inputs to the models
were measurements during 18 lectures in 11 classrooms
with volumes between 110 and 957 m?, between 6 and 254
students present in the classroom, and total occupied ab-
sorption areas between 30 and 305 m?. The A-weighted
student-activity noise level Lga is described as

Lspn = 83+ 10log N —34.41o0g Ay (15)
+ 0.084¢ (dB re 20uPa),
where Ay is the total absorption area in the room (Ag =

Sa). The A-weighted student-activity noise power level
LVV, SA is

41 - @)

Lwsa = Lsa — 101og <T> (dBre 1 pW)  (16)

where it is assumed that Lga is homogeneous throughout
the classroom.
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Figure 11. Us as a function of room volume and reverberation time, considering typical SNR measured in classrooms, for N = 10
students (top left), N = 20 (top right), N = 40 (bottom left) and N = 80 (bottom right). The upper and lower limits of reverberation
time to achieve recommended vocal comfort levels are indicated in bold dashed lines. Gray dotted lines indicate reverberation times
that maximize Usy for each volume. Hatched areas correspond to combinations of volume and reverberation time r which the SNR

predictions are not valid.

The A-weighted sound power levels of speech Ly speech,
averaged for male and female teachers, is [17]

Ly speech = 53.5+0.5 Lsa +0.016 V' —9.6log Ag (17)
(dB re 1 pW).

Due to the Lombard effect, Ly speech increases with Lga.
Ly speech depends also on the volume V' and the total ab-
sorption area Ag. As an empirical model in actual noise
conditions, equation (17) is not related to the model de-
scribed in equation (2), which describes variations of Ly,
in quiet conditions.

5.3. A prediction model of speech intelligibility us-
ing a useful-to-detrimental ratio

The useful-to-detrimental ratio Us is a more suitable mea-
sure of speech intelligibility than Csy because it takes into
account the presence of noise. In this case, the useful part
is the sound signal arriving in the first 50 ms after the ar-
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rival of the direct sound (including it) and the detrimental
part contains the late reflections and the noise. Thus,

Usy = LSL,early — LsL late+noise (dB). (18)

The early arriving speech level Lg; cany is given in equa-
tion (12), whereas Lg jaetnoise according to Nijs and
Rychtarikova [41] is

LSL,lale+noise =L w ( 1 9)

I . 10—SNR/10
+ 101og A - @y (f) » " em069/Tio +—4 10_ / ,
as as

which differs from equation (13) in the term containing
the SNR.

Using the SNR description from equations (14)—(17),
which models typical SNR in classrooms as a function
of the acoustic conditions, the resulting Usy depends on
the number of students N present in the classroom. Fig-
ure 11 shows the Usy values as a function of the vol-
ume, the reverberation time and the number of students
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(N = 10, 20, 40, and 80). The horizontal axis has been
adjusted to display volumes of at least 4m?® per student.
Lower volumes per student might be problematic in terms
of indoor air quality, as the flow of air to be exchanged
would increase, and might make teachers and students
feel overwhelmed, discouraged and often disgusted due
to overcrowding [44]. Identically to the model for Cs,
it is assumed that the rooms are rectangular with dimen-
sion ratios 2.8:1.6:1 (length:width:height) and equal re-
verberation time across frequency. For simplicity, it is as-
sumed that the speaker can be oriented toward any direc-
tion (Q = 1), that the speaker-to-listener distance is the
geometrical mean of the length and the width of the room,
and that fp, = 1. In the figure, the equal Usy contours
are shown in steps of 1dB. In the same figure, the up-
per and lower limits of reverberation time that result in
recommended vocal comfort levels are shown with bold
dashed lines. The hashed areas in Figure 11 indicate ar-
eas for which the prediction of SNR is not valid due to
unavailable data for the model. The values of Usg are sub-
stantially lower than those of Cs in the same conditions of
volume and reverberation time, and decrease with increas-
ing number of students, due to poorer SNRs. Differently
from Figure 10, the Usy values worsen for reverberation
times below the ones given by the maximum-Us, curves in
Figure 11. The reverberation time curve that defines max-
imum Usg as a function of the volume is close to the lower
limit of recommended vocal comfort zone (0.8 ger,vc)
for 10 or 20 students. This curve increases with the num-
ber of students and falls within the recommended range of
reverberation time that optimizes vocal comfort.

