
Measurement and prediction of voice support and room gain
in school classrooms

David Pelegrı́n-Garcı́aa) and Jonas Brunskog
Acoustic Technology, Department of Electrical Engineering, Technical University of Denmark,
Kongens Lyngby DK-2800, Denmark
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Objective acoustic parameters have been measured in 30 school classrooms. These parameters

include usual descriptors of the acoustic quality from the listeners’ standpoint, such as reverberation

time, speech transmission index, and background noise level, and two descriptors of the acoustic

properties for a speaker: Voice support and room gain. This paper describes the measurement

method for these two parameters and presents a prediction model for voice support and room gain

derived from the diffuse field theory. The voice support for medium-sized classrooms with

volumes between 100 and 250 m3 and good acoustical quality lies in the range between �14

and �9 dB, whereas the room gain is in the range between 0.2 and 0.5 dB. The prediction

model for voice support describes the measurements in the classrooms with a coefficient of

determination of 0.84 and a standard deviation of 1.2 dB. VC 2012 Acoustical Society of America.
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I. INTRODUCTION

Learning spaces or classrooms are environments where

students spend the early part of their lives listening to their

teachers in order to learn. Students also need to communi-

cate efficiently with their classmates and their teachers. The

success in communication is essential to help students to de-

velop their full potential. Thus, most of the past research in

classroom acoustics has been focused on the acoustic condi-

tions for students. It has been reported that classroom noise

has a negative impact on children’s speech perception and

performance1–3 and that reverberation can enhance or de-

grade speech intelligibility depending on the delay of sound

reflections.4,5 In addition, the combination of noise and

reverberation has been the subject of a number of studies.6–9

Different quantities are used to predict speech intelligibility:

Signal-to-noise ratios, useful-to-detrimental ratios, and

speech transmission index.10,11

At the same time, school classrooms are the working

place of teachers, who represent an important percentage of

the working population. Teachers suffer from voice disor-

ders in a higher proportion than in the rest of the population

(around 13% in Sweden12 and a similar proportion in the

United States13), which is most likely due to the high vocal

loading that teachers experience at work. Noise and bad

classroom acoustics are often reported risk factors for voice

disorders.14 Talking in the presence of high noise levels

results in the use of higher voice power levels than required

to talk in softer noise conditions (this is known as the Lom-

bard effect15), and it is estimated that for each decibel of

noise, a speaker raises his voice power level between 0.3 and

0.6 dB.16 In the presence of low background noise, speakers

modify their voice power in different acoustic environ-

ments.17,18 Other studies have also reported an effect of

classroom acoustics on teachers’ voices,19,20 and there is a

concern that excessive absorption may overdamp the voice

of the speaker.21 Therefore, the classroom acoustics condi-

tions for speakers should also be taken into account during

the design of schools.

The acoustic conditions for a speaker are related to the

way a speaker perceives his own voice. The voice of a

speaker reaches his/her ears by the conduction of vibrations

through the body from the larynx to the cochlea and by the

sound propagation from the mouth to the ears. The sound

propagation of one’s own voice can be direct from the mouth

to the ears (which is equal in all environments under the

same atmospheric conditions) or indirect through reflections

at the room boundaries (which depends on the environment).

Two magnitudes are proposed by Brunskog et al.17 to char-

acterize the acoustic conditions for a speaker: The room gain
and the voice support. The room gain is defined as the gain

applied by the room boundaries to the voice of the speaker at

his/her own ears (considering the airborne direct component

as the “normal” voice level) and has been used in several

studies.18,22–25 The voice support is defined as the level dif-

ference between the reflections of one’s own voice reaching

the ears and the voice propagating directly from the mouth

to the ears. It is an alternative way of expressing the room

gain, which has a larger dynamic range. Brunskog et al.
measured values of room gain between 0 and 0.5 dB and val-

ues of voice support between �15 and �10 dB in everyday

rooms. The two magnitudes, and in particular the voice

support, are conceptually equivalent to Gade’s objective

support26,27 used in the assessment of the acoustic conditions

for musicians in concert halls. The room gain and the voice
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support are of interest because they are negatively correlated

with the voice power levels used by speakers in different

rooms.17,18,22 The two measures, room gain and voice sup-

port, are further explained in Sec. II.

The goal of this paper is twofold. On the one hand, it aims

at developing a prediction model for voice support and room

gain, which is based on the diffuse-field theory, on the effects

of the head-on external sound fields, and on the sound propa-

gation from the mouth to the ears. On the other hand, it aims at

providing a reference set of values for voice support and room

gain through measurements in school classrooms, using these

measurements to validate the predictions of the model in the

same rooms. In addition, physical dimensions and other acous-

tical parameters of the room (background noise level, reverber-

ation time, and speech transmission index) are also measured

to compare the acoustic quality of the classrooms with that of

classrooms in other surveys7,28–30 and acoustic standards and

recommendations for classrooms.31–34

II. ROOM GAIN AND VOICE SUPPORT

The importance of the indirect component of one’s own

voice (also referred to as reflected sound), which is produced

after the reflections of one’s own voice at the room bounda-

ries, is judged with two alternative measures introduced by

Brunskog et al.:17 The room gain and the voice support. It is

assumed that the airborne-direct sound reaching the ears has

energy ED and that the reflected sound has energy ER. The

total airborne sound energy from one’s own voice is

assumed to be approximately EDþER. The energy levels for

the airborne-direct sound LD, the reflected sound LR, and the

total airborne sound LE are

LD ¼ 10 log
ED

E0

dBð Þ; (1a)

LR ¼ 10 log
ER

E0

dBð Þ; (1b)

LE ¼ 10 log
ED þ ER

E0

dBð Þ; (1c)

where E0 is an arbitrary energy reference.

