Introduction

The ultimate acoustical goal in a
classroom is adequate speech
intelligibility. Sound reflections and
background noise control speech
intelligibility in rooms. Physical
measures of speech intelligibility here
referred to as speech intelligibility
metrics, have been proposed to measure
the combined effects of room
reflections and background noise on
speech intelligibility. Despite the fact
that most speech intelligibility metrics
can be measured in real rooms, the
classroom acoustical performance is
seldom specified in terms of these
quantities. Reverberation time and the
maximum background-noise level are
the usual basis of classroom acoustic
standards and regulations.

The objective of the present work
is to obtain the reverberation time and
the maximum background-noise level
for classrooms for best speech
intelligibility conditions. These will be
derived by comparing the results
provided by three speech intelligibility
metrics, under the assumption of a
diffuse sound field with ideal
exponential decays.

1. Speech intelligibility metrics
There are several speech metrics for the
evaluation of speech intelligibility
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conditions in rooms [1]. The three
most used speech metrics which take
into account the effects of room
reflections and background noise on
speech intelligibility are the useful-to-
detrimental sound ratio U, [2], the
Speech Transmission Index STI [3] and
formulas for predicting the articulation
loss of consonants AL ____[4].

The speech metrics values can be
obtained from measurements of room
impulse responses. It is possible
however, to derive analytical
expressions for the speech metrics
under the assumption of a diffuse
sound field with ideal exponential
decays. Although a diffuse sound field
is only approximated in real rooms, it
provides the basis for the theoretical
determination of parameters important
for the evaluation of speech
intelligibility conditions. Thus, under
the diffuse sound field assumption, the
acoustics of the room can be described
by the reverberation time T and the
signal-to-noise ratio.

Classrooms are relatively small
rooms for speech with volumes V up to
500 m3 or so. They are in general
rectangular-shaped rooms with
volume-to-surface-area ratios
V/S = Im. The sound source is the
human voice without amplification,
which can be acoustically specified in

Reverberation time and the
maximum background-noise
level are the usual basis of
classroom acoustic standards
and regulations. Comparing
the results provided by three
speech intelligibility metrics,
under the assumption of a
diffuse sound field with ideal
exponential decays, led to a
range of estimates of
optimum conditions for
optimum speech
intelligibility. A reverberation
time of 0.4 s and a maximum
background noise level 25 dB
below the voice level
measured at 1 m in front of
the talker were indicated to
lead to optimum speech
intelligibility by all three
speech metrics and are
therefore suggested to
ensure the best speech
intelligibility conditions in
classrooms.
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Computer games

Despite warning notices on Sony
computer games a 15-year-old
Liverpool boy who played them
for up to seven hours a day has
been diagnosed with a form of
hand-arm vibration syndrome.
Sony Computer Entertainment
said it puts warnings on its
games, stating the need to take a
15-minute break every hour.

terms of the long-term averaged speech

level at Im L with an average

splm’
directivity facltjor at mid-frequencies q
= 2 straight ahead of the talker.
Under the assumption of a diffuse
sound field in the room, an expression

for U, can be found in the form
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The STI is calculated using a
procedure [3], based on the Modulation
Transfer Function m(F). Under the
assumption of a diffuse sound field in
the room, m(F) is given by
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where F is the speech modulation
frequency.

The articulation loss of consonants
can be predicted by the so-called
architectural form of the Peutz’s
equation [4], which is given by

%AL cons =

(3)
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where %AL

cons 18 the articulation loss

of consonants as a percentage. Equation
(3)is valid for L —-L 2> —25dB.
Equations (1) — (3) are written for
distances greater than the limiting
distance, for which the contribution of
the direct field is of no significance.
The limiting distance can be defined as
the distance for which the direct-to-
reflected sound energy density is equal
to —10dB. For a 300 m? classroom in
which the reverberation time is 0.5 s,
the limiting distance is approximately
7.3 m. This is a worst case scenario
since at distances less than the limiting

distance there is an increasing
contribution from the direct field as
the receiver approaches the speaker,
which tends to improve the speech
intelligibility conditions.

