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ABSTRACT

THE EFFECTS OF SPEECH INTERFERENCE IN
ENCLOSED LEISURE SPACES:
A CASE STUDY IN BILKENT
ROLL HOUSE, ANKARA

Pelin Meri¢ Gezginer
MFA in Interior Architecture and Environmental Design
Supervisor: Assoc. Prof. Dr. Semiha Yilmazer

June, 2011.

The aim of this study is to investigate the speech interference of users in
an open-planned multi—activities public leisure space. Bilkent Roll House
was chosen as a leisure space because of its variety of activities in an
open-plan such as bowling, dart, billiards, play station and dining area. In
this respect, to analyze acoustical parameters and users characteristics of
this study, a pilot and case study was undertaken by using
questionnaires/intelligibility tests, computer simulations and real-size
measurements. Questionnaires /speech intelligibility tests and Leq
measurements were done in order to analyze noise annoyance ratings of
the users of selected space as pilot study. The speech interference
parameters measured as a case study are; Reverberation Time (T30),
Speech Transmission Index (STI), Signal to Noise Ratio (SNR) and
Equivalent Continuous A-weighted Sound Pressure Level (Leq A). The
results showed that reverberation characteristics of Bilkent Roll House are at
the required range. However, it was observed that, the speech parameters
(STI & SNR) results are insufficient in terms of speech communication. In
addition, the noise level (Leq A) of the activities in Bilkent Roll House
increases slightly in time. However, the results of Leq A at the dining area
of Bilkent Roll House indicate that, users are affected in an informal way
by the speech interference, and instead of increasing their voice level, they
prefer to deal with their main activity to provide speech intelligibility in
multi—activity spaces.

Keywords: Speech Communication, Speech Interference, Speech Intelligibility,
Multi-activity enclosed leisure space



OZET

BOS ZAMAN ETKINLIKLERI YAPILAN KAMUSAL
MEKANDA KONUSMA RAHATSIZLIGININ ETKILERI:
BILKENT ROLL HOUSE ORNEGINDE

Pelin Meric Gezginer

Ic Mimarlik ve Cevre Tasarimi Yiiksek Lisans Programi
Danisman : Dog. Dr. Semiha Ylimazer

Haziran, 2011.

Bu calismanin amaci, konusma rahatsizliginin coklu bos zaman etkinligi
yapllan mekénda irdelenmesidir. Bu amacgla bos zaman etkinliklerini iceren bir
mekéna sahip oldugu icin kamusal mekén olarak Bilkent Roll House
secilmistir. Bu etkinlikler; bowling, dart, yemek yeme alani, bilardo ve
bilgisayar oyunlandir. Bu amagla, mekanin akustik parametrelerini ve kullanici
davranislarini belirlemek igin bilgisayarda benzetim calismalari, yerinde
Olcumler, anketler ve testler yapilmistir. Anketler, anlasilabilirlik testi ve
Esdeger guriltu dizeyi (Leq) olcimleri kullanicilarin isitsel algilari ve glrilti
rahatsizlik derecelerini ortaya koymak adina pilot bir calisma olarak
uygulamistir. Konusma rahatsizigini irdelemek icin, Ginlama siresi (RT),
Konusma iletim indeksi (STI), Gorilti-Sinyal Orant (SNR) ve Esdeger A
agirikll ses seviyesi (Leq A) olgllmistlr. Akustik olglimler sonucunda,
Cinlama Siresi’nin (RT) beklenen aralikta oldugu, fakat Ses lletim Indeksi
(STI) ve Gurlltu-Sinyal Oran’nin (SNR) vyetersiz oldudu tespit edilmistir.
Bunlara ek olarak olgumler sonucunda, esdeger A agirlikl girilti dizeyinde
tim aktivitelerde zaman iginde artls gozlenirken, yemek alaninda gurdltd
diizeyinin sabit kaldigi ve konusma anlasilabilirligini arttirmak icin kullanicilarin
ana etkinliklerine dondtikleri gézlemlenmistir. Bunlarin sonucunda, Bilkent Roll
House’da konusma rahatsizligi saptanmistir.