None of the Us values in Figure 11 exceeds 3 dB (i.e.
STI > 0.65), even with a low number of students. Nev-
ertheless, the student-activity noise levels used for the
SNR calculations are median levels of the periods when
the teacher is not talking. If effective noise control mea-
sures are taken, so that there are at least 15 dB between
background noise (without activity) and instructor speech
level, actual speech intelligibility can be expected to be
somewhere in between the predictions of Figures 10 and
11, as Csy would be a reasonable predictor of speech intel-
ligibility in the best scenario when students are silent.

A classroom acoustic design that maximizes simultane-
ously criteria of vocal comfort and speech intelligibility is
found as the intersection of areas of recommended vocal
comfort (0.8Tiygerve < T < 1.2T g ve) and the areas
that provide speech intelligibility higher than a minimum
value (Usg > Usgmin)- If, for example, Usg mi, is taken as
1.5dB (STI > 0.6), the overlap between areas decreases
with the number of students, and there is no overlap for 40
or 80 students. This overlap is summarized in Figure 12a
as target values of volume and target reverberation times
in occupied classrooms as a function of the number of stu-
dents. The area of recommended design decreases with the
number of students in the classroom, and beyond N = 20
students, the speech intelligibility criteria becomes too re-
strictive. In this case, the best acoustic conditions for small
groups of students (up to 20 pupils) are obtained for T val-
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Figure 12. Areas of recommended volume and reverberation time
in occupied classrooms, for a given number of students N, which
satisfy simultaneously criteria of vocal comfort and speech intel-
ligibility for (a) Usomin = 1.5dB and (b) Uspmin = 0dB. For
each N, the design area should be considered as the interior of
the boundary line.

ues around 0.45 s (and volumes up to 120 m?) in occupied
classrooms.

The choice of 1.5dB for Usg i, leads to small groups
of students, which is advisable for groups with special
needs (e.g. students with hearing impairment or non-native
speakers). A more realistic choice of Usgmi, = 0dB (STI
> (0.55) is used to derive Figure 12b, which shows the com-
binations of volume and reverberation time that provide si-
multaneously good vocal comfort and satisfactory speech
intelligibility (Usy > 0dB) for any number of students up
to 40. For a classroom for flexible teaching with 40 stu-
dents, design possibilities become restricted to reverber-
ation times between 0.45 and 0.6 s and volumes between
160 and 210 m?. For less students, large volumes are not
a restriction, besides the facts that it will be more expen-
sive to achieve the target reverberation times (having to
install more absorptive material) and that space is a scarce
resource in many countries, especially in cities.
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Figure 13. Areas of recommended volume and reverberation
time in unoccupied but furnished classrooms, for a given num-
ber of students (between 5 and N), which satisfy simultane-
ously criteria of vocal comfort and speech intelligibility for (a)
Usomin = 1.5dB and (b) Uspmin = 0dB. For each N, the design
area should be considered as the interior of the boundary line.

5.4. Guidelines for unoccupied furnished classrooms

Whereas the derivation of guidelines has been suggested
for fully occupied conditions, regulations in classroom
acoustics are most often referred to unoccupied but fur-
nished conditions. In an occupied classroom with volume
V, total surface area .S and reverberation time T, the
mean absorption coefficient @,.. according to Eyring’s for-
mula is

Toee = 1 —exp [ = 0.161V/(ToeeS)). (20)

In order to obtain an estimate of the acoustic conditions
in unoccupied furnished classrooms, the absorption corre-
sponding to the students and the teacher, considering that
each person in the classroom absorbs A, = 0.28 m? (ac-
cording to Sato and Bradley [43]), is subtracted from the
total absorption area in the occupied classroom Ag. =
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Sa,c.. Thus, the mean unoccupied absorption coefficient
unoce Tesults in

Aocc - (N 1 As
Qunoce = (S +1) , 21

which leads to a reverberation time in unoccupied but fur-
nished conditions Ty,0cc Of

0.161vV
=S ln(l - a’unocc) .

