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Abstract

One of the major acoustical concerns in classrooms is the
establishment of effective verbal communication between teachers
and students. Non-optimal acoustical conditions, resulting in reduced
verbal communication, can cause two main problems. First, they can
lead to reduce learning efficiency. Second, they can also cause fatigue,
stress, vocal strain and health problems, such as headaches and sore
throats, among teachers who are forced to compensate for poor
acoustical conditions by raising their voices. Besides, inadequate
acoustical conditions can induce the usage of public address system.
Improper usage of such amplifiers or loudspeakers can lead to
impairment of students’ hearing systems. The social costs of poor
classroom acoustics will be large to impair the learning of children.
This invisible problem has far reaching implications for learning, but
is easily solved.

Many researches have been carried out that they have accurately
and concisely summarized the research findings on classrooms
acoustics. Though, there is still a number of challenging questions

remaining unanswered. Most objective indices for speech



intelligibility are essentially based on studies of western languages.

Even several studies of tonal languages as Mandarin have been

conducted, there is much less on Cantonese. In this research,

measurements have been done in unoccupied rooms to investigate the

acoustical parameters and characteristics of the classrooms. The

speech intelligibility tests, which based on English, Mandarin and

Cantonese, and the survey were carried out on students aged from 5

years old to 22 years old. It aims to investigate the differences in

intelligibility between English, Mandarin and Cantonese of the

classrooms in Hong Kong. The significance on speech transmission

index (STI) related to Phonetically Balanced (PB) word scores will

further be developed. Together with developed empirical relationship

between the speech intelligibility in classrooms with the variations of

the reverberation time, the indoor ambient noise (or background noise

level), the signal-to-noise ratio, and the speech transmission index, it

aims to establish a guideline for improving the speech intelligibility in

classrooms for any countries and any environmental conditions.

The study showed that the acoustical conditions of most of the

measured classrooms in Hong Kong are unsatisfactory. The selection



of materials inside a classroom is important for improving speech

intelligibility at design stage, especially the acoustics ceiling, to

shorten the reverberation time inside the classroom. The

signal-to-noise should be higher than 11dB(A) for over 70% of

speech perception, either tonal or non-tonal languages, without the

usage of address system. The unexpected results bring out a call to

revise the standard design and to devise acceptable standards for

classrooms in Hong Kong. It is also demonstrated a method for

assessment on the classroom in other cities with similar

environmental conditions.
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Chapter 1
Introduction

1.1 Overview
1.1.1 Background of research

Since last century, the effect of indoor acoustical environments
on people has become a controversial topic. As the global population
growth and development of countries, the significance of effect of
indoor acoustical environments on people is increased. In high rise
cities, human voice and speech is often used to provide information.
Failure to understand the content of message or low perception of
speech led to many social problems. Misunderstanding between
people will increase; accidents due to unclear communication at work
will happen more easily such as low perception of public
announcement in terminal; workforce will become inefficient as well;
mental illness will be increase in number due to annoyance; and
education of new generation will be retrogressive.

Today, education is the path through which new immigrants and

native-born citizens are integrated into the daily life like United States



of America, Canada, Australia, and Hong Kong. An educated

workforce is a necessary condition for economic growth in today’s

competitive economy and the current trend towards globalization.

Today, in Hong Kong, from data collected by Census Department of

the government of Hong Kong, about 22% of Hong Kong’s

population, a total of about 1.8 million students, is at school or some

other form of higher education institution. In the 2003/2004 fiscal

year, the Government’s total expenditure was HKD 207 billion, and

the public spending on education, representing 23.8% of the

Government’s total recurrent expenditure.

Education is the engine of economic growth; however, the effect

of indoor acoustical environments on people is unquestionable. The

impact of non-optimal acoustical environment in classrooms is

detrimental not only to students but also teachers. The non-optimal

acoustical environments in classrooms result in compromised verbal

communication and learning. Students will be easily annoyed and

frustrated. The achievement and behaviour will be influenced by these

factors. Teachers also strain their voice regularly to ensure the

students hear it clearly which can often be a cause of claimed



‘industrial injury’ for throats problem. Usually, the inadequate verbal

communication leads to the usage of amplifying systems. Those

amplifiers or speakers can impair the students’ hearing systems,

especially the children. The impact is more significant on young

children, hearing impaired and second language students who are

integrated into mainstream of classes. It is stringent and crucial that

improving the acoustical environment is cost effective.

In fact, one of the main education policies in Hong Kong is to

enable students to learn effectively, and to be bi-literate and trilingual.

To obtain high speech intelligibility in classrooms for normal-hearing

adults working in their mother tongue, researchers have suggested

that the reverberation time must not exceed 0.5s to 0.7s [4]; with this

reverberation time, the signal-to-noise ratio must exceed 15 dB. One

thing that needs to be considered is that adults’ average result on

speech intelligibility test is roughly 10% better than young children.

Even more stringent conditions are required in the case of more

acoustically challenged persons (young children, the hearing-impaired

and second-language speakers). To enable students to learn effectively,

it is essential to eliminate the acoustical barriers to learning in the



classrooms. Excessive noise and reverberation interfere with speech

intelligibility, resulting in reduced understanding and therefore

reduced learning. Researchers have also found that excessive

background noise and reverberation within a classroom can influence

not only speech intelligibility, but also the achievement and behaviour

of the students. Insufficient speech levels and long reverberant time

may create selective acoustic barriers for hearing impaired children

and learning disabled children. As the background noise level

increases, teachers have to raise their voice, thus making the students

restless and uneasy. As the speech intelligibility within a classroom

lowers, both the teacher and the student require greater attention.

Very poor classroom acoustics are obvious to anyone, but the

problems caused by marginal classroom acoustics are insidious

because they are not universally apparent. Students, teachers and

school administrators may not recognize the source of the learning

difficulty. Vulnerable students in marginal classrooms may observe

that other students understand what teacher was said while they do

not. Often, such students are not placed in separate classrooms with

enhanced acoustics, but are mainstreamed with other students. These



students may develop an unduly low opinion of their cognitive
abilities, leading to discouragement, boredom, discipline problems,
and possible failure. Improving marginal classroom acoustics will not
only help vulnerable students but also benefit teachers and other
students by making the classroom a more effective and better learning

environment.

1.1.2  Research objectives

Given these considerations, it is clear that a wide range of
students benefit from improved classroom acoustics. Better classroom
acoustics will help students and teachers, and are a good investment
for any country. Thus, this study serves several purposes and
objectives.

In this study, Hong Kong serves as an example and a subject, by
measuring the acoustics of a range of existing classrooms to compare
with the national and international standards for the acoustical design
of classrooms for different countries worldwide. With those acoustical
parameters measured, establishing an empirical relationship between

the reverberation time, background noise level, signal-to-noise ratio,



speech transmission index and speech intelligibility. These aim to

establish guidelines with practical criteria for assessing the speech

intelligibility of classrooms in the design stage, and improving the

speech intelligibility. English, Mandarin and Cantonese will be used

for the measurement of speech metrics since lack of relevant

information in comparison of this area. All these three languages are

official languages as media in the classrooms in Hong Kong.

By examine of such classrooms embedded with temporarily

acoustic treatment for the enhancement of speech intelligibility in

classrooms, acoustics environment will be validated and estimated by

means of a commercial software for design stage of the classrooms

during urban planning. Data modelling will be developed to predict

speech metrics after classroom simulation with varied schemes such

as use of closets, shelves/fixtures for breaking up strictly parallel side

and front/back walls. With application of engineering know-how on

data modelling, speech intelligibility by subjective listening scores

with variation on speech metrics that are most influencing to speech

transmission will be developed. Field experiments will be conducted

to validate the theoretical and numerical relationships.



With proper prediction model and estimation on environment on
design stage of classrooms in urban planning, it helps to secure huge
investment on the education, both in the schools building and the
health of teachers and students. The study illustrates a procedure and
setups the guidelines which are applicable to any country and aim for

benefit of the society.

1.2 Literature review
1.2.1  Acoustical barriers to learning in classrooms

The adverse effect of noise on classroom activities was
recognized as early as the 60s. Since 70s, researches have been
carried out to identify acoustical parameters that affect an effective
verbal communication in classrooms. The more understanding on
relationship of environmental factors to speech transmission, the
earlier precaution and measures to plan on design stage of classrooms.
Three main environmental factors influence how well students will be
able to hear and understand what a teacher says in the classroom:
distance from the teacher, reverberation and background noise,

include mechanical equipment’s noise.



1.2.1.1 Distance from the source of speech

The source of speech, typically teacher’s mouth, is considered as
a point source. One of the characteristics of sound in point source is
decrease of sound energy with distance increase. Crandell and Bess
examined the speech recognition of children aged 5 to 7 with normal
hearing in a typical classroom environment, with the teacher’s speech
about 6 dB louder than the background noise [1]. The findings have
revealed that the children recognized 89% of the words at 6 feet; 55%
at 12 feet; and only 36% at 24 feet. It suggested that children with
normal hearing seated in the middle to rear of a typical classroom
have more difficulty understanding speech than has traditionally been
suspected. Pearsons, Bennett and Fidell measured long-term speech
levels at about  2m in front of instructors in high schools [2]. They
also measured speech levels at 1m in front of the speakers and various
vocal efforts. Most rooms tested by Hodgson in University of British
Columbia were "very good" or "excellent" at the front, and "good" or

"very good" at the back [3].



1.2.1.2 Reverberation and reverberation time

The second factor is the effect of reverberation in classrooms.

Reverberation is the remainder of the sound that exists in a room after

the source has stopped. Reverberation time has long been the major

objective parameter relating to acoustical conditions in a room.

Generally, reverberation time RT60 is the time required for sound

energy decayed for 60 dB. It is a useful descriptor of the mean

properties of the room and is easily estimated from knowledge of the

room materials and geometry. The reverberation in a room generally

increases with the room size, decreases with the amount of sound

absorption in the room, and is affected by the room shape and

contents.

Ideally, reverberation time in classrooms should be in the range

of 0.4 — 0.6 seconds. Though, in some cases, the classrooms such as

large lecture rooms should have longer reverberation [4]. It is also

known that reverberation affects speech intelligibility by affecting the

early- and late-arriving energies and, more importantly, their ratio, the

early-to-late energy fraction [5]. Children with hearing, processing,

language, or attention problems have even more difficulties in
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reverberant classrooms. Acoustical design criteria for classrooms
must include limits on interfering background noise as well as the
acoustical properties of the room, which have conventionally been

considered in terms of reverberation time [6].

1.2.1.3 Background noise level

The last factor is the background noise levels in classrooms.
Background noise masks the spoken word. Masking inhibits our
ability to hear one sound in the presence of another sound at the same
level, reducing the acoustic cues available to both students and
teachers. Students both struggle to hear or become distracted and stop
paying attention.

There are many sources of background noise. External noise
comes from transportation, construction, school playgrounds, and
outer mechanical equipment such as air-conditioners. Noise also
comes from spaces surrounding the classroom, such as the cafeteria,
gymnasium, corridors and adjacent classrooms. Noise inside the
classroom is generated by students activities, chairs scraping, students

talking, heating, ventilating and air-conditioning systems and noise
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generated by the fan of a projector. Besides, masking noise or echo

may create by the geometrical configuration inside the classroom.

Today’s heating, ventilating and air-conditioning systems use

higher, more audible air speeds, and have narrow ceiling ducts that

radiate noise. A good guideline is that the noise level in classrooms

should not exceed noise criteria NC 25 to 30. Another useful

guideline from Seep et al. is that the noise level should not exceed 35

dB(A) [4]. Beranek suggested noise criteria NC 30 — 40 for

classrooms [7]. Parkin and Humphreys gave an octave noise spectrum

that approximates noise criteria NC 25 [8]. Noise criterion NC is

widely applicable to access the noise level of mechanical equipments

for many years. It is based on empirical corrections to equal loudness

contours as standard contours of mechanical noise annoyance to

human hearing systems.

Suggestion made on average a critical noise level of 42 dB(A)

inside a classroom due to road traffic would affect speech

intelligibility [9]. Wang, Shi and Zhong suggested a noise limit of L

of 50 dB(A) for the background in classrooms [10]. They also found

quantitatively that noise not only distracts students but also causes
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their annoyance and fatigue. It is of interest to point out that they
suggested a higher permissible noise criterion for classrooms in China
than most other western countries. Hodgson, Rempel and Kennedy
reported on the background noise in classrooms that it is comprised of

two components: ventilation noise and study activity address [11].

1.2.2  Speech intelligibility in classrooms

The key acoustical characteristic and functional requirement of a
classroom is speech intelligibility: students and teacher should be able
to communicate effectively without exerted effort. Speech
intelligibility means degree or percentage of the speech which the
receiver hears it clearly. This is known to be mainly determined by the
signal-to-noise level difference — the difference between the
speech-signal and background noise levels at a receiver, and the
amount of reverberation [6].

Speech intelligibility is directly related to signal-to-noise level
difference and is inversely related to the reverberation time. However,
in rooms the situation is complicated by the fact that reverberation and

steady state levels are interrelated. Excessive reverberation in the
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classroom can lead to low speech levels, especially at the back of the

room [12]. When speech intelligibility is the concern, the amount of

reverberation is best quantified by the early-to-late energy ratio [13].

Increased reverberation, while decreasing the ratio of early-to-late

energy ratio to the detriment of speech intelligibility has the additional

effect of increasing steady state levels by increasing the reverberant

sound energy to the benefit of speech intelligibility [14]. Nevertheless,

it is more usual to characterize the amount of reverberation in a room

by the reverberation time.

Several studies found speech intelligibility scores increased

continuously as reverberation time was decreased to zero seconds

[15 — 16]. Nabélek again showed that speech intelligibility scores

increased continuously as reverberation time was decreased to zero

seconds and also that the detrimental effects of reverberation

depended on the age of the subject. They also found that students in

10 years old required an extra 5 dB (A) of speech signal level to

produce equivalent scores to young adults. Heerwagen and Khiati

have reported their assessments of speech intelligibility in classrooms

[17]. A survey has highlighted a catalogue of 75 problematic
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classrooms out of the 400 classrooms on the campus of the University

of Washington. Acoustical measurements have also shown high

background noise levels and excessive reverberation times for some

tested classrooms.

Numerous measurements of the typical classroom were

conducted for speech and background noise levels, and for

corresponding signal-to-noise ratios. Signal-to-noise is the most

influential acoustics parameter to speech intelligibility. It is the

indicator to show the sound level difference of signal or speech to

background noise at the receiver point. All kind of noise which

happened and affected the receiver point are inclusive, such as noise

from mechanical equipments. Elliot reported that 7 years old required

an extra 5 dB (A) of signal-to-noise ratio to produce equivalent scores

to those of young adults [25]. Hougast obtained both speech

intelligibility scores and estimates of the speech and background

levels in classrooms [26]. He related aggregate speech intelligibility

scores to A-weighted signal-to-noise ratios and concluded that a 15

dB (A) signal-to-noise ratio eliminated the detrimental effects of

interfering noise.
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Researches on speech intelligibility for English and Mandarin

have been conducted. It is envisaged taking into account experiences

in mainland China and abroad. Those classrooms in primary and

secondary schools in Hong Kong would have similar acoustical

problems [18 — 20]. It is irrespective of whether they are fitted with

air-conditioners or not. In addition, speech intelligibility tests were

carried out mainly for English although there have been some recent

studies that investigated the effect of intruding noise in classrooms

where Mandarin was the principal language of communication.

Nevertheless, in Mandarin there have been investigations on speech

intelligibility [21 — 22]. Experimental results have indicated that

Mandarin is comprised of monosyllabic characters which is able to

tolerate a longer reverberation time than English for a given speech

intelligibility.

If speech intelligibility in an enclosure is satisfactory for English,

it is not necessarily satisfactory for Chinese, or vice versa. The results

suggest that in terms of speech intelligibility, Mandarin is slightly

better than English under reverberant conditions, and English is

considerably better than Mandarin under noisy conditions. In both
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English and Mandarin there have been considerable investigations on
speech intelligibility [21, 23 — 24]. However, it appears to be
inappropriate to directly compare these relationships between the two
languages because they were established under different conditions.
Moreover, these relationships were mainly for diffuse field.

Bradley conducted speech intelligibility tests and acoustical
measurements for background noise, early decay times, reverberation
times and speech transmission index in classrooms for secondary
school students in Canada [6]. School children with no reported
impaired hearing were used as subjects for the tests to obtain the
speech intelligibility scores. It was demonstrated that Speech
Transmission Index (STI) was one of the most accurate predictors of

speech intelligibility scores.

1.2.3 Physical measures for the quality of speech
transmission

The common identifiers of the efficiency of speech transmission,
or speech transmission quality have been studied. In the past decades,

there have been considerable investigations on speech intelligibility.
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Speech intelligibility is the measure of the effectiveness of speech.
The measurement is expressed as a percentage of a message that is
understood correctly. However, speech intelligibility does not implied
speech quality. A synthesized voice message may be completely
understood by the listener, but judged to be harsh, unnatural, and of
low quality. A message that lacks quality still be intelligible. Many
objective indices, predictors and methods have been developed and
established. Different types of acoustical measures were compared as
predictors of speech intelligibility of varied sizes and acoustical
conditions in the past decades. These included signal-to-noise ratio
(SNR), reverberation time (RT), early-to-late sound ratios (C) and
useful-to-detrimental Ratios (U), articulation index (AI), and speech

transmission index (STI).

1.2.3.1 Signal-to-Noise Ratio (SNR)

Signal-to-noise ratio (SNR), or speech-to-noise signal in this
study, is the ratio of energy received from signal to energy received
from background noise. The background noise creates a masking or

disturbance to interfere the signal at the receiver. SNR is in a dynamic
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range which express in logarithmic decibels.

SNR = IOIOg(E—SJ

N
=10log Py —10log P
where Pg is sound pressure of signal or speech and Py is sound
pressure of background noise,
SNR=S-N
where S is signal noise level or speech level and N is background
noise level.

Signal-to-noise ratio SNR is the most significant factor to speech
intelligibility. Definitions of SNR have characteristics to include all
masking or intruding noise into calculation as shown in the above
equations. It is the sound level difference between signal and
background noise. The background noise level is summation of
energies of all kind of noise such as transportation, playground
activities, mechanical equipment and echo noise induced by
reverberation. Since consideration of signal energy and background
noise energy in sound pressure, it is further evaluated and related to
speech intelligibility metrics. Lochner and Burger found SNR is

parameter which clearly reflects the effect of reverberant and so forth
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to speech intelligibility [37, 40]. They conclude that the early arrived
energy of reverberant noise does not take into account to the signal
noise energy at the beginning but increases the measured speech
transmission index (which will be discussed later in this chapter). As
the late arrived energy of reverberant noise takes effect to arrive to the
receiver, it masks the signal and the measured speech transmission
index decreases. In consideration of those effects, SNR is more

reliable and most considerable factor to speech intelligibility.

1.2.3.2 Reverberation time (RT)

Reverberation time (RT) is the time required for sound energy of
the signal in a room to decrease by certain decibels after the signal
stops. Typically RT is in RT 60 or the shorter form RT 30 or RT 10.
RT 60 is the time required for sound energy decayed by 60 dB and the
same to RT 30 and RT 10. Though, RT 60 is widely used for
measurement and RT 10 is measured but need to extrapolate for
longer period. The larger RT value indicates the most reverberant of
the field.

For a point source, like speech in a reverberant field which
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reverberation takes effect inside such as a room, the energy of the
sound have relationship with reverberation time:
L, =L, +10lo v 14dB
PO RT
where Ly is sound power level, Lp is sound pressure level, V is
volume of the room and RT is reverberation time of the room.

Many researches have been conducted to propose different
formulas for predicting reverberation times [34 — 36]. Most of the
proposed formulas are based on sound diffuse field assumption in
calculation. Reverberation time RT can be presented into a
semi-empirical equation that relate the reverberation time of a live

room to the room volume and the properties of the room boundaries

_ 24In10
Ac

RT

where A is the room absorption and c is the speed of sound in the

room.

In addition to the ray-based prediction programs like

RAYNOISE, there are two simple formulas commonly used to predict

reverberation time in a fully enclosed space: Sabine equation and

Eyring reverberation formula. These two formulas are slightly

different because they are derived from somewhat different
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considerations [32 — 33].

Sabine equation:

Sa = Z a;S,
where S is the total surface area of the room boundaries and « is the
average value of the statistical absorption coefficient.

Eyring equation:

A=Sln( 1_)
l-«o

where S is the total surface area of the room boundaries and « is the
average value of the statistical absorption coefficient.
However, in classrooms, the sound pressure at distance r away

from a point source is more accurately described by

— 4
P2 = Cwi-i-—
e = Fo%o (47zr2 R)
where
R 5%
-«

where W is the sound power of the source, Q is the directivity factor
due to boundary effect or source directivity, and a is the sound
absorption coefficient.

As shown in the equations above, RT is an acoustics parameter
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highly dependent on the room size and absorption inside the room. A
larger room have longer reverberation time, more reverberant of a
room and poorer the speech intelligibility inside a room. Longer
reverberation time determines the longer time for sound energy to
decrease. However, sound propagation in air is not changed which
means that sound energy is reflecting from walls or obstacles inside a
room without loss or absorb. Besides, if the sound power energy or
sound pressure energy are well known with the volume of the room,
RT of the room can be estimated. It is also known that reverberation is
about one of the energies” characteristics inside a room. The early-
and late-arriving energies implicate how much energy is absorbed
inside a room after reverberation, in terms of early-to-late energy ratio.
Change of early-to-late energy ratio leads change in reverberation

time and in terms affect the speech intelligibility [5, 37].