A. Definition of room gain and voice support

The room gain GRG was the first measure introduced by

Brunskog et al.17 and is defined as the degree of amplifica-

tion offered by the room to the voice of a speaker at his/her

ears, considering only the airborne paths (i.e., not consider-

ing the body conducted component). Alternatively, it is also

defined as the difference between the energy level of the

total airborne sound propagating from the mouth to the ears

and the energy level of the direct sound,

GRG ¼ LE � LD dBð Þ: (2)

The voice support STV is a measure of the strength of the

reflected sound relative to the direct sound from one’s own

voice. It is defined as the difference between the energy level

of the reflected sound and the energy level of the airborne

direct sound,

STV ¼ LR � LD dBð Þ: (3)

The relationship between the two measures is

GRG � 10 log 10STV=10 þ 1
� �

dBð Þ; (4)

assuming that the total airborne sound energy is the sum of

the energies of the direct sound and the reflected sound,

which is only an approximation.

The nomenclature STV used for the voice support is

defined after the work of Gade26,27 on the acoustics of stages

in concert halls, where the measure objective support STearly

is used to assess the acoustical quality from the performers’

point of view.

B. Measurement of room gain and voice support

Brunskog et al.17 initially proposed a measurement

method for the room gain and the voice support, which was

later simplified by Pelegrin-Garcia.22 The present work uses

the latter approach and refines its definition in terms of fre-

quency weighting.

The two methods are based on the measurement of

impulse responses (IRs) from the mouth to the ears of a

dummy head, which are also referred to as oral-binaural room

impulse responses (OBRIRs).35 An OBRIR shall be deter-

mined using a dummy head compliant to the standard ITU-T

P.58,36 with a loudspeaker embedded in its mouth and micro-

phones at its ears (at the position of the eardrum). Any acous-

tic measurement software can be used to determine the

OBRIR, from the joint analysis of the excitation signal and

the signals measured at the ears, when the excitation signal is

reproduced through the mouth-loudspeaker. The dummy head

shall be positioned with the mouth at a height of 1.5 m above

the floor and at a distance of at least 1 m from other surfaces.

The method proposed by Brunskog et al.17 requires the

measurement of two OBRIRs: One in an anechoic chamber

and another one in the room of interest. The energy of the

direct sound ED is extracted from the OBRIR measured in the

anechoic chamber, and the total energy including direct sound

and reflections EDþR is extracted from the OBRIR measured

in the room of interest. Finally, the room gain is calculated

assuming that EDþR � ED þ ER (i.e., energy summation).

The alternative measurement method22 of room gain and

voice support is carried out in a different way, although con-

ceptually equivalent to that proposed by Brunskog et al.17

This method calculates the energy of the direct sound and the

reflections from a single OBRIR in the room of interest. In

this case, the direct sound hD(t) can be extracted from an

OBRIR h(t) by multiplying it with a window function w(t),

hDðtÞ ¼ hðtÞwðtÞ; (5)

because all the reflections will have a delay of at least 5.8 ms

from the arrival time of the direct sound—the boundaries are

at more than 1 m. The window function is
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wðtÞ ¼
1 t < 4:5 ms

0:5þ 0:5 cos 2pðt� t0Þ=TW½ � 4:5 ms < t < 5:5 ms

0 t > 5:5 ms

8<
: ; (6)

with t0¼ 4.5 ms as a time-shift parameter and TW¼ 2 ms the

period of the cosine function. The window function w(t) is

flat at unity from 0 to 4.5 ms and decays smoothly following

half a period of the raised cosine function until it reaches a

value of 0 at 5.5 ms. The reflected sound hR(t) is obtained by

multiplying the OBRIR by the complementary window func-

tion 1�w(t),

hRðtÞ ¼ hðtÞ 1� wðtÞ½ �: (7)

An OBRIR and the windowing functions are shown in Fig. 1

The OBRIR and the signals of the direct sound and the

reflected sound are filtered with six octave band filters hF,i(t),
where F stands for filter and i indicates the band, which has

a center frequency between 125 Hz (i¼ 1) and 4 kHz (i¼ 6).

The different bands are indicated in Table I. Therefore,

hiðtÞ ¼ hðtÞ � hF;iðtÞ; i ¼ 1;…; 6; (8a)

hD;iðtÞ ¼ hDðtÞ � hF;iðtÞ; i ¼ 1;…; 6; (8b)

hR;iðtÞ ¼ hRðtÞ � hF;iðtÞ; i ¼ 1;…; 6; (8c)

where * is the symbol of the convolution operator.

The energy levels of the direct sound LD,i, the reflected

sound LR,i, and the OBRIR (directþ reflected sound) LE,i are

calculated in octave bands as

LD;i ¼ 10 log
ED;i

E0

¼ 10 log

ð1
0

½hD;iðtÞ�2dt

E0

dBð Þ;

i ¼ 1;…; 6; (9a)

LR;i ¼ 10 log
ER;i

E0

¼ 10 log

ð1
0

½hR;iðtÞ�2dt

E0

dBð Þ;

i ¼ 1;…; 6; (9b)

LE;i ¼ 10 log
EDþR;i

E0

¼ 10 log

ð1
0

½hiðtÞ�2dt

E0

dBð Þ;

i ¼ 1;…; 6; (9c)

where ED;i, ER;i, and EDþR;i are the energies of the direct

sound, the reflected sound, and the OBRIR in the ith octave

band, respectively.