Tunoce = (22)
Each of the curves limiting an area of recommended de-
sign in Figure 12 is transformed into a curve which ex-
presses the recommended design areas of volume and re-
verberation time in unoccupied furnished classrooms for
a fixed number of students by applying equations (20)—
(22). It should be noted that there are areas which do not
overlap for different number of students, as a classroom
with high occupancy might in principle be allowed to have
higher unoccupied Tyyocc Values, but which would result in
excessive occupied Ty values for low occupancy. For this
reason, Figure 13 shows the areas of recommended design
in unoccupied but furnished classroom for a variable num-
ber of students, i.e. the areas that fulfill vocal comfort and
speech intelligibility criteria simultaneously for any num-
ber of students between a minimum of Np;, = 5 and a
maximum N.

According to Figure 13a, reverberation times in unoc-
cupied furnished classrooms designed for high speech in-
telligibility should not exceed 0.7 s in any case, whereas
the minimum recommended reverberation time depends
on the number of students. Such a classroom with up to
20 students should have a Ty, of around 0.55 s. In class-
rooms with less strict speech intelligibility requirements,
as shown in Figure 13b, the maximum 7T, varies almost
linearly with the logarithm of the volume from 0.7s at
120 m3 to 0.75 s at 400 m?. The minimum T}pocc for class-
rooms with N < 20 students is slightly higher than 0.5s,
whereas the minimum Ty, for classrooms with N < 40
students is 0.6 s.

6. Discussion and concluding remarks

A classroom acoustic design based only on vocal comfort
suggests that the target reverberation time Tiyger, vc in con-
ditions of full occupancy is dependent on the cubic root of
the volume of the classroom. As shown in Figure 8, these
target values — when represented against the volume in a
logarithmic scale — have a slope that is in between that of
the target values in the German DIN18041:2004 and that
of a flat target T. Moreover, Figure 11 showed that the T
that maximized the useful-to-detrimental ratio Usg, which
takes into account the signal-to-noise ratio and the early
and late arriving reflections in a classroom, had a similar
slope as Tiareer,ve. This is an argument in favor of defining
volume-dependent target reverberation times in future re-
visions of regulations and recommendations on classroom
acoustics but with a lower slope than that defined on the
DIN18041:2004.
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Classrooms are spaces for listening as well as for speak-
ing, and therefore speech intelligibility criteria has also
been taken into account, using Usg as the metric, to de-
rive a more refined set of recommendations. The signal-to-
noise ratios used as an input for the Us prediction model
are based on measurements of activity noise and voice
levels by Hodgson ef al [17] in university classrooms. It
is likely that levels measured at secondary and primary
school classrooms might differ from these, because older
students tend to be more silent than younger ones, accord-
ing to one study by Picard and Bradley [45]. However,
other studies do not find such a relationship, as pointed
out by Shield and Dockrell [46], except for day-care cen-
ters and kindergarden, where activity noise levels are sig-
nificantly higher. To the knowledge of the authors at the
current moment, there are no available empirical models
which link speech levels, activity noise levels, number of
students and room acoustic conditions for younger pupils,
and thus the data by Hodgson et al provides very valuable
information. For this reason, the models in equation (15)
and equation (16) might suffer some variations that could
lead to slightly different design guidelines based on Usy.
Moreover, the contribution of different frequency bands to
the sensation of speaking support or vocal comfort has not
been studied. There could be some dominant bands, as it
is the case of e.g. speech intelligibility, where the octave
bands of 500 Hz, 1 kHz and 2 kHz are the most important
ones [47]. Another important detail is that the optimum
vocal comfort was determined in laboratory with very low
noise levels, which may be different from the actual sit-
uation in primary and secondary school classrooms. The
dependence of activity noise with room acoustic condi-
tions or room occupancy was not characterized in the lab-
oratory experiments, but the latter can be representative
of quiet conditions in classrooms under a climate of dis-
cipline among students (with student-activity noise levels
below 45 dB, which is the level below which the teacher
does not adjust the vocal intensity according to the Lom-
bard effect [40]. It is hypothesized that, if the teacher is not
forced to modify vocal intensity, preferred DTy Mg values
will remain equal). Despite these shortcomings, the rec-
ommendations for classroom acoustics design derived in
the previous section and summarized in Figures 12 and 13
constitute one of the first attempts to combine speaker and
listener requirements. They should encourage better class-
room acoustic design and further research that improves
the current understanding on this topic.