In Egs. (1) and (2), 10®» = Lo/10 g
the noise-to-reflected-speech ratio,
which for V/S = 1m can be written as

10T = L/10 —

4)
0.0032.q-T ~1.1/T.1gLn = Lupm)/10

It should be noticed that Egs. (1) —
(4) have all been written in terms of the
reverberation time T, which, under the
assumption of a diffuse sound field
with ideal exponential decays, is the
only quantity that describes the room
acoustical conditions.

Some earlier developments of
speech intelligibility metrics were
based on unfiltered broadband values,
while some newer metrics are based on
octave band values. More modern
speech metrics, such the weighted
version of U, called U (A) [2] and
STI [3], have been developed in terms
of weighted octave band values. When
summing octave band values, the STI
and U,,(A) require a specific octave
band weighting procedure to be applied
to each octave band value, in order to
obtain a single broadband number that
relates to speech intelligibility. When
octave band values are used, the

calculation of AL is only done, by

ons
convention, in the 2 kHz octave
frequency band. Therefore, the formula
for predicting AL = as developed by
Peutz [4], does not take into account
the influence of the frequency
dependency of parameters on speech
intelligibility.

The two most common types of
speech distortions found in room
acoustics, namely reverberation and
background noise, are represented in
the present work by one reverberation
time and one signal-to-noise ratio
value. This reverberation time can be
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considered to be for a frequency band
that represents the room acoustical
conditions that are important for
speech intelligibility, e.g., the 1-kHz
band. A representative value for the
signal-to-noise ratio can be based on
the overall A-weighted levels for speech
sounds and background noise.

2. Articulation for the speech
intelligibility metrics

Speech metrics are physical measures
of acoustical conditions for speech
intelligibility which, when validated by
articulation tests, allow estimates of the
actual speech intelligibility experienced
by listeners for a given room acoustical
condition. Articulation tests are the
direct form for measuring the
intelligibility of speech of a
communication system. In a room,
these basically consist of the
production of speech test material at
one point in the room and listeners
who try to correctly identify the speech
material at some other point. The
percentage of correctly identified
material is the articulation score. There
are different types of speech test
material that result in different
articulation scores. These can vary
from complete sentences to single test
words or even nonsense syllables,
although they should all be
representative of the range of sounds
found in a particular language. Speech
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Figure 1. Speech intelligibility versus reverberation time T for a 300 m? classroom with L -L
speech ratio was calculated according to Eq. (4) with L -L

test material that includes some
redundancy, such as complete
sentences, can be easier to identify in
adverse conditions and may lead to
higher articulation scores than material
such as nonsense syllables.

The speech metrics that have been
proposed were usually subjectively
validated in terms of different
articulation tests. The main body of
intelligibility scores related to STI and
AL . was obtained using
predominantly nonsense phonetically
balanced (PB) syllables of the
consonant-vowel-consonant (CVC) type
for the Dutch language [4]. STI has
been validated in different languages,
as has been demonstrated in an
evaluation with the simplified version
of STI —rapid speech transmission
index (RaSTI) — and calculated only in
the 500 Hz and 2 kHz octave frequency
bands [5]. Based on the articulation test
scores, a metric-specific subjective
intelligibility scale was developed to be
used with STI and AL The
Fairbanks’ Rhyme Test was used to
validate U, [6].