The room gain GRG;i is calculated in each octave band

as the difference between LE;i and LD,i, whereas the voice

support STV;i is calculated in each octave band as the differ-

ence between LR,i and LD,i.

In order to obtain single value descriptors of room

gain and voice support, a frequency weighting is applied

to the STV,i values in the octave band. The reference spec-

trum is the typical speech level at the eardrum LD;ref;i,

indicated in Table I. This reference spectrum corresponds

to a typical speech spectrum at 1 m in front of the

speaker37 corrected with the difference between the on-

axis sound pressure level (SPL) at 1 m in front of a talker

and the SPL at his ears in free-field. This difference was

determined in an anechoic chamber by the simultaneous

measurement of the SPL at the ears of a head and torso

simulator (HATS) B&K (Brüel & Kjær Sound & Vibration

Measurement A/S; Nærum, Denmark) type 4128 with

mouth simulator, right ear simulator B&K type 4158, and

left ear simulator B&K type 4159 reproducing pink noise

through its mouth in an anechoic chamber and of the SPL

at 1 m in front of the mouth with a 1/2 in. microphone

B&K type 4192.

The overall speech-weighted direct SPL LD, the overall

speech-weighted reflected SPL LR, and the overall speech-

weighted total SPL LE are

FIG. 1. Example of an OBRIR measured from the mouth and ears of a

dummy head h(t) and the windowing applied to extract the direct and the

reflected sound (from Ref. 22).

TABLE I. Relevant frequency-dependent quantities used in the prediction

model of voice support and its measurement.

Octave band i 1 2 3 4 5 6

Center frequency (Hz) 125 250 500 1000 2000 4000

(1) Typical speech SPL on-axis at 1 ma

LD,ref,1m,i (dB) 44.9 57.3 61.8 58.2 53.7 48.9

(2) Difference from SPL at eardrum (measured)

LD,i�LD,1m,i (dB) 13.1 11.8 11.7 13.5 15.3 14.1

(3) Typical speech levels at the eardrum¼ (1)þ (2)

LD,ref,i (dB) 58.0 69.1 73.5 71.7 69.0 63.0

(4) Relation between LW and on-axis SPL at 1 m

LD,1m,i�LW,i (dB) �9.5 �8.1 �9.2 �9.5 �7.0 �6.0

(5) Constant K for model Eq. (23)¼ (2)þ (4)

Ki (dB) 3.6 3.7 2.5 4.0 8.3 8.1

(6) Directivity of human speech on downward direction

Q�i 0.95 0.78 0.79 0.60 0.21 0.25

(7) Diffuse field HRTF

DLHRTF,i (dB) 0 0 2 4 11 13

aReference 37.
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LD ¼ 10 log

P6
i¼1

10LD;ref;i=10

p2
0

dBð Þ; (10)

LR ¼ 10 log

P6
i¼1

10LD;ref;iþSTV;i=10

p2
0

dBð Þ; (11)

LE ¼ 10 log

P6
i¼1

10LD;ref;iþGRG;i=10

p2
0

dBð Þ; (12)

with p0 ¼ 20lPa from which the overall speech-weighted

room gain GRG (or simply, room gain) is calculated as

GRG ¼ LE � LD ¼ 10 log

P6
i¼1

10LD;ref;iþGRG;i=10

P6
i¼1

10LD;ref;i=10

dBð Þ (13)

and the overall speech-weighted voice support STV (or sim-

ply, voice support) as

STV ¼ LR � LD ¼ 10 log

P6
i¼1

10LD;ref;iþSTV;i=10

P6
i¼1

10LD;ref;i=10

dBð Þ: (14)

This process is illustrated and summarized in the block dia-

gram in Fig. 2.

C. Prediction model for voice support and room gain

Using the definition of voice support in Eq. (3), a predic-

tion model must account for the relation between the direct and

the reflected sound at the ears, when the mouth acts as a source.

To build this model, it is assumed that the measurement equip-

ment is a HATS B&K type 4128 with mouth simulator, right

ear simulator B&K type 4158, and left ear simulator B&K type

4159. The model predicts the position-averaged voice support

in a room and is separated into the characterization of direct

sound and the characterization of reflected sound.

1. Characterization of the direct sound

The propagation of the direct sound from the mouth to

the ears cannot be assumed to be identical to that of a point

source in free space, due to the diffraction of sound around

the head and the filtering of the external ear. Therefore, a

more empirical characterization is chosen, assuming that the

airborne direct sound LD,i and the sound power level LW,i are

related through

LD;i ¼ LW;i þ Ki dBð Þ; (15)

where Ki is a frequency-dependent constant with value

K ¼ ðLD;i � LD;1m;iÞ þ ðLD;1m;i � LW;iÞ dBð Þ: (16)

Here, the value of Ki is decomposed into two quantities. The

first quantity, ðLD;i � LD;lm;iÞ, is the difference between the

SPL at the ears of the dummy head and the SPL arises 1 m in

front of its mouth in free-field. This difference was deter-

mined in an anechoic chamber by the simultaneous measure-

ment of SPL at the ears of a HATS B&K 4128, reproducing

pink noise through its mouth in an anechoic chamber and of

SPL at 1 m in front of the mouth with a 1/2 in. microphone

B&K type 4192. The second quantity ðLD;1m;i � LW;iÞ is the

difference between the on-axis SPL at 1 m in front of the

mouth and the sound power level. It is determined from the

speech directivity patterns measured by Chu and Warnock.38

The values of the two quantities and Ki in the different

octave bands are shown in Table I.