1.2.3.3 Early-to-late sound ratio (©) and
useful-to-detrimental ratio (U)
Early-to-late ratio (C,) or Klarheitsmass is the ratio of the early

arriving sound energy in the first n second after the direct sound to the
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late sound energy arriving after n second [35]. Alim researched and
modified based on Thiele findings on definition which larger value of
definition should have higher speech intelligibility [39]. He defined
and concluded that clarity is more applicable than definition for music
[41]. For n in 50ms, many researches shown at about 50ms,
early-arriving energy enriches the speech intelligibility but interfere
the speech after 50ms. It has been shown to relate to the speech

intelligibility scores [37]

[ p*dt
C, =10log| *——
[ p*dt

where the time for early-arriving energy is from 0 second to n seconds
and the time for late-arriving energy is after n seconds.

Bradley have been studied that it is safer and more generally
reliable to use the n second useful-to-detrimental ratio (U,) as the
preferred predictor of speech intelligibility [5]. This has the added
advantages that C, values from which U, values are derived are useful
in rooms where not only to perform music. Without consideration of
background noise energy, he found U, can simplifies into C, when n

equals to 50ms. The use of U, values based on early-to-late ratios is
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also desirable as these values are easily related to the fundamental

physical quantities involved

U, = G,

no E
1+(C, +1)—°BNt
(C, )E

SL

where Epny is related background noise energies and Egy is the related
speech energies.

It is also known that reverberation affects speech intelligibility
by affecting the early- and late-arriving energies and their ratio of the

early-to-late energy fraction, which is more important [5, 37].

1.2.3.4 Articulation index (Al)

Articulation index (AI) is firstly introduced by French and
Steinberg, later modified by Kryter, to express the quality of speech
transmission [42 — 43]. It is a common and the simplest method for
determining the quality of speech transmission channels by
performing intelligibility tests with talkers and listeners using
sentences, rhythm words, or other test material [27 — 28]. It was
developed mainly to account for distortions in the frequency domain
(noise, band pass limiting). The measure is based on steady state

signal-to-noise concepts. The Al method is particularly appropriate
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for channels with distortion in the frequency domain such as

interfering noise and band pass limiting.

The calculation of the articulation index basically consists of

three steps [29]:

1. The calculation of the effective signal-to-noise ratio within a
number of frequency bands. For each band the signal level and
the noise level are considered, together with auditory masking
introduced by the hearing organ.

2. Alinear transformation of the effective signal-to-noise ratio to an
octave band specific contribution to the Al, ranging from one to
zero. This transformation is such that, for each band, the
maximum contribution of one is reached at a signal-to-noise
ratio of +18 dB and the minimum contribution of zero is reached
at a signal-to-noise ratio of —12 dB.

3. The calculation of the weighted mean of the contributions of all

relevant octave bands constitutes the Al

1.2.3.5 Speech transmission index (STI)

Speech transmission index (STI) was firstly derived from
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modulation transfer functions in the 70s by Houtgast and Steeneken
[29 — 30] and has recently been demonstrated to relate to speech
intelligibility test scores in rooms [5, 29 — 30]. It has been proposed
based on modulation transfer functions and including the effects of
interfering background noise. It indicates the speech transmission
from modulation transfer functions of sound path from the signal to
the receiver. Modulation transfer functions (MTF) is change of
modulation frequencies on averaged frequency band of the signal at
the receiver. With conversion of MTF into a functional index, it is
speech transmission index STI.

Speech transmission in a room is in impulsive response. With
characteristics of impulse response, there have a modulation index for
every modulation frequency under the modulation transfer function of

the system

0

Ie‘”’ﬂ p(t)dt
0

0

[ ot

m(F)=

where p(t) is function of impulse response of the signal.

When considering the presence of background noise, the modulation

becomes
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Ie”'z”” p*(t)dt

0

SNR

(,7
1+10" 10 )"

m(F) =

j p>(t)dt

where SNR is signal-to-noise ratio at the receiver.
Typically reverberation is taken into account on the situation, the

modulation then becomes

1
27FT L, ]2 )

m(F):{H(W)ﬂ “(A410 10y

where F is modulation frequency of the signal and T is reverberation
time of the room.

When the reverberation time becomes increasingly large in
relation to the period of the modulation, the depth of the modulation
is increasingly reduced by the acoustical properties of the room. Since
the modulation is decreased with existence of both reverberation time
and background noise, SNR is used to simplify the effect of these two
parameters that SNR is dependent on variation of reverberation time

and background noise. Therefore, the function becomes

SNR,,, = 10log-)
I—m(F)

where SNR,,,, is apparent signal-to-noise ratio.

In the frequency band 125 Hz to 8k Hz, 7 modulations acquires
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with analysis from its one-third octave frequency response. With
calculation on matrix of those modulations, an apparent SNR is
acquired. Apparent SNR is limited between +15 dB as SNRapp = +15
dB for SNRapp > 15 dB or < 15 dB since SNR is comparatively high
which negligible in the modulation transfer function. As the apparent
SNR is originally computed from different frequency band, the

equation then converted into a single parameter for averaging as

SNRapp = kZi;Wk(SNRapp)k

where wy is frequency weighting constant in 125 Hz to 8k Hz (0.129,
0.143,0.114, 0.114, 0.186, 0.171 and 0.143 respectively).

With this single parameter, the speech transmission index from
the modulation is then concluded into an index as

STI = M

The most important of STI is representation into SNR related
parameter, SNRapp. It is clearly stated and emphasizes the
importance of SNR to assess and improve the speech intelligibility.
With dominant speech modulation frequencies in the certain range of

frequencies, there would be some reduction in the modulation depth

in almost all real rooms. The reductions of the amplitude modulation
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of test signals at various acoustical frequencies as a function of
speech modulation rate are combined to produce this one index STI

[31].

1.3 Research methodology

The aim of this study is to improve speech intelligibility within
existing classrooms. Previous researches conducted abroad have
shown the acoustics of many classrooms in general to be inadequate,
with poor speech intelligibility due to the reverberation time being too
long, coupled with excessive background noise. Classroom acoustics
have been investigated in a number of overseas countries but a few, if
any, investigations have been undertaken in schools in Asia.

This study firstly gathers and reviews information and literatures
on classrooms acoustics. To carry out the subjective intelligibility
tests, we should have our database of languages in Cantonese which
is one of the media of the speech since Hong Kong is officially in
tri-lingual as education media in the schools. A procedure on
development of database of phonetically balanced word lists is setup

as reference for other educators in different languages. Phonetically
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balanced word lists in Cantonese are constructed for subjective

intelligibility tests.

After the preparation of testing materials, the national and

international standards and guidelines in classrooms are studied for

comparison on acoustical measurements and surveys on 20 selected

classrooms with similar geometrical characteristics but different

acoustics features in Hong Kong are carried out. Acoustical

parameters such as indoor ambient noise, outdoor noise, noise criteria

from mechanical ventilation systems, reverberation time, speech

transmission index, and rapid speech transmission index are studied

and compared with those standards for more understanding on the

situation in Hong Kong.

One of the objectives on this study is to predict the acoustical

performance inside a classroom for preliminary design stage of

classroom during urban planning. By using the computer simulation

and modelling software, RAYNOISE to adjust and apply different

types of acoustical measures and treatment inside a classroom, the

empirical consideration as guidelines for classroom is defined.

Though the prediction by ray-based computer program is useful
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as reference, the main purpose on this study is to improve the speech

intelligibility. Speech intelligibility is subjective feeling to human

hearing. It also depends on their knowledge and experiences growing

with their ages. The subjective intelligibility tests are carried out in 5

selected classrooms with students to be the subject who’s aged from 5

years old to 22 years old, by use of three different languages as testing

media: English, Mandarin, and Cantonese. After the listening tests,

word scores or PB scores is calculated and empirical relationships are

found with acoustical parameters. Although many acoustical

parameters have an influential effect on speech intelligibility, this

study is focused on the effect of signal-to-noise ratio, which has the

strongest impact on speech intelligibility; reverberation time, which

can be defined at the preliminary design stage; speech transmission

index, which is widely use as objective indicator to speech

transmission; to PB scores, which reflects exactly how much of the

content of the speech is received. Besides, factors such as age and

languages” characteristics are compared for understanding of various

educational needs.

A data modelling by neural network is created and used to
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predict the effect of PB scores in variation of objective acoustical

parameters: signal-to-noise ratio, reverberation time, and speech

transmission index. With the help of this engineering know-how as

tool for prediction and estimation, program or web-based program can

be easily created for every educators and designers to plan for their

schools and classrooms design.

Guidelines and empirical relationships are expected to establish

and conclude for improving the speech intelligibility in classrooms. It

also forms a basis for the development of a design guideline

suggesting methods of improving the acoustics within existing

classrooms in Hong Kong. Certain ranges in those acoustical

parameters should be maintained for newly designed classrooms, in

compromise of huge loss to investment on healthy and knowledge

standards of citizens. Stringent criteria should be concerned for

children, hearing impaired students or learning difficulties students.
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Chapter 2

Development of a database for
evaluating the speech
Intelligibility of Cantonese

2.1 Introduction

Speech intelligibility is an acoustic and perceptual characteristic
and a functional requirement for assessing the effectiveness of a
communications channel. Good speech clarity is required in such
places as bus and railway stations, airport terminals, and classrooms.
An informative announcement delivered effectively through public
address systems in stations and terminals is very important from the
aspect of safety. A higher quality of speech intelligibility is needed in
classrooms to facilitate the learning process for students. Furthermore,
more stringent acoustical conditions are required for more
acoustically and linguistically challenged persons such as young
children, the hearing impaired, and those listening to a second
language. By the need to improve the acoustical qualities of

classrooms for primary and secondary schools in Hong Kong, a
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subjective evaluation is required to observe the effects on
communication in classrooms due to background noise,
reverberations, and other factors. A subjective intelligibility test based
on the students’ mother tongue, Cantonese in this case, is needed. To
conduct speech intelligibility tests, a list of phonetically balanced
words in the language is normally required.

We describe the background and justify the need for the current
study, which provides detailed procedures for the development of a
database that will be used in speech intelligibility tests. Cantonese is
used as an example to lay down the general methodology for such a

development.

2.2 Background
2.2.1  Languages spoken in the world

How many languages are spoken by the peoples in the world?
According to Ethnologue [1], there is no exact figure but
carefully-compiled records have suggested that there are more than
6,800 different languages, of which over 400 are classified as nearly

extinct because of the steady decline in the number of speakers. It is
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remarkable that half of today’s languages have fewer than 10,000
speakers and a quarter have fewer than 1,000. Fifty of these 6,800
languages are thriving. Each of these 50 languages has no fewer than
20 million speakers. Chinese (Mandarin) tops the list with 885 million
first language speakers. Spanish and English rank second and third,
having 332 and 322 million first language speakers, respectively.
Counting second language speakers, English is the most popular
language in the world. Language can undeniably be a means of
effective communication among peoples. The lack of it may hinder
meaningful conversation and cause unnecessary conflicts between
groups of people. It is abundantly clear that communication in the
first languages or “mother tongues” of the peoples of the world is the

most effective method of communicating [2].

2.2.2 Languages in the role to evaluate speech
intelligibility

Given the importance of communication, there were many early
studies on the development of subjective and objective measures of

the quality of speech communication channels. A human perception
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or articulation test is the most common way to evaluate the

intelligibility of speech. Such subjective tests as the Harvard

Intelligibility Test of Phonetically Balanced (PB) Words [3], the

Fairbanks Rhyme Test [4], the Modified Rhyme Test [5], and the

Harvard Test Sentences [3] were developed. There were other studies

[6, 7] that investigated the relation between the scores obtained from

different intelligibility tests. Generally speaking, there is an advantage

of using monosyllabic PB words for listening tests because the result

indicates more accurately the phonemes that the subject actually

heard [3]. In addition, the list of the PB words has a notable

characteristic: the choice of words reflects the relative frequencies of

occurrence of phonemes and their distribution in normal speech used

daily. English is the main language used in these earlier studies to

develop the tests of subjective intelligibility, although Houtgast and

Steeneken [8] have developed a word list comprised of phonetically

balanced consonant-vowel-consonant words that are predominantly

nonsense syllables, which are meaningless on their standalone usage,

in the Dutch language.
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2.2.3  Physical measures and subjective measures for
speech intelligibility

Taking a different approach, French and Steinberg [9] used an
articulation index (Al) to evaluate speech intelligibility by using
physical measures. Steeneken and Houtgast [10] extended this
concept by measuring the effective signal-to-noise ratio in a number
of octave bands leading to a physical parameter known as the speech
transmission index (STI). In their study, the Dutch language was used
for a variety of communication distortions. The speech transmission
index was also verified to be an effective physical measure for
estimating the speech intelligibility of a communications channel for
other languages [11, 12]. A technical device was developed in the
1980s to measure the speech transmission index [13]. A rather similar
physical parameter known as Rapid Speech Transmission Index
(RASTI) was also developed, in which the required octave bands
were reduced to two octave bands at 500 and 2000 Hz. Steeneken and
Houtgast [14] used RASTI to evaluate speech intelligibility in a
number of different languages as well.

There is an apparent advantage of using a physical parameter,
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such as the STI, to evaluate the quality of speech communications

channels. Its introduction can possibly eliminate the need to conduct

carefully controlled listening tests that are both expensive and

time-consuming. However, there are major problems in employing

the STI and other physical parameters to substitute for standard

speech intelligibility tests using listeners. Schmidt-Nielsen [15]

pointed out that the standard error of estimate for the STI is too large.

More importantly, there is no evidence to support the view that the

improvement of STI scores necessarily leads to an enhancement of

speech intelligibility or vice versa. In fact, the STI does not reflect the

difference in intelligibility scores for different speakers under the

same acoustical conditions. Despite these apparent shortcomings in

the use of objective tests, the STI has been widely accepted as a

method to assess speech intelligibility [16, 17]. Some current

developments may lead to improvements in the reliability of the STI

in evaluating speech intelligibility in a communications channel, see

references 18 and 19.

In these days of ethnic pride and growing appreciation of

minority groups, educators, government officials, and missionaries
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are realizing more than ever the importance of using first languages,

as this has been proven to be the most effective means of

communicating. It is also considered in deciding on which languages

to use for educational and literary purposes, how well the vernacular

speakers understand their national language, trade language, or other

second language, their ability to use different languages in different

social domains, differing levels of bilingual proficiency across a

language population, and whether or not they will accept educational

materials and other literature in those languages.

In recent years, there has been a resurgence of interest in using

various subjective tests to explore speech intelligibility under various

acoustical conditions using different languages involving both native

and non-native speakers and listeners [12, 20 — 27]. Despite these and

earlier efforts, many languages still lack suitable test materials to

subjectively evaluate the quality of speech communications. For

instance, to the best of our knowledge, there are no appropriate PB

word lists for Spanish, Portuguese, Russian, French, Hindi, Bengali,

Cantonese (Chinese), and many languages that are ranked among the

top 50 spoken in the world. Although one can use the results obtained
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from English or Dutch, for example, for extrapolation to other
languages, doubts have been cast on the general applicability of such
an approach because of the known language-specific effects [14]. It is
thus desirable to develop different word lists to use in subjective tests

of the speech intelligibility of different languages.

2.3 Methodology on developing test materials
2.3.1  Phonetically balanced monosyllabic words

The PB monosyllabic words are by far the most popular test
materials for subjectively assessing speech intelligibility because the
articulation scores indicate the number of words actually heard by the
subject. In fact, the articulation scores for short words or sentences
are highly affected by psychological factors, and by knowledge and
experiences of the subject. The test results for PB monosyllabic words
are comparatively more reliable for speech intelligibility assessment
than tests using short words or sentences as they are very sensitive to
signal-to-noise ratio [29]. As a result, a more accurate and precise
interpretation of the speech intelligibility in a room could be better

assessed by articulation scores based on the former material. Hence,
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we focus on developing PB word lists for conducting speech

intelligibility tests.

Indeed, the importance of developing a database of word lists for

different languages cannot be overstated. Consider the following

example: Australia, where English is the first language, has developed

a separate list of Australian English PB words because the Australian

accent differs from that of American English [28]. From this, we see

that there is a need to develop a database of PB word lists for other

languages.

Over the past decades, paradigms based on PB monosyllabic

words for English, Mandarin, and Australian English have been

developed and published as national standards [29 — 31] for the

United States, the People’s Republic of China, and Australia,

respectively. Unfortunately, information or guidelines for the

development of such paradigms for other languages are not easily

obtainable as most of these publications only provide a summary of

the respective word lists. Without a sufficient knowledge of

linguistics, it would be difficult and time consuming for acousticians

or other educators to develop such a database for a given language.
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The principal objective of this chapter is to provide, for future

reference, guidelines for developing a PB word list of a language. To

illustrate the methodology, Cantonese is chosen as an example to

demonstrate the procedures used to establish a set of PB monosyllabic

word lists for the speech intelligibility test. In fact, the development

of PB monosyllabic word lists for Cantonese has an interest of its

own because about 66 million people [1] use Cantonese as their first

language and many others use it as their second language.

2.3.2 Characteristics of Cantonese

Cantonese is one of the major dialects [32] of the Chinese

language. Indeed, Cantonese has a history of about 2,000 years, while

Mandarin has only been around for about 700 or 800 years.

Cantonese is a language spoken in the south eastern region of

mainland China, in Hong Kong, and Macau, and by some Chinese

minorities throughout Southeast Asia in such places as Singapore,

Malaysia, Thailand, Indonesia, and Vietnam. It is not only the mother

tongue of most local residents in Hong Kong, but is also a medium of

instruction in the local education system. In fact, Cantonese, not
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Mandarin, is often the dominant language in overseas Chinese
communities. This is largely due to the fact that, in the mid to late 20"
century the largest flow of Chinese immigrants to many places of the
world was from Hong Kong. There have been several investigations
using Cantonese for speech processing and recognition systems [33 —
36], but there has been no systematic study to compile a list of PB
Cantonese words to measure the speech intelligibility in a
communications channel.

To establish suitable test materials, it is important to select PB
words from all monosyllabic words. These chosen words will be
grouped into balanced lists, with lists of equal difficulty in each list
[3]. As with most other Chinese dialects including Mandarin,
Cantonese uses the same set of Chinese characters in writing,
although different sets of vocabulary have been developed throughout
the historical development of different dialects. Chinese characters
are essentially based on logograms, where each symbol represents a
morpheme — a meaningful unit of language. Each Chinese character is
monosyllabic, and an equivalent English word may be composed of

one or more Chinese characters. For example, one Chinese character
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is needed to translate the English word “horse” and two characters are

needed for “apple”. Few words, except those translated from foreign

languages, require more than four Chinese characters (or syllables) to

represent. According to a survey based on 710,000 words extracted

from many different articles in literary, scientific, and political

publications [37], Zhang discovered that the percentages of Chinese

words with one, two, three, and four syllables were 6.01%, 74.14%,

11.99%, and 7.18%, respectively. Thus, it is perhaps not surprising to

find that most Chinese dialects are essentially polysyllabic languages

[38]. Further, it is more significant to use ‘syllable’ than ‘word’ to

describe for Chinese characters. As the nature of Chinese characters

(or syllables) mentioned and Cantonese is also polysyllabic languages,

PB monosyllabic word lists is our destination rather than PB word

lists. In Cantonese or Mandarin or even most Chinese dialects, word

lists can be in one, two, three and four syllables [37]. For PB

monosyllabic word lists, it only limited to one syllable word. The

more syllables used as test material for speech intelligibility

assessment, the lower the sensitivity and reliability of the results, the

same applies to the sentences used for the test material.
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2.3.3  Corpus of standardized Cantonese

Due to the characteristics of Cantonese mentioned above, our
first step was to select sets of PB characters. For other languages, a
list of monosyllabic words should first be selected from “standard”
literature. For instance, a comprehensive dictionary of the language
would be a good choice because it should include most of the
vocabularies or single words of that particular language. There is a
slight complication in this case because Cantonese uses the same
system of characters as Mandarin, but often uses different words that
have to be written in different characters. More importantly,
Cantonese sounds quite different from Mandarin, mainly because it
uses a different set of syllables. It would be rather difficult to find a
suitable Chinese dictionary that only covers words spoken in
Cantonese because most of these dictionaries are based on Mandarin.

Unlike standard Mandarin, there is no official agency to regulate
standard Cantonese. However, it is noteworthy that The Linguistic
Society of Hong Kong (LSHK) has compiled a comprehensive table
in an attempt to standardize the most frequently used characters that

are based on the Cantonese Romanization of Chinese characters [39,
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40]. A corpus of 13,053 Chinese characters has been collected in the

guide. In the corpus there are 10,676 characters that have a Cantonese

pronunciation. As a result, it is reasonable to take this table as a good

starting point in constructing lists of PB characters.

Generally speaking, two phonological units, initials and finals,

can be classified in standard Cantonese. The initials, sometimes

known as the onsets, are initial consonants of all possible syllables.

The finals, sometimes known as rhymes, are the part of the syllable

that remains after the initials are taken off. There are 19 initials and

61 finals in Cantonese where the null initials are not represented.

According to LSHK, both the initials and finals are represented by

Romanized alphabets.

The pronunciation of a Cantonese syllable can be constructed by

combining different initials and finals. Based on 20 initials and 63

finals (which included null initials and null finals), there are only 667

basic syllables because not all combinations of initials and finals form

a valid syllable. Almost all Chinese dialects including Cantonese use

tones. A character is distinguished not only by its combination of

initials and finals but also by the tone in which it is pronounced. The
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standard Cantonese has nine tones in six distinct tone contours. To

simplify the system, LSHK has proposed to use just six numeric

markers to differentiate these distinct tone contours only. It is

noteworthy that tone is an important element in Chinese languages

[37, 41]. Each tone mark is placed at the end of the syllable, for

example, hoengl gong2 (Hong Kong). If the tone is taken into

account, there are about 1,700 valid tonal syllables. Given that the

total number of Chinese characters is well over 12,000, it is not

uncommon to find some Chinese characters that are pronounced with

exactly the same syllables and tones.

There is also another interesting feature about Chinese characters

that is worth mentioning. Some characters have two or more

pronunciations; i.e., the same character may be uttered with different

syllables and tones. Some of these characters may have different

meanings and sound different. Others may have the same meaning but

sound different. These groups of characters are known as

ambi-phones and hetero-phones, respectively [42].