These recommendations represent average values in
classrooms and are meant for situations where the posi-
tion of the speaker is variable, as in flexible teaching meth-
ods. In this case, no acceptable acoustic conditions can be
achieved for more than approximately 40 students without
exposing the teacher to talk uncomfortably or students to
experience noticeably degraded speech intelligibility. The
recommended values of reverberation time in classrooms
with up to 40 students are between 0.45s and 0.6 s and
the volumes should be between 160 and 210 m>. In un-
occupied conditions, the same classrooms should have re-
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verberation times between 0.6 and 0.7 s. For less students,
paradoxically, higher volumes are possible within the rec-
ommendations, as shown in Figures 12 and 13. The reason
for this is that signal-to-noise ratio decreases with increas-
ing number of students, and design possibilities become
more restricted.

It should be noted that younger children, hearing im-
paired persons and students of a foreign language achieve
lower speech intelligibility scores than normal adult listen-
ers under the same acoustic conditions and thus the design
criteria of Figures 12a and 13a (more restrictive speech in-
telligibility criteria, Usg min = 1.5 dB) should be preferred
over Figures 12b and 13b (with Usopmin = 0dB). In this
case, there are more severe restrictions on the maximum
number of students in the classroom (which should not ex-
ceed 20) and the maximum volume. In addition, the lowest
reverberation times values should be preferred among the
different design options.

The limitations in volume, number of students and re-
verberation time on the above optimum classroom acous-
tic conditions is valid only for flexible teaching methods.
For larger number of students, teaching will probably take
place in the form of lectures, with defined positions for
teacher and students. In this case, a specific design should
be made taking into account the position of the teacher.
Only by considering the directivity of the speaker in the
direction of the students (Q > 1), Usy values in Fig-
ures 10 and 11 will increase and show a larger overlap
with the recommended vocal comfort. If, additionally, the
surfaces around the teacher are designed to enhance early
reflections, these will also contribute to higher values of
Cso and Usg for the same conditions of volume and re-
verberation time in classrooms. Moreover, STy will also
increase due to the enhanced early reflections (which in-
crease the reflected sound level Ly without modifying the
direct sound level Lp) and the vocal effort will be low-
ered. In making such a design, the values of DTy Mg and
STy will be highly dependent on the position and orien-
tation of the speaker in the room and should be evaluated
with more advanced prediction tools (e.g. room acoustics
simulation software packages based on geometrical acous-
tics). Based on these observations, when designing class-
rooms larger than 200 m? and for more than 40 students, a
dedicated acoustic study should be made, in which the tar-
get reverberation time in the occupied classroom should
be Tiaget,ve, as expressed in equation (9), which depends
on the cubic root of the volume.

The presence of long reverberation times and too high
noise levels increases the annoyance among teachers. This
effect has been studied by Kristiansen et al. [4], using self-
reported estimates of noise exposure and disturbance at-
tributed to noise among 419 secondary school teachers
in 10 schools in Copenhagen. The reverberation time was
measured in the classrooms, and the schools were grouped
in three categories: short (0.38 - 0.46 s), medium (0.46 -
0.66 s) and long (0.61 - 0.86 s) reverberation time. The re-
verberation time categories played a significant role for the
disturbance attributed to noise from children in the class,
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and there was also a tendency that long reverberation times
were associated with higher self-reported noise exposure.
The study also found that the degree of noise attributed to
children in the class had a stronger impact than sole rever-
beration time on self-reported noise exposure. Moreover,
the number of children in the classroom wa s significantly
associated with self-reported noise exposure. Thus, a way
of having a good environment for both teachers and stu-
dents, with low levels of noise, is by keeping low the num-
ber of students in each classroom.

