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ABSTRACT

Detailed acoustical measurements were made in 41 active elementary school
classrooms near Ottawa, Canada to obtain more representative and more accurate
indications of the acoustical quality of conditions for speech communication during
actual teaching activities. This paper describes the room acoustics characteristics and
noise environment of 27 traditional rectangular classrooms from the 41 measured rooms.
The purpose of the work was to better understand how to improve speech communication
between teachers and students. The study found that on average the students experienced:
teacher speech levels of 60.4 dBA, noise levels of 49.1 dB and a mean speech-to-noise
ratio of 11dBA during teaching activities. The mean reverberation time in the occupied
classrooms was 0.41 s, which was 10% less than in the unoccupied rooms. The
reverberation time measurements were used to determine the average absorption added
by each student. Detailed analyses of early and late-arriving speech sounds showed these
sound levels could be predicted quite accurately and suggest improved approaches to

room acoustics design.

PACS numbers: 43.55.Gx, 43.55.Hy
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I. INTRODUCTION

There have been many published studies of acoustical conditions in classrooms
and a recent review [1] summarised the trends from many of these. Measurements of
classroom noise levels were found to be highest for classes of the youngest children
varying from means of about 60 dBA for kindergarten (5 year olds) to approximately 50
dBA for grade 12 classrooms (17 year olds). Fewer measurements of teachers’ voice
levels, as heard by the students, were found and these varied from about 50 to 65 dBA,
tending to decrease with increasing age of the students. Reported measurements of

classroom reverberation times were mostly in the range between 0.4 and 1.2 s.

In an earlier study, Houtgast [2] determined from classroom measurements that a
signal-to-noise ratio of 15 dB was desirable for good communication in classrooms. This
was confirmed by acoustical measurements and related speech intelligibility tests in 10
classrooms by Bradley [3]. The mean measured reverberation time in the 10 classrooms
was 0.7s (‘at 1 kHz) and ambient noise levels (in occupied classrooms without student
activity) varied from 38 to 45 dBA. He also reported values of various room acoustics
parameters and related intelligibility scores to combinations of reverberation time and

signal-to-noise ratios as well as to useful-to-detrimental sound ratios.

More recently Iannace et al. [4] published results for schools exposed to high
outdoor noise levels with indoor background levels of 51 to 61 dBA and early decay
times of 1.2 to 1.5 s. Another study of Italian schools [5] found similar quite reverberant
conditions. More adverse conditions were also reported by Losso et al. [6] in Brazilian

classrooms. They reported ambient noise levels varying from 51 to 70 dBA and
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reverberation times ranging from 1.1 to 1.7 s. Results from Japanese schools indicated
shorter reverberation times of 0.2 to 1.0 s [7, 8] and ambient noise levels between 22 and
59 dBA [8]. Ueno et al. [9] reported 30 s Leq values for various activities in Japanese
schools varying from 45 dBA for ‘moral education’ to over 80 dBA for musical
activities. A recent US study [10] also reported less extreme results with ambient noise
levels varying between 38 and 55 dBA (unoccupied) and reverberation times from 0.3 to

1.1 s (occupied).

While the published results represent a very wide range of conditions, few
provide information on the acoustical conditions in occupied classrooms. Almost all
reported that ambient noise levels exceed current recommendations such as those in the
ANSI S12.60 classroom acoustics standard [11]. There is an obvious lack of information
on what really matters, that is, the conditions in active classrooms, and there are strong
indications that most classrooms have serious acoustical problems (usually in the form of
excessive background noise levels). There is a clear need for better information on
acoustical conditions in classrooms when they are occupied and in operation. It is only by
studying active classrooms that we can optimally refine our estimates of the required

acoustical criteria for classrooms and learn how best to achieve these criteria.

I1. Room acoustics measurements in classrooms
A. Measured classrooms

In this project, 41 classrooms were investigated including 16 grade 1, 12 grade 3

and 13 grade 6. Of these, 30 conventional rectangular shaped classrooms were measured
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to determine room acoustics properties and noise levels in unoccupied conditions. Of the
30 classrooms, 27 were also successfully evaluated when occupied to determine teachers’
voice levels as well as occupied noise levels and room acoustics properties. Data from 8
other classrooms with non-rectangular shapes, and which were in open-plan schools,

were excluded from the current analyses.

B. Room acoustics measurement procedure

Room acoustics quantities were obtained from impulse response measurements in
occupied and unoccupied classrooms. A sine sweep signal (covering the 6 octave bands
from 125Hz to 4kHz) was used to obtain the impulse responses and was radiated into the
classroom from a small loudspeaker with directional properties similar to a human talker.
The loudspeaker was set 1.5 m above the floor at the front of the room where the teacher
would frequently stand. Sound level meters, with digital wireless transmitters, were
located 1.2 m above the floor at 4 locations evenly distributed among the seated students
in each classroom. The outputs of the digital receivers were fed to an 8 channel sound
card (Echo Layla 24/96) and processed on a laptop PC. The validity of the new
measurement software was determined by comparison with our previously validated

RAMSoft-3 room acoustics measurement software [12].

C. Results of room acoustics measurements

1. Reverberation time, Early Decay Time and Clarity in occupied and unoccupied

classrooms
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It is important to know room acoustics properties for both occupied and
unoccupied classrooms to be able to determine the effects of students including the sound
absorption that they add to the room. Table 2 shows reverberation times (7%), early decay
times (EDT), and early-to-late energy ratios (Csp) for both occupied and unoccupied
classrooms. Results are given for the octave bands from 125 Hz to 4k Hz and also for a
double-octave band representing mid-frequency results and including the 500 and 1k Hz
bands. Because the loudspeaker used had directional characteristics similar to a human
talker, these measured values should be representative of conditions in the classrooms
when the teacher is talking. Reverberation times were calculated by backward
integration of the octave band filtered impulse responses and using the -5 to -35 dB range
of the decay as recommended in ISO3382 [13]. More than a 45dB difference between
the initial level and noise floor was found for all measured impulse responses and all

octave bands.