Figure 1 gives the speech

cons’

intelligibility obtained with the three
speech metrics considered by the
present study, versus reverberation
time T with L — LSplm
Figure lais based on U

as a parameter.
507 with speech
intelligibility given by the Fairbanks’

Rhyme Test. Figure 1b is based on STI
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intelligibility according to U 5, and given by the Fairbanks’ R hyme Test; (b) speech intelligibility given by the STI subjective speech

intelligibility scale; (c) speech intelligibility given by the AL

subjective speech intelligibility scale.

cons
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Minneapolis - St. Paul
Airport

A proposal to insulate fully
houses in an area near
Minneapolis- St. Paul
International Airport has been
withdrawn. The plan which the
Metropolitan Airports
Commission had approved in
August, 2001, would have
extended full noise insulation to
an area that is less noisy than
one already receiving such help.
Commission members rescinded
it on a 9 to 4 vote. Instead, the
MAC will consider reviving a
plant to test noise inside each
eligible house and provide
enough insulation to reduce the
interior level to an average of 40
decibels - 5 decibels quieter than
a federal standard. Some officials
think the MAC would spend less
per house on average than under
the full insulation plan and in
some cases nothing. The new
plan could allow the MAC to
buy noise easements from house
owners for $1,500. Owners
accepting such payments would
be prohibited from seeking
MAC-sponsored insulation, as
would successive owners of those
residences.

and Figure lc is based on ALcons.
Speech intelligibility according to STI
and AL __

respective subjective intelligibility

is indicated by their

scales. In this figure, the noise to-
reflected-speech ratio 10®» = Lo/10 yag
calculated according to Eq. (4), for a
300 m? classroom and for L - L oim
values of —10, —20, and —30 dB. It can
be seen that different speech metrics
give different speech intelligibility
results when applied to the same room
acoustical conditions. For instance, for
reverberation times less than about 1 s
and for L — LSplm equal to —20 and -30
dB, speech intelligibility according to
U, and given by the Fairbanks’
Rhyme Test is 100%. According to STI,
“excellent” speech intelligibility is only
possible for reverberation times less
than about 0.5 sand for L, - L
equal to —30 dB. The AL
intelligibility scale indicates that “very

splm
subjective

cons

good” speech intelligibility is possible
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for reverberation times less than about
Isand forL - LSplm equal to —30 dB.

Few studies have attempted to
correlate different speech intelligibility
metrics with the same type of
articulation test. One of such studies
[7] used the Harvard PB-word test to
develop correlations between
articulation scores and measured values
of speech metrics. This articulation test
is based on a set of 20 PB word lists,
each of which contains 50 monosyllabic
English words.

Figure 2 shows plots of speech
intelligibility as a percentage %SI, given
by the Harvard PB-word test, according
toU,, STI and AL

50° cons’
reverberation time T for a 300 m3

versus

classroom. Here (a) corresponds to the
“no noise” condition. With added
background noise, the noise-to-reflected-
speech ratio was calculated according to
Equation (4), with L — LSplm values of:
(b) -20 dB, (c) -10 dB and (d) 0 dB.
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Figure 2. Speech intelligibility as a percentage SI1(%), given by the Harvard PB-wond test,

versus reverberation time T for a 300 m® classroom. S peech intelligibility according to:
Ujo(A), STI ([]) and ALcons (O). (a) corresponds to the “no noise” condition. W ith
added ambient noise, the noise-to-reflected-speech ratio was calculated according to Eq. (4)

withl — L
by AL

splm
is off the bottom of the scale

cons

values of: (b) -20 dB, (c) -10 dB and (d) 0dB., In (d), SI(%) predicted
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It can be seen in Figure 2 (a) that
for the “no noise” condition, speech
intelligibility predictions according to
STI and U, are in good agreement,
while AL gives lower speech
intelligibility for the same
reverberation time. With added
background noise, predictions
according to STI and Uy, continue to
present a remarkably good agreement
particularly for reverberation times less
than about 1 s, whereas speech
intelligibility is increasingly under-
predicted by AL
noise ratio decreases.

cons s the signal-to-

These results suggest that the
effect of background noise is over-

represented in the AL ___predictive

cons
formula. In fact, Eq. (3) shows that
AL decreases as the signal-to-noise
ratio increases up to 25 dB. As far as

the effect of background noise on

speech intelligibility is concerned,
there is a general consensus that
signal-to-noise ratios above 15 dB do
not affect speech intelligibility and
can be considered as “no noise”
situations.