2. Characterization of the reflected sound

The reflected sound at the ears is characterized in this

model by the diffuse reflections derived from the diffuse-field

theory (which assumes the exponential decay of acoustic

energy in an enclosure), the presence of a systematic floor

reflection linked to the measurement method, and a correction

for using a dummy head with microphones at its ears as a mea-

surement device instead of an omnidirectional microphone.

The reflected SPL at a point in a room far from the

source L0R;i, according to the diffuse-field theory, is related to

the sound power level by means of

L0R;i ¼ LW;i þ 10 log
4

Ri
Sref

� �
dBð Þ; (17)

where Ri ¼ Stot�ai= 1� �aið Þ is sometimes called “room con-

stant,” Stot is the total surface area of the room and �ai is the

FIG. 2. Block diagram for the deriva-

tion of room gain and voice support

from an oral-binaural room impulse

response measurement h(t). The bottom

branch corresponds to the reflected

sound, the middle one to the direct

sound, and the top one to the total sound

(direct and reflected).
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mean absorption coefficient, which is derived from the vol-

ume V and the reverberation time T60;i measurements

through Sabine’s formula �ai ¼ 4 ln 106
� �

V= cStotT60;i

� �
. The

term Sref is the reference area

Sref ¼
Wrefq0c

p2
0

m2
� �

; (18)

where Wref ¼ 1 pW is the reference power, q0 is the density of

the medium, and c is the speed of sound. In air and normal con-

ditions (20 �C, 101.3 kPa), q0 � 1:204 kgm�3, c � 343 m=s,

and Sref � 1 m2.

Additionally, there is a floor reflection in all rooms,

which can be regarded as systematic, because the floor is

usually a highly reflective surface and the speaker is usually

at an equal distance above the floor, whereas the other surfa-

ces can be at different positions (the ceiling is at different

heights in different rooms). The level of a reflection from the

floor Lrefl;i considering an image source from the mouth mir-

rored at the floor plane, would be

Lrefl;i ¼ LW;i þ 10 log
Q�i

4pð2dÞ2
Sref

 !
dBð Þ (19)

at the position of the source and the ears (provided that the

distance between both is much smaller than 2 d). Q�i is the di-

rectivity factor of speech in the downward direction (derived

from Chu and Warnock38) and its frequency-dependent val-

ues are shown in Table I. The height d is regarded as 1.5 m,

which is defined in the measurement method and corre-

sponds to the mouth position of a standing female speaker.

Under these conditions, the expected reflected SPL at

the position of the dummy head (without it disturbing the

sound field) would be

L0R;i ¼ LW;i þ 10 log
4

Ri
þ Q�i

4pð2dÞ2

 !
Sref

" #
dBð Þ: (20)

Actually, the presence of the artificial head disturbs the

sound field. Therefore, it is necessary to apply a correction

term that relates the SPL at the measurement point when the

equipment is present to the SPL at the same position in the

absence of the equipment. In the case of the HATS, this cor-

rection corresponds to the definition of the head related
transfer function (HRTF) and is notated as DLHRTF;i. This

magnitude is usually direction-dependent. As the reflected

sound can arrive from many different directions, a direction

averaged quantity—the diffuse field DLHRTF;i—given by the

manufacturer39 is used (see Table I).

The reflected sound level at the ears of the HATS is

modeled as

LR;i ¼ LW;i þ 10 log
4

Ri
þ Q�i

4pð2dÞ2

 !
Sref

" #

þ DLHRTF;i dBð Þ: (21)

Finally, taking the difference between Eqs. (21) and (15) the

frequency-dependent model for voice support is

STV;i ¼10 log
4

Ri
þ Q�i

4pð2dÞ2

 !
Sref

" #

þ DLHRTF;i � Ki dBð Þ (22)

or in terms of directly measurable variables

STV;i ¼ 10 log
cTi

lnð106ÞV �
4

Stot

þ Q�i
4pð2dÞ2

 !
Sref

" #

þ DLHRTF;i � Ki dBð Þ: (23)

The results from the individual bands should be weighted to

obtain a single value by means of Eq. (14). Figure 3 shows

an example set of curves for calculating STV from V and T60,

assuming that the room has proportions 2.8:1.6:1 and the

reverberation time has a flat frequency characteristic.

The room gain can be calculated from the voice support

prediction model by using Eq. (4) and assuming that the total

energy corresponds to the sum of the energies of the direct

and the reflected sound, i.e., EDþR � EDþER.

III. ACOUSTICS MEASUREMENTS IN CLASSROOMS

Acoustics measurements were carried out in a total of

30 classrooms and sports halls from five different primary

and secondary schools in southern Sweden, built during the

1970s. The schools were selected from a previous survey

about voice problems among teachers and their relation to

the teaching environment.12 The participation of the schools

in this investigation was voluntary, and therefore it might be

possible that only those schools with relatively good acoustic

conditions volunteered. The schools were located in the sub-

urbs of the city of Lund (�100 000 inhabitants), away from

main traffic routes and most of the classrooms had acousti-

cally absorptive materials, mainly on the ceiling.