For the unoccupied classrooms, mid-frequency reverberation times varied from
0.3 to 0.7 s with a mean of 0.45s. When the classrooms were occupied, reverberation
times were decreased by approximately 10%. Early decay times also indicated similar
results, but early decay times sometimes exceeded reverberation times due to strong
flutter echoes observed in some classrooms. Furthermore, Cs, values increased on
average by 1.34 dBA when the rooms were occupied compared to the unoccupied
conditions. This improvement consisted of a 0.49 dBA (S.D. = 0.54) decrease of early-
reflection energy (including the direct sound) and a 1.84 dBA (S.D. = 0.79) decrease of

late-arriving energy.
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2. Sound absorption of students in classrooms

The sound absorption of the students was determined from the measured occupied and
unoccupied reverberation times. For each condition, the total sound absorption was

calculated using the Sabine equation (equation (1)).
A=0.16V/Ts )]

Where A is total sound absorption (mz), V is room volume (m3), and Ty is the

reverberation time (s).

Fig. 1 shows the relationship between sound absorption at mid-frequencies (i.e. in
the double-octave band of 0.5 and 1kHz) for the occupied and unoccupied classrooms.
These values were obtained from the measured reverberation times, room volumes and
using equation (1). Each point is the room average of the 4 measurement points in one
classroom. The regression line shows that occupied rooms have on average 5.83 m” more
sound absorption than the unoccupied rooms. The mean number of children in each
classroom during the room acoustics measurements was 20.6 and hence the absorption
per child was 0.28 m?” for the 500 and 1 kHz double-octave band. Table 3 also presents

the sound absorption of the children in each of the 6 octave bands.

Because the sound source had directional characteristics similar to a human talker
and classrooms may not have completely diffuse sound fields, these data should
realistically represent the added absorption of children in real classrooms. As Table 3
shows, sound absorption per student is lowest in the lowest two octave bands and highest
in the 1 kHz band. The standard deviations are large because of variations among the

rooms and differences in the distribution of children in the rooms relative to the positions
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of the measurement microphones. These estimates of the absorption added per student,
obtained from the differences of the mean sound absorption values in each octave band,
should give values representative of the acoustical effect of children in this type of

elementary school classroom.

3. Measured values of Strength (G) and their calibration

The sound strength, G, can be measured using a calibrated sound source, as the
logarithmic ratio of the sound energy (integrated sound pressure squared) of the measured
impulse response to that of the response of the same source measured at a distance of 10
m in a free field [13]. Strength is an important parameter that indicates how much the
reflected sounds in the room enhance the direct sound from a source and increase the
speech levels heard by students in classrooms. Here results for the mid-frequency range,
obtained from the double-octave band including the 500 and 1k Hz octaves, are assumed
to be important for speech. In addition to G values obtained from the complete impulse
response, Gso values for the initial 50 ms of the impulse response and Gy values for the
remaining part of the impulse responses were also determined (as described in [14]).
Finally, the G value for the direct sound component, Ggirect Was also determined to help in
the calibration of the sound source. These are indicative of the relative levels of the direct
sound (Guirect), direct and early-arriving sound (Gsp), and late-arriving sound (Giae). The
boundary between early reflections and late-arriving sound was 5S0ms after the direct

sound arrival.

The sound power level of the sound source for the measurements was not

successfully measured at the time of the classroom measurements and the following
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process was used to later calibrate the output of the source. First, the directivity pattern of
sound source was measured in 5 degree intervals in 3 dimensions. Second, typical
relationships between the locations of sound source and the microphones in the
classrooms were estimated by the following steps: 1) Use the mean floor dimensions of
classrooms ( 9.3 m width and 7.7 m depth). 2) Microphones were typically set in the
middle of each quarter of the seating area of the classroom and the sound source was
located on the center line and 0.5 m away from front wall of the classroom. 3) From the
floor dimensions, the mean angle from the central axis of the source to the two front
microphones was estimated to be +50 degrees and 22 degrees for the two rear
microphones. 4) The height of the microphones were always 1.2 m and that of sound
source 1.5 m and this height difference gives a mean vertical angle of 5.7 degrees with a
S.D. of 1.6 degrees. This variation of the vertical angle would only lead to variations of
the direct sound level within a 0.2 dB range. 5). The direct sound was selected from
measured impulse responses using a 1 ms (44 points) time window from the peak of
direct sound followed by a linear fade out for the next 1 ms (44 points). The direct sound
energy was calculated from this windowed segment of the impulse response and
including the initial part of the impulse response before the arrival of the direct sound.
That is, the initial part of the impulse response and a further 88 points starting from the
peak of the direct sound arrival were included. Measurements in an anechoic room
confirmed that this time window did not decrease direct sound energy in the 500 and 1

kHz double-octave band.
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Since the same equipment and the same output sound levels were used in all
classrooms, the sound power of the test signal was the same for all measurements.

Microphones were calibrated at the beginning of measurements in each classroom.

The sound power level of the sound source was estimated by the following
procedure: 1) The measured impulse responses were divided into two groups, those from
the two closer microphones nearer the front of the classrooms and those from the two
microphones nearer the rear of the classrooms. 2) Next, relative values for Ggirect Were
determined for all impulse responses. 3) Then the free field sound pressure levels (direct
sound) were calculated for all measurement positions: for front microphones (horizontal
angle, £50 degrees), and for the rear microphones (horizontal angle +22 degrees), and in
all cases the vertical angles were calculated as a function of distance. 4) Determine the
sound power level that minimizes the difference between free field calculated levels and
measured direct sound levels. The least squares error fitting included all front and rear
microphones at the same time. 5) The sound power level of the measurement source was

estimated as 38 dB in the 500 and 1 kHz double-octave band.