Before we proceed, it is of interest to investigate the frequency

with which different sounds are employed in Cantonese. This



56

statistical study is based on the list of monosyllabic characters

published by LSHK, together with supplementary characters provided

by the Government of Hong Kong Special Administrative Region

[39]. There are a total of 13,228 Cantonese pronunciations [43] of

about 12,600 Chinese characters. Initially, we count the occurrence of

each initial, F;, final, Ff, and tone, Fy, in percentage. It is remarkable

that 6 of these 19 initials, /l/, /g/, In/, Iz/, Icl, Is] and /j/, are more

popular, making up about 58% (58.3030%) of all Cantonese

pronunciations. There are 196 characters (1.5528%) that start with a

null initial (/0/). On the other hand, there are only 99 Chinese

characters (0.7843%) that start with the initial, /kw/, which is the least

popular initial. Table 2.1 displays a statistical analysis of the different

initials used in Cantonese.

The “final” sounds are more evenly-distributed than the “initial”

sounds for Cantonese. See Table 2.2 for the statistics. The more

popular finals are /an/, /au/, /ai/, which make up 4.3179%, 4.5318%,

and 4.6110% of all final sounds, respectively. The sounds ending with

lup/, len/, lum/, lep/, lem/, loet/, Im/, and /ng/ are less popular, and are

only limited to the pronunciation of 0, 0, 1, 1, 1, 1, 1 and 1 Chinese
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character, respectively. There have six tones for Cantonese that same
character may carry with more than one tone pronounced. All the
tones pronounced for each character were counted. Finally, Table 2.3
displays the percentages of occurrence of the six tones used in the
sample. The statistical analysis for Mandarin is shown in Table 2.4 to
2.6 that the nature of language of Cantonese is nearly the same as

Mandarin.

2.3.4 Determination of corpora of daily usage
Cantonese

Dewey [44] conducted a comprehensive study counting the
frequency of the sounds of 100,000 English words. He used a wide
variety of reading materials (corpora) in his study. No single source of
his corpora contributed more than 5% of the total words. His corpora
include editorial press reports and news published in different
newspapers that were circulated at different cities in the U.S.A. The
corpora also covered fiction, short stories, drama, speeches, personal
correspondence, business correspondence, advertising materials,

scientific English, religious English, magazine articles, and so forth.
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Based on this study of the frequency of sounds of English words,

Egan [4] outlined a systematic approach to establishing a database of

1,200 monosyllabic words. The database was used to construct word

lists satisfying the following principles as far as practicable. They are:

(1) a monosyllabic structure, (2) equal average difficulty, (3) equal

range of difficulty, (4) equal phonetic composition, (5) a composition

representative of English speech, and (6) words in common usage.

Adapting these guiding principles, Zhang [37] established 750 PB

characters for Mandarin. These two PB word/character lists

subsequently formed the bases for the subjective speech intelligibility

tests of English and Chinese (Mandarin), respectively.

Determining the most appropriate corpora for standard

Cantonese poses a considerable problem in the current study. This is

because Cantonese is mainly a spoken language due to the fact that

Chinese people make a sharp distinction between written and spoken

languages. This is in stark contrast with countries in the west, where

such Romance languages as French, Italian and Spanish and such

Saxon languages as English and German have a strong tendency to

unify both the written and spoken forms of their respective languages.
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Most importantly, the written form of Cantonese is based on the

standard syntax and grammar of Mandarin. In Guangdong province of

mainland China, Cantonese is usually written with the same set of

characters as Mandarin, although the characters represent words not

actually used in Cantonese. On the other hand, different words are

often used (and hence written with different characters) in Hong Kong.

Strictly speaking, Cantonese refers to the language spoken in and

around the cities of Canton, presently known as Guangzhou, the

capital city of Guangdong. Guangzhou was regarded as the centre of

the purest form of Cantonese in the past. However, Hong Kong has

now been widely accepted as the de facto “language” centre of

Cantonese because of the influence of the mass media and pop culture

originating from the city. As a result, the corpora for the construction

of lists of PB Characters will be selected from sources originating in

Hong Kong.

Cantonese is a colloquial language that is full of slang and

non-standard usage. People in Hong Kong sometimes use the written

form of spoken Cantonese in an informal way because it is more

reflective and expressive, and received more warmly by speakers of
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Cantonese. Most people use standard Chinese characters for formal

occasions especially in records of legal documents, in order to capture

exactly what a witness has said as official languages uses in Hong

Kong for documents. As a result, the number of articles and

documents in public circulation that use “pure” spoken Cantonese is

not large. There are also noticeable differences in the ways Cantonese

is spoken in Hong Kong and in other places around the world. In

addition, the language of youth is rapidly evolving with new slang,

and trendy expressions are constantly being introduced into

mainstream spoken Cantonese. There is a strong tendency to mix

English words or phrases with Cantonese during normal conversation,

especially among the younger generation in Hong Kong.

Consequently, Cantonese spoken in classrooms is more likely to be

formal and official like written documents for public circulation such

as newspapers or government announcements, than ‘pure’ spoken

Cantonese with meaningless pronunciation or colloquial. Still, the

selection of material is highly depended on the purpose of testing if

the language’s nature is similar as Cantonese.

We re-iterate that 20 word lists are usually used in subjective
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tests to evaluate the speech intelligibility of English. Each of these
lists contains 50 mono-syllabic words. These words are not chosen
randomly but are selected in accordance with their relative
frequencies of occurrence in daily usage. The distribution of
phonological units, i.e. vowels and consonants, should be nearly the
same in all word lists. The mono-syllabic words should be of equal
difficulty in each list. By using different PB word lists, we can
minimize the possible bias of hearing sensitivity on certain words or
the frequency spectrum of the subjects during the speech
intelligibility tests. This precaution can lead to more reliable

experimental results without the repeated use of an identical word list.

2.3.5 Analysis of corpora of daily usage Cantonese
First we need to establish a set of appropriate corpora in
selecting the PB character lists for Cantonese. Since the test materials
for assessing the speech intelligibility in a communications channel
should preferably be phonetically balanced, the database should be
carefully chosen such that the test materials reflect the daily usage of

a language. Local newspapers or even government announcements
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are good sources of the corpora for the development of such a

paradigm. They are comparatively more reliable than books or

journals. In the present study, the chosen corpora are comprised of

508 articles of local and international news published in different

newspapers of Hong Kong between the three-month period from

October to December in 1997 and 309 scripts of local TV news

broadcasted in 2004. There have over 842 thousands monosyllabic

words or Chinese characters with Cantonese pronunciation from the

chosen corpora. They reflect the daily usage of spoken Cantonese and

are used to analyze their phonological distribution: frequencies of

initials, finals, and tones. It is worth re-iterating that each Chinese

character is analogous to a mono-syllabic word in English. However,

the textbooks have not been use as one of the sources for the corpora.

The contents of the textbooks are Chinese characters in poems and

literatures which may not pronounce in nowadays spoken Cantonese.

Thus, the selected materials are not including those textbooks uses in

schools.

Based on the list of monosyllabic characters published by LSHK,

together with supplementary characters provided by the Government
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of Hong Kong Special Administrative Region [39], there are a total of

13,228 Cantonese pronunciations [43] of about 12,600 Chinese

characters. The Cantonese pronunciations of each Chinese character

in the corpora are firstly identified for calculation of their frequencies

of occurrence. Although there have about 2,600 different Chinese

characters in the corpora compares with about 13,000 published by

LSHK, these characters are the most frequently used in our daily life.

It is noticeable that some Chinese characters have different tones

when is use together with other Chinese character for different

meaning. Hence, understanding its sentences’ meaning is important

for selection of appropriate tone for polyphone Chinese characters.

For those are ambi-phones or heter-phones characters, the “normal”

pronunciation are chosen according to LSHK. According to same

statistical analysis on corpus published by LSHK, the frequency of

occurrence for each initial, final and tone are summarized, together

with their relative frequency of occurrence. The analysis of these

frequencies is essential as base for development of a database of

phonetically balanced words.

From the results shown in Table 2.7 to Table 2.9, and Figure 2.2
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to Figure 2.4, the frequency of occurrence of each initial, final and

tone are calculated. With reference to each initial, final and tone, a

number is labelled to each for graphical presentation purpose only and

their corresponding numbers are indicated in the tables. Both null

initial or null final are represented into “0” in numbering. The

graphical distributions are then plotted as shown in the figures.

Table 2.7 and Figure 2.2 shown /j/ is the most frequently used

initial, with 13.073%. There are two possible reasons: 1) this initial is

used in many common characters such as “one” /jatl/, “people” or

“human” /jan4/, “have” /jau5/, it occurs about 10,000 times; 2) this

initial is ranked as 6-th of the most frequent initial that has many

characters are under this initial in pronunciation. The initial /s/ and /z/

follow with 12.376% and 11.738% respectively. Together with /g/, /d/

and /c/ that are ranked 4-th, 5-th and 6-th on the frequency of

occurrence in the corpora, these top 6 initials contributed over 60%

(61.054%) of populations. The least occurrences of initials are /0/ and

/kwl/, with 0.447% and 0.144% respectively. For initial /kw/, it occurs

only 1,212 times in over 842,000 Chinese characters in the corpora.

Compared with Table 2.1 and Table 2.7, the frequency distributions of
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initial are similar in the corpora and those from LSHK. Both have

over half in population for /j/, Is/, /z/, /gl and /c/ in total and are

ranked as the most popular. The less popular are /0/ and /kw/. Figure

2.5 shows the comparison of percentage distributions of initial in the

corpora and from LSHK.

Results from Table 2.8 and Figure 2.3 show that /i/ is the most

popular final among 63 of them, with 7.715%. The main reason is that

this final is included in common characters like “yes” or “is” /si6/

(5281 times), “market” /si5/ (5100 times), “time” or “period” /si4/

(3874 times) etc. The final /ing/ and /au/ are the occurrences in 2-nd

and 3-rd in the corpora, with 5.570% and 5.101% respectively. These

three most frequent finals cover 18.387% of distribution. Over 50%

of contribution for the first 12 frequent finals and over 75% for the

first 21 popular finals. Two-third of the finals occupied no more than

25% of distribution in the corpora. The least popular final is /ot/ with

only 0.007%, however, /em/, /en/, lepl, let/, leul, Im/, /oel, loeil, lum/

and /up/ never occurs in the corpora. In comparison between Table 2.8

and Table 2.2, their similarity in frequency distribution is agreed and

shown in Figure 2.6.
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Table 2.9 shows that the most frequent tone is tone 1, with

25.722% and the 2-nd is tone 6, with 23.821%. These 2 tones

contribute to about half of the population, 49.543%. The frequency

distribution of tone in the corpora is similar as published by LSHK,

which is shown in Figure 2.7. Analysis have been conducted in

comparison to frequency distribution of initial, final and tone, all the

results shown in Figure 2.5, Figure 2.6 and Figure 2.7 have positive

regression. By comparing two distribution sources, their relative

coefficient in similarity is 0.902 for initials. Under the deviation

analysis, their coefficient is 0. Finals and tones are studied with the

same conclusions. These results indicate there is no significant

difference of distribution. With the above similarity characteristics, it

implied that the selection of resources of the corpora is appropriated

and, the corpora and those published by LSHK are assumed as unity

resources. Therefore, the corpora used are appropriate for selection of

phonetically balanced monosyllabic vocabulary in Cantonese and to

reflect the daily usage of it.

The relative frequencies of occurrence of Chinese characters

with Cantonese pronunciation have been compared with the
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respective results of Dewey [44] for English and Zhang [37] for

Mandarin. This comparison is needed to minimize the bias in the

process of selecting testing materials from the sources of corpora

since wrong selection of the sources of corpora will lead to large

deviation as bias on usage of certain characters (or syllables). First of

all, the set of characters/words is ranked according to the relative

frequencies of occurrence, F, in percentage, of the characters/word.

The character that occurs most frequently is ranked first, by setting n

= 1. The next most frequently occurring character ranks second with n

= 2, and so on. Figure 2.1 shows plots of the logarithmic relative

frequencies of occurrence versus the logarithmic ranks for English,

Mandarin, and Cantonese, respectively [37]. All three languages show

different distributions in the relative frequencies although Cantonese

and Mandarin show a rather similar trend except the extremely small

or large occurrence since both languages come from the same

language family. We expect these distributions will be dissimilar for

different language families. The priority in selecting PB characters

starts from the most frequently occurring character, i.e.n=1, 2, 3, ..

and so on until all character lists have been completed.
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Figure 2.1 shows the relative frequency of occurrence in English

[44], Mandarin [37] and Cantonese. Since both Mandarin and

Cantonese are tonal languages which come from same language

family, it is clearly that Mandarin and Cantonese have comparable

relationship in relative frequency and order of occurrences. In contrast,

deviation between English and Cantonese is obvious, especially in

range of higher orders and lower orders.

Selected characters are compiled in a list. Several lists of

characters are established in the selection process. A further statistical

analysis is conducted on each character list to determine the

frequency of occurrence of each initial, final and tone. This serves to

confirm all character lists are phonetically balanced and equally

difficult. According to the results of distribution analyzed, frequency

of occurrence of each initial, final and tone is allocated in order of

relative occurrence n, started with n=1, 2, 3, .. and the simplest and

the most commonly used Chinese characters are selected. The

difficulties of the lists can be maintained and balanced.

According to the results of distribution analyzed, ten lists with

75 Chinese characters in Cantonese pronunciation have been chosen
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and shown in Appendix with equal difficulties and phonetically

balanced. The number of Chinese characters in each list is the same as

the one for Mandarin [30] also known as both languages come from

same language family, polysyllabic and tonal language. In Hong

Kong, and many cities using both spoken Chinese (Mandarin) and

Cantonese in their societies, it is remarkable to use the lists for

comparison of these two spoken languages for further study. In

addition, 75 Chinese characters in each list can fulfil the distribution

of percentages of initial, final and tone which 75 in total. Since these

10 lists should be phonetically balanced and same in frequency

distribution for initial, final and tone, it is verified by statistical

analysis on each lists and shown in Table 2.10 to 2.12. The characters

will then be tested with a group of native speakers of Cantonese to

ensure their appropriateness of the selected lists.

2.4 Conclusions

A set of 10 lists of phonetically balanced Chinese characters

(with Cantonese pronunciation) has been chosen for subjective tests

of speech intelligibility. There are 75 characters in each list and 10

lists have been chosen. The database can be used for more
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investigations with the aim of improving the speech intelligibility in

classrooms and/or other communications channels. It aims to benefit

the society for various purposes such as medical assessment on

hearing systems, learning disabilities level, as monitor criteria for

hearing impairment, and assessment of different kind of disabilities. It

can further help on development of hearing aid equipment like

audiphones. In this paper, the general methodology on the

development of such a database has been discussed in detail. The

methodology can be easily adapted by researchers or educators in

other countries with different languages. The present study can be

regarded as a guideline for developing pertinent information on

phonetically balanced words for different languages.
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Tables
Initial Ib/ Ipl Im/ il /d/ Il In/
Fi 532 429 563 547 592 543 257
Fi (%) |4.2149%)|3.3988%|4.4605%|4.3337%]4.6902%|4.3020% |2.0361%
Initial N Ig/ Ikl Ing/ Ih/ Igw/ Ikw/
Fi 883 932 443 287 817 223 99
Fi (%) [6.9957%|7.3839%)]3.5097%|2.2738%|6.4728%|1.7668%|0.7843%
Initial Iwi Iz Icl /sl lil 0" | Total
Fi 552 1327 998 1101 1301 196 12622
Fi (%) [4.3733%|10.5134%|7.9068%|8.7229%10.3074%1.5528% | 100%

* null initials are represented 0.

Table 2.1 — The percentage distributions of the 20 initials (null initials

included) of all Chinese characters with Cantonese pronunciations

listed in Ref. [39].
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Final 1l fip/ fit/ fik/ fim/ fin/ fing/

Ff 510 111 201 332 224 424 500

Ff (%) |4.0406%|0.8794%|1.5925%|2.6303%|1.7747%|3.3592%3.9613%

Final fiu/ Iyul Iyut/ Iyun/ luf lup/ fut/

Ff 424 267 118 364 218 0 48

Ff (%) |3.3592%)|2.1154%|0.9349%|2.8839%|1.7271%|0.0000%|0.3803%

Final Juk/ fum/ fun/ /ung/ Jui/ lel lep/

Ff 309 1 154 467 134 97 1

Ff (%) |2.4481%)|0.0079%|1.2201%|3.6999%|1.0616%|0.7685%|0.0079%

Final let/ lek/ lem/ len/ leng/ leil leu/

Ff 3 33 1 0 46 483 2

Ff (%) |0.0238%|0.2614%|0.0079%0.0000%|0.3644%|3.8267%0.0158%

Final leot/ /eon/ leoi/ loe/ loet/ loeil loek

Ff 53 189 452 5 1 2 94

Ff (%) |0.4199%)|1.4974%|3.5810%0.0396%0.0079%|0.0158%|0.7447%

Final | /oeng/ o/ fot/ [ok/ /on/ /ong/ /oi/

Ff 275 316 17 240 87 440 177

Ff (%) |2.1787%)|2.5036%|0.1347%1.9014%|0.6893%|3.4860%|1.4023%

Final /ou/ lap/ fat/ lak/ fam/ /an/ lang/

Ff 508 95 249 67 265 545 164

Ff (%) |4.0247%|0.7527%|1.9727%0.5308%|2.0995%|4.3179%|1.2993%

(cont’d)
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Final [ail fau/ laal laap/ [aat/ [aak/ faam/
Ff 582 572 346 129 99 128 192
Ff (%) |4.6110%|4.5318%|2.7412%1.0220%|0.7843%1.0141%|1.5212%
Final | /aan/ | /aang/ | /aai/l | [laaul/ m/ Ing/ 0" |Total
Ff 330 86 222 187 1 1 34 12622
Ff (%) |2.6145%|0.6814%)]1.7588% |1.4815%)]0.0079%|0.0079%)]0.2694% | 100%

* null initials are represented 0.

Table 2.2 — The percentage distributions of the 63 finals (null finals

included) of all Chinese characters with Cantonese pronunciations

listed in Ref. [39].
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Tone 1 2 3 4 5 6 Total

Ft 3297 1419 2199 2582 733 2392 12622

Ft (%) [26.121%|11.242%|17.422%|20.456%|5.807%]|18.951%|100.000%

Table 2.3 — The percentage distributions of the 6 tones of all Chinese

characters with Cantonese pronunciations listed in Ref. [39].
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Initial | /o/ | /p/ [Iml| /| /dl | /| il | W dgl LIk In | A | Tal

Fi (%) |5.15/0.98|3.74(|2.45|12.00|3.53|2.53|5.69(5.50|1.83|4.42|6.98|3.11

Initial | /x/ |/zh!|/lchl|/shl| Ir] | Izl | Icl | Isl | [of
Fi (%) |4.86|7.18|2.75|7.66(1.94/3.01|1.15|1.08(12.45

Table 2.4 — The percentage distributions of the 22 initials of all

Chinese characters with Mandarin pronunciations listed in Ref. [37].
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Final | /a/ | /ol | el | fil | [ul | [al | [-if |lerl | [&] | /ail | /eil |/aol |/ou/

Ff (%) |3.89|0.54|12.38|8.80|7.11(1.80|6.41|0.28|0.00|2.83|1.28|3.10(1.88

Final | /ia/ | fie/ |/iao/| fiu/ |/ua/|/uo/ |/uail| luil |lGel |lan/ |/en/ |lang/|/eng/

Ff (%) |1.09|2.42|2.06|2.60|0.44|4.40|0.32|2.75|1.01|3.41|3.62|2.87 | 3.09

Final |/ong/|/ian/| /in/ |/iang/|/ing/|/iong/|{/uan/|/un/|/uang|/ueng/|/Gan/|/tn/

Ff (%) |4.18]4.10(1.95| 1.80 |3.05| 0.42 | 1.24|0.89| 0.65 |0.003|0.85|0.52

Table 2.5 — The percentage distributions of the 38 finals of all Chinese

characters with Mandarin pronunciations listed in Ref. [37].