Anahtar Kelimeler: Konusma iletisimi, Konusma Rahatsizigli, Konusma
Anlasilabilirligi, Coklu bos zaman etkinligi iceren kamusal alan
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1. INTRODUCTION

Throughout history, humanity has been in need of high quality verbal
communication, which is determined by speech intelligibility and speech effort
level (Zaheeruddin & Jain, 2008 ). According to many researchers speech
is considered the primary method of communication among humans. In built
environments, noise has a major pollutant effect on speech communication.
Speech interference has negative effects on humans during communication.
Berglund & Lindvall claim that the interfering noise “renders speech
incapable of being understood” (cited in Zaheeruddin & Jain, 2008,

p.1979).

In the 1940’s interest arose on the research of the effect of speech
interference in speech communication on the formulation of Articulation Index
(Al), as a subjective measurement of speech intelligibility. Articulation Index
predicts the effects of speech interference for various conditions and has
undergone modifications throughout the last century. Yet, in the 1950’s and
the 1960’s, it was determined the relationship between Articulation Index
and speech communication solely depended on the speech material.
Articulation Index formulation which was recently renamed as Speech

Intelligibility Index (SII) is insufficient to predict speech signal levels,



reverberation characteristics and time distortions in terms of speech
communication and intelligibility. Therefore, Speech Transmission Index (STI)
and Signal to Noise Ratio (SNR) were coined in order to check the
quality of speech communication for the purpose of these conditions

(Houtgast, T. & Steeneken, H. J. M. 1973).

During the same period, the ‘acoustics of cocktail parties’ was mentioned
by Maclean (1959). In everyday environment, people are faced with
complex sounds. Our auditory system has the ability to separate each
individual source. In 1959, Maclean investigated the acoustics of cocktail
parties and proposed a theoretical formula to evaluate a maximum number
of occupants. Maclean’s studies were re-evaluated several times. For
instance, Bronkhorst (2000) reviewed Maclean’s study and named the
theory as the ‘cocktail party phenomenon’. This phenomenon simply tries to
explain “how do we recognize what a person is saying when others are
speaking at the same time?” (Bronkhorst, 2000, p.117). According to
Bronkhorst (2000), “the cocktail party effect is the intelligibility of speech
presented against a background of competing speech” that is the
background noise (masker) of other talkers’ speech (p. 117). Today, this
is described as a problem of ‘sound sources segregation’ (Hawley, Litovsky

& Colburn, 1999).



After these inventions were made, the studies on quality of speech
communication and noise perception were undertaken for acoustical spaces
since the middle of the past century. As acoustical spaces; concert halls,
auditoriums, conference halls, meeting rooms etc. were studied in literature
in terms of speech communication (Yang & Kang, 2005). For these
spaces, the optimum reverberation time, signal to noise ratio and
background noise levels were standardized to assure objective assessments
while, the articulation index, speech transmission index and other real size

measurements can be tested as subjective assessments.

Additionally, studies on soundscapes were made popular at the beginning of
21% century. In soundscape studies, the effects of environmental and
physical factors such as, traffic, rain, children scrapping were examined

(Yang & Kang, 2005).

Recently studies on ‘non-acoustical enclosed spaces’ (shopping malls,
restaurants, lobbies etc.) have been undertaken in terms of speech
communication. These studies reveal that both objective and subjective
assessments relationship should be taken into consideration in order to
obtain a better evaluation on intelligibility and annoyance scores of the non-

acoustic enclosed spaces. The studies on non-acoustical spaces have



initiated in a number of studies in terms of intelligibility. It has been proven
that by various interventions the level of intelligibility of the enclosed spaces
can be increased (Kang, 2002). Upon examining these studies it is seen
that most of the auditory perception and speech communication studies of
enclosed spaces were applied to leisure spaces that consist of one activity,
such as shopping malls, food court areas etc. (Chen & Kang, 2004,
Navarro & Pimentel, 2007 ). However, studies on multi-activity leisure

spaces are yet in need of examining in greater detail.

Our environment is fully filled with noise. Over the past decades, in terms
of non- acoustic spaces, there has been an increasing attention on the
non-occupational leisure space’s noise levels. A public leisure space is an
environment where people spend their time, in which they are free from
obligations, and make their own decisions about how to spend their time.
Due to high sound pressure levels in leisure spaces, there are various
potential effects of noisy leisure activities. One of the most important affect

of these noisy leisure activities is speech interference (Clark, 1991).