The objective parameters background noise level

(BNL), reverberation time T20, speech transmission index

STI, voice support STV, and room gain GRG were measured

FIG. 3. Voice support versus room volume for a room of proportions

2.8:1.6:1 according to the predictions of the model in Eq. (23), for different

values of reverberation time. The vertical axis on the right shows the aver-

age variations of voice power level experienced by talkers in these condi-

tions, as measured by Brunskog et al. (Refs. 17 and 22) in the presence of

low background noise levels (<45 dB).
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in the 30 unoccupied but totally furnished rooms. The physi-

cal dimensions of the rooms are shown in Table II. Accord-

ing to the volume, the rooms were classified into three

groups: small (V< 100 m3), medium (100<V< 500 m3),

and large (V> 3500 m3) classrooms. The rooms in the last

group were sports halls where gymnastic lessons took place.

The measurements in the schools were performed after

the lessons had finished, although there were some staff at

school and some children in the playground. During the

measurements, the doors and windows were closed and the

ventilation systems were turned on.

A. Measurement procedure

1. Background noise level measurements

The A-weighted, 10 s equivalent BNL were measured in

the empty classrooms using the 01 dB (01 dB-Metravib;

Limonest Cedex, France) Symphonie system with two

microphones of B&K type 4192 at a height of 1.2 m. Each

microphone was placed at two different representative stu-

dent positions in a classroom. Two measurements were taken

at each position. Thus, for each classroom, a total of eight

measurements (four positions, two repetitions) were carried

out and averaged to obtain a unique BNL in the classroom.

2. Measurements with an omnidirectional sound
source

The reverberation time T20 and speech transmission

index STI were derived from the measurements of the room

IR using an omnidirectional sound source B&K type 4295

“Omnisource.” The source was placed at two different repre-

sentative teaching positions, more than 1 m away from the

walls, and with the radiating opening at a height of 1.6 m

pointing upward. Two 1/2 in. pressure-field microphones

B&K type 4192 were used as receivers and were placed

close to student seats at a height of 1.2 m and more than 1 m

away from the walls. The 01 dB Symphonie system, incorpo-

rating the MLS software module, was used to produce the

measurement signal and send it to the loudspeaker via a

power amplifier, acquire the signal from the microphones,

calculate the room IR, and derive the parameters T20 and

STI. The T20 was obtained by evaluating the backward inte-

grated energy curve40 of the room IR in the decay interval

from �5 to �25 dB. This range was chosen to unify the cri-

teria in all classrooms, as it was the barely measurable range

in the IR with the lowest signal-to-noise ratio [the early-

decay-time (EDT) is not given because it is influenced by

the direct sound at the measurement positions close to the

source]. A single value descriptor of the T20 corresponding

to the average of the octave bands between 500 Hz and

2 kHz T500–2000 is given. The average standard deviation

(SD) values of the signal-to-noise ratio of the IR measure-

ments in the different classroom groups were 52 dB (4.1 dB)

in small classrooms, 46 dB (5.4 dB) in middle-size class-

rooms, and 34 dB (5.4 dB) in large classrooms.

3. Measurements with a dummy head

The room gain and the voice support were determined

from the measurement of OBRIRs in the empty classrooms

with the method detailed in Sec. II B. For this purpose, a

HATS B&K type 4128 was used. The HATS included a

loudspeaker at its mouth and microphones at its ears. The

HATS was placed at two representative teaching positions,

with the mouth at a height of 1.5 m, and more than 1 m away

from reflecting surfaces. The 01 dB Symphonie system was

used to produce the excitation signal and determine the

OBRIR from the measured signal at the microphones. For

each classroom, the room gain and the voice support values

corresponded to the average of four measurements (two ears

at two different positions).

B. Results of the measurements

1. Correlation between parameters

The correlation coefficients between the measurements

of the magnitudes V, log(V), BNL, T500–2000, STI, GRG, and

STV are shown in Table III. The BNL has very low correla-

tion with all the other parameters, because it is not deter-

mined from physical properties of the room, but depends on

different noise sources, primarily from installations inside

the room, and secondarily from other external noise sources

(traffic noise, people passing by the corridors, and pupils on

the playground). The reverberation time is correlated to the

volume and negatively correlated to the STI. The voice sup-

port is strongly negatively correlated to the logarithm of the

volume, as expected from the prediction model in Eq. (23)

and Fig. 3. The same figure also points out a negative

correlation between voice support and reverberation time

(�0.70 in the measurements). The presence of some high

correlation coefficients is largely caused by the large meas-

ured range of volumes and most of the other parameters of

TABLE II. Average (standard deviation) dimensions and volumes of the

measured school classrooms.