Figure 2 (a), which corresponds to
the “no noise” condition, shows that
speech intelligibility monotonically
increases with decreasing reverberation
time. However, this situation cannot be
realized in real rooms because
background noise is usually present. As
the reverberation time decreases, the
signal-to-noise ratio as given by
Equation (4) decreases, which tends to
deteriorate speech intelligibility. As
shown in Figure 2 (b) — (d), the
presence of background noise results in
a relatively broad maximum, which
shifts to longer reverberation times for
lower signal to noise ratios.

Table 1. Range of R everberation times to achieve 100% speech intelligibility and optimum

reverberation times according to U 5, STI and AL . for three classroom volumes, and for

ﬁvel‘n - L.splm

values. These reverberation times are for a frequency band that represents the

room acoustical conditionsthat are important for speech intelligibility, e.g., the 1-kH z band.

speech intelligibility

i Speech Range of Reverbertion Times Optimum
9dB) Intelligibility to Achieve 100% Speech Reverberation Time (s)
Metric Intelligibility @(s)
Classroom Volume (m3)
100 300 500 100 300 500
U, 0.2-0.9 - - 0.9 - -
-10 STI - - - - - -
AlCGTS - - - - - -
Ug, 0.1-1.0 02-09 02-0.8 1.0 0.9 0.8
-15 ST - - - - - -
Alcons - - - - - -
U, 0.1-1.0 0.1-1.0 0.1-0.9 1.0 1.0 0.9
-20 STI 0.2-0.4 - - 0.4 - -
Al 02:0.7 - - 07 - -
Ug, 0.1-1.0 0.1-1.0 0.1-1.0 1.0 1.0 1.0
-25 STI 0.1-04 0204 03 0.4 0.4 0.3
Al 0.0-1.1 0.1-0.8 0.3-04 1108 04
U, 0.1-1.0 0.1-1.0 0.1-1.0 1.0 1.0 1.0
-30 STI 0.1-0.4 0.1-04 0.2 0.4 0.4 0.4
AIcorTS 0.1-1.1 0.1-1.1 0.1-11 1.1 1.1 1.1

aThe values for STI and ALcons used to obtain the range of reverberation times, correspond to

“excellent” (" 0.75) and “very good” (£ 10%) in their respective subjective intelligibility scales
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O’Hare

Expanding O’Hare Airport to its
maximum capacity, 1.6 million
flights, would cause a 19 percent
decrease in the area now
suffering the most from jet
noise, city officials claim. New,
quieter planes are decreasing
noise around O’Hare, city
officials said, claiming that trend
would continue if airlines take
full advantage of an expanded
O’Hare. “This could be decades
from now where you would
actually obtain a demand level
like this,” Assistant Chicago
Aviation Commissioner Chris
Arman said after a meeting
unveiling the noise contour map.
Suburban opponents of Mayor
Daley’s O’Hare runway
expansion plan said the city’s
contour makes no sense. “Seven-
hundred thousand additional
flights means less noise?” said
Elk Grove Village Mayor Craig
Johnson of the Suburban O’Hare
Commission, a coalition of
suburbs fighting the Daley plan.
“It’s so ludicrous.”

3. Optimum acoustical
conditions for speech
intelligibility in classrooms
It is clear from the plots of Figures 1
and 2 that foreach L - L
there is a range of reverberation times

splm value,
for which speech intelligibility is
maximized. In the case of speech
intelligibility predictions according to
U,,, Figure 1a shows that for the lower
Ln - Lsplm
reverberation times that correspond to
100% speech intelligibility. The
optimum reverberation can be defined

values, there is a range of

as the reverberation time for which
100% speech intelligibility is attained
with the minimum amount of sound
absorption. Therefore, the optimum
reverberation time is the longest
reverberation time for 100% speech
intelligibility.

Table I shows, for three classroom

volumes and for five L —L values,

splm
the range of reverberation tilzles that
gives 100% speech intelligibility, and the
optimum reverberation time according
to Uy, ST and AL . The values for
STl and AL
reverberation times for 100% speech

used to obtain the

intelligibility, correspond to “excellent”
and “very good” in their respective
subjective intelligibility scales. The
reverberation times listed in Table I are
for a frequency band that represents the
room acoustical conditions that are
important for speech intelligibility, e.g.,
the 1-kHz band.