This procedure was confirmed by new measurements with the same equipment in
a meeting room with size and acoustical characteristics similar to the classrooms. For the
meeting room measurements, the sound power level of the sound source was measured
(in a reverberation chamber) and the calculation described above was again performed. In
the meeting room the horizontal angle of the 6 microphones positions relative to the
central axis of the sound source were measured and varied between 16 and 26 degrees.
Both the horizontal and vertical measured angles were used for the estimation. The mean

estimated sound power level was 0.73 dB more than the sound power level measured in
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the reverberation chamber. Both estimated (y) and measured (x) sound pressure levels at
the 6 measuring positions in the meeting room were well correlated (y = x-0.73) with r =

1.0, p < 0.001.

Fig. 2 presents the relationship between estimated Guirect, calculated for free field
conditions with O = 1.83 (equivalent to assuming an average angle for the directivity
index of 38.7 degrees from on-axis) and measured Ggirect- Equation (2) and equation (3)
give the procedure for calculating Ggirect- The relative energy of the direct sound dr is
proportional to the directivity index (Q) and inversely proportional to the distance

squared. That is,

dr=1000/d%, (2
Gdirect = 1010g(d”), dB (3)

Where: d is the source-receiver distance (m) from sound source to the receiver.

The value of O = 1.83 was obtained by least squares regression analysis of the
differences between the Ggirect Values, measured in the classrooms and those predicted for
free field conditions, as a function of Q values. This was done because the exact angles
from the source to each receiver in the classrooms were not known and only approximate
average angles for front and rear microphones were available. The value of O = 1.83 is
used throughout all further analyses of the classroom data in this paper. The scatter in the
plots of the classroom data represents the individual differences between the actual Q

values and the average best fit values of O = 1.83.
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4. Modification of Barron’s Revised theory for classroom acoustics

Barron and Lee [15] developed their revised theory for sound levels in concert
spaces by calculating energy sums for the early (direct plus first 50 ms) and late parts of
the sound reflections in impulse responses. Marshall applied the theory to predict Cs
values for speech intelligibility [16]. In this section, energy sums of the early and late
parts of the sound reflections in the impulse responses measured in the classrooms are

compared with those predicted using Barron’s Revised theory.

As Barron and Lee proposed, three components of the relative sound energy are
estimated: the direct sound (dr), the early reflected sound (up to 50 ms after the direct
sound arrival, er), and late-reflected sound (more than 50ms after the direct sound arrival,

[). They produced the following equations to predict er and [ values:

er = (3 1200T60/V)e—0.04d/T60 (1 _ 6—0.05013.82/T60 ) (4)

[ = (312()()T60/V)e—0-04d/Tﬁoe—0.05-13.82/1;,0 s

. . . . 3
Where: d, source-receiver distance (m), Ty reverberation time (s), V, room volume (m”).

The mean values of V and Ty, of the measured classrooms (V = 198m®, Ty = 0.41s) are

used to calculate G values according to Barron’s revised theory.
Strength G of each component is as follows;

Ger = 10log(er), dB (6),

where G, is the G value for the early reflected sound.
Gso = 1010g(dr+ er), dB (7)

Giae = 10log(l), dB ()
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Giotal = 10log(dr+er+l), dB )

Because measured and predicted Gyirect Values are well related and both Gsp and Gy are
the result of summation of components of the reflected sound and the direct sound, G,
and Gy are selected to compare measured and predicted values from Barron’s revised
theory. Fig. 3 presents G, and Giae values as a function of distance and compares

measured and predicted values of each.

In the revised theory, both G, and Gy have the same slope with distance as
equations (4) and (5) show. Because G, values are less scattered than Gi, values, and
because Giae depends on G, the matching of the prediction line and the regression line

for G, values is examined.

The equation for the regression line for G, versus distance in Fig. 3 is,

G =-0.84d+18.6 (r=0.62, p<0.001) (10)

The following regression equation fits the predicted values from Barron’s revised

theory for mean V and 7, with distance d varied from 1 m to 10 m in 0.5 m intervals,

Ge=-042d+ 172 (r=1.0p<0.001) 8))

Comparing these two equations, the slope of the regression line for the measured
data in equation (10) is twice that of the revised theory (i.e. —0.84 compared to —0.42). If
the slope of the early reflection energy term in Barron’s revised theory is modified by a
factor of 2, the average difference in measured and predicted values is 1.34 dB for G,
values and nothing for Gy, values. Doubling the slope of the early-reflected energy and
adding a constant of 1.34 dB results in the following modified versions of equation (4)

and equation (5).
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er' = (3 1200T60/ V)€_0‘04d.2/T60 (1 _ 6—0.05013.82/T60 ) ° 101.34/10 Ay

lv — (3 12OOT6O/ V)e—0.04d'2/7},06—0.05013.82/7})0 (5)’

The result of these modifications adjust both of the prediction lines in Fig. 3 to be
almost the same as the regression lines for the measured G, and Gy values. The
modifications indicate that the early reflection energy decreases twice as rapidly with
distance than the revised theory predicts. Barron and Lee noted that the slope is steeper in
highly diffuse sound fields [15]. In the measured classrooms, floors were usually covered
with chairs, desks and other furniture. The walls were usually covered with posters,
cabinets and bookshelves. These would make the sound fields of classrooms more diffuse
with more scattered early arriving sound. The possible reason for 1.34 dB addition is the
difference in room size between classrooms and auditorium spaces and/or the directivity
of the sound source. To explain these differences requires further detailed study which is
beyond the scope of this paper that aims to describe the general trend of acoustical

conditions in the measured classrooms.

Because the early and late parts of the reflected sound energy are well estimated
by the modified revised theory, Gsy and Gioa predictions are also in good agreement with

measurements when the modification is applied to the revised theory.