Tone

1

2

3

4

5(null)

Ft (%)

18.71

19.37

17.51

35.79

8.63

85

Table 2.6 — The percentage distributions of the 5 tones of all Chinese

characters with Mandarin pronunciations listed in Ref. [37].
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Initial b/ Ip/ /m/ ik fd/ 1 In/
Fi 41999 | 9360 | 35974 | 34335 | 73467 | 26526 | 13966
Fi (%) 49853 | 1.111 | 4.2702 | 4.0756 | 8.7206 | 3.1487 | 1.6578
X-axis 1 2 3 4 5 6 7
Initial n gl k! ng/ /h/ Igw/ Tkw/
Fi 38210 | 80597 | 19221 | 9046 | 44275 | 17466 1212
Fi (%) | 4.5356 | 9.567 | 2.2816 | 1.0738 | 5.2555 | 2.0732 | 0.1439
X-axis 8 9 10 11 12 13 14
Initial fwi/ Iz/ Icl Is/ 1l o* Total
Fi 32750 | 98888 | 46999 | 104265 | 110132 | 3763 | 842451
Fi (%) |3.8875|11.738 | 5.5788 | 12.376 | 13.073 | 0.4467 100
X-axis 15 16 17 18 19 0

* null initials are represented 0.
Table 2.7 — The percentage distributions of the 20 initials (null initials

included) in the corpora.
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Final fil fip/ fit/ fik/ fim/ fin/ fing/
Ff 64996 | 5276 | 6579 | 34270 | 4475 | 29933 | 46925
Ff (%) | 7.7151 | 0.6263 | 0.7809 | 4.0679 | 0.5312 | 3.5531 | 5.5701
X-axis 1 2 3 4 5 6 7
Final fiu/ Iyul Iyut/ Iyun/ u/ lup/ ut/
Ff 17450 14806 | 5729 | 20902 10111 0 2126
Ff (%) 2.0713 | 1.7575 | 0.68 | 2.4811 | 1.2002 0 0.2524
X-axis 8 9 10 11 12 13 14
Final Juk/ fum/ /un/ /ung/ Jui/ lel lep/
Ff 12145 0 9866 31767 | 11653 7704 0
Ff (%) 1.4416 0 1.1711 | 3.7708 | 1.3832 | 0.9145 0
X-axis 15 16 17 18 19 20 21
Final let/ lek/ lem/ | /en/ leng/ leil leu/
Ff 0 1095 0 0 829 38854 0
Ff (%) 0 0.13 0 0 0.0984 4.612 0
X-axis 22 23 24 25 26 27 28
Final leot/ leon/ /eoi/ loel | Joet/ | /oeil loek
Ff 5147 6457 21000 0 0 0 3868
Ff (%) 0.611 0.7665 2.4927 0 0 0 0.4591
X-axis 29 30 31 32 33 34 35
Final /oeng/ lol lot/ lok/ /on/ /ong/ foi/
Ff 28599 | 26015 57 17044 | 3886 | 22075 | 25155
Ff (%) | 3.3947 | 3.088 | 0.0068 | 2.0231 | 0.4613 | 2.6203 | 2.9859
X-axis 36 37 38 39 40 41 42

(cont’d)
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Final lou/ lap/ fat/ lak/ Jam/ fan/ lang/
Ff 39067 | 12302 | 23836 | 8110 | 9686 | 34226 | 9988
Ff (%) | 4.6373 | 1.4603 | 2.8294 | 0.9627 | 1.1497 | 4.0627 | 1.1856
X-axis 43 44 45 46 47 48 49
Final /ail lau/ laa/ laap/ [aat/ laak/ | laam/
Ff 28670 | 42976 | 25056 | 2428 8883 8311 7596
Ff (%) | 3.4032 | 5.1013 | 2.9742 | 0.2882 | 1.0544 | 0.9865 | 0.9017
X-axis 50 51 52 53 54 55 56
Final | /aan/ | /aang/ | /aai/ | /aau/ m/ Ing/ 0* Total
Ff 17109 | 3915 | 14768 | 6180 0 2550 0 |842451
Ff (%) |2.0309|0.4647 | 1.753 | 0.7336 0 0.3027| O 100
X-axis 57 58 59 60 61 62 0

* null initials are represented 0.

Table 2.8 — The percentage distributions of the 63 finals (null finals

included) in the corpora.
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Tone 1 2 3 4 5 6 Total
Ft 216697 | 92052 | 140483 | 137355 | 55184 | 200680 | 842451
Ft (%) | 25.722 | 10.927 | 16.676 | 16.304 | 6.5504 | 23.821 100

Table 2.9 — The percentage distributions of the 6 tones in the corpora.




Initial | List 1 | List 2 | List 3 | List 4 | List 5 | List 6 | List 7 | List 8 | List 9 | List 10
b 4 4 4 4 4 4 4 3 4 4
c 4 4 4 4 4 4 4 4 4 4
d 6 6 6 6 6 7 7 7 7 7
f 3 3 3 3 3 3 3 3 3 3
g 7 7 7 7 7 7 7 7 8 8

gw | 2 2 2 2 2 2 1 1 1 1
h 4 4 4 4 4 4 4 4 4 4
j 10 | 10 | 10 | 10 | 10 | 10 | 10 | 10 | 10 10
k 2 2 2 2 2 2 2 1 1 1

kw | 1 0 0 0 0 0 0 0 0 0
| 3 3 3 3 3 3 4 4 4 4
m 3 3 3 3 3 3 3 3 3 3
n 1 1 1 1 1 1 1 2 1 1

ng | 1 1 1 1 1 1 0 0 1 1
p 1 1 1 1 1 1 1 1 0 0
s 9 9 9 9 9 9 9 | 10 | 10 10
t 2 2 2 2 2 2 3 3 3 3
w 3 3 3 3 3 3 3 3 3 3
z 9 9 9 9 9 9 9 9 8 8
0* 0 1 1 1 1 0 0 0 0 0

Total| 75 | 75 | 75 | 75 | 75 | 75 | 75 | 75 | 75 75

* null initials are represented 0.
Table 2.10 — The percentage distribution of the 20 initials (null initials
included) in 10 lists of phonetically balanced monosyllabic word lists

in Cantonese.




91

List 1 | List 2 | List 3 | List 4 | List 5| List 6 | List 7 | List 8 | List 9 | List 10

0

Final

aa

aai

aak

aam

aan

aang

aap

aat

aau

ai
ak

am

an

ang
ap

at

au

ei
ek

em

en

eng

€oi

eon

eot
ep

et

eu

ik

im

in

ing

ip
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75

75

75

75

75

75

75

75

75

List 1 | List 2 | List 3 | List 4 | List 5| List 6 | List 7 | List 8 | List 9 | List 10

2

75

Final

it

iu

ng

oe

oei

oek

oeng

oet

Oi
ok

on

ong

ot

ou

ui
uk

um

un

ung
up

ut
yu

yun

yut

total

* null initials are represented 0.

Table 2.11 — The percentage distribution of the 63 finals (null finals
included) in 10 lists of phonetically balanced monosyllabic word lists

in Cantonese.
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Tone | List1 | List2 | List 3 | List 4 | List5 | List 6 | List 7 | List 8 | List 9 | List 10

1 20 20 19 19 19 19 19 19 20 19

2 8 8 9 8 8 8 8 8 8 8

3 12 12 12 13 12 13 13 13 12 13

4 12 12 12 12 13 12 12 12 12 12

5 5 5 5 5 5 5 5 5 5 5

6 18 18 18 18 18 18 18 18 18 18
Total | 75 75 75 75 75 75 75 75 75 75

Table 2.12 — The percentage distribution of the 6 tones in 10 lists of

phonetically balanced monosyllabic word lists in Cantonese.
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Appendix
List 1

Fi baak3 [ ginl fol jiul Fol si6
[ bei6 |

oE

go3 W= jyul = sikl

*

biu2

el

goil o kap6 W sip3

[
% bun2 - gong2 ¥  koengd = sung3
= cau4 ﬁ.'J goul  ¥%  kwok3 Y taal
B cingd W gwo2 @ EE lei4 i tai2
B coengd B gwok3 El lei5 By wai4
El cungd Tl hakl )} ling6 =  wong5
- daai6 =  hang4d F mei6 T?f Wui6

(/' daan6  1¥ hat6 e mit6 N zaul
¥ deoi3 % hyun3 mou5 :LF;[, ze3
] dikl = jaab R neoi5 F7 zeonl

F7 dung6 . jand #ZL ngand zil

B dyun6 - jatl A pin3 4 zi2

1 faat3 ~ jaue = saaml ¥  zing3
F‘, fau2 hd ji4 [l sail = Z0i6
) fu2 it jikl B san4 I’F‘L Zou6
P gaaul jiné Jyg sil A zuk6

|
~

gaml F?é jinge sil



List 2

ban2
batl
bei6
bit6
col
coeng4
coi4
cung4
dakl
ding6
dongl
dou2
duk6
dung6
faa3
faat3
fanl
gaal

gaak3

gaanl
gaau3
gaml
gu2
gunl
gwai3
gwanl
hau6
hei3
hyunl
hyun2
jaub

ji3

ji6
jik6
jin6
jing4

jius

jung6
Jyué
kau4
kei4
laail
lingb
liué
mei5
ming4
mok6
naam4
nang4
ngoi6
ou3
pou2
sap6
satl
seoil

Seon6
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si5
sikl
sikl
sinl
sin2
tai4
taud
w06
Wui6
zai3
ze2
ze0i3
zil
zi2
zip3
zoengl
zok3

zongl



List 3

E[J

=
—_

baaul
ban2
bei6
bing6
cel
ceoi4
cingl
cing2
daa2
daat6
dak6
dei6
dit3
dol
fongl
fui3
fun2
gaai3

gaam?2

=

gai3
gatl
gau3
geil
gwaanl
gwanl
gyunl
haa6
haak3
haub
hoeng2
jap6

jat6

jind

jip6

juké
jung2

jung4

Pl
e

G

Xy

jung5s
jyub
keoil
kyun4
lik6
lin4
lius
man4
mong4
moub5
nei4
ngok6
0i3
pou3
sai3
saml
sau2
sau6

Si3
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si4
Si6
singl
soeng6
tinl
tiud
wail
wo4
wu4
zangl
zeon3
zi3
zi6
zikl
zik6
Z06
zoil

Z0u2



List4

fEt

gaa3
zaa3
daai3
waak®6
caaml
maan6
waan4
baat3
gaau3
tai4
wai5
bai6
bakl
gam2
sanl
han2
ganl
gang3

hap6

catl
batl
zaué
gau3
taul
hau6
sel
lei6
sei2
gei6
lei5
heoi3
ceoi4
seonl
ji5
Zi6
Si2
ci5

sil

jid
sikl
zikl
nin4
zin3
sin6
sing4
zingl
jing2
ping4
jip6
lit6
kiud
jiul
gwo3
ngo4
zoeng?2
joengl

doi6

I

[laf

W

ju
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Z0i3
kok3
ok3
mong6
gwong2
dou6
zou2
dou6
ful
fuil
duk6
mun4
dungl
jung4
fungl
Jyu4
jyun5

jyun6



List5

T

W E

=

A

B OB N S R =

baanl
baau3
biul
bo3
caat3
cakl
ci4
cing4
daaml
dang?2
dau6
diu6
dong2
dou3
faan2
fai3
fat6
gaal

gan6

B

gei3
geoil
gikl
gul
gungl
gwai3
gwongl
hai6
hei2
hin2
hip6
jamé
jil
ji5
jik6
jing4
joeng4
jung6

jyud

jyun4
jyun5
kau4
kok3
lap6
lau4
loeng5
mou4
mui5
mun4
ngosS
noi6
pinl
sat6
saul
se2
seid
Seoi2

seon3

R
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Si6
singl
sing4
taal
toi4
ukl
waak®6
wai6
wan4
zan6
zil
zi3
zikl
zin2
zit3
zok6
Zou6

zungl



List 6

©

\_%

= W Z

=

cugi

oW B O#H Ty @

ju

i

baal
baan6
bei6
bun3
caak3
caan2
can4
cang4
dou2
dou6
dukl
dung2
dyun2
dyun6é
dyut6
fong3
ful
fuil

gaai2

&

g

EM

geil
geoi2
gin3
gingl
ging6
goul
gwai3
gwok3
haau6
ho4
hoeng3
hungl
janl
jan5
jatl
jaud
jaub
ji4

ji5

g S

3

\om
[

ji5
jikl
Jyud
kapl
kong3
lam4
leon6
leot6
mat6
min6
ming4
nei4
ngoi6
pung2
saat3
sau6
se5
seoil

sikl

-

Ak

< &

@

T

fir
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sik6
sin3
sing4
siu2
tit3
toi4
waa6
wai6
wo4
zaam6
zakl
zaul
zil
zi3
zi6
ziu3
zoengl

zoul



G

=

e TH T R

bei6
bou6
bui3
bunl
caa4d
ce2
ceoil
ceotl
dai6
dakl
dim2
din6
doi6
doul
dungl

faal

geoi3
ging2
goi2
gok3
gong3
gwanl
gyun2
hau6
hei3
hei3
ho2
jatl
jaud
jau6
jin5
jingl
jing3
joeng6

joeng6

jung6
Jyus
kam4
kyut3
loeng6
lou6
luk6
lung4
maai5
mang4
mei4
nin4
paai3
saat3
satl
sil
si5
Si6

sikl

qgﬂl
i

FL
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sikl
siul
s02
taan4
toud
tyun4
waan5
wai4
wan6
zaak3
zaam6
zanl
zaul
zi2
zi3
zi6
zik6

zing3



List 8

K

N
T

(-

bin6
bol
bou3
cang4
ceoi2
ci4
cik3
daanl
dail
dat6
ding6
dou6
dung6
dyun2
faai3
feil
fol
gau2

gikl

g

hj',,
—

T

goi3
gok3
gong2
gou3
gul
gwatl
hau2
hoengl
hoil
hon3
jan5
jil
ji6
jim4
jin5
joek6
jung4
Jyué

jyund

(&

s

i

jyut6
kaa2
laud
lei5
leoi6
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Chapter 3

Acoustical conditions of
classrooms of selected schools in
Hong Kong

3.1 Introduction

Hong Kong is currently in the midst of the largest campaign of
stepping up the quality of school education in history. The
government has launched a school improvement programme not only
to re-provision the existing schools, also to revise the standard design
for primary and secondary schools. This programme aims to provide
more facilities to support the implementation of various new
initiatives and enhancing language teaching. Further than that, it is
not only the case that happens in Hong Kong but in all the rapidly
growing countries in Asia such as China or Middle East. In fact,
effective verbal communication between teachers and students in
classrooms is very important and beneficial to both. An optimal
learning environment is crucial to the development of characters and

learning patterns of the students. The teachers are not required to
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increase their voice to guarantee the communication of instructions to

the students. The usual symptoms like headache and sore throat of the

teachers caused by compensating the poor acoustical conditions by

raising their voice could also be minimised. The students’ hearing

system can be protected without improper usage of amplifiers or

address systems inside the classrooms.

Comprehensive acoustical measurements of existing classrooms

for different age groups from primary to tertiary educations in Hong

Kong have been conducted. The analysed data provided valuable

information on the empirical relationship between the speech

intelligibility in a classroom and the variations in the reverberation

time, the background noise level, the signal-to-noise ratio, and the

speech transmission index. The outcome of these experimental results

provides an insight on the acoustical conditions of the typical

classrooms in Hong Kong that compared with literature review of the

worldwide standards for the design criteria.
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3.2 Acoustical measurements of classrooms in Hong
Kong

To establish an effective learning environment, speech
intelligibility in classrooms should be improved to achieve
satisfactory acoustical conditions or up to international standards, at
least. However, it is much more expensive and difficult in practice to
renovate the built classrooms. The vital importance is to identify the
acoustical design criteria for the classrooms beforehand. Even the
issues of “good” acoustical conditions and ‘“adequate” speech
transmission inside classrooms have been discussed for years but little,
if anything, have been investigated. Early studies investigated that
speech intelligibility can be interpreted by indoor ambient noise level
(or background noise level) and reverberation inside classrooms [1 —
3]. Excessive indoor noise and reverberation inside classrooms
interfere with the speech intelligibility affecting the influence on
behaviour and achievement of the students, and so lead to health
problems of either the teachers or the students.

Several acoustical properties that affect verbal communication

have been carried out by experimental measurements. These
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properties include outdoor and indoor ambient noise levels, noise
criteria, and reverberation time in 500Hz, 1000Hz, 2000Hz and its
arithmetic average. In addition to quantify the acoustical properties of
the classrooms surveyed, the well-known objective speech metrics
called speech transmission index [1 — 3] and its simplified version —
rapid speech transmission index [4 — 5] have been taken into account

in order to influence the speech intelligibility.

3.2.1 Background information of the classrooms
Twenty classrooms were selected from five primary schools, five
secondary schools and a university for field measurements. The
classrooms from primary and secondary schools were designed and
built based on modern designs of the government in Hong Kong.
Most of them were built under a standardized design named
‘generation 2000’ or ‘millennium generation’ (G2000) blueprint.
Since the design is only applied for primary and secondary schools in
Hong Kong, all universities were built on their own design. Though,
such blueprint has extent to use in new generation of schools in China,

for example, Shanghai. For comparison of their acoustical conditions,
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the classrooms selected in the university are comparatively similar in

geometrical configuration with the classrooms in primary and

secondary schools.

Table 3.1 lists out the classrooms measured with their

architectural and geometrical details. Some of them are finished with

acoustic treatments like carpet, acoustics ceiling or acoustics back

wall panel which are highlighted in the table. The number of split

type air-conditioning (A/C) machines and fresh air pre-conditioning

(FAP) machines in each classroom are recorded for discussion

purpose of noise criteria.

From the selected primary schools, there are five classrooms

which were built with G2000 design and one of which was finished

with acoustics ceiling. Four classrooms with non-standard design

were built with acoustics back panel. In addition, all measured

classrooms from selected secondary schools were built with G2000

design and two of them were finished with acoustics ceiling. Four

measured university classrooms were built with non-standard design

with highly similar geometrical configuration; however, all of them

were paved with carpet.
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3.2.2  Experimental procedures of field measurements
The acoustical measurements were deliberately conducted in
school hours to reflect the influence of background noises, such as
traffic noise and student activities, on the acoustical conditions of
classrooms under normal operation conditions. The measurements
were carried out under unoccupied condition by three diffuse field
microphones and two free field microphones. The measurements were
repeated to account for the reproducibility of results in different sets
of data whenever possible. Figure 3.1 shown details of locations of
the microphones. The diffuse field microphones numbered 1 to 3 were
placed inside the classrooms diagonally to measure the acoustical
parameters. Meanwhile, the free field microphones numbered 4 and 5
were located at corridor and outside the windows respectively to
monitor the outdoor noises. All of the microphones inside classrooms
were set at 1.2 m above the floor level which is nearly at ear level of
the seated students. The noise signals received from the microphones
were recorded simultaneously in a Sony 16-channel digital recorder
for all sets of measurements. The signals recorded were downloaded

and analyzed together with the 01dB-Stell Signal/Frequency Analyzer
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and Building Acoustics Analyzer which is used to calculate the

acoustical parameters and the speech indices.

Two normal conditions of the classrooms have been operated to

measure the indoor ambient noise level and noise criteria in 5 minutes

duration. The normal conditions have two different ventilation

operation systems. The first condition for measurement was carried

out with the doors closed, the mechanical ventilation system was

switched off but all the windows were widely open. This case is the

most usual operation condition of the classroom in autumn or winter

in Hong Kong. The second condition was conducted with all the

windows and doors closed but all mechanical equipments for

ventilation switched on. This is the most usual operation condition of

the classroom in spring or summer in Hong Kong. Since the study

was focused on improving the speech intelligibility of the classrooms,

the real and practical situation should be used for investigation. These

two conditions are almost the operation condition for whole academic

year. The measured data from this case were used to calculate the

noise criteria of the classroom in which the most affecting noise

sources were the mechanical equipments for ventilation only.
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The measurements of reverberation time (RT), speech
transmission index (STI) and the rapid speech transmission index
(RASTI) were conducted by the impulse which generated by pricking
an inflated balloon. All windows were closed and the mechanical
ventilation system (A/C & FAP) was switched off for these
measurements. The inflated balloons were placed about 1.5 m above
the floor, which is about the mouth level of an adult, at three positions
for bursting. Three impulses were generated in front of blackboards
and cater-corners of the classrooms where cross diagonal of the
diffuse field microphones. Figure 3.1 shows the details of location of
these three bursts. Each measurement lasted for about 12 seconds for
sufficient decay of signal inside the classroom. The results of RT, STI
and RASTI at each microphone’s position were obtained by these

three sets of balloon burst at the described location.

3.3 Comparison of international standards
In recent years, the classroom acoustics has aroused a great
concern internationally and many countries have developed or revised

standards for acoustical design of classrooms. We endeavour to
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identify the international standards, guidelines and recommendations

of different countries and organizations for the design of classrooms

in the study. These international standards are based on the studies

initiated by Vallet [6 — 7] in eight European countries: Belgium [8],

Germany [9 — 10], United Kingdom [11], France, Turkey, Sweden

[12], Italy and Portugal. Five countries: USA [13], Canada [14],

China [15], Australia and New Zealand [16] are included in this study

to cover the studies on the region of Pacific Rims. The study also

includes recommendation from the World Health Organization (WHO)

[17], the American Society of Heating, Refrigeration and Air

Conditioning Engineers (ASHARE) [18], and the American Speech

Language Hearing Association (ASHA) [19].

The ultimate goal in classroom acoustics is the adequate speech

intelligibility. This is known to be mainly determined by the

signal-to-noise level difference (S/N): the difference between the

speech-signal and background-noise levels at a receiver, and the

amount of reverberation [1 — 3]. The usual way to characterize the

amount of reverberation in a room is by the reverberation time (RT).

Reverberation time and ambient noise level are therefore the usual
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basis of classroom acoustics standards and regulations. Despite the

fact that most of the speech metrics, i.e. STI and RASTI, that have

been proposed can be measured in real rooms, classroom acoustical

performance is seldom specified in terms of these quantities. In these

international standards, guidelines and recommendations, 3 usual

parameters are identified for achieving optimal acoustical designs of

classrooms. These 3 acoustical parameters are indoor noise levels,

reverberation time, and noise criteria (NC). Most of these standards

specify two parameters (ambient noise levels and reverberation time).

However, ASHARE specifies NC only and ASHA specifies all three

parameters. The recommended values of these three acoustical

parameters for the optimal acoustic design of classroom are

summarised in Table 3.2. The acoustical design criteria specified by

France, Italy, Portugal and Turkey as shown in Table 3.2 are referred

to Vallet’s paper [6 — 7] since the original documents are not

accessible by the authors.

In spite of the limits for indoor ambient noise level are various in

different countries and organizations which are between 30 and 50 in

A-weighted equivalent sound pressure levels, most of them specify
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the limit at 35 dB(A) whilst ASHA gives the most stringent

requirement and China permits the greatest noise tolerance. In France,

the noise limits are 33 dB(A) and 38 dB(A) when the noise is

continuous and discontinuous respectively. Germany permits a 5

dB(A) higher in noise limit for HVAC equipment as long as this noise

is continuous without distinctly audible single tones. The American

National Standard Institute (ANSI) specifies 40 dB(A) for the noise

limit when the nosiest hours is dominated by the transportation noise.

With regard to the control of reverberation, most of the international

standards and guidelines specify maximum reverberation times

between 0.4 and 0.8 second in the octave bands with mid-band

frequencies of 500Hz, 1000Hz or 2000Hz, or the arithmetic average

of the reverberation time (Tns) in these frequency bands with the

exception of China where a greater reverberation is permissible. The

reverberation times as specified by Belgium, United Kingdom,

Australia and New Zealand, ASHA and ANSI are for unoccupied

classrooms. However, it is not clear whether the requirements of

reverberation time apply to unoccupied or occupied classrooms in the

standards and guidelines of France, Portugal, Canada and WHO.
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Among all the countries and organizations, only ASHA and ASHRAE

restricts the equipment noise level by specifying NC rating at NC 20

and NC 30 respectively.