The recent Essex study [48] observed that A-weighted
activity noise levels in classrooms decrease 9dB per
0.4 s of reduction in reverberation time, whereas teachers’
speech levels decreased at a much lower rate, 4 dB per 0.4 s
of reduction in reverberation time. Thus, in those class-
rooms where the guidelines proposed by the British Asso-
ciation of Teachers of the Deaf (BATOD) [49] (T < 0.4
s from 125 Hz to 4000 Hz) were applied, very favorable
signal-to-noise ratios were obtained, following high levels
of satisfaction by student and teachers.

According to the criterion of vocal comfort of Figure 8,
reverberation times slightly lower than 0.4s can provide
just ’acceptable’ comfort (but not 'recommended’ com-
fort). However, the recommended vocal comfort range was
evaluated in laboratory experiments based on self-listening
considerations, in quiet conditions. It is possible that, in
classrooms with low reverberation times, as shown by the
Essex study, noise levels are kept low and students are
more engaged into the lesson, and the teacher becomes
more satisfied about the overall acoustic situation.

Taking into account these studies, it can be concluded
that, in classrooms for flexible teaching methods with no
more than 40 students, reverberation times above 0.6 s (in
conditions of full occupancy) or 0.7 s (in unoccupied fur-
nished classrooms) should be avoided and that volumes
should be kept no larger than 210 m? (however, volumes
can be larger for less students). Higher reverberation times
would decrease speech intelligibility, which at the same
time would disengage students from learning. Moreover,
activity noise levels would increase due to the lower en-
gagement, to the lesser absorption in the classroom, and
to the Lombard effect. Whereas some guidelines, like the
one proposed by the BATOD [49], stand for reverbera-
tion times shorter than 0.4 s based on speech intelligibility
considerations, the present study suggests that reverbera-
tion times slightly higher (between 0.45s and 0.5 s in oc-
cupied classrooms) might be optimal, and that lower re-
verberation times are not always better, based on vocal
comfort considerations. Therefore, guidelines should in-
clude target reverberation times (or upper and lower lim-
its) rather than maximum allowed reverberation times, and
should include limitations in volume and number of stu-
dents — at least regarding the necessity of having a dedi-
cated study with geometrical considerations and distribu-
tion of absorbing material on the surfaces of the classroom,
if designing larger classrooms for more students. However,
in the case of classrooms especially designed for children
with hearing impairment, acoustic requirements for stu-
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dents should have more weight than requirements for vocal
comfort, the number of students in the classroom should
be lower than 20, and reverberation times around 0.4 s or
slightly lower should be sought, in accordance with the
BATOD guidelines [49] and the recommendations of Nijs
and Rychtarikova [41]. Nevertheless, reverberation times
lower than 0.3 s might generate ’overdamping’, i.e. an ex-
cessive attenuation of speech levels at the last rows [41].

In some European countries (see Table II), like France
or UK (for secondary schools), reverberation times up
to 0.8s in unoccupied spaces are allowed, which may
be detrimental for speech intelligibility if, with students
present, the reverberation time does not descend below
0.6's. On the other hand, in Norway and Spain, reverbera-
tion times in empty furnished classrooms are limited to 0.5
s (0.4 s for the highest quality class in Norwegian classifi-
cation scheme), which might be too restrictive and lead to
low vocal comfort levels. From the studied countries, only
Germany and France set maximum and minimum limits to
reverberation times. Regarding volume limitations, France
includes the prescription of a dedicated study for class-
rooms larger than 250 m?, Spain for classrooms larger than
350m* and Germany gives special design guidelines for
classrooms larger than 250 m>. According to the present
findings, it is apparent that some guidelines should be ad-
justed: Denmark, Norway, Spain and UK should add min-
imum limits for their required reverberation times. France
and UK (for secondary schools) should lower the maxi-
mum allowed reverberation time. Spain should lower the
volume of 350 m? for the need of doing a dedicated study.
Moreover, Denmark, Norway and UK should take the vol-
ume of the classroom into consideration. At the same time,
the slope of target reverberation time as a function of the
volume of the classroom, as used in the German stan-
dard, might be excessive according to the vocal comfort
and Us criteria. Classification standards, such as the Nor-
wegian NS8175:2012 should also be revised to consider
what are the best quality standards and include target re-
verberation times instead of upper limits. According to the
present findings, a limitation of the maximum reverbera-
tion time to 0.4 s in furnished but unoccupied classrooms
for the highest quality classes is detrimental for vocal com-
fort.