Using the various values measured in the classrooms in conjunction with equation
(4)’ and equation (5)’, makes it possible to predict, Ger, Gso, Glaee and Gioal quite
accurately. That is, values of er’ and [’ are used instead of er and /. Fig. 4 shows
measured versus predicted values of each of these four G values and hence validates the

modification to Barron’s revised theory. All of parts of Fig. 4 show a diagonal line given
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by y = x and all of the measured values are highly significantly correlated with the
predicted values (p<0.001). The r.m.s. error of the estimate in each part of Fig. 4 are all
about 1dB. It is clear that the modified version of Barron’s revised theory can be used to

accurately predict conditions in these classrooms.

Fig. 5 shows predictions of various sound strength components (G values) using
the modified version of the revised theory and as a function of source-receiver distance
(d). For the predictions, mean values of Vand T (V = 198m°, Ty = 0.41s) for measured
classrooms were used. For distances greater than about 5 m, the direct sound is lower
than the late-arriving sound (Gaee) and and Gsp and Gy values tend to decrease in
parallel as distance increases further. It is at these more distant listening positions that
the useful speech sound (as measured by Gsp) is closest to the detrimental late-arriving
speech sound (as measured by Gi,e). The most important room acoustics improvements
to conditions for speech in the classroom could be achieved by reducing the late-arriving

sound levels to extend better conditions to a larger portion of the classroom.

4. The relationship between early-arriving sound and reverberation time

In the previous section, the modified version of Barron’s revised theory was
shown to predict well both early and late-arriving components of the measured impulse
responses from reverberation time, source-receiver distance and room volume as shown
in Fig. 4. Fig. 5 shows the general trends of the variation of the sound strength
components with source-receiver distance using the mean room volume and reverberation
time. Because optimum reverberation time is a key issue for classroom acoustics, the

effects of reverberation time on each of the sound strength components was examined by
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using the modified version of Barron’s revised theory. For these investigations, three

distances (d=2,4,and 6 m), O = 1.83 and V = 198 m’, were used.
The effect of reverberation time on early sound components

It is well known [17] that early-arriving reflections of speech sounds reaching the
listener within 50 ms after the arrival of the direct sound are useful because they can help
to increase the effective signal-to-noise ratio and hence the intelligibility of the speech.
Gso measures the relative energy of the direct sound and useful early-arriving reflections.
As Fig. 5 shows, Gs is strongly related to the distance (d). Fig. 6 plots calculated Gsg
values versus reverberation time for r = 2, 4 and 6 m. Gso changes dramatically when
reverberation time increases from 0.2 to 0.6 s and especially at the 6 m distance. This
means that a room with shorter reverberation time will be lacking in early reflection
energy (i.e. lower Gs) at positions farther from the teacher where the early reflection

energy would be most helpful to add to the weaker direct speech sound.

The authors have previously demonstrated the importance of early reflections and
used the early reflection benefit (ERB) to assess their effectiveness [17]. ERB is given by

the following,
ERB = GSO - Gdirect (12)

ERB is the relative increase in early arriving sound caused by the early reflection
energy arriving within 50 ms after the direct sound arrival and expressed relative to the
direct sound strength. Barron referred to this same concept as an early reflection ratio
[18]. Fig. 7 shows how ERB values increase with increasing distance and that this trend is

the same as in the authors’ previous study [17]. Very steep changes in ERB values are

Running title: acoustical conditions in classrooms



H.Sato and J.S. Bradley, J.Acoust Soc. Am, page 17

found at very short reverberation times and especially for d = 6 m. This means that early
reflections can be most helpful for enhancing teachers voice levels at positions further
from the teacher. For the mean measured reverberation time of 0.41 s, ERB values of up
to 7 dB are expected according to Fig. 7. That is, a classrooms with the average
reverberation time for a listener located 6 m from the teacher, the voice level of the
teacher would be enhanced 7 dB by the expected early arriving reflection energy.
Increasing the classroom reverberation time from 0.2 s to 0.4 s, for the same 6 m distance,
would increase effective voice levels by about 4 dB. These predictions, based on the
measurements in the 30 classrooms analyzed here, make it clear that very short
reverberation times should be avoided so that the room can usefully enhance teacher

voice levels and help to reduce voice strain for teachers.

The effect of reverberation time on late-arriving reflections

The late-arriving sound energy is relatively more diffuse than the early-arriving
sound and Gy, values do not correlate well with distance as seen in Fig. 3. However, Giye
values are expected to correlate well with reverberation times. The relationship between
reverberation times and Giae values is presented in Fig. 8 for 3 source-receiver distances.
Fig. 8 shows that Gy, values vary little with distance and vary more with reverberation
time. Because Gy values have a steeper rate of change when plotted versus
reverberation time than the early components (Fig. 6), shorter reverberation times lead to
higher early-to-late arriving sound ratios. This is confirmed in Fig. 9 that shows how Csg
values decrease with increasing reverberation time. Fig. 9 indicates that C50 values will

have their highest value for Tso = 0 s, which may lead to suggestions that 7o = 0 s is the
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optimum reverberation time. This is incorrect because one must also consider how these
room acoustic effects combine with speech and noise levels to determine speech

intelligibility scores. This is discussed later in this paper.

I1I Speech and noise level measurement during active classes

It is very important to know the levels of teachers’ voices and classroom noises
during actual teaching activity. It is the resulting signal-to-noise ratios that will determine
how intelligible the teacher’s speech will be to the students. To obtain the basic
information, background noise levels were first measured in each octave band during
impulse response measurements in occupied and unoccupied classrooms under conditions
without any student activity. Table 4 presents the measured octave band noise levels. The
average noise levels in the unoccupied classrooms were more than the 35dBA
recommended by ANSI S12.60 [11]. Two of the classrooms had slightly lower average
ambient levels for unoccupied conditions with averages of 34.8 and 33.0 dBA. In all

others ambient noise levels exceeded 35 dBA.

A. Speech and Noise Level Measurements in Active Classrooms

Recordings of speech and noise levels in active classrooms were successfully
completed in 27 rectangular shaped classrooms. The instruments used for the recording
were the same as for the sound receiving part of the impulse response measurement
system. Sound recording software (CoolEdit Pro Ver.1.5) was used for the PC based

recordings using 16 bit integers and a sampling rate of 44.1 kHz. Typically 15 to 20
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minutes of a teaching activity in which the teacher talked quite frequently to the children

were recorded.