3.4 Results of field measurements

3.4.1 Indoor ambient noise level and outdoor noise

level

Figure 3.2 (a) and 3.2 (b) show the measured results of the

indoor ambient noise levels inside the classrooms and their

instantaneous outdoor noise levels respectively. Both measured results

were conducted in a 5 minutes measurement period with the windows

open for ventilation and the windows closed in the air-conditioning

environment. Since the overall indoor ambient noise level is the

objective and essential parameter for design stage of a classroom, the

presented results are averaged of measured data from position 1 to 3

inside the classroom. The outdoor noise levels were logarithmic

average of the measured signals from position 4 and 5 where placed at

corridor and outside the windows.
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As shown in Figure 3.2 (a), all measured classrooms, except one

classroom (P2 — A) from primary schools, exceeded 50 dB (A) in

indoor ambient noise level under both operation conditions. By

comparing the corresponding averaged outdoor noise level, it was

relatively low in noise level for that exceptional classroom during the

measurement which about 55 to 58 dB (A). Most measured

classrooms have indoor ambient noise levels in the range of 50 to 60

dB (A) in both operation conditions while the averaged outdoor noise

levels in the range of 65 to 75 dB (A). However, three of them (S1 —

A, S1 — B, S3 — A) have the indoor ambient noise levels higher than

60 dB (A) under the condition of natural ventilation. Two classrooms

(P2 — B, P4 — A) from primary schools and two classrooms (Ul — A,

Ul — B) from university have nearly 50 dB (A) in indoor ambient

noise level under condition of mechanical induced ventilation which

all windows were closed for the air-condition environment.

Most of the measured classrooms have higher indoor noise levels

under the operation condition of natural ventilation than the

mechanical induced one. The apparently high indoor ambient noise

levels were largely due to the large outdoor background noise from
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the measuring environments in the vicinity of classrooms. With all

windows opened for natural ventilation, the indoor ambient noise

levels depended on the outdoor noise levels at the moment. From the

results of the classrooms P2 — B, S3 — A, Ul — C and Ul - D, the

averaged outdoor noise levels are higher during the measurement

period for air-conditioning environment than the natural ventilation.

Nevertheless, the simultaneous indoor ambient noise levels under

condition of air-conditioning environment are apparently lower than

under windows opened ventilation. The function of windows closed

to increase the transmission loss is obvious. The windows were used

as sound barrier to insulate the outdoor background noise when they

were closed so that the ambient noise levels inside the classrooms

were apparently lower than when the windows were opened. The

discussion could further be illustrated by comparing the results of

condition of natural ventilation with air-conditioning environment and

with the instantaneous averaged outdoor noise levels of the measured

classrooms.

What is more, it is worth noting that in the classroom P2-A,

there was an apparent increase in the outdoor noise levels due to the
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temporarily increased of traffic noise during the measurements. The

indoor ambient noise level under condition of mechanical ventilation

was higher compared with other measurements even when the

classroom’s windows were open for natural ventilation in the latter

cases. The discussion on this data was discarded but was retained for

completeness purpose.

Although the indoor ambient noise levels in all measured

classrooms were near or below 60 dB (A) which seems an acceptable

limit for most people, it is still unsatisfactory to meet any national or

industrial standards or guidelines. It is worth noting that the indoor

ambient noise level from the international standards or guidelines

were 35 dB (A) at most. The quietest classroom (P2 — A) measured

has reluctantly fulfilled grade B of the national standard from China.

It is understood the acoustical condition of classroom is more

stringent for learning efficiently through an ‘adequate’ speech

transmission.
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3.4.2 Noise criteria

The discussion above shows the air-conditioning environment is

quieter than the natural ventilation inside the classrooms measured,

still, there are another noise sources affecting the acoustical condition

of the classrooms. Noise radiated from the mechanical equipment

inside the classrooms inevitably deteriorates the speech transmission

between teachers and students. Figure 3.3 shows the noise criteria

(NC) of the classrooms under the operation condition with

air-conditioning environment where all the windows were closed and

the mechanical ventilation system was switched on without presence

of the students. The figure shows the averaged values of the measured

data from position 1 to 3 under a 5 minutes” measurement period.

Most classrooms under testing have the noise criteria nearly or

below NC 50. Only five classrooms (P1 — A, P1 —B, P5-B, SI — A,

S4 — A) out of twenty have NC 55 and there is one classroom (S2 — A)

with noise criteria nearly NC 60. The abnormally high of noise

criteria of the classroom can attribute to the extraordinarily high

averaged outdoor noise level during the measurement of

corresponding condition. The difference on indoor ambient noise
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level between condition of natural ventilation and mechanical induced

ventilation is about 8 dB (A) while there have 10 dB (A) difference

on averaged outdoor noise level.

With reference to the organizations shown in Table 3.2, all the

classrooms measured have the noise criteria exceed the recommended

value, NC 30 even the quietest classroom (P2 — A) measured have NC

45. This may ascribed to comparatively high of indoor ambient noise

levels of the classrooms measured with the international standards

and organizations.

3.4.3 Reverberation time

The reverberation times at the frequencies of 500 Hz, 1000 Hz

and 2000 Hz at different positions inside the classrooms are given in

Figures 3.4 to 3.6 respectively. The arithmetic average of the

reverberation time Tp,¢ in the 500 Hz, 1000 Hz and 2000 Hz octave

bands are shown in Figure 3.7. The reverberation times presented in

these figures are the averaged values in the three sets of

measurements. Figures 3.4 to 3.6 illustrate that the reverberation

times at different positions inside the classrooms are of similar values.
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It is remarkable that the reverberation time can substantially be

reduced if the classroom is finished with acoustic ceiling, see the

reverberation times of the classrooms S5-A, S5-B and P4-A as shown

in Figure 3.7, such that the reverberation times of these classrooms

(except S5-A, it is marginally acceptable) comply with most of the

international standards, i.e. RT < 0.6 s, except Italy where its

requirement is generally too lenient. However, the requirement of RT

< 0.4s as recommended by ASHA is too stringent. No classrooms in

our study can comply with this recommendation.

It can be concluded from Figures 3.4 to 3.6 that the acoustic wall

panel cannot provide an effective means to reduce the reverberant

sound field inside the classroom as compared with the acoustic

ceiling. The reverberation times of the classrooms treated with

acoustic wall panel (i.e. P2-A, P2-B, P5-A and P5-B) all exceed the

international limits, i.e. RT > 0.6 s. Excluding the extreme

reverberation times recommended by ASHA, all of the classrooms

without acoustical treatment have the reverberations times exceeding

the international limit of 0.6 s. Five of them (i.e. S1-A, S2-A, S4-A,

P3-A and P3-B) even have the reverberation times exceeding 1.1 s
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that are much higher than the international standards. Pictures 3.3 to

3.5 show the acoustic ceiling, and two different types of acoustic back

wall panel of the measured classrooms.

The relative short in the reverberation times, where RT < 0.8 s,

of the classrooms S1-B, S3-A, P1-A and P1-B compared to other

untreated classrooms where RT > 1.1 s and even the classrooms

installed with acoustic wall panel but RT > 0.8 s can attribute to the

presence of bags, jackets, books and fabric stationery cases inside the

classrooms, see Picture 3.1 and Picture 3.2 as a typical example. The

presence of these sound absorptive materials can provide extra sound

absorption inside the classroom that can substantially reduce the

reverberation time of the classroom. This is possibly the reason why

the classrooms have the same interior design but different

reverberation times in our measurements. The occurrence of the fact

that the reverberation times of classroom P4-A is shorter than that of

classrooms P1-A and P1-B can reinforce the statement that the

presence of bags, jackets, books and fabric stationery cases inside a

classroom can reduce the reverberation time of the classroom even

though the classroom is either acoustically treated or not. Though the
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human hearing system is not sensitive to the noise below 500 Hz and
the frequency of almost all of our speech is distribute in 500 Hz to
2000 Hz, it is also noticeable to study the reverberation time in low
frequency (< 500 Hz) as it may indicate the effect of mechanical

noise to speech intelligibility.

3.4.4 Speech transmission index and rapid speech
transmission index

The STI and RASTTI at different positions inside the classrooms
were obtained from averaging the three sets of measurements at
position 1 to position 3 and presented in Figure 3.8 and Figure 3.9
respectively. According to the data acquired from the three positions
inside the classrooms, position 2 have the highest value of STI and
RASTT at most. Position 1 and Position 3 varies on the degree of STI
and RASTI, though, Position 3 have a higher value in STI and RASTI
than Position 1 comparatively. The STI and RASTI are dependent and
sensitive to acoustical characteristics of the environment which

include outdoor noise level, indoor ambient noise level, absorption
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coefficient of the environment surrounding to pricking balloon,

especially in certain frequency bands.

Position 2 is placed at the cater-cornered centre where

comparatively far from the outdoor noise source: windows and the

doors. Effect of outdoor noise is the smallest among the three

positions inside the classrooms. Apparently, the absorption powers of

acoustic ceiling or carpet inside the classrooms are highly effective on

middle to high frequency range, which are the most of sound energies

of pricking balloon. Due to that absorption, the reverberation is

decreased and therefore the highest value of STI and RASTI were

found in position 2. Position 1 and position 3 are closed to the doors

and the windows respectively. The STI and RASTI are lower in

contrast as they are located in locations where easily affected by

outdoor annoyance. In addition, position 3 is close to back wall that

some of the classrooms with acoustic back wall panel can effectively

decrease the effect of reverberation and diverse the pathway of speech

transmission. Position 1 is located too close to the whiteboard and

reflection of it induced masking and increase reverberation.

During the speech transmission inside the classrooms, the speech
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signal is changed due to the echo, reverberation and ambient noise

that reduce the speech intelligibility. The measurement results show

that speech intelligibility is dependent on the reverberation of the

classrooms even though there have variations in ambient noise levels.

Research showed that STI should be larger than 0.6 as a minimum

requirement for effective communication and speech intelligibility [3,

5]. From the measured results, it is clear to observe that when the

arithmetic average of the reverberation times (Tyy) are less than 0.6 s,

see Figure 3.7, the STI and RASTI are larger than 0.7 for classrooms

S5-A, S5-B and P4-A. However, when T..r of the classrooms S1-A,

S2-A, S4-A, P3-A and P3-B are larger than 1 s, the STI and RASTI

are less than 0.6. The STI and RASTI of the remaining classrooms

range from 0.6 to 0.7 while Ty of the classrooms are between 0.6 s

and 0.9 s. It is rational to have this observation as when the

reverberation time is excessively long, the sound energy that does not

reinforce the direct sound, in effect, becomes a masking sound for test

signal, reducing speech intelligibility. For the above, reverberation

time and STI are dependent and interact quantity to each other: larger

RT induced to smaller STI due to masking effect and sound
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reverberant.

With reference to table 3.1, figure 3.8 and figure 3.9, the STI and

RASTI in different classrooms vary even when the classrooms have

same geometrical configuration. Therefore the acoustical

configuration inside the classrooms plays an important role to those

variations. Similar to discussion of reverberation time, the STI and

RASTI is higher if the presence of bags, jackets, books and fabric

stationary cases inside a classroom can induce a higher result in STI

and RASTI, even though the classroom is either acoustically treated

or not. The presence of bags, jackets, books and fabric stationery

cases inside the classrooms increase the absorption that shorter the

reverberation. Comparison of the STI and RASTI of the classrooms

P1-A, P1-B, S-4A can strengthen the statement we discussed in

section 3.4.3.

Besides, the area of absorption materials is an important factor

for efficacy of improving the speech intelligibility. RT is an

absorption dependent parameter and directly affects the STI and

RASTI. The area of absorption materials is one of the important

parameter in calculation of RT. It is therefore a larger area of
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absorption materials that can improve the speech intelligibility in the

classrooms. From the results of carpeted classrooms (Ul-A, Ul-B,

Ul1-C, Ul1-D), classrooms with acoustic ceiling (P4-A, S5-A, S5-B),

classrooms with acoustic back wall panel (P2-A, P2-B, P5-A, P5-B),

and the rest of the classrooms without acoustics treatment, the latter

have the smallest STI and RASTI value since none of acoustics

treatment inside the classrooms. Obviously the acoustic ceiling,

carpet and acoustic back wall panel are commonly use for improve

the speech transmission inside the rooms since the large area of

absorption materials can be easily to attached to the wall or fixtures of

the rooms. However, in comparison to the results for these three

acoustic treatments, acoustic ceiling and carpet have better

performance to strengthen the verbal communication. It is not

difficult to interpret that the area of ceiling or area of floor is larger

than area of back wall and leads the increase of area of absorption

material, e.g. decrease the reverberation and increase the STI and

RASTI. It is also understood the situation of occurrence of students’

bags, jackets, books and fabric stationery cases inside the classrooms

increase the absorption area that shorten the reverberation.
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3.5 Conclusions

With references to national standards from thirteen countries and

recommendation from three organizations, indoor ambient noise level

and reverberation time are indispensable acoustical properties to

assess the acoustical conditions for classrooms. Some of them

specified noise criteria as one of the main parameter to assess the

acoustical conditions for classrooms. The current acoustical

performance of the classrooms in Hong Kong forms the initiative to

compare the conditions with these international standards. During the

study, field measurements have been carried out in the selected

classrooms to acquire several acoustics quantities that related to

speech intelligibility: indoor ambient noise level, outdoor noise level,

noise criteria, reverberation time, speech transmission index and rapid

speech transmission index. These quantities interact and depend on

each other in deciding the speech transmission inside a classroom.

Results showed the acoustical conditions in most of the classrooms

studied are not satisfactory. Noisy environment and large ambient

noise level, long reverberation time and large mechanical equipment

induced noise also lower the STT and RASTI value. These unexpected
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results bring out the necessity to revise the standard design and to

devise acceptable standards for classrooms in Hong Kong. This study

also provides an indication for the interior designer on the acoustic

environment of the classrooms after the installation of a proprietary

material on the ceilings, floors or back walls in classrooms. The

results of speech transmission are affected by absorption materials

such as location of the materials, the area, and absorption coefficient

of the materials, the absorption frequencies and other of their

acoustical characteristics. The proprietary materials are designed to

provide optimized sound absorption that will improve the acoustic

environment of the classroom. Therefore, selection of materials inside

a classroom is important for improving speech intelligibility that not

only match the architectural and aesthetic requirements, but also their

absorption and acoustical characteristics, construction and installation

on the stage of design.
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Measured | Mechanical )
School | Classroom ) o Acoustic
Design Volume / | Ventilation
Code Code 3 Treatment
m System
P1-A 2A/IC&
P1 standard 211 -
P1-B 2 FAP
P2-A non-standard acoustic
4A/IC&
P2 (no 235 back wall
P2-B 2 FAP
furniture) panel
P3-A 2A/IC&
P3 standard 204 -
P3-B 2 FAP
4A/C& acoustic
P4 P4-A standard 210
2 FAP ceiling
P5-A acoustic
4A/IC&
P5 non-standard 224 back wall
P5-B 2 FAP
panel
SI—-A 4A/C&
S1 standard 216 -
S1-B 2 FAP
2A/IC&
S2 S2-A standard 211 -
2 FAP
4A/IC&
S3 S3-A standard 209 -
2 FAP
4A/IC&
S4 S4-A standard 215 -
2 FAP
S5-A 2A/C& acoustic
S5 standard 211
S5-B 2 FAP ceiling
Ul -A
239
Ul-B 2A/C&
Ul non-standard carpet
Ul-C 2 FAP
237
Ul -D
Note:

[1] P indicates primary school, S indicates secondary school and U

indicates university.

[2] A/C represents split type air-conditioner, FAP represents fresh air

pre-conditioner.

Table 3.1 — Geometrical and acoustical details of the classrooms for
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measurement.
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Indoor )
Country & ) ) ) ) Noise
T Ambient Noise Reverberation Time /s o
Organization Criteria
Level / dB(A)
ASHA [19] 30 0.4 (500, 1k or 2k Hz) 20
0.4 (200 <V <1000 m’, averaged
Belgium [8] 40 value for octave bands from 500 to -
1k Hz)
0.4 < Tpe< 0.8 (V<250 m’)
France [6 — 7] 33, 38 -
0.6 <Tpme< 1.2 (V>250m’)
Germany [9 — 0.32 Log V-0.17
35,40 -
10] (octave bands: 250 — 2k Hz)
Italy [6 — 7] 36 - -
1 (octave bands: 125 - 250 Hz)
Portugal [6 — 7] 35 0.6 — 0.8 (octave bands: 500 — 4k -
Hz)
Sweden [12] 30 - -
Turkey [6 — 7] 45 - -
Tue: 0.6 (Primary school )
UK [11] 35 -
T 0.8 (Secondary school)
ASHRAE [18] - - 30
0.4 - 0.5 (Primary school)
Australian / New
35 0.5 - 0.6 (Secondary school) -
Zealand [16]
(500 and 1 kHz)
WHO [17] 35 0.6 -
0.6 (V<283m?),0.7(283<V <
USA /ANSI[13] 35,40 566 m®) -
(500, 1k & 2 k Hz)
0.9 (V<200 m*), 1.0 (500 <V <
Grade A: 40 -
China [15] 1000 m*)
Grade B: 50 (500 Hz) -
Canada [14] - 0.7 (30 students classroom) -
Note:

[1] Tme: Arithmetic average of the reverberation times in the 500 Hz,
1k Hz and 2k Hz octave bands.

[2] V: volume of classroom.

Table 3.2 — International standards, guidelines and recommendations
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of different countries and organizations for the acoustical design of

classroom.
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Figure 3.1: Details of experimental setup for measurement.
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Figure 3.2 — (a) Indoor ambient noise levels of the classrooms under

two different ventilation conditions in the measurements, (b)

Logarithmic average of outdoor noise levels measured at position 4

and 5 where placed at corridor and Im outside from the windows in

the measurements.



147

[ e ]
B e

o PP
e e

7
o e
A R R R N R R R ]

R R T TR
B R

R P A B e
B )

3 3 3 3 3 3 3 o o
bbb

e R e B b b R R R
B R

P e e e e T T e T e e e o]
R

B A A T e e e
B

D 3 3 3 3 3 3 3 3 3 3 S o
B bbb

[ e e e e e |
eieierieieieiaieiaieieieiiaiaie i e

S|
ettt Rt B R R R R B R bR R bt e

70

60

o o o o
© < @ «

BB 9SION

o o

P1-A P1-B P2-A P2-B P3-A P3-B P4-A P5-A P5-B S1-A S1-B S2-A S3-A S4-A S5-A S5-B U1-A U1-B U1-C U1-D

Classroom

f

1tion o

f the classrooms under the cond

1se criteria o

Figure 3.3 — No

the windows and doors were closed but the mechanical ventilation

hed on.

system was switc



148

‘D Position 1 & Position 2 O Position 3 ‘

1.4

995 Ut (ZHO0S) WL UONEIaqIaNaY

U1-A U1-B U1-C U1-D

P4-A P5-A P5-B S1-A S1-B S2-A S3-A S4-A S5-A S5-B

P3-B

P1-A P1-B P2-A P2-B P3-A

Classroom

Figure 3.4 — Reverberation time at 500 Hz of position 1 to 3 inside the

classrooms.
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Figure 3.5 — Reverberation time at 1000 Hz of position 1 to 3 inside

the classrooms.
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Figure 3.6 — Reverberation time at 2000 Hz of position 1 to 3 inside

the classrooms.
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Figure 3.7 — Arithmetic average of the reverberation time (Tmf) in

500 Hz, 1000 Hz and 2000 Hz octave bands of position 1 to 3 inside

the classrooms.
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Figure 3.8 — Speech transmission index of position 1 to 3 inside the

classrooms.
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Figure 3.9 — Rapid speech transmission index of position 1 to 3 inside
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Pictures

Picture 3.1 — Details of classrooms P1-A and P1-B, which with

presence of bags, jackets, books and other furniture.
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Picture 3.2 — Details of classrooms S4-A and S4-B, which without

presence of bags, jackets, books and other furniture.
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Picture 3.3 — Acoustic ceiling detail of classroom S4-A.
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Picture 3.4 — Acoustic wall panel of classroom P2-A.
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Picture 3.5 — Acoustic wall panel of classroom P5-A.



159

Chapter 4
Acoustics  simulations  and
predictions for improving the
speech intelligibility In
classrooms

4.1 Essential needs of computerize simulation
software

Teachers and students have meaningful communication in
classrooms. Therefore, ensure the speech intelligibility is essential to
maintain the effectiveness of verbal communication. Investigation of
an effective acoustics communication system in the classroom can
provide an excellent sound environment. This will be an advantage to
both teachers and students psychological and physical health, and
strengthen the interaction of teaching and learning.

The superior request of speech intelligibility in the classroom
should have short reverberation time, enough energy from signal
source, even distribution of sound field, no acoustic interference,

minimal diffusion or echo effect to signal source, and no environment
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interference or noise, etc. To reach these requirements, it is necessary

to consider the acoustic condition and noise control during design

stage of the classroom [1]:

1. The acoustics design of classroom has to cohere to the

architectural and interior design plans. With selection on

structural configuration and proper reverberation time, the

decision on arrangement of reflection and absorbing materials is

important. This will enable the sound to be delivered perfectly to

the students. Sometimes the address system may need to be set

up.

2. To control the noise and make the acoustics more successful,

thorough discussion and consideration has to be made on urban

planning for construction design. Material selection is not only

important in architecture, but also in the acoustics. For example

the absorptive materials, noise abatement precaution, noise

reduction and insulation from environment all need to be taken

into consideration.

However, noise control engineering or acoustical design for the

classroom is not an easy topic. We can calculate the acoustics
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parameter during the acoustics design stage, but the border condition

is complicated and its calculation is very time consuming. The results

cannot be guaranteed to be accurate, so it is not a widely practiced

application.