Current European regulations differ in the methods they
use to express the requirements in terms of reverberation
time, volume, occupancy conditions and additional de-
mands on the frequency dependency and validation of the
design. With the existing knowledge in classroom acous-
tics, there is an excellent opportunity to work towards the
harmonization of regulations among European countries.

Appendix
Validation of the prediction model for DTy vg

In order to validate the prediction model for DTy Mg, a ret-
rospective analysis of the measurements in 30 educational
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Figure Al. Predicted versus measured values of decay time DT4o Mg in frequency bands. The solid lines show the regression lines for
the predictions and the dotted lines indicate the unbiased prediction lines.

facilities was performed, the same ones used for validating
the prediction model for STy [18].

The measurements were performed in 30 unoccupied
but totally furnished rooms, with volumes in the range
from 40.6m* to 3600 m® and surface areas in the range
from 52 m? to 1700 m?.

The reverberation time 7' was derived from measure-
ments of room impulse responses using an omnidirectional
source B& K type 4295 “Omnisource” at a height of 1.6 m
and a microphone B& K type 4192 at a height of 1.2m.
The reverberation times were calculated from the decays
between —5 and —25dB of the backward integrated en-
ergy curves and the values for the octave bands of 500 Hz,
1kHz and 2 kHz were averaged.

The OBRIR was measured with a Head and Torso Simu-
lator B& K type 4128 positioned at a height of 1.5 m at two
different locations in each room. The DTy mg Was derived
for each of the octave bands between 125 Hz and 4 kHz,
and was averaged for the two measurement positions and
the two ears.

Figure A1l shows the predictions of the DTy vg model
— evaluated using the measured V, S, and T,y values —
versus the measured values of DTy g in octave bands.
In each frequency band, a regression line of the type
ﬁmME’md = a - DTy MEmeas + b is calculated, where

DT40ME prea is the regressor for the predicted values of
DTsme (represented as DTioME prea)s DT40ME meas are
the measured values, and a and b are the coefficients of
the regression line. Ideally, a perfect model would re-
sult if the predicted and the measured values were equal
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Figure A2. Predicted versus measured values of decay time
DTy Mg, averaged over the octave bands of 2 kHz and 4 kHz. The
solid lines show the regression lines for the predictions and the
dotted lines indicate the unbiased prediction lines.

(DT40,ME pred = DT40ME meas)- An unbiased model would
result if = 1 and b = 0, i.e. DT40 ME pred = DTa0,ME meas-

The goodness of fit of the prediction model is evaluated
with three parameters: a) the coefficient of determination
R? of the linear regression model for the measured ver-
sus predicted values, b) the residual deviation o, of the
predicted values from this regression line, and c) the devi-
ation oy of the predicted values from an unbiased predic-
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tion, which is a measure of the bias in the prediction.

1

N
. = m Z (DT40,ME,pred - DT40,ME,pred)2 (52)~
i=1

N
1
"% N Z (DT40,ME pred — DTa0ME meas)” (5%)- (A1)
i=1

The most accurate predictions, as shown in Figure A1, are
at the octave bands of 2kHz (highest R?, of 0.93) and
4 kHz, where there is negligible bias (a ~ 1, b ~ 0). Thus,
the octave band values of 2kHz and 4kHz are averaged
and the predicted versus measured values of decay time
DT4o Mg are shown in Figure A2. DTy Mg averaged over
2kHz and 4 kHz presents a low bias (a = 1.1, b = 0.033),
a high coefficient of determination (R = 0.91) and a stan-
dard deviation of the prediction error of 0.03 s.
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