Group size

Number

of rooms W (m) L (m) H (m) Volume (m3)

Small 3 4.5 (0.8) 3.3 (0.8) 2.7 (0.2) 40.6 (18.3)

Medium 24 8.9 (1.7) 7.0 (1.0) 2.8 (0.2) 180.2 (61.6)

Large 3 23.6 (2.4) 20.8 (0.2) 7.4 (0.7) 3614.3 (77.0)

TABLE III. Correlation coefficients indicating the strength of the linear

dependence between pairs of variables.a

V log V BNL T500–2000 STI GRG STV

V 1.00 0.91 — 0.97 20.81 �0.50 20.75

log V 1.00 — 0.91 20.57 20.75 20.87

BNL 1.00 — — — —

T500-2k 1.00 20.89 �0.49 20.70

STI 1.00 0.55 0.68

GRG 1.00 0.94

STV 1.00

aOnly correlation coefficients with p< 0.05 are shown. Correlation

coefficients with <0.001 are marked as bold and coefficients with

0.05< p< 0.001 are marked in italics.
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the classrooms. The correlation between V and T500–2000 is

0.97, due to the large difference between the volumes in the

sports halls and the rest of the classrooms (see Table II) and

the similarity of reverberation times and placement of

absorptive materials within each group.

2. Background noise levels

The averaged 10-s equivalent background noise levels

(A-weighted and in one octave frequency bands, obtained

from the average of eight measurements) of each classroom

were taken into account to report in Table IV the mean, SD,

and maximum values of BNL within each group of class-

rooms (small, medium, large). Even though it is not explic-

itly shown, 73.3% of the classrooms had BNLs lower than

35 dB, another 13.3% between 35 and 40 dB, and the remain-

ing 13.3% of the measurements were between 40 and 45 dB.

In most of the cases, the noise sources corresponded to the

ventilation systems, and in a few cases, the background noise

was affected by external sources, such as people passing by

the corridor, pupils on the playground, and traffic. The back-

ground noise levels were similar for all room sizes, although

the overall level in the large rooms was slightly higher than

in smaller rooms. In all cases, low frequency noise was

markedly dominating. This is an indication that the sources,

in most of the cases, were, in fact, the machinery of the ven-

tilation systems, or external noise that leaked into the room

due to the usually poor insulation performance of walls,

doors, and windows at low frequencies.

3. Reverberation time

The mean reverberation times (in octave bands and

500 Hz–2 kHz average) and their standard deviation are

shown in Table V. An 81.5% (22 out of 27) of the small and

medium classrooms had reverberation times lower than

0.5 s, and the remaining 18.5% were between 0.5 and 0.6 s.

In the sports halls, T500—2000 was between 1.4 and 1.8 s.

4. Speech transmission index

The average (standard deviation) measured STI in unoc-

cupied classrooms, with a negligible effect of background

noise, was 0.80 (0.02) in small classrooms, 0.75 (0.03) in

medium classrooms, and 0.63 (0.02) in large classrooms.

The spread of STI among rooms, indicated by the standard

deviation, was similar in all of the three classroom groups.

The small classrooms had the highest STI, which is in the

category of “excellent.”41 The medium classrooms had an

average STI rating that is between “good” and “excellent,”

and the sports halls had a STI rating of “good.” These rat-

ings, however, are likely to become lower in occupied condi-

tions due to an increase in activity noise, even though the

reverberation time decreases.

5. Voice support and room gain

The mean and standard deviation of STV and GRG in the

octave bands between 125 Hz and 4 kHz measured in the

classrooms is shown in Table VI. The frequency characteris-

tics of STV and GRG are similar for small and medium class-

rooms, with an increase of the values at high frequencies.

The only difference between the two classroom groups is

that the small classrooms have a slightly higher overall

value. The large classrooms (sports halls) have an overall

lower value and, in addition, the frequency characteristic is

TABLE IV. Mean, standard deviation (SD) of the mean, and maximum

background noise levels (BNLs) measured in the classrooms in the different

octave bands and overall A-weighted values.

Octave band center

frequency (Hz) 125 250 500 1000 2000 4000 A-weighted

Small classrooms

Mean BNL (dB) 38.3 32.4 28.2 26.1 22.3 19.4 32.3

SD (dB) 9.5 8.2 7.3 5.6 4.5 2.1 5.7

Maximum BNL (dB) 48.8 39.3 34.5 32.6 27.5 21.3 38.5

Medium classrooms

Mean BNL (dB) 40.2 33.7 27.8 24.4 22.7 19.9 32.7

SD (dB) 5.5 4.8 6.5 5.5 5.4 4.6 5.1

Maximum BNL (dB) 53.4 43.6 43.7 40.1 37.3 32.4 43.5

Large classrooms

Mean BNL (dB) 45.1 37.9 33.5 32.0 28.3 21.9 37.6

SD (dB) 6.3 7.7 7.0 5.5 2.9 1.4 5.7

Maximum BNL (dB) 51.5 46.2 41.1 37.4 30.1 23.2 43.5

TABLE V. Reverberation times (T20) measured in the classrooms.

Octave band center

frequency (Hz) 125 250 500 1000 2000 4000

Average

500–2000

Small classrooms

Mean T20 (s) 0.59 0.39 0.32 0.34 0.35 0.34 0.33

SD (s) 0.42 0.14 0.04 0.05 0.05 0.02 0.05

Medium classrooms

Mean T20 (s) 0.72 0.53 0.45 0.47 0.47 0.44 0.46

SD (s) 0.33 0.17 0.08 0.08 0.07 0.07 0.08

Large classrooms

Mean T20 (s) 1.46 1.58 1.59 1.55 1.35 1.04 1.57

SD (s) 0.24 0.35 0.29 0.18 0.07 0.07 0.23

TABLE VI. Frequency band values and overall speech-weighted voice sup-

port (STV) and room gain (GRG) measured in the classrooms.