Typically, the architect will choose and install the absorptive

materials and their size by experience in architectural acoustics design.

The sound field and acoustic effect can not be defined in the

classroom, which needs to be tested after construction. Renovation is

the only way to modify the classrooms with poor acoustics conditions.

However, the amount of modifications are very limited and hard to

reach the best results for previously built classrooms since most of the

acoustics treatment has been paved and the related component has

been set up. Any change and modification will cause time consuming

construction, which can be a huge investment loss. The acoustic

conditions inside a classroom are sensitive to absorptive surrounding

material with different specification, size, and installation. Field

research is too late to being in order to tell what level can be reached

for speech communication in a specific classroom. During the

preliminary design stage acoustic estimation is commonly used as a
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synthetic consideration for the parameters to achieve an expected

range of speech intelligibility. Many acoustics launched types of

software can settle the problem effectively [2].

Using the acoustics simulation software on architecture has been

studied internationally and well developed commercial software has

been launched [3]. These softwares can simulate the calculation of

acoustics parameters accurately and imitate a near real result which

can enhance the consideration for design and build.

RAYNOISE, is one of the acoustics software which will be

introduced and instantiate its application on this study for classroom

acoustics.

4.2 Introduction of RAYNOISE

RAYNOISE is developed by Belgium LMS who is one of the

leading developers of computer-aided engineering software for

computational vibro-acoustics and engineering design analysis [4]. It

Is a computer-aided acoustic modelling and analysis system for the

application in different aspect. The architecture and theory is based on

ray-tracing method to predict the sound field produced by multiple
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sources at different locations either in closed, open or partially open

spaces. Acoustical parameters and acoustics performance inside the

space under a complex situation and environment such as: different

acoustics features, can be simulated and modelled accurately. During

the simulation consideration of diffusion, diffraction, reflection, etc.

are necessary to obtain the maximum results.

This software not only has an excellent interface but also has

high precision and speed in calculation for speech intelligibility [3].

Their features are noticeable and user friendly. Unlimited amount of

calculation of the model’s surface can maximize the simulation for

forecasting the sound field. Similarly, the amount of absorptive

materials that can be used depends on how many surfaces there are

for the model. There are unlimited conditions for calculation of model.

Since it is based on ray-tracing method, the user can customize the

reflect order and its ray number. With this characteristic, unlimited

sound source can be chosen for the model and the selected source for

results. The theory on simulation calculation for absorption is based

on the Sabine equation. The reverberation can then easily find the

variation of absorption coefficient of the proprietary materials and
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surface area of its installation. Its open database can easily be

modified discretionarily and receive the text data file.

4.3 Simulation of selected classroom
4.3.1 Objectives

For improving the acoustic environment of the existing
primary and secondary classrooms in Hong Kong, a specific
classroom has been chosen for a mock-up design. The acoustic
environment in the classroom was assessed by a comprehensive
numerical simulation of the reverberation time, and the voice levels at
different positions for a given interior design of the classroom.

The simulations were conducted using a computer-aided
software package, RAYNOISE Rev. 3.1.

The results of simulations gave an insight for the acoustic
environment of the classroom. The simulations were conducted after
the installation of an overhead reflector, and proprietary sound
absorption materials on the ceiling and the back wall in the classroom.
The overhead reflector and proprietary materials aim to provide

improved signal-to-noise ratios and optimised sound absorption
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respectively. The goal is to increase the speech intelligibility in the

classroom.

4.3.2 Details of the selected classroom

The geometry of the classroom is based on the architectural

drawings and a 3D drawing of the corresponding classroom measured.

In all the numerical modelling, the sound source is assumed to be

located at 1.5 m above the floor and 1 m in front of the middle of the

white board. The source location and details of the classroom are

given in the isometric view of the classroom as shown in Figure 4.1.

The sound source is simulated by an omni-directional speaker with

the source strength equivalent to a human voice as built-in the

database of RAYNOISE. In the present study, two thousand sound

rays were generated and traced with a maximum being 40 orders of

reflections.

The acoustical properties of surfaces, such as the door, floor,

windows and wall panels etc., inside the classroom are obtained either

from a well-known reference book of engineering noise control [6] or

the built-in database provided by RAYNOISE since the general
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characteristics of common materials used and quoted from
specification of current commercial products. The acoustical
properties of the absorptive ceiling and absorptive wall panel are
™ E’

based on the commercially available brand ‘Ecophon Focus and

‘Ecophon Wall Panel™ C’ respectively. The locations of the
absorptive ceiling ‘Ecophon Focus™ E’, absorption back wall panel
‘Ecophon Wall Panel™ C’ and overhead reflector are shown in Figure
4.2. Figure 4.3 give a plan view and a front view of the classroom in
which the orientation of the overhead reflector is shown to be inclined
at 45°to the vertical axis (measured along the height of the wall). The
overhead reflector is modelled with a width of 1.13 m and a length of
6 m. The sound absorption coefficients of the absorptive ceiling,
absorptive wall panel and other surfaces in the classroom at the
octave frequency bands are given in Table 4.1 for ease of reference.
The acoustical properties of other surfaces inside the classroom are
obtained either from Sharland [6] or the built-in material database
provided by RAYNOISE.

In this study, the reverberation time and voice levels at different

positions are used as acoustic parameters for assessing the acoustic
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performance of the classroom. The receiving points are taken as 1.2 m

above the floor in all the calculations. The reverberation time is

especially useful as it relates to the noise reduction given by an

absorbing treatment in an enclosed space. It is because when a sound

source operates in an enclosed space, the level to which reverberant

sound builds up, and the subsequent decay of reverberant sound when

the source stopped, is governed by the sound-absorbing

characteristics of the boundary surfaces and objects within the space.

The voice level is a crucial parameter for the calculation of

signal-to-noise ratio which is directly related to the speech

intelligibility at a particular location in the classroom. Air absorption

inside the classroom was taken into account in the acoustic modelling

and simulation. Besides, acoustical characteristics of reflection

materials will affect the sound field, therefore there is an analysis of

reflection material selection which according to simulate different

acoustics specification of materials.
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4.3.3  Simulation results and analysis
In a classroom with absorptive ceiling, different angle of
reflection panel will affect the reverberation time and sound intensity
result. Figure 4.4 and Figure 4.5 show the respective simulated voice
levels and reverberation times at 1 kHz inside the mock-up classroom
with the installation of absorptive ceiling and overhead reflector at
different oblique angles to the vertical axis. The simulation results
reveal that the voice levels at the seating zone can be increased by
about 1 dB (ranging from 47.18 dB to 51.77 dB compared to the
range between 45.90 and 50.95 without the reflector) with the
presence of overhead reflector at an oblique angle larger than 45°. On
the other hand, the reverberation time can be minimized (ranging
from 0.82 s to 0.87 s without the reflector compared to the range
between 0.72 s to 0.76 s) with the overhead reflector inclined at 45° to
the vertical axis.
From the results showed in Figure 4.4 & Figure 4.5, regarding
to the signal level, it keeps slightly increasing nearby the front of
sound source when added the reflector at the overhead and change the

angle from 15° to 75°. However, the sound level nearby the back wall



169

Is increasing by increasing the inclined angle when oblique angle 60°

is adjusted, and is reducing when the oblique angle is 70°. After

comparison of the results, the signal level distribution is the best and

even when the reflector set as 60°. Besides, the reverberation time

will reduce when the angle increased of the reflector. When 45° in

angle, the distribution and the maximum value of reverberation time

is relative small but it has been increase when the angle keep

increasing. The simulation results for the octave band frequencies of

500 Hz and 2 kHz can reach the same conclusions but not shown here

for brevity.

In the classroom with absorptive ceiling and acoustic panel at

the back wall, different angle of reflection panel will affect the

reverberation time and sound intensity result. The simulation results

of voice levels and reverberation times inside the mock-up classroom

with the installation of proprietary materials on the ceiling and back

wall, and overhead reflector at different oblique angles to the vertical

axis are shown in Figures 4.6 and 4.7 respectively. Similar

conclusions can be drawn from the simulation results that the voice

levels at the seating zone can be amplified from the range between
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43.92 dB and 50.42 dB (without an overhead reflector) to the range
between 44.77 dB and 51.26 dB when an overhead reflector is built at
an oblique angle larger than 45°. The reverberation time can be
reduced from the range between 0.6s and 0.67s (without an overhead
reflector) to the range between 0.59s and 0.64s with the overhead
reflector at an oblique angle 45° to the vertical axis. However, the
optimum angle of reflector for the optimal reduction on reverberation
time in this case is 75°instead of 45° such that the reverberation time
can be reduced to the range from 0.56 s t0 0.6 s.

Regarding to the signal level on Figure 4.6 and Figure 4.7,
when added the reflector at the overhead and change the angle from
15° to 75° the signal level is amplifying everywhere inside a
classroom despite it is nearby the sound source or far away from the
sound source. When the oblique angle set at 75°, the signal is
maximum in level. According to the distribution of sound level inside
a classroom, the optimum angle of reflector is 60° which shown in
Figure 4.6.

Regarding to the reverberation time, it was changed volatile by

the angle of reflector. Under different condition of the reflector’s
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angle, the reverberation time was increased when the reflector with

oblique angle 15° and 30°. Nevertheless, the reverberation time was

obviously reduced when the oblique angle of reflector adjusted to 45°,

increased when adjusted to 60° but decreased when further adjusted

to 70°. Compare with all the result, the shortest reservation time is in

oblique angle 60° of reflector. As shown in Figure 4.7, mostly the

range around 0.58 second in the classroom but the highest value of

0.6 second was only in small size. Comparatively, the intelligibility of

this classroom is the highest.

It is interesting to note that the reverberation time can be

largely reduced with the installation of proprietary materials on the

back wall in addition to on the ceiling as evidenced in Figure 4.5 and

Figure 4.7. The reverberation times as shown in Figures 4.5 (a) and

4.7 (a) are found to drop significantly from the range between 0.82s

and 0.87s to the range between 0.6s and 0.67s. However, the sound

level can be slightly impaired with the installation of proprietary

materials on the back wall in addition to on the ceiling as evidenced

in Figure 4.4 and Figure 4.6. The sound level as shown in Figure 4.4

(@) and Figure 4.6 (a) are found to drop significantly from the range
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between 50.95 dB and 45.90 dB to the range between 50.42 dB and

43.92 dB. Similar conclusions can be drawn for the octave band

frequencies of 500 Hz and 2k Hz.

Selecting the reflector materials will affect the sound quality in

classroom [7]. The reverberation time will be reduced when the

absorptive parameterises of reflector is larger. Though, the average

sound pressure level is opposite which mean the reflective result will

be better if the absorption coefficient is smaller, the average is larger

then the sound pressure will be lesser and sound distribution will be

average. Due to the smaller size of reflector, it will not be affect the

reverberation time and general sound pressure but can see the

influence of speech intelligibility. Alcons is one of the evaluation

indexes of speech intelligibility. It is percentage articulation loss of

consonants and is derived from direct-to-reverberation and early

decay time. It expresses loss of consonant definition that consonants

have a significant effect than vowels in speech intelligibility.

Intelligibility will be increased if Alcons is smaller. Generally, the

prefer level of Alcons is 0% to 7%; 7% to 11% is good; 11% to 15%

Is average; 15% to 18% is below average and above 18% is failure or
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unacceptable. With references to Table 4.2, selected aluminium

micro-perforated panel with added glass wool board, which is the

largest in acoustics reflective coefficient, the Alcons is the least in

value. The percentage in 32% is good and average percentage is 68%.

With paved reflector which has the smaller reflection effect, the

Alcons will be smaller. In general, using the aluminium

micro-perforated panel as the reflector or reflective materials will

have a better result.

According to the above analysis, the reflector does not only

have a good reflectivity but also affects the acoustics parameter such

as reverberation time and average sound pressure level. In order to

achieve the good acoustics condition, it may need to select the panel

(wood or metal) with damping materials and also need to avoid the

vibration when selected metal panel is used.

Micro perforated absorber (MPA) was developed by Maa in

60’s [8]. He developed the absorber when he was prepared to apply it

under adverse conditions. Absorber means fixing the micro perforated

plate on the solid material and the hole is deci-millimetre. It was high

in acoustic impedance and low acoustic resistance which became a
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wideband absorber. MPA is a simple structure and its absorptive

characteristics can be calculated precisely. Unlimited the panel

materials, it can be paper board, plastic, metal board or even film etc.

MPA is developing rapidly and apply on many different categories.

Aluminium micro perforated panel have an acoustics

characteristic as a wideband absorber. The vibration absorbs the peak

value while moving to the low frequency when the cavity is

expanding but the peak value of absorption coefficient was reduced.

According to the cavity expanded and peak value increased which

have enhanced the wideband absorption coefficient on aluminium

micro perforated panel.

On the previous section, acoustics simulation and analysis have

been performed for different materials. It is proved that the advantage

of aluminium micro perforated panel (sometime with the glass wool

board) is incomparable to those of other materials and even as a

reflector or overhead absorber. Therefore, we are going to discuss the

application of aluminium micro perforated panel.

Four acoustics measures are suggested in a classroom: 1)

overhead mineral wool and aluminium micro perforated reflective
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panel; 2) overhead mineral wool and aluminium micro perforated

reflective panel with additional 50 mm glass wool reflective board; 3)

overhead aluminium micro perforated panel and aluminium micro

perforated reflective panel; and 4) aluminium micro perforated panel

and overhead 50 mm glass wool board with additional 50 mm glass

wool reflective board. The surface of aluminium micro perforated

panel is 1 mm in thickness with an aperture is d = 0.8 mm and

perforated percentage is p = 1%.

This type of micro perforated panel is good in sound absorption

of mid or low frequency and the absorption coefficient is small in

high frequency which can satisfy the absorptive requirement in

classroom and match the frequency characteristic of reverberation

time. If the perforated percentage p is 1%, then 99% of smooth

surface can be used on sound reflection and lead the classroom to

have enough of early-arriving energy which enhanced the speech

intelligibility. Therefore, the overhead aluminium micro perforated

panel and aluminium micro perforated reflective panel will cause a

trivial result on improvement. With addition 50 mm glass wool board

in the micro perforated panel, it enhanced the sound absorption so the
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result will be comparatively better among those suggestions.

Unfortunately, these two options are expensive. With consideration to

the cost, overhead mineral wool and aluminium micro perforated

reflective panel with addition 50 mm glass wool reflective board is

the best mean. Due to the absorption coefficient of mineral wool in

the frequency range being average, 0.42 to 1.00, it can satisfy the

noise reduction requirement in classroom that the average of

absorption coefficient is 0.71, sound reduction parameter is 0.75.

With aluminium micro perforated reflective panel and added 50 mm

glass wool board, the classroom can gain from early-arriving energy

when increasing the sound absorption. It can reflect the voice from

teacher to front, middle and back seating zone and enhanced the

sound pressure of classroom, also average the distribution of sound

field. Furthermore, the cost is comparatively cheaper among those

suggestions that it is the best option for acoustics treatment by use of

MPA.

By controlling the reverberation time between 0.6 sto 0.7 sin a

classroom, higher speech intelligibility is reached [9]. According to

the mock up result, the effect of absorptive ceiling is not perfect and
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the reverberation time is around 0.8 s but with the absorptive panel at

the back wall, the reverberation time reduced to 0.6 s to 0.7 s. This

can obviously improve the speech intelligibility in the classroom.

Beside, if the reflective panel above the sound source is in the oblique

angle to 75° it induces a better result and enhanced the speech

intelligibility, see Figure 4.6 (f) and Figure 4.7 (f). Usage of reflective

panel should be considered as guideline in design of the classroom.

The reflective panel can be hanged under the ceiling of a classroom or

paved at two opposite side of blackboard. With the exception of

satisfying the construction requirement, the reflective panel in the

classroom should be installed at the lowest location. Therefore, it can

reduce delivery time of direct voice and reflective time to the listeners.

The oblique angle and the location of reflective panel depend on the

receiver requirement at the back of the classroom. The reflective

panel should be wide enough to enhance the back seating zone in such

a way that the listener can hear the speech clearly by the reflective

sound in very short response. In order to avoid the reflective sound

interfere by diffraction of border of the panel, the length of reflective

panel cannot be less than 3 m. The absorption coefficient of the panel
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should be small in all the frequency which can enhance sound
absorption in different frequency and also provide enough energy of

early-arriving to enhance the speech intelligibility in classroom.

4.3.4 Comparison of simulation and field
measurement

In previous chapter, selected classrooms for field measurements
on acoustical conditions about indoor ambient noise, outdoor noise,
noise criteria from mechanical ventilation systems inside the
classrooms, reverberation time, speech transmission index and rapid
speech transmission index have been studied. In comparison of the
results measured, it is found that various acoustical features inside the
classroom are related to speech intelligibility. The speech
transmission is affected by the nature of the materials, installation size
and location, absorption coefficient and absorption frequencies. It is
the vital consideration for those factors during the design stage of the
classrooms. In this chapter, the acoustics simulation and modelling
software for prediction on selection of proper acoustics measures

inside the classrooms were investigated and studied. With the
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presence of proper acoustical treatments inside the classrooms, the

consequence effect can be minimized due to reverberation, and

therefore the speech intelligibility improved.

Refer to Chapter 3, it can be concluded from Figure 3.4 to Figure

3.6 that the acoustic wall panel cannot provide an effective means to

reduce the reverberant sound field inside the classroom as compared

with the acoustic ceiling. The argument is remarkable if only one

acoustics treatment is applied to the classroom, acoustics ceiling have

better performance in reducing the reverberation time than acoustics

back wall panel. However, quality of verbal communication cannot be

improved only by shortening the reverberation time.

According to the simulation results of a classroom with same

geometrical configuration, it is evident that the reverberation can be

significantly decreased with the installation of proprietary materials

both at the ceiling and on the back wall. Figure 4.5 (a) and Figure 4.7

(a) illustrate that the reverberation times have a significant drop from

the range between 0.82 s and 0.87s to the range between 0.6 s and

0.67 s. It is suggested to install the acoustics ceiling during the early

construction stage as the reverberation can be improved thereafter by
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easily installation of the acoustics back wall panel if the classroom is

unsatisfactory in acoustics conditions. Therefore, an optimization on

combination of acoustics materials to improve the acoustics quality of

classrooms should carry out in future study.

4.4 Conclusions

By large, acoustic treatment is not commonly used, and it seldom

takes into consideration the design of a classroom. Although some of

the architects used for improvement of acoustical condition of the

classroom designed, the selection and size are based on experience

but not by fact or data. From the results of field measurements in

previous chapter and the simulation in this chapter, the need of proper

acoustics treatment has been evidently identified. With the presence

of acoustics ceiling, the reverberation time is reasonably shorten,

however, the reverberation is significantly reduced with presence of

both acoustics ceiling and acoustics back wall panel. Besides, other

effective acoustics treatments like reflective panels are discussed on

their performance. Several options and combination on the usage of

aluminium micro perforated panel are recommended. Though, the
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acoustics treatment with fibre materials should be avoided in

classrooms with respect to health consideration.

The popularity and the applicable features of acoustical

simulation and modelling software are further studied by RAYNOISE.

Due to its thorough theoretical background and architecture behind

the program, complex acoustical configuration can be simulated and

predicted the impact of variation of parameters. Various situations on

the acoustics measures are applied to the program for simulation. It is

also cost effective, practical and user friendly for consultants and

educators to use as preliminary investigation on different cases during

the planning stage. However, scattering effect and boundary

consideration in classrooms may vary and complex, it may limit the

accuracy of results from RAYNOISE. Conclusive results have been

observed, indicating that presence of absorptive material inside a

classroom is essential for improving the speech intelligibility since its

absorptive characteristics in shorten the reverberation, mainly the

reverberant frequencies.
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Tables
_ Frequency Band, Hz
Material
125 250 500 1k 2k 4k
Absorptive Ceiling
™ 0.45 0.8 0.9 0.85 0.9 0.9

(Ecophon Focus ™ E)
Absorptive Wall Panel

™ 0.2 0.7 1 1 1 0.95
(Ecophon Wall Panel ™ C)
Floor 0.05 | 0.05 0.1 0.1 0.05 | 0.05
Wooden Panel 0.1 0.07 | 0.05 | 0.05 | 0.04 | 0.04
Doors 0.3 0.25 0.2 0.17 | 0.15 0.1
Windows 0.06 | 0.04 | 0.02 | 0.02 | 0.02 | 0.02
Plastering Wall 0.03 | 0.05 | 0.04 | 0.06 | 0.08 | 0.08
White Board 0.14 | 0.11 0.1 0.06 | 0.05 | 0.05
Tackboard 0.05 | 0.03 | 0.35 0.4 0.5 0.5
Overhead Reflector 0.14 | 0.11 0.1 0.06 | 0.05 | 0.05

Table 4.1 — Sound absorption coefficients of the absorptive ceiling,

wall panel and other surfaces.
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) RT, sec SPL, dB Alcons, %
Material
500Hz | 1000Hz | Average | Deviation | Good | Average
Baffle plate 1.04 0.95 54.7 1.60 14 86
Batten board 1.07 0.99 54.9 1.50 14 86
Fibreglass 1.07 0.99 54.9 1.60 14 86
Aluminium micro
0.98 0.92 54.5 1.60 18 82
perforated panel
Aluminium micro
perforated panel w/ | 0.91 0.85 54.1 1.70 32 68
glass wool board

Table 4.2 — Acoustical characteristics of baffle board with different

material.
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Figures

[ (] Fioor (MATERIAL)

I [E] Doors (MATERIAL)

M [E] Windows (MATERIAL)
[E] White Board (MATERIAL)

[ (E] Tackboard (MATERIAL)
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Figure 4.1 — Isometric view showing the details of the mock-up

classroom.
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| [E] Reflector (MATERIAL)
] [E] Acoustic Ceiling (MATERLAL)
. [E] Acoustic Panel (MATERIAL)

g

Figure 4.2 — Isometric view showing the locations of the overhead

reflector, absorptive ceiling and back wall panel.
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Figure 4.3 — Diagram showing the orientation of the overhead

reflector at an oblique angle 45° to the vertical axis.
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levels in dB at 1k Hz inside the

mock-up classroom (with absorptive ceiling) for reflector at different

oblique angles.
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(a) No Reflector (b) Reflector at 15°

Figure 4.5 — Simulated reverberation times in second at 1k Hz inside

the mock-up classroom (with absorptive ceiling) for reflector at

different oblique angles.
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(b) Reflector at 15°

(d) Reflector at 45°

puae [1)

(f) Reflector at 75°

Figure 4.6 — Simulated voice levels in dB at 1k Hz inside the

mock-up classroom (with absorptive ceiling and back wall panel) for

reflector at different oblique angles.
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(e) Reflector at 60°

Figure 4.7 — Simulated reverberation times in second at 1k Hz inside

the mock-up classroom (with absorptive ceiling and back wall panel)

for reflector at different oblique angles.
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Chapter 5
Subjective speech intelligibility
tests in the selected classrooms

5.1 Introduction

In the previous chapters, acoustical measurements in the selected
classrooms, simulation and prediction by ray-based computerized
program have been carried out for study on the acoustics
configuration and performances of the selected classrooms with
different acoustics treatment. Though the speech transmission can be
predicted by an objective index — speech transmission index, which
has been widely used in recent years, the quality of speech perception
IS subjective on different person since they vary in age, education
background, status of health especially their hearing system, mother
tongue language, etc.