The processing of the recorded speech and noise levels first calculated A-
weighted sound levels for each 200 ms interval of the recorded classroom sounds.
Distributions of these levels were used to estimate separate speech and noise levels as
suggested by Hodgson [19]. Two normal distributions were fitted to each histogram of
the combined A-weighted levels. One distribution identified the noise and the other the
teachers’ voice levels. In some cases, Hodgson describes using 3 distributions (to identify
speech, ventilation noise, and student activity noise) for university classroom
measurements, but only two distributions were used in the present study because the main
purpose was to measure teachers’ voice levels relative to all other sounds. In addition, the
activity noises of children in elementary schools have a wide range of levels and are
difficult to differentiate from other noise sources with this technique. Fig. 10 describes

the fitting of two normal distributions to the recorded combined speech and noise levels.

This technique could not be applied to the seven open-plan classrooms. Because
of poor isolation between adjacent classrooms, wanted and unwanted speech sounds
could not be separated using this technique. That is, frequently the voice level of the
teacher in the next classroom was of a similar level to the voice of the teacher in the
classroom being measured. These analyses were completed for 27 of the enclosed

rectangular classrooms.

B. Results
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1. Noise levels and teachers’ voice levels in active classrooms

Fig. 11 presents distributions of the measured speech and noise levels for 108 cases (4
microphone positions x 27 rooms). For this data the mean speech level was 60.4 dBA

(S.D. =4.4 dBA) and the mean ambient noise level 49.1 dBA (S.D.= 4.3 dBA).

2. Speech-to-noise ratios in active classrooms

The distribution of mean speech-to-noise ratios in the 27 classrooms is shown in
Fig. 12. These results ignore variations with time within each recording and average over
the 4 measurement positions in each classroom. Fig. 12 shows that in these results only
6.25% of the active class situations satisfy the S/N > 15dBA requirement for 12-13 year
old children to get near perfect word recognition scores [3]. The standard deviation of
speech-to-noise ratios is smaller than for the noise and speech levels. This suggests that
teachers’ voice levels tend to increase with increasing noise levels as would be predicted

by the Lombard effect [20].

IV. DISCUSSION

1. Estimation of voice levels 1 m from the teachers’ mouth and evidence of the

Lombard Effect

The corresponding free field speech level 1m from the talker, was estimated from the
impulse responses and the distance from the measurement loudspeaker to each
microphone. The effect of sound reflections was estimated by subtracting the direct
sound energy from total energy of the impulse response. The direct sound energy was

calculated as described Chapter II Section 3. This process assumes that the teacher
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always talked from the same position as the location of the measurement loudspeaker.

These calculations were carried out for the results of the A-weighted speech levels.

The mean voice level of the 27 teachers was estimated to be 65.3 dBA for a
position 1m from the mouth of the teacher in a free field and the standard deviation of
these voice levels was 3.69 dBA. The average difference between the highest and the
lowest voice levels, from the 4 measurement positions in each classroom, was 2.8 dBA,

varying from a maximum of a difference of 12.5dBA to a minimum of 0.6 dBA.

The average voice level of 65.3 dB corresponds to being between Pearsons’
categories [21] for ‘Raised’ and ‘Loud’ speech for female talkers. (Most but not all
teachers were female). Pearsons also reported that teachers’ voice levels were 62 to
66dBA at positions near the front of classrooms (2 m). If one adjusts our result to an
increased distance of 2 m (-6 dB) and adds on the expected increase due to room
reflections (+2.89 dB) our mean voice level would approximate 62.1 dBA at2 min a

classroom, which is in the range reported by Pearsons et al.

Fig. 13 shows the relation between room-average speech and noise levels. They
are well correlated (correlation coefficient, r = 0.82, p < 0.001). These speech levels,
obtained by the distribution technique, were the average of measurements from the 4
individual measurement points in each classroom. The increasing teacher voice levels
with increasing noise levels shown here, are an example of the Lombard effect. Lane and
Tranel found a 0.5dB increase of speech level per 1dB increase of noise level [20] and
Pearson’s found 1dB increase of speech levels per 1dB increase of noise level [21]. Fig.

13 shows a 0.75dB increase of speech level per 1dB increase of noise level.
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2. Variations of speech-to-noise ratios in active classes among grade levels

Table 5 presents speech levels, noise levels and speech-to-noise ratios (SNR)
averaged over the results for each grade level and obtained from recordings of teaching
activities. There are not large differences between the results for the three different grades.
The speech level and SNR of the grade 3 group is a couple of dB higher than the other
grades because there was one especially loud voiced teacher in this group. The S.D. of
SNR of grade 1 classes is smallest even though both the speech levels and noise levels for
the grade ones have the largest standard deviations. This suggests that teachers of the
grade 1 classes better controlled their voice level relative to the ambient noise level than
the other teachers. As Fig. 13 demonstrated, speech and noise levels are correlated due to
the Lombard effect. Grade 1 children may be distracted by noise more easily than older
students and this may be evidence that teachers of the grade 1 students try harder to keep

their attention by adjusting their voice levels to the ambient noise level.

3. Comparison of background noise levels in active classrooms with those in inactive

classrooms

Fig. 14 shows the relation between noise levels in active classrooms and those in
the same classrooms for quiet but occupied conditions. On average, in the active
classrooms, the noise generated by children increases the noise level by 5 dBA and the
increases vary up to a maximum of 10 dBA relative to the occupied levels in the same

classrooms without student activity.
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There is an obvious trend in Fig. 14 for the student activity noise levels to
increase with increasing ambient noise levels in the rooms without any student activity.
This is another example of the Lombard effect. Most of the student activity noise was low
level talking among the students. The level of this chatter increases with the general level
of ambient noise in the room. That is, the children talk loud enough to be heard over the
ambient noise from other sources such as heating and ventilating equipment or sounds
from adjacent spaces. Thus reducing the ambient noise levels as measured in the
unoccupied conditions is expected to also reduce the levels measured in active

classrooms.