Octave band center

frequency (Hz) 125 250 500 1000 2000 4000

Speech-

weighted

Small classrooms

Mean STV (dB) �9.4 �11.1 �9.5 �7.6 �6.4 �4.6 �5.6

SD (dB) 0.46 0.81 0.91 0.38 0.72 1.04 0.78

Mean GRG (dB) 0.50 0.33 0.47 0.70 0.91 1.31 1.06

SD (dB) 0.02 0.06 0.09 0.06 0.13 0.25 0.16

Medium classrooms

Mean STV (dB) �12.1 �13.9 �13.5 �11.6 �10.9 �9.1 �10.2

SD (dB) 1.46 1.27 1.43 1.68 1.75 1.52 1.58

Mean GRG (dB) 0.28 0.18 0.20 0.32 0.37 0.54 0.42

SD (dB) 0.10 0.06 0.07 0.13 0.16 0.19 0.16

Large classrooms

Mean STV (dB) �10.8 �16.0 �18.2 �19.1 �19.5 �19.4 �18.8

SD (dB) 1.56 1.91 0.92 1.31 1.40 1.31 1.01

Mean GRG (dB) 0.36 0.12 0.07 0.06 0.05 0.06 0.058

SD (dB) 0.14 0.06 0.01 0.02 0.02 0.02 0.01
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qualitatively different, because the low frequencies are pre-

dominant. This indicates that these large rooms do not

reflect efficiently the high frequencies of a speaker. The

spread of STV among rooms does not depend on the fre-

quency band, because the standard deviation does not pres-

ent a frequency-dependent pattern in the different classroom

groups.

IV. VALIDATION OF THE PREDICTION MODEL FOR
VOICE SUPPORT

A. Parameters used to assess the prediction model

The prediction model for STV in Eq. (23) was evaluated

for each classrooms in octave bands by using the frequency-

dependent measured values of T20, along with the volume V
and total surface area Stot. In addition, a broadband value

(speech-weighted STV) was calculated from the frequency-

band values using Eq. (14).

The prediction model was assessed by comparing the

measured voice support values STV,meas and the predicted

voice support values STV,pred. In each octave band (or overall

speech-weighted), a regression line of the type STV;pred

¼ aSTV;meas þ b was calculated, where STV;pred is the regres-

sor for the predicted values of voice support and a and b are

the coefficients of the regression line. An unbiased model

would result if a¼ 1 and b¼ 0, i.e., if the regression line of

the predicted values is on top of the measurements (STV;pred

¼ STV;meas).

The goodness-of-fit of the prediction model was eval-

uated with three parameters: (a) the coefficient of determina-

tion R2 of the linear regression model for the measured

versus predicted values, (b) the residual deviation r� of the

predicted values from this regression line, and (c) the devia-

tion rT of the predicted values from an unbiased prediction,

which is a measure of the bias in the prediction

r2
� ¼

1

N � 2

XN

i¼1

STV;pred � STV;pred

� �2
; (24)

r2
T ¼

1

N

XN

i¼1

STV;pred � STV;meas

� �2
: (25)

B. Correspondence between measured and predicted
values

The comparison between the measured and the pre-

dicted values of STV in the octave bands between 125 Hz

and 4 kHz is shown in Fig. 4. The most accurate predictions

were found in the most important bands for speech (between

500 Hz and 2 kHz). In these bands, R2 was at least 0.8, the re-

sidual deviation was not higher than 1.2 dB, and the bias or

deviation from the unbiased prediction was lower than 2 dB.

The prediction for the 125 Hz band had a large uncertainty,

shown by the low value of R2 (0.18), and large residual devi-

ation (3.3 dB) and bias (4.3 dB).

The speech-weighted STV predictions are plotted in

Fig. 5 as a function of the measured STV values. The regres-

sion line relating measurements and predictions had a slope

of 1 and an offset of 0.36 dB. The R2 was 0.84, the residual

error was 1.1 dB and the bias was 1.2 dB.

FIG. 4. Predicted versus measured values of voice support in frequency bands. The solid lines show the regression lines for the predictions and the dotted lines

indicate the unbiased prediction lines.
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V. DISCUSSION

The acoustic properties of school classrooms described in

the results section correspond to typical primary and

secondary schools in southern Sweden built during the 1970s.

The background noise levels in almost three-fourths of the

small- and medium-sized classrooms were below 35 dBA—

which is the maximum acceptable value of different guide-

lines, e.g., the standard ANSI/ASA S12.60-2010/Part 131 in

the United States, the Building Bulletin 9332 in the United

Kingdom, or the guidelines from the World Health Organisa-

tion.34 The background noise levels in the remaining fourth of

classrooms were half below 40 dB and half between 40 and

45 dB. The average value was 32.6 dB, which is lower than

the 45–48 dB reported by Shield and Dockrell1 in their review

from several surveys on empty classrooms (without acoustical

treatment).

In small- and medium-sized classrooms, the reverbera-

tion times did not exceed 0.6 s, in fulfillment of different

guidelines of classroom acoustic design.31,32,34 Reverbera-

tion times and BNLs were within the recommended values

in most of the cases. This seems to be reflected in the non-

problematic perception of classroom acoustics by teachers

without voice problems in schools of the same region in

Sweden.12 The Swedish standard for acoustic conditions in

classrooms33 is more strict, requiring reverberation times

below 0.5 s for the octave frequency bands above 250 Hz

and below 0.6 s at 125 Hz, which only a few of the class-

rooms met.