The best way to access “real” situation on quality of speech
transmission is by human perception. The simplest method of
assessment is to conduct a subjective listening test which is the most

commonly used. Different types of subjective test have been
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developed such as the Harvard Intelligibility Test of Phonetically

Balanced Words [1], the Fairbanks Rhyme Test [2], the Modified

Rhyme Test [3], and the Harvard Test Sentences [1]. Numerous

studies on subjective tests in different languages have been conducted

through different types of materials [4 — 12] mostly in English. In the

past decade, Mandarin and other languages have been studied as a

consequence of its considerably boost due to increasing need of

mother tongue as educational media have been concerned.

The subjective assessment on quality of speech communication

reflects the “real” experiences of human perception; however, it is

more difficult and time consuming than objective field measurements.

The structure of the tested building requires a great deal money for

retrofitting if poor speech transmission is found after assessment. It is

vital to have estimation on design stage of building, but not

retrofitting of built structure. The relationship between acoustical

parameters and speech transmission index have been investigated in

certain researches [13 — 17], however, it is not enough to identify the

relationship with subjective listening tests’ scores and objective



195

acoustical parameters. The importance of establishing a relationship

between acoustical measures and subjective listening test is evident.

It is noticeable that age’s difference leads to different

interpretation on the speech materials when they listened. The speech

perception is comparatively better for young adults than children due

to development of hearing systems [19 — 20]. Based on all kind of

tests’ materials, using monosyllabic PB words for listening tests is

comparatively reliable because the result indicates more accurately

the phonemes that the subject actually heard [1]. In addition, the list

of the PB words has a distinguished characteristic: the choice of

words reflects the relative frequencies of occurrence of phonemes and

their distribution in normal speech used daily. The test results for PB

monosyllabic words are comparatively more reliable for speech

intelligibility assessment than tests using short words or sentences as

they are very sensitive to signal-to-noise ratio [17]. As a result, a

more accurate and precise interpretation of the speech intelligibility in

a room could be better assessed by articulation scores based on the

former material. Hence, PB monosyllabic word lists is used for

conducting subjective speech intelligibility tests.
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5.2 Material for subjective speech intelligibility tests

The lists of phonetically balanced monosyllabic words for
subjective speech intelligibility tests in English and Mandarin are
taken from ANSI S3.2-1989 [17] and GB/T 15508-1995 [18]
respectively. The word lists in Cantonese have been developed in
previous chapter with lists given in Appendix in Chapter 2. There are
20 lists in English with 50 mono-syllabic words in each list. For
Mandarin and Cantonese, both languages have ten lists in which 75
characters are selected in each list. It is noticeable that a
mono-syllabic word in English is analogous to a Chinese character.
The subjective speech intelligibility tests are conducted according to a
procedure where the PB monosyllabic words in each list will be

presented to a group of students in random order.

5.3 Methodology of subjective speech intelligibility
tests

A series of subjective speech intelligibility tests were conducted
in the selected classrooms. Two classrooms from a school which were

not listed in the previous chapter were selected. There are 5
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classrooms from a primary school, a secondary school and a

university selected for the test. All classrooms were built in

accordance with the Millennium 2000 design except the one in the

university. However, their geometrical characteristics and mechanical

ventilation equipment inside the classrooms are similar. There are 4

split type air-conditioners and 2 fresh air pre-conditioners in each

classroom. Different acoustics treatments are covered in these 5

selected classrooms, including acoustic ceiling, acoustic back wall

panel, and carpet. Table 5.1 shows the details of the selected

classrooms.

The “subjects” for the tests are required to sit in a selected area

inside the classroom such that the boundaries of the zone were about

2 m from the front wall, about 2 m from the back walls, and about 1

m from the windows and doors. Twenty points are evenly selected in

the “‘confined’ zone and twelve of them are occupied by the students

to conduct the subjective speech intelligibility tests. Figure 5.1 shows

a sketch of the layout plan of the experimental set-up.

Prior measurements are then conducted to determine the

acoustical parameters at the selected seating locations under



198

comparable background noise conditions without the presence of the

subjects. The difference in background noise levels inside the

classroom are obtained by alternately 1) turning on or off the indoor

mechanical equipment, and 2) opening or closing the windows and

doors in various combinations. In addition, a Tannoy loudspeaker

producing white noise is placed at the back of the classroom to

provide extra background noise levels inside the classroom during the

prior acoustical measurements and the subsequent subjective tests.

The free field noise level produced by the Tannoy speaker are

calibrated at an anechoic chamber with the level set at 60 dB(A), 65

dB(A) and 70 dB(A) measured at 1 m from the speaker. In the

measurement of acoustical parameters, the Maximum-length

Sequence (MLS) is used as the source signal. The MLS signals is

generated by a 01-dB Stell Symphony that is controlled by a notebook

computer. The output signal is connected to a B&K 2716 power

amplifier and is subsequently broadcasted by an omni-directional

sound source (B&K 4296). Same as the extra background noise, the

MLS signals is calibrated at an anechoic chamber with the level of 75
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dB(A) for configuration in field measurement, except for

reverberation time measurement, in the level of 120 dB(A)..

In the subjective tests, the speech is broadcasted by the B&K

4296 omni-directional sound source, where the input speech signals

are provided by a notebook computer. The speech for the test is

calibrated at an anechoic chamber to maintain equivalent to a sound

pressure level of 75 dB(A). A masking background noise level of 60

dB(A), 65 dB(A) and 70 dB(A) (measured at 1 m in the anechoic

chamber) is provided at the back of the classroom. White noise is

chosen as the masking noise which is generated by a B&K Sine

Random Generator Type 1027. The masking noise is processed via

the Behringer Eurorack MX 2004A mixer, Ultra-curve Pro DSP 8024

analyser and the Crest Audio LA-1201 power amplifier. The white

noise is then generated by a Tannoy Superdual T300 loudspeaker.

The noise levels outside the classroom and the acoustic

signals/voice levels inside the classroom are taken respectively by

Yo-inch pre-polarised free-field microphones (B&K 4189) with wind

screens and Y2-inch pre-polarised diffuse-field microphones (B&K

4942). The microphones are coupled with DeltaTron preamplifiers
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(B&K 2671) that are then connected to a Sony SIR-1000I

16-channels digital data recorder. The recorded raw data are

down-loaded and analysed by the 01dB-Stell Signal/Frequency

Analyser and Building Acoustics Analyser. The details of instruments

are listed in Table 5.2. Picture 5.1 and Picture 5.2 show the

experimental setup for the acoustical measurements in the selected

classrooms.

During the measurements, the omni-directional sound source and

the loudspeaker were set at 1.5 m and 1.2 m above the floor level

respectively, which is about the mouth level of an adult and an ear

level of the students when seated. The four diffuse-field microphones

inside the classroom are located at 1.2 m above the floor level. The

free-field microphone on the corridor is set at 1.2 m above the floor

level but the other one is protruded at 1 m from the window of the

neighbour classroom. All instruments are calibrated before and after

all tests as a precautionary measure for ensuring no noticeable drifts

in all electronic equipments.

The age of the ‘subjects’ varies between 5 and 22 years old. The

study on the speech intelligibility is based on the results from the
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measurements of acoustical parameters inside a classroom with

different background noise levels and subjective experiments for a

group of listeners in the same classroom under the same background

noise levels for the acoustical measurements. There are 5 different

conditions for each group of listeners: a). all windows and doors are

opened for natural ventilation, mechanical equipment inside the

classroom is switched off, and speech in 75 dB(A) without

background masking noise; b). all windows and doors are closed,

mechanical equipment inside the classroom is switched on for

ventilation, and speech in 75 dB(A) without background masking

noise; c). all windows and doors are closed, mechanical equipment

inside the classroom is switched off, and speech in 75 dB(A) with

background masking noise in 60 dB(A); d). all windows and doors

are close, mechanical equipment inside the classroom are switched off,

and speech in 75 dB(A) with background masking noise in 65 dB(A);

and e). all windows and doors are close, mechanical equipment inside

the classroom is switched off, and speech in 75 dB(A) with

background masking noise in 70 dB(A).
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For each subjective speech intelligibility test, twelve subjects are

seated in the pre-selected locations in the classrooms. They are then

asked to listen to a pre-recorded speech of the chosen phonetically

balanced (PB) monosyllabic words. These PB words are picked from

the respective lists of PB Words for Cantonese, Mandarin and English.

The PB words of different languages are spoken by their respective

native speakers and are digitally taped by a Sony digital data recorder

in the anechoic chamber. Different sets of speeches of PB words in

English, Mandarin and Cantonese are played in turn under different

conditions. Picture 5.3 shows a snapshot of the process when a group

of the subjects took the speech intelligibility tests.

During the speech intelligibility tests, diffuse-field microphones

are placed at the seats of the selected zone inside the classroom. In

addition, a B&K Head and Torso Simulator with a binaural transducer

is placed near the centre of the selected zone. The diffuse-field

microphones and the Head and Torso Simulator is used to monitor the

background noise levels and signal levels in the classrooms, and

recorded the signal for analysis of speech intelligibility index. The

signal-to-noise ratio (SNR) is the most important acoustical parameter



203

measured and correlated with the scores of subjective speech
intelligibility tests to deduce the effect of the acoustical parameters on

the speech intelligibility.

5.4 Results on acoustics measurements and
subjective tests

The speech intelligibility is assessed through the use of
phonetically balanced word scores. They are the percentage of
words/characters which are correctly identified by the students in the
subjective tests. The effect of signal-to-noise ratio on the speech
intelligibility can then be deduced by plotting the PB word score
against it for different age groups.

The effect of outdoor noise and noise from mechanical
ventilation system is significant to signal-to-noise ratio. As shown in
condition (a) and condition (b) of Figure 5.2 to Figure 5.6, the
signal-to-noise ratios are observably low nearby the doors, the
windows and under split type air conditioners. Although the effect is
trivial, the deviation among the whole classrooms are within about 4

dB(A). When the acoustics condition is stringent, which is condition
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(e), the signal-to-noise ratio is evenly distributed that without large

deviation in the classroom with acoustics ceiling. It is implied that

acoustics ceiling is effective to maintain an evenly distribution of

sound energy inside a classroom. With carpet inside the classroom,

there is a better effect on “balance” the sound distribution than with

acoustic back wall panel. This finding reinforces the discussion in the

previous chapters that acoustics ceiling and carpet have better

improvement on speech intelligibility due to its control function on

evenly signal-to-noise ratio inside the classroom. Their performance

are better than acoustic back wall panel due to its comparatively large

in area, and its absorption characteristics are sensitive to frequency

bands of human speech.

Figure 5.7 shows the reverberation time of the selected

classrooms. All the selected classrooms have unsatisfactory long in

reverberation. The classroom P6-B and U1-A are the worst with long

reverberation. Some seats have reverberation time almost 0.7 seconds

or higher. As previous chapter mentioned, it is unacceptably high as

compared with all national and international standards or guidelines

for classroom acoustic. Most of the worst positions are located in the
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side nearby the wall, and middle rear part in the classrooms. It is

possibly due to the interior structure of the classrooms. In the G2000

design blueprint, all classrooms have crossbeam cross over in the

middle at ceiling. It may create an obstacle that diffusion of signal

occurs.

Figure 5.8 and Figure 5.9 illustrate that the perception of the

sound signals by students are highly dependent on the level of the

signal-to-noise ratios. The PB word score is one reliable indicator to

reflect the intelligibility or perception of speech in classrooms. The

results showed a clear trend: the higher the signal-to-noise level, the

higher PB word scores can be achieved for young children.

Furthermore, there is a regular pattern that higher signal-to-noise

levels are required for younger children in order to achieve the same

PB word scores. The figures show that at least the signal-to-noise

ratio should reach a level of at least 11 dB(A) in order to achieve a

perfect speech perception of 100% PB word score. In general, a more

stringent condition is required for better speech perception inside

classrooms for younger children.
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For the results, we can see more convincing correlations between

speech intelligibility and the measured acoustical parameters for the

various age groups of young adults. Based on comparison of different

age groups, it is remarkable that the young adults achieved stable in

PB word scores earlier in smaller signal-to-noise ratio. The main

reasons for this phenomenon being the development of hearing

systems is matured for young adults, but not yet well developed in

children. Besides, the knowledge and experiences with age growth

may help their ability in guessing the words they heard.

Through comparison on different languages, the PB word scores

in Cantonese which is shown in Figure 5.8 demonstrates an earlier

stability in lower signal-to-noise ratio than in English. Besides the

fact that Cantonese is the mother tongue of the students, the tonal

characteristics are also taken into account on their effect to speech

transmission. Cantonese and Mandarin are tonal languages from same

the language family. The presence of tones helps listeners to predict

or guess the words they listen, as opposed to English which is a

non-tonal language. It is hard to guess without tones’ effect for

phonetically balanced monosyllabic words test.
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5.4 Conclusions

From the figures shown, it is suggested that the signal-to-noise

ratio shows a close correlation with PB word score. It is possible to

conclude that the higher the signal-to-noise ratio, the better the PB

word scores can be achieved by the subjects of different age groups. It

also implies that the subjective speech intelligibility test with PB

word scores is an effective mean to measure the real situation of

acoustics quality, or speech quality inside the classrooms. It is clearly

stated that the earlier age of students, the stringent conditions in

signal-to-noise ratio have to be considered. The signal-to-noise ratio

should be higher than 11 dB(A) for over 70% of speech perception by

PB word scores calculation.

Besides the relationship between PB word scores and

signal-to-noise ratio, it is ponderable to review the situation and

material used in the current selected classrooms. All the selected

classrooms are unacceptably high in reverberation. Although

acoustics ceiling and carpet are comparatively effective to maintain

an even distribution of signal-to-noise ratio and decrease the

reverberation by their absorption characteristics, the reverberation
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inside the classrooms is far from a satisfactory level. Long

reverberation time interfered the continuous signal of the speech as

masking signal, and cocktail party effect like echo is easily created in

high percentage in hard wall inside the classrooms, which affect the

speech intelligibility.
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Tables
Measured | Mechanical )
School | Classroom ) o Acoustic
Design Volume / | Ventilation
Code Code 3 Treatment
m System
acoustic
P1-A 2AIC &2 back wall
P6 standard 211
FAP panel
P1-B -
S5-A 2A/IC &2 acoustic
S5 standard 211
S5-B FAP ceiling
2A/IC &2
U1 Ul-A non-standard 239 carpet
FAP
Note:

[1] P indicates primary school, S indicates secondary school and U
indicates university.
[2] A/C represents split type air-conditioner, FAP represents fresh air

pre-conditioner.

Table 5.1 — Geometrical and acoustical details of the classrooms for

subjective speech intelligibility tests.
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Manufacturer Type Qty.
Sony 16 Channels Sensor Input High Speed Digital 1
Data Recorder Type SIR-1000I
Bruel and 1" Pre-polarised Free-Field Microphone Type 2
Kjaer 4189 with wind screen

%" Pre-polarised Diffuse-Field Microphone 3

Type 4942
DeltaTron Preamplifier Type 2671 5
Noise Calibrator Type 4231 1
01 dB - Stell Signal/Frequency Analyser: dBFA32

Building Acoustics Analyser: dBBBATI32

Table 5.2 — Instruments and processing software used for acoustics

measurements in the classrooms.
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Figure 5.1 — Details of experimental setup in the selected classrooms

for subjective speech intelligibility tests.
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Figure 5.2 — Signal-to-noise ratio of the classroom P6-A under

conditions:

(a) windows open, mechanical ventilation off, signal in 75 dB(A);

(b) windows closed, mechanical ventilation on, signal in 75 dB(A);
(c) windows closed, mechanical ventilation off, signal in 75 dB(A)
with background masking noise in 60 dB(A);

(d) windows closed, mechanical ventilation off, signal in 75 dB(A)
with background masking noise in 65 dB(A);

(e) windows closed, mechanical ventilation off, signal in 75 dB(A)
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with background masking noise in 70 dB(A).
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Figure 5.3 — Signal-to-noise ratio of the classroom P6-B under

conditions:

(a) windows open, mechanical ventilation off, signal in 75 dB(A);

(b) windows closed, mechanical ventilation on, signal in 75 dB(A);
(c) windows closed, mechanical ventilation off, signal in 75 dB(A)
with background masking noise in 60 dB(A);

(d) windows closed, mechanical ventilation off, signal in 75 dB(A)
with background masking noise in 65 dB(A);

(e) windows closed, mechanical ventilation off, signal in 75 dB(A)
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with background masking noise in 70 dB(A).



Figure 5.4 - Signal-to-noise ratio of the classroom S5-A under

conditions:

(a) windows open, mechanical ventilation off, signal in 75 dB(A);

(b) windows closed, mechanical ventilation on, signal in 75 dB(A);
(c) windows closed, mechanical ventilation off, signal in 75 dB(A)
with background masking noise in 60 dB(A);

(d) windows closed, mechanical ventilation off, signal in 75 dB(A)
with background masking noise in 65 dB(A);

(e) windows closed, mechanical ventilation off, signal in 75 dB(A)
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with background masking noise in 70 dB(A).
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Figure 5.5 — Signal-to-noise ratio of the classroom S5-B under

conditions:

(a) windows open, mechanical ventilation off, signal in 75 dB(A);

(b) windows closed, mechanical ventilation on, signal in 75 dB(A);
(c) windows closed, mechanical ventilation off, signal in 75 dB(A)
with background masking noise in 60 dB(A);

(d) windows closed, mechanical ventilation off, signal in 75 dB(A)
with background masking noise in 65 dB(A);

(e) windows closed, mechanical ventilation off, signal in 75 dB(A)
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with background masking noise in 70 dB(A).
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Figure 5.6 — Signal-to-noise ratio of the classroom U1-A under

conditions:

(a) windows open, mechanical ventilation off, signal in 75 dB(A);

(b) windows closed, mechanical ventilation on, signal in 75 dB(A);
(c) windows closed, mechanical ventilation off, signal in 75 dB(A)
with background masking noise in 60 dB(A);

(d) windows closed, mechanical ventilation off, signal in 75 dB(A)
with background masking noise in 65 dB(A);

(e) windows closed, mechanical ventilation off, signal in 75 dB(A)
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with background masking noise in 70 dB(A).
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Figure 5.7 — Reverberation time of different classrooms:

(a) P6-A; (b) P6-B; (c) S5-A,; (d) S5-B; (e) U1l-A.
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Figure 5.8 — Phonetically balanced word scores of the subjects in

Cantonese.
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Figure 5.9 — Phonetically balanced word scores of the subjects in

English.
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Pictures

Picture 5.1 — The signal and noise generation system used for the

acoustical measurements and subjective speech intelligibility tests.
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Picture 5.2 — Experimental setup for acoustics measurements in the

selected classrooms before subjective speech intelligibility tests.
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Picture 5.3 — Students sitting for the subjective speech intelligibility

tests in the selected classrooms.
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Chapter 6

Data modelling on effect of
acoustics parameters to speech
intelligibility

6.1 Introduction

Nowadays, study and application of research data processing and
analysis becomes complex in the movement of technology
development. The huge database and various relationships between
the data lead a long computation time to find out a solution. In recent
years, application of computerize program such as neural network is
widely applied as a tool to research in cognitive science and
engineering. Neural network modelling has numerous advantages
than tradition methods on experimental data modelling. It’s
architecture based on learning and training abilities through the
experiences of the data. The network is then able to “simulate” and
“memorize” the input variables and output variables of any complex
functional relationship, to deal with a variety of vague and non-linear

data through “simulation” and “estimation” to predict the results.
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Speech intelligibility is a subjective human perception

experience to quantify the quality of speech transmission in a place.

Classrooms, theatres, legal courts, hospitals, stations of public

transportation, etc. are the most influential places to speech

perception. With poor speech communication, misunderstanding

between people will increase; accidents will happen more easily;

workforce will become inefficient; mental illness will be increase in

number due to annoyance; and education of new generation will be

retrogressive. However, the assessments of speech intelligibility

involve enormous data from subjective listening tests which includes

useful data and numerous human errors. Applications of neural

network model to study the speech intelligibility have been

researched in the past decades. Li and Cox used neural network model

to quantify the speech intelligibility from transmitted speech signals

and various speech transmission index [1 — 2]. Xu founds the neural

network approach is accurate to predict the speech intelligibility and

security  thresholds with  functional relationship  between

signal-to-noise ratio and octave frequencies [3]. Li and Cox further

investigated that neural network model is accurate to predict speech
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transmission index from running speech simulation [4]. Application

of neural network model on medical related aspect is noteworthy in

many researches. Metz research findings on its application to estimate

the speech intelligibility of hearing impaired speakers from acoustics

parameters identified the application of neural network modelling is

useful on study related to human response [5]. Alexandre et al.

developed an automatic sound classification system for hearing aids

in different environment simulation [6]. Kocinski researched on

improving speech intelligibility using speech and speech-shaped noise

signal which aim on application of hearing aids [7].