The range of reverberation times
for 100% speech intelligibility varies
according to each speech metric
considered. This is due to different
articulation tests used to derive each
metric, and in the case of STI and
AL cons, also due to a rather arbitrary
way of establishing the cut-off values in
their respective subjective speech
intelligibility scales. Both factors also
influence the different values for the
optimum reverberation time as given
by each speech intelligibility metric.

Table I shows that for quiet

classrooms, with L — LSplm values in
the range between -30 and -25 dB, the
optimum reverberation time according
to ST1 is 0.4s, whereas according to Us,
the optimum reverberation time is 1.0
s. According to AL o the
reverberation time varies from 0.4 s to
1.1 s. This analysis does not lead to
precise and unambiguous indications
for optimum reverberation times.
However, a reverberation time of 0.4 s
is the longest reverberation time that
gives speech intelligibility of 100%
unanimously by the three speech
metrics.

With respect to the effects of
background noise on speech
intelligibility, Table I shows that for L
- LSplm values of -30 and -25 dB, speech
intelligibility of 100% would be
achieved according to the three speech
- LSplm equal to -20 dB,
and according to STI and AL cons,

metrics. For L

speech intelligibility of 100% is only
achieved in 100 m?3 classrooms, whereas
according to U50 speech intelligibility
of 100% would be achieved in
classrooms up to 500 m*. For L _—L
equal to —15 dB, Us, indicates that
speech intelligibility of 100% is still
possible in classrooms up to 500 m?,

splm

whereas according to STI and AL
speech intelligibility of 100% is no
longer possible in classrooms. For L —
LSplm equal to —10 dB, only U50
indicates that speech intelligibility of
100% is still possible in 100 m?
classrooms. The reason why U50 is less
restrictive to the influence of
background noise on speech
intelligibility is due to the fact this
metric was validated by the Fairbanks’
Rhyme Test, which is considered a very
simple type of articulation test.
However, speech intelligibility of 100%
is unanimously indicated by the three
speech metrics with the highest L -
LSplm value of —25 dB. Based on this
criterion, the maximum background-
noise level for classrooms would be 25 dB
below the voice level measured at 1 m in
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front of the talker. A survey of voice
levels reported in the literature [1],
found that an anechoic voice level of 63
dB(A) at 1 m in front of the talker can
be considered as representative of the
average voice level produced by
teachers in classrooms for children.
This would correspond to a maximum
background-noise level for classrooms
of 38 dB(A).

4. Summary and conclusions
The present work had the objective of
determining the reverberation time and
the maximum background-noise level
for classrooms for best speech
intelligibility conditions. This was
accomplished by a comparative study of
three speech intelligibility metrics,
under the assumption of a diffuse sound
field with ideal exponential decays. Due
to the fact that the speech metrics
considered by the present study were
validated using different articulation
tests, it is shown that they may lead to
different speech intelligibility results
for the same room acoustical
conditions. One of the consequences
was that the reverberation for best
speech intelligibility conditions in
classrooms could not be determined
unambiguously. However, a
reverberation time of 0.4 s gives speech
intelligibility of 100% unanimously by
the three speech metrics considered.
The present results indicate that the
maximum background-noise level for
classrooms should be 25 dB below the
voice level measured at 1 m in front of
the talker.
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Noise induced hearing loss down, VWF up
Numbers of new Department of Social Security’s Industrial Injuries

Scheme (IIS) cases of noise-induced deafness have been declining steadily

since the mid-1980s, while the number of new IIS cases of vibration white
finger was just over 3,200 in 1999/00 and has been between 3,000 and 3,300
in each of the past five years. Most cases are in ex-miners, whose propensity

to claim has been boosted by civil litigation settlements.

speech intelligibility

noise notes volume 1 no. 4