Student activity noise can also be reduced by controlling the student activities
generating the noise. It is therefore very important that teachers appreciate the importance
of controlling student activity noise when important information is to be orally
communicated. Since most of the noise from the students will arrive as direct sound or
early reflections, adding sound absorbing material in the classrooms is not likely to be

particularly effective for reducing student activity noise.

4. The combined effect of room acoustics and background noise

Useful-to-detrimental sounds ratios (Uso(A)) values depend on both the speech-to-
noise ratios and measured Cso values. Fig. 15 shows the distribution of A-weighted
useful-to-detrimental sound ratios, Uso(A) calculated from A-weighted Csp and A-
weighted speech-to-noise ratios obtained during the recorded teaching activities. (The
relation between Cso(mid) and Csp(A) is Cso(A) = 0.98*Csp(mid) + 1.9, 1 =0.92, p <

0.001).
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Fig. 16 shows the relationship between Uso(A) values and SNR values. The scatter
in the plot is due to room acoustics effects that are reflected in Uso(A) values but not in
SNR(A) values. The grey triangles in Fig. 16 were measured in rooms in which 75y was
greater than 0.55s. These rooms had painted concrete ceilings and walls. Such relatively
longer reverberation times cause the obvious reduction in Usy(A) values by about 2 dBA
relative to other rooms with similar SNR values. Because the results in the current
analyses include only A-weighted SNR values obtained from the distribution technique,
further work is required to obtain signal-to-noise ratios in octave bands and other
measures combining signal-to-noise ratios and room acoustics factors, such as the Speech

Transmission Index [22].

The mean Usy(A) value in these classrooms is expected to correspond to a 97%
speech intelligibility score and a 24% listening difficulty rating measured using a rhyme
test with young adult subjects [23]. Of course lower scores are expected for the young
children in the current study and intelligibility scores will be presented in a second paper.

Mean SNR(A) and mean Usy(A) are 11 dBA and 8.4 dBA respectively.

5. Relationships between room acoustics factors, speech and noise levels

The measured speech levels of teachers in the active classes did not correlate
significantly with ERB values (r = -0.085, n.s.). Speech levels were only weakly related
to Csp values (r = -0.34, p<0.01.) and reverberation times (r = 0.48, p<0.01) because of
the effect of reverberation time on late-arriving speech energy. These weak relationships
are of course largely due to the limited range of acoustical conditions found in the

measured classrooms. Similarly, noise levels were not related to ERB values and were
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weakly correlated with Csp values(r = -0.24, p < 0.05) and reverberation times (r = 0.33, p
< 0.01). The measured noise level can be predicted as 15.7 times the reverberation time
plus 42.7dB. However, the r.m.s. error for the prediction of noise levels from
reverberation times is + 4.11 dB and the correlation coefficient is small. This estimation

is not practically useful.

Even though very short reverberation times are sometimes recommended [24] to
control noise levels, the new results in this study suggest that values between 0.3 and
0.6 s have no significant effect on noise levels. That is, adding absorption would not be
expected to reduce these noise levels. This indicates that noise levels are mostly due to

the direct sound and early reflections from the noise sources.

This is illustrated by Fig. 5, which indicates that for a noise source, the direct
sound and early reflections of the noise source would be dominant. Hence, adding
absorption to reduce the later-arriving sound will have little effect on the total noise level.
In the classrooms, the late-arriving reflections of noise sources, as indicated by the low
Guaee Values, are not so important even though they are related to measured reverberation

times. Noise control should be focused on the sources of the noise.

Fig. 5 shows how the early part of the sound energy (Gso) decreases rapidly with
increasing distance and how G, values are more gradually reduced with increasing
distance. It is therefore at larger distances that the detrimental late arriving speech sounds
are most likely to interfere with the useful direct and early-reflected speech sounds. The
result is seen in the rapidly decreasing Cso values with increasing distance shown in Fig.

0.
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Determining an optimum reverberation time for a classroom must include
consideration of a number of factors. Increased reverberation times will have a negative
effect on speech intelligibility because of the related decreases in Csy values. At the same
time increased reverberation times will lead to increased intelligibility because of the
increasing levels of early arriving speech sounds (Fig. 6). In general such increases in
reverberation times will have little effect on the ambient noise levels largely produced by
the students and so the effective speech-to-noise ratios will increase with increasing
reverberation times. However, at some point increasing reverberation times will lead to
large increase in late arriving speech sounds and much larger Gy, values. The
combination of these effects is best understood by calculating the related useful-to-
detrimental sound ratios (e.g. Uso(A)) that combine all of the important parameters
influencing the expected speech intelligibility into a single measure. This is discussed in

the following section.

6. Optimum reverberation time for classrooms

Classrooms are often designed to meet an optimum reverberation time goal.
However, the calculated results in Fig. 5 illustrate, that ideal room acoustics for speech
might be more directly achieved by designing to ensure that Gsy values are sufficiently
larger than Gy, values at more distant listening positions in classrooms. The
intelligibility of speech is degraded when the late-arriving speech sound begins to mask
the direct and early-arriving speech sounds. Sound absorption treatments should be

designed to reduce late-arriving sound levels sufficiently at locations where students will
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be located. Although late-arriving sound levels are related to reverberation times, they are

also related to room volume and source-receiver distance.

Fig. 5 also shows that when students move closer to the teacher, the negative
effects of reverberant sound are minimized. Moving closer does not reduce the
reverberation time; it reduces the relative importance of the late-arriving speech sounds
that are detrimental to speech intelligibility. Practical application of this solution was
found in the classrooms for the grade one students who frequently sat in a circle close to

the teacher while the teacher talked to them.