This chapter will first give generalized regression neural network

model to the variables surveyed in previous chapters, and conduct a

simulation by MATLAB on algorithm and model to study of

phonetically balanced word scores, signal-to-noise ratio, reverberation

time and speech transmission index.
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6.2 Introduction of GRNN

6.2.1 Selection of network model

Feed forward back propagation neural network is one of the

networks widely used; however, there have problems that plagued the

algorithm: 1) convergence rate; 2) insufficient points in certain area; 3)

network paralysis; 4) stability; and 5) step-size. These factors bring

out unreliability and inaccuracy on the simulation results. Refer to a

trial test on using this network to simulate the experiment data, the

result is unsatisfactory and its learning ability is not reliable due to the

above factors.

Generalized regression neural network (GRNN) is selected as

model for the current study. GRNN requires a simple parameter that a

long cycle on training process can be neglected. The calculation speed

and its advantages of stability on the result makes its extensive

application on non-linear function approximation, data classification,

pattern recognition, system modelling and other complex area.
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6.2.2  Algorithm of GRNN

Generalized regression neural network, or probabilistic neural
network is developed by Specht in 1990. The structure and algorithm
is radial basis network approach that suitable for functional
approximation. It forms by input layer, radial basis hidden layer and
linear output layer where P is input vector, R is network input

dimension and Q is number of training samples.

RN AN !
axR | fWE
gxg LW @y
i
Al " ol gx1
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The number of units or elements of radical basis hidden layer is
the training samples size Q. The weighted function of the layer is
Euclidean distance function shown in “||dist||”. Its role is to calculate
the network input and hidden layer weighted matrix IW;; where 1 is
the distance between and bl is the hidden layer thresholds. Symbol

¢+ 7 is the relationship between ||dist|| output and threshold elements

bl. The results of the formation are input to nl and send to transfer
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function. The hidden layer transfer function is the radial basis

function in Gaussian functions, such as

[x—c |’

)
O

R, (X) = exp(~

The equation shows o; decides the shape of i-th of basis function
in the hidden layer. The greater the o, the basis function becomes
smoother and o; is also known as smoothness. The weighted function
of network output layer is the standardization of points multiplication
function in “nprod”. It computes the network vector n* by the vector
al and weighted matrix LW, ;. The result provide a linear transfer
function a2 = purelin(n2) for computing the network output.

The learning ability of connection weighted functions in GRNN
is using feed forward back propagation algorithm since the nodes in
the radial basis hidden layer are in Gaussian function. Gaussian
function is non-negative non-linear function of partial distribution on
radial symmetry attenuation or decline. The partial response will be
generated from input signal. The hidden layer nodes will have a larger
output when the input signal close to basis function of the central area.
It demonstrates the network has ability in local approximation and it

is the reason on comparative fast in learning and calculation speed.
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Besides, there is only one threshold in GRNN for adjustment that the
network is solely depends on learning from the data. This
characteristic avoids subjective assumptions to affect the prediction

results.

6.3 Neural network model on phonetically balances
word scores

6.3.1  Methodology on neural network model setup

To setup a generalized regression neural network modelling, the
data have to pre-processing according to the characteristics of the
original data to select for training samples which include input data
and target output data. There have several methods on data
pre-processing, though, the normalization is chosen in this study for
pre-processing method that all the input and output data have to be
trained and transformed in to range [0, 1]. The input and output data
dimension of the network is determined by training samples. The
appropriate trial samples are selected with the corresponding data
pre-processing. The smoothness is the most important parameters to

affect the performance and accuracy of the network. With smaller
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smoothness, the network is more accurate in approximation on the

samples size. With larger smoothness, the network is more accurate in

approximation on the data. Therefore, a continuous trial is necessary

for selection on best value of smoothness to balance the simulation

environment. The network is verified on its accuracy after training

and learning. The network is used to simulate the trial data and

comparative analysis is carried out between the expected results and

the output from the network. Throughout the comparison, the network

meets the expectation and requirement.

6.3.2 Neural network model simulation and result

From the floor plan of the selected classrooms for subjective

speech intelligibility tests, the appropriate data are selected as training

samples of the network. Particular seats like 3, 11 and 19 are ignored

for the potential deviation of acoustical characteristics. The objective

of the network is to study the relationship and their effect of

signal-to-noise ratio (SNR), reverberation time (RT) and speech

transmission index (STI) on phonetically balanced word scores (PB).

SNR, RT and STI are chosen as input variables P and so they



240

constitutes a three-dimensional vector P. Meanwhile, the

corresponding SNR, RT and STI of the selected seats are numbering

for input variables in the network.

Since the deviation and range are varies in the data of SNR, RT

and STI, direct input of vector P will generate inaccurate simulation

and results. Hence, the vector P has to pre-process and normalization

is used. Each row of the vector P is assumed as a unit. The data is

used to corresponding value of the new vector if the element value of

the row vector is 0. Otherwise, each element of row vector is divided

by quadratic norm as the corresponding new value of the new vector.

After the pre-processing on vector P, it becomes a data in range of [0,

1] for all values.

Although the age difference on PB has been demonstrated in

pervious chapter, the trend is similar for each age range under similar

relationship with SNR. Thus, the age group 8 to 10 years old are

selected for data modelling. The output vector T is therefore in

one-dimensional, which i1s about the PB. The trial data is from the

measured database except those selected for training and learning

process of the network. Data at seat of dummy head is chosen for trial
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test on the network. For its input vector P, (from SNR, RT and STI),

the corresponding output vector T; (from PB) is identified. In the

MATLAB neural network toolbox, the GRNN network function is in

“newgrnn” which contain 3 parameters: the input vector P, the output

vector T and the smoothness.

The smoothness is a very important variable on the accuracy of

simulation of the network. To determine the smoothness, repeated

trial values and trial networks are used to ensure the accuracy. The

smoothness F in 0.1 is firstly used for the determination process.

Figure 6.1 shows the result estimated by F = 0.1 with trial data. The

curve in green demonstrated the expected variation between the trial

data with input P, and output T;. Compared with the curve in blue,

which is the predicted output Tr with input Pt and smoothness F, it

obviously showed a poor estimation in F = 0.1. The standard

deviation is about 0.0199 and shown in Figure 6.2. Since the

smoothness F ranging from [0.01 to 0.1], several iterations are carried

out in different F for the network. With F = 0.05, the estimation is the

best which is closed to our trial data with standard deviation about

0.0116, see Figure 6.3 and Figure 6.4.
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In order to verify the reliability of the selected smooth fact F =

0.05, data from several seats excepted 3, 11 and 19 are selected as

trail for the network. Similar procedures are carried out and it is

concluded that F = 0.05 is the best value for the network. The

verification result is shown in Figure 6.5 and Figure 6.6.

As Cantonese and Mandarin are tonal languages which opposed

to English as it is non-tonal language, previous experimental results

from Cantonese and English are chosen for this study. The speech

transmission inside a classroom with ‘enough’ signal-to-noise ratio is

reasonably adequate; however, the critical condition for speech

transmission is what the study concerned. Accordingly, condition

under windows and doors are closed, all mechanical ventilation

equipments are closed, speech signal in 75 dB(A) and background

masking noise in 70 dB(A) is selected for the network. In order to

simulate the variation of SNR, RT and STI for the study, several

variations in variables of input vector are created and taken into

account to constitute the new input vectors for the network processing.

Table 6.1 illustrates the variation in combination of different input

vectors.
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Compared the results on the effect of PB on different languages,

PB in Cantonese and English have similar results on impact of

different variation in the acoustics parameters. It is clearly stated that

variation in SNR has the greatest effect on PB change. The PB value

is increased when SNR is increased. The influence of variation in RT

and STI is not significant as in SNR. Table 6.2 illustrated the results

of effect of acoustics parameters to the PB in Cantonese and in

English.

Several conditions of variation in different classrooms are

studied with individual change in acoustics parameters. Four

conditions of RT and STI are examined under the same SNR. From

the results in Table 6.3 for rear positions, under the same condition of

SNR and different values of STI, the impact of RT is insignificant to

PB. This is possibly due to the measured data to be in a small range of

reverberation time. Besides, the positions selected on the results are at

the rear part of the classroom, where reverberation is frequently

occurred over the area. The effect of reverberation time to the

phonetically balanced word scores is not trivial and noticeable.

Nevertheless, the results investigated the effect of reverberation time
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to phonetically balanced word scores is more considerable than

change of speech transmission index. In addition, the classrooms

(P6-B and Ul-A) without acoustics ceiling and acoustics back wall

panel are the worst in speech intelligibility in both languages when

reverberation time is shorten. The needs on acoustics treatment as

acoustics ceiling and acoustics back wall panel suggested in previous

chapters are further reinforced the statement.

To further investigate the relationship and the effect of individual

acoustical parameters to speech intelligibility, or phonetically

balanced word scores in different age group, analysis on the nature of

their relationship found in pervious chapters have been conducted.

The value of phonetically balanced word scores is ranged from 0 to 1.

With growth of signal-to-noise ratio or speech transmission index, the

PB value will eventually tend to 1. From the analysis of their nature

in relationship, the empirical relationships between different

parameters in individual age group are identified as below. In the

empirical equations, x is individual acoustics parameters and y is

phonetically balanced word scores.
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Age Group Empirical Formula
5to7 y =-0.3683/x + 1.4274
8to 10 y=-0.2831/x + 1.3707
11to 13 y =-0.2663/x + 1.3925
14to 16 y =-0.2586/x + 1.4026
19 to 22 y =-0.2226/x + 1.4234
PB to SNR
Age Group Empirical Formula
5t07 y = 1/(-0.0086 x + 1.4997)
8to 10 y = 1/(-0.0051 x + 1.2738)
11 to 13 y = 1/(-0.0042 x + 1.1885)
14 to 16 y = 1/(-0.0039 x + 1.1530)
19 to 22 y = 1/(-0.0013 x + 1.0257)
PB to RT
Age Group Empirical Formula
Sto7 y=0.0114/x + 0.7111
8to 10 y =10.0087/x + 0.8201
11to 13 y =0.0082/x +0.8746
14to 16 y =0.0080/x + 0.8996
19 to 22 y =0.0040/x + 0.9922
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6.4 Conclusions

Through the data modelling and concluded empirical

relationship between the acoustics parameters: signal-to-noise ratio

SNR, reverberation time RT and speech transmission index STI, and

subjective results of speech intelligibility tests, PB word scores,

several conclusive remarks are observed.

The phonetically balanced word score is sensitive and has

decisive impact of change in signal-to-noise. With larger

signal-to-noise ratio, higher phonetically balanced word scores can be

achieved that better speech perception is received. Their proportional

relationship is clearly shown in the figures. Under the condition of

signal-to-noise ratio remain unchanged; the effect of reverberation

time is relatively apparent. However, its relationship with speech

intelligibility is inverse. With longer reverberation time, the

phonetically balanced word score is lower that less speech can be

heard it clearly. In contrast, the relationship with speech transmission

index is non trivial. Although with higher in speech transmission

index, higher phonetically balanced word score is expected to achieve,

the influence of speech transmission index is not significant since STI
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is objective index widely used to quantify the speech transmission.

Therefore, speech transmission index should be proportional to the

results of subjective speech intelligibility tests in the same position

and acoustics conditions.
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Tables
Combination of variables
SNR | + + |+ | = ] - -
RT _ + + — - +
STI - e T +

Table 6.1 — Combination of variables for input vectors.
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Combination of variables

SNR I I A
RT T I ) e R
STI R e D R

Cantonese + + + + — — — —

English + + + + — — — _

Table 6.2 — Effect of acoustics parameters to PB word scores in

Cantonese and in English.
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P6-A | P6-B | S5-A | S5-B | UL-A

Cantonese — + — — +

English — + — — +

(a) RT increased, STI increased

P6-A | P6-B | S5-A | S5-B | UIL-A

Cantonese — + — — +

English — — — - +

(b) RT increased, STI decreased

P6-A | P6-B S5-A S5-B Ul-A

Cantonese + — + + —

English + — + + —

(¢) RT decreased, STI increased

P6-A | P6-B | S5-A | S5-B | UIl-A

Cantonese + — + + —

English + — + + —

(d) RT decreased, STI decreased

Table 6.3 — Effect of acoustics parameters to PB word scores in

Cantonese and in English, at rear positions.
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Figure 6.2 — Standard deviation between the trial data (input P; and

output Ty) and data in F = 0.1 (input P, and output T).
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Chapter 7
Concluding Remarks

7.1 Conclusions

The objective of this study is to identify the factors affecting
speech transmission inside a classroom in order to improve speech
intelligibility. Through the understanding of the acoustic conditions
inside a classroom, its acoustics characteristics and the most
influential parameters are defined. However, quality of speech
transmission is subjective to experiences and to human perception.
The age, educational background, grew up environment, condition of
health, knowledge and other experiences of the listener, also affect the
human perception on understanding. The findings and results of this
study are concluded in this chapter.

Material for experiments on this study has been firstly developed.
Hong Kong has been selected as subject to carry out the experiments
the study. Since Hong Kong is officially tri-lingual in education and
in legal action, it is essential to have database of languages in

Cantonese as speech for subjective speech intelligibility tests. The
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database of languages in Cantonese for speech intelligibility tests

cannot be in Cantonese. There should be phonetically balanced

monosyllabic words. In the first part of this study, 10 lists of

phonetically balanced monosyllabic words in Chinese characters with

Cantonese pronunciation have been created. There are 75 characters

in each list. A statistical analysis has been conducted and compared

with those in Mandarin and English. Since Cantonese is a tonal

language, as opposed to English that is a non-tonal language; it helps

to further the investigation on different languages effect on speech

intelligibility. The most significant contribution of this chapter is to

demonstrate a procedure that easily adapts for educators and

researchers who are without knowledge of linguistics, to develop a

database of other languages they use in their countries. With the help

of the present study as a guideline for developing pertinent

information in different languages, the speech intelligibility can be

assessed easily by using those databases in other languages in

subjective tests. Furthermore, when it comes to medical aspects, it is

beneficial for assessing hearing impairment and developing hearing

aid equipment.
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After the groundwork of testing materials, a study on national

and international standards and guidelines in classroom is carried out

for comparison of the situation in Hong Kong. 20 classrooms are

selected among primary schools, secondary schools and a university,

for acoustical measurements. The selected 20 classrooms have similar

geometrical configurations but differ in acoustics treatments.

Acoustical parameters are studied and compared with those standards,

which included indoor ambient noise level, outdoor noise level, noise

criteria from mechanical ventilation systems inside the classrooms,

reverberation time, speech transmission index and rapid speech

transmission index. With references to the standards from thirteen

countries and the recommendation from three organizations, indoor

ambient noise level and reverberation time are crucial acoustical

parameters to access the acoustical conditions of a classroom.

The results of field measurements showed that the acoustic

conditions of most of the measured classrooms are unsatisfactory.

Noise environment and large ambient noise level, long reverberation

time and large mechanical equipment induced noise are

comparatively low with requirements of standards and
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recommendations. In addition, the speech transmission index and its

simpler form, the rapid speech transmission index, are low in values.

These inadequate acoustics conditions lead to ineffective speech

communication inside the classrooms. Especially the reverberation

time, it is comparatively long in our measurements, far from an

acceptable range. The unexpected results bring out a call to revise the

standard design and to devise acceptable standards for classrooms in

Hong Kong.

As the classrooms are different in acoustics features, the study

further investigates the effect of absorption materials, such as acoustic

back wall panel, acoustic ceiling and carpet. The speech transmission

is apparently affected by absorptive materials, by their location of

installation, area of the materials, absorption coefficients, absorption

frequencies and other of their acoustical characteristics. The

proprietary materials are designed to provide optimized sound

absorption that will improve the acoustic environment of the

classroom. Thus, selection of materials inside a classroom is

important for improving speech intelligibility at design stage.
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Application of acoustics simulation and modelling software has

been studied for prediction on performance and impact inside a

classroom under different types of acoustics treatment. From the

result of simulation, it is recommended to install acoustic reflector

and absorptive panels at the end walls and ceilings of classrooms,

especially the acoustics ceiling. Their absorption characteristics to

shorten the reverberation time are undoubtedly.

Subjective speech intelligibility tests are carried out to find the

relationship between subjective hearing experiences and objective

acoustical parameters. The signal-to-noise ratio, which is the most

influential parameter in classroom acoustics, has a close correlation

with PB word scores, which also is subjective perception related. The

higher the signal-to-noise ratio, the better the PB word scores can be

achieved by the subjects of different age groups. For different age

groups investigated in this study, the young adults aged 19 to 22 years

old achieved higher stability in PB word score under lower

signal-to-noise ratio than the children. There are 2 possible reasons: 1)

the hearing systems of young adults are well developed; 2) the

knowledge and experiences grow and increase along with their age, it
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is easier for them to guess what they heard under complex listening

environment. It is suggested that the signal-to-noise ratio should be

higher than 11 dB(A) for over 70% of speech perception by PB word

scores calculation. However, the stringent conditions in

signal-to-noise ratio are vital for the earlier age of students.

It is also remarkable that the reverberation time is unacceptably

long, even though acoustics ceiling and carpet have been used as

proprietary material of acoustics treatment. The interior structure may

be one of the reasons for high reverberation that a crossbeam cross

over the middle at the ceiling leads to diffusion inside the classroom.

Long reverberation time can interfere the continuous signal of the

speech and therefore, masking signal and cocktail party effect like

echo easily takes place, especially when surrounded by hard wall

inside the classroom. This leads to lower the speech intelligibility.

Nevertheless, the presence of acoustics ceiling and carpet are

effective means to maintain an even distribution of signal-to-noise

ratio, and helps t absorb the reverberant energy with their absorption

coefficient and characteristics.
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From the final chapter in this study, computerize and engineering

know-how is applied for data modelling to predict and estimate the

effect of each acoustical parameters to PB word scores. Through the

application of a neural network, the experimental data from previous

chapters is used for iteration on the learning process and modelling.

Among three acoustical parameters: signal-to-noise ratio,

reverberation time, and speech transmission index, signal-to-noise

ratio is the most influential to PB word scores. The effect is crucial

and it implies that signal-to-noise ratio is an indispensible factor in

classroom acoustics. However, the effect of reverberation time to PB

word scores is dramatically increased under the same value of

signal-to-noise ratio. The impact of speech transmission index to the

PB word scores is vague but their relationship clearly states that with

higher STI, the PB word scores are higher. It is further understood

that STI is an objective index to assess the quality of speech

transmission, but not to affect parameter to PB word scores. It is

suggested that signal-to-noise ratio and reverberation time are the

important factors to affect the PB word scores, which is the speech

intelligibility inside the classrooms.
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As a conclusion, it is suggested that 1) the signal-to-noise ratio

should be higher than 11 dB(A) for both tonal and non-tonal

languages in order to achieve over 70% of speech transmission

without the usage of address system; 2) re-design the interior

structure, like removal of crossbeam at the ceiling to prevent any

scattering effect; 3) windows and doors are recommended to use as

sound insulators if the school is built in noisy environment, for

example, surrounding by busy traffic or other noisy environment; 4)

acoustics ceiling is recommended for acoustical treatment than

carpets or acoustics back wall panel since its large surface area for

absorption, and the most effective improvement on reverberant and

other noise absorption by its absorption frequencies; and 5) selection

of material inside the classroom should be aware to prevent high

percentage of usage of hard wall. Furthermore, it is highly

recommended to conduct the teaching in small classes, especially for

young children, since the children in small classes teaching may

receive more attention if the acoustics condition of the classroom is

not acceptable. It is also avoided the effect of amplifying system to

the hearing health of those young children.
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7.2 Recommendations for future work

This study aimed to find out the relationship between objective

acoustics parameters and subject hearing perception for improving

speech intelligibility in the classroom as purpose. Nevertheless,

certain aspects can be elaborated further, and extended in future

research with similar approach.

Since there are many limitations in both administration and in

practical, the classrooms selected and measured are only limited by

very similar geometrical configurations. Besides, the number of

classrooms is also very narrow; only 20 classrooms among 5 primary

schools (though 2 classrooms from 6-th primary school for subjective

tests), 5 secondary schools and a university are selected for the study.

The number of classrooms and schools should be increased for further

research to investigate further the effect of environment to the

acoustical conditions inside the classroom, so to the effect of speech

transmission.

Furthermore, the study in effectiveness of different acoustic

treatment should be conducted in the classrooms. For more

understanding on their performance with comparison on each
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treatment, it helps to shorten the reverberation time in order to

improve the speech intelligibility with more practical fact as

reference.

As the classrooms design in the universities is different, it is

interesting to extend the study on the classrooms in the universities,

with different geometrical characteristics, different interior design and

different acoustics features inside the classrooms, ranging from small

tutorial rooms for 10 students, to lecture theatres for about 300

students. Although this will not focusing on improving the speech

intelligibility, it aims to investigate the effect of geometrical

characteristics, different interior design and different acoustics

features to acoustical parameters. It will then form a based as

guidelines for design.

The current study on classroom acoustics or speech intelligibility

by application of neural network is the case of our experiments.

Although the results concluded a meaningful application and

suggestion, however, the database is not sizable. The assistance of

computerize and engineering know-how, use neural network as data

modelling to predict and estimate the effect of speech transmission by



269

objective acoustics indices: signal-to-noise ratio, reverberation time,

early-to-late arriving ratio or useful-to-detrimental ratio, etc. is

practical and applicable in real world. Development on computerize

estimation on effect of those objective acoustics parameters to quality

of speech transmission can minimize the time for thousand iteration

on the computing. In addition, it can simplify the usage as a program

embeds on the webpage for educators or school developers to

understand and have earlier consideration on design stage.

To conclude, the current study and recommended future research

should aim to benefit the society through improving the environment

for education.
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