The STI measured in classrooms with high signal-

to-noise ratios was higher than 0.6 in all cases, even in the

sports halls. However, the STI ratings and the speech intelli-

gibility with ongoing activity, specially in the sports halls,

will be lower than predicted, due to an actual lower signal-

to-noise ratio under these conditions.

The prediction model for STV has been derived theoreti-

cally and it has been assessed by comparing its predictions

with actual STV measurements. There is a slight bias in the

prediction, as the regression line of measured versus predicted

STV is not STV;pred ¼ STV;meas, but STV;pred ¼ 1:0STV;meas

�0:36 dB (see Fig. 5). This bias results in a deviation of

1.2 dB from the actual values, slightly higher than the residual

deviation (1.1 dB) of the regression model. Taking into

account that the measurement data set has not been used to

derive the model, the predictions are reasonably accurate.

In the range of medium-sized classrooms (with volumes

100<V< 250 m3), GRG is in the range between 0.2 and

0.5 dB, whereas STV is in the range between �14 and

�9 dB. There is some spread of data in this range, as seen in

Fig. 5 where, as an example, there are two data points or

classrooms for which the model predicts a similar average

STV of ��11.5 dB for both of them, whereas the actually

measured STV’s are �14 and �9.5 dB. Thus, measured STV

values can deviate as much as 63 dB from the predicted

value. The STV is influenced by the early reflections which

cannot be accurately represented with a statistical model

such as the one in Eq. (23), which only aims at predicting a

position-averaged value.

The voice support, analogous to the objective support in

concert halls, is not a stand-alone parameter to design class-

room acoustics (other magnitudes, like T60, STI, and BNL,

should be taken into account as well). It is a magnitude

related to the additional vocal load that teachers experience

when speaking in a classroom due to the acoustic conditions.

The right-hand axis in Fig. 3 shows the voice power level

variations expected from teachers speaking in different

rooms in the presence of low background noise levels

(<45 dB), first reported by Brunskog et al.17 This axis has

been derived from the empirical models of Eq. (12) in Ref.

23 for the range STV<�14.5 dB and Eq. (13) in Ref. 23 for

the range STV>�14.5 dB. As an example, one can evaluate

the effect of reducing the reverberation time in a room of

200 m3 from 1 to 0.5 s in terms of voice power level

demands. In Fig. 3, the intersection between V¼ 200 m3 and

T60¼ 1.0 s occurs for STV � �9.5 dB, which corresponds to

a relative voice power level of ��5.7 dB. The intersection

between V¼ 200 m3 and T60¼ 0.5 s occurs for STV �
�12.8 dB, which corresponds to a relative voice power level

of ��3.0 dB. Therefore, the reduction of reverberation time

in a room of 200 m3 from 1.0 to 0.5 s would result in an

increase of voice power level of �3.0 – (�5.7)¼þ2.7 dB.

However, higher reverberation times would increase the ac-

tivity noise level of students, as pointed out by Hodgson

et al.,19 which would also make the teacher raise his voice

power level due to the Lombard effect.

There is not enough scientific evidence to establish a

definite range of recommended values of STV, but the range

between �14 and �9 dB (or a range of room gain between

0.2 and 0.5 dB) obtained in most of the medium-sized class-

rooms seems adequate, as T20 and STI fulfilled the recom-

mendations without the rooms being too damped.

Using high values of room gain or voice support should

not compromise the speech intelligibility in classrooms.

According to the quality indices used by Nijs and Rychtari-

kova,21 “good” speech intelligibility is achieved for an

early-late ratio C50 not lower than 1.5 dB—which using a

diffuse-field model11 is equivalent to a reverberation time

FIG. 5. Predicted versus measured speech-weighted overall values of voice

support. The solid line shows the regression line for the predictions and the

dotted line indicates the unbiased prediction line.
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not higher than 0.8 s. Therefore, the maximum average voice

support in classrooms, as a function of the volume, is given

by the line T60¼ 0.8 s in Fig. 3. Such a reverberation time lim-

its the average STV to a maximum value of �7.5 dB in rooms

of 100 m3, �10.5 dB in rooms of 200 m3, and �13.5 dB in

rooms of 400 m3 in order to preserve speech intelligibility.

VI. CONCLUSIONS

The present paper has measured and provided a refer-

ence set for voice support and room gain values, which are

important parameters to assess the vocal effort required to

speak in a room. The voice support in classrooms of good

acoustical quality, with volumes between 100 and 250 m3,

has been found to be in the range between �14 and �9 dB,

and the room gain in the range between 0.2 and 0.5 dB.

A model, derived from the diffuse field theory, has been

developed to predict average values of voice support in class-

rooms and average variations in voice power level experi-

enced by teachers in different rooms in the presence of low

background noise levels. The model is based on geometrical

room properties of volume, total surface area, and reverbera-

tion time. It points out necessary geometrical restrictions in

rooms to obtain good acoustic conditions both for a listener

(in terms of reverberation time) and for a speaker (in terms of

voice support). The model describes the present voice support

measurements in classrooms with a coefficient of determina-

tion of 0.84 and a standard deviation of 1.2 dB.
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