Fig. 17 illustrates an approach to the acoustical design of classrooms that would
aim to optimize conditions at a 6 m distance from the teacher. A 6 m distance is assumed
to represent the more distant listening locations in a typical elementary school classroom.
Fig. 17 shows how the early and late-arriving components of the speech level will vary
with reverberation time for an average classroom. The calculations used the mean
measured speech source level in classrooms (65.3 dBA), the mean level of background
noise (49.1 dBA), the mean room volume (V = 198 m3) and the modified revised theory.
The Figure also shows A-weighted useful-to-detrimental energy ratios (Uso(A)). It was
confirmed that the calculated A-weighted G Was very similar to the mean measured

Giotal at mid-frequencies from the data presented in Fig. 4.

The proposed design approach is to use information in the form of Fig. 17 to
select the optimum reverberation time as the one that maximizes Uso(A) values. Uso(A)
values are used because they combine the detrimental effects of late-arriving speech and
ambient noise relative to the useful direct and early-reflected speech sounds. For the case

of the average of the measured conditions, Fig. 17 suggests an optimum reverberation
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time of about 0.3s. However, reducing the reverberation time to 0.2 s or increasing it to
about 0.5 s only reduces Uso(A) values by slightly over 1 dBA and hence near ideal
conditions can be achieved over quite a broad range of reverberation time values. Of
course this analysis ignores the benefit of early reflections to listeners who are not
directly in front of the talker and for whom the direct sound would be diminished. For
listeners located where the direct sound is reduced, more early reflected sound energy and
hence somewhat increased reverberation times would be better. In no situation would 7o
= 0 s be the optimum reverberation time and very short reverberation times should be

avoided.

The reverberation time, which leads to the maximum useful-to-detrimental ratio,
varies when speech and noise levels are changed. Lower background noise levels allow
shorter reverberation times because adequate speech-to-noise ratios can be achieved with
the help of less early-reflection energy. The optimum useful-to-detrimental ratio will also
vary with varied voice level. The mean voice level measured in this study was 65.3 dBA.
A lower speech level would shift the optimum Usy(A) value to a longer reverberation

time to increase the early sound component.

Although the concept illustrated in Fig. 17 may be clear, there are a number of
details that need further investigation. The simple Uso(A) measure used here assumes a
particular combination of room acoustics and SNR values is best correlated with speech
intelligibility scores. Other combinations might be more successful. Although one
previous study concluded that a simple abrupt boundary at 50 ms for early speech energy
was appropriate [3], Lochner and Burger [25] originally proposed a more complex

procedure for weighting the importance of early reflections to speech intelligibility. The
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time window used to define ‘early-arriving’ sound needs further investigation. These
initial analyses have been in terms of A-weighted speech and noise levels and A-
weighted useful-to-detrimental sound ratios. Many studies have shown that using
frequency weightings more appropriate for speech intelligibility than A-weightings, leads
to better relationships with speech intelligibility scores. Finally, Kobayashi et. al have
suggested that a 55 dBA speech level can minimize listening difficulty ratings [26] and
might indicate a preference for lower speech levels from teachers in classrooms if noise

levels can also be lowered to maintain optimum SNR values.

V. Conclusions

In the measured classrooms, excessive noise levels were a much more significant
problem than poor room acoustics. Even in unoccupied classrooms measured ambient
noise levels were almost always greater than the 35 dBA recommend in ANSI S12.60. In
active classrooms (i.e. while the teacher was teaching) the average measured noise level
was 49.1 dB. Excessive noise levels make it impossible to achieve ideal signal-to-noise
ratios and near ideal speech communication conditions. From various previous studies in

classrooms (see the review in the Introduction) this is generally true for most classrooms.

Student activity is the dominant noise source in active classrooms even when the children
are quite well behaved. Student activity increases noise levels by an average of 5 dBA
and as much as 10 dBA in some classrooms. The noise levels measured in active
classrooms are related to those in classrooms without student activities. That is, because
of the Lombard effect the student noise, which is mostly due to talking, increases with the
general level of ambient noise from other sources. Therefore, it is very important for

unoccupied noise levels in classrooms to be very low. In addition, there is no evidence
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that added absorption would decrease these noise levels. The measured noise levels in
occupied classrooms are largely due to the direct and early-reflected sound from nearby
student activity and can only be controlled at the source. It is therefore important that
teachers appreciate the need to control student noise when important information is to be

orally communicated.

Teachers’ voice levels were similar to those previously reported by Pearsons and
the average measured teacher voice level would correspond to being between Pearsons’
categoreies for ‘Raised’” and ‘Loud’ speech for female talkers. Students experienced and
average speech level of 60.4 dBA from teachers and there is clear evidence that teachers
increase their voice level to overcome ambient noise as predicted by the Lombard effect.
In these classrooms, effective speech levels are enhanced by early reflection energy. The
new results give a better understanding of the inter-relationships of various room acoustic

parameters in classrooms.

The measurements found an average mid-frequency reverberation time of 0.41 s
and the reverberation times were about 10% greater in the unoccupied condition. By
combining the occupied and unoccupied reverberations times it was possible to determine

the average absorption per student in each octave band.

Detailed analyses of early and late-arriving sound levels showed that these could
be quite accurately predicted by a modified version of Barron’s revised theory for sound
levels in concert halls. The modifications are thought to adapt the theory to the acoustical

conditions typical of the elementary school classrooms that were measured in this work.

Analyses of early and late-arriving sound levels also suggest that the room

acoustics design of classrooms should aim to reduce late-arriving sound levels at more
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distant listening positions to acceptable values that are well below the levels of the useful
direct and early reflections of the speech sound. This would more directly ensure
optimum conditions for speech communication than designing for an optimum

reverberation time.
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TABLE I. Mean dimensions of the 30 classrooms and the number of children present.

, . Floor  Surface Volume Number

Width, m Depth, m Height, marea, m2 area, m2 m3 ’ of
student
Average 9.3 7.7 2.8 71 236 198 20.6
S.D. 0.9 0.7 0.2 7.3 21.6 28.0 4.5
MAX 10.6 9.6 3.4 97 314 293 30
MIN 7.0 6.6 2.3 50 176 136 13
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TABLE II. Reverberation times (7¢o), early decay time (EDT), and early-to-late energy

ratios (Csp) for both occupied and unoccupied classrooms.

0.5-1k,
Oct. band center frequency, Hz 125 250 500 1k 2k 4k 2 oct.
band
Occupied
Mean reverberationtime, s 0.57 0.49 0.43 0.37 0.36 0.38 0.41
S.D. 0.14 0.08 0.09 0.10 0.09 0.08 0.09
Mean early decay time, s 0.47 0.46 0.41 0.35 0.32 0.33 0.37
S.D. 0.17 0.13 0.12 0.11 0.11 0.11 0.10
Mean Csy, dB 5.84 6.94 8.59 10.65 12.01 12.18 9.51
S.D. 3.51 2.71 2.34 2.66 2.81 2.64 2.26
Unoccupied
Mean reverberationtime, s  0.59 0.51 0.46 0.42 0.41 0.42 0.45
S.D. 0.16 0.09 0.10 0.12 0.12 0.12 0.11
Mean early decay time, s 0.48 0.48 0.44 0.41 0.38 0.39 0.42
S.D. 0.18 0.14 0.13 0.13 0.13 0.12 0.12
Mean Cg,, dB 5.74 6.47 7.83 9.06 10.35 10.46 8.42
S.D. 3.69 2.52 2.30 2.77 2.96 2.67 2.38
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TABLE III. Mean measured sound absorption (m?) for occupied and unoccupied

classrooms and the mean absorption per student from these measured values in the 27

classrooms.
0.5-1k,
Oct. band center frequency, Hz 125 250 500 1k 2k 4k 2 oct.
band
Occupied

Mean sound absorption, m? 575 65.8 75.4 89.6 90.8 86.1 79.5

Unoccupied _ ,
Mean sound absorption,m® 55 g3 70. 80. 82 79.  73.

o) A -7 -7

Difference of sound absorption (Occupidd-Unoctupied), m?
167 206 481 950 843 6.35 583
Sound absorption per child from mean sound absorption, m*/person
0.08 010 023 046 041 031 0.28
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TABLE IV. Mean background noise levels in occupied classrooms without student
activity and in unoccupied classrooms in each octave band along with the overall A-
weighted noise levels for each condition.

Frequency, Hz 125 250 500 1000 2000 4000 vAv-eiqhte d
Occupied
Mean 48.0 441 414 38.0 352 31.8 44 .4
S.D. 59 441 37 36 33 32 3.5
Unoccupied
Mean 471 422 39.7 36.0 31.7 27.0 42.2
S.D. 53 46 49 50 47 338 4.4
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TABLE V. Average speech levels, noise levels and speech-to-noise ratios for each grade

measured in an active class.

Grade 1 3 6
Mean speech level, dBA
59.9 61.7 58.8
S.D.
5.2 3.3 3.3
Mean noise level, dBA
49.5 49.5 48.2
S.D.
5.9 2.8 3.1

Mean Speech-to-noise ratio, dBA

S.D.

10.5 12.2 10.7

2.0 2.7 2.9
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List of Figures:

FIG. 1
The relationship between the sound absorption of the occupied classrooms and that of the
unoccupied rooms in the 500 and 1k Hz double-octave band.

FIG. 2

The relationship between predicted Gdirect values for free field conditions with O = 1.83
and measured Gdirect values in the classrooms. The least squares best fit regression line
was given by, y=x (r = 0.99, r.m.s.=1.0).

FIG. 3

Ge: (open circles) and Gy, (filled triangles) as a function of source-receiver distance.
Solid lines represent the least squares regression lines (r = 0.62 for G¢; and r = 0.36 for
Giate)- The dashed lines are the predictions of Barron’s revised theory.

FIG. 4

Comparison of measured and predicted sound strength components, Ger, Gso, Giae and
Giotal Using a modified version of Barron’s revised theory. The correlation coefficients r
and r.m.s. errors of the estimates are included in each panel of the Figure.

FIG. 5

Predictions of various components of sound strength, Ge;, Gso, Glae and Gioray using the
modified version of Barron’s revised theory presented as a function of source-receiver
distance (d). V= 198m?®, Ts) = 0.41s were used as the mean values for the measured
classrooms.

FIG. 6

Relationship between reverberation time and Gsg for d =2, 4 and 6 m.

FIG. 7

Relationship between reverberation time and ERB for d =2, 4 and 6 m.

FIG. 8
The relationship between reverberation time and Giae values.

FIG. 9

The relationship between reverberation time and Csy values.FIG. 10

Example frequency distribution of r.m.s. sound pressure levels of the recorded 200 ms
segments and the fitting of two normal distributions to the data. The left part of the
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distribution includes the predominantly noise segments (mean 43.6 dBA, S.D. 2.8) and
right part the predominantly speech segments (mean 58.0 dBA, S.D. 6.7). Summation of
both normal distributions is shown by the solid line and is seen to approximate the
measured data.

FIG. 11
Frequency distributions of the speech and noise levels of 108 points in 27 active
classrooms.

FIG. 12
Frequency distribution of mean speech—to-noise ratios for the 108 points in the 27 active
classrooms.

FIG. 13

Relationship between room average teachers’ voice levels and noise levels during an
active class. Each point is from the average of the measurements at the 4 microphone
positions in each classroom.

FIG. 14
The relationship between noise levels in active classrooms and those in quiet but
occupied conditions.

FIG. 15
Frequency distribution of Usy(A) values from the 108 measurement points in 27 active
classrooms

FIG. 16

Open-circles are measured points with Tgg less than 0.5 s. Filled-triangles are for
conditions with Tg9 < 0.55 s.

FIG. 17
between reverberation time and early speech level, late speech level, background noise
level, detrimental sound energy level and Us.
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