1.1. Aim and Scope

The objective of this thesis is to examine the determination of the speech

interference level and vocal effort level in multi-activity enclosed leisure

spaces (open-planned enclosures) when the ambient noise increases. In

this respect, Bilkent Roll House was chosen as an enclosed leisure space,

because of the variety of activities in an open-planned area: bowling, dart,

billiards, play station and dining area.

Music sound, conversational sound, and sound from different activities like

knocking down pins in bowling area, sounds from computers, dropping

objects, chair scraping etc. are the main noise sources in Bilkent Roll

House. Despite the fact that ambient noise consists of conversational and

residual noises, fluctuating music sound is the dominant noise source.

The methods used for the assessment of occupied condition of Bilkent Roll

House are questionnaires/intelligibility tests, computer simulations and real-

size measurements. Questionnaires and speech intelligibility test were

performed to analyze noise annoyance ratings and speech Intelligibility of the

users in the selected space as a pilot study. Computer simulations and

real-size measurements were implemented to analyze acoustical parameters



of the selected multi-activity leisure space in terms of speech interference

in occupied condition as a case study.

In this study, it is assumed that there is speech interference in multi-

activity enclosed leisure spaces. Users are affected from the ambient noise

level in the Roll House because of high noise annoyance ratings

proportions. The pain of noise causes the users to abandon comfort

condition and they lose ability to understand each other.



1.2. Structure of the Thesis

This thesis consists of eight chapters. The introduction part that explains the
leisure space concept and previous studies on leisure spaces in terms of
speech interference. Aim, scope and structure of the study are the first

chapter of this thesis.

The second chapter clarifies the Quality of Speech Communication. This
chapter is divided into two parts. These are ‘Quality of Speech
communication in living quarters’ and ‘Cocktail Party Phenomenon’ in speech
communication. The third chapter, ‘Effects of Noise on Speech’ includes the
basic definitions and acoustical properties used as a basis of the thesis. In
this chapter the acoustical requirements of non-acoustic spaces are stated,
which are Reverberation Time (RT), Sound Pressure Level (SPL) and
Equivalent Continuous Sound Level (Leq A), Speech Intelligibility Index
(Sll), Speech Transmission Index (STI) and Signal to Noise Ratio

(SNR).

The fourth chapter explains the case study of the selected multi—activity
enclosed leisure space and consists of the spatial requirements of the

selected space, design of the study and pilot study.



The fifth chapter consists of computer simulation of Bilkent Roll House.
Acoustical simulations were implemented to analyze acoustical parameters of
the selected multi-activity leisure space in terms of speech interference for
occupied condition by using computer simulations. The software used for the

simulation is ODEON 9.2 Auditorium Acoustics.

Accordingly, the sixth chapter is the real-size measurements at Bilkent Roll
House. The real-size measurements were applied on the most crowded day
of the week on Friday and from 18:00 to 21:00 that is tournament time for

occupied condition.

The seventh chapter consists of the ‘discussion’ part, the outcome product
from the real-size measurements and computer simulations. In conclusion, in
the eighth chapter, the study is summarized as a whole and the outcomes

evaluated.



2. QUALITY OF SPEECH COMMUNICATION
Speech is a basic communication feature of human beings. It can greatly
be affected from the noise sources. There are some studies on the quality
of communication among people in noisy places (Navarro & Pimentel,
2007 ). The communication level should be high enough in order to
understand the conversation among people. Therefore, there is a difference
between noise and speech that speech carries meaning itself.
Additionally, noise pollution has a considerable effect on speech
communication. In speech communication, interference has a masking
process because noise “renders speech incapable of being understood”
(Zaheeruddin & Jain, 2008, p.1979). In other words, it disturbs effective

communication between speaker and listener and causes speech interference.

2.1. Quality of Speech Communication in Living Quarters

The prediction of speech communication is necessary for living quarters. In
order to increase quality of communication, some methods are assessed to
take into account; the speaker’s vocal effort and speech intelligibility at
listener’s position. These methods are Speech Intelligibility Index (SIl),
Speech Transmission Index (STI), Signal to Noise Ratio (SNR) and

Speech Interference Level (SIL) (Lazarus, 1986).



Over the past decade, there has been a growing interest to predict speech
intelligibility under different conditions (Pavlovic, 1987 ). Speech intelligibility
is an indication of how well speech is recognized and defined as a part of
spoken materials. It is the masking effect of noise on speech communication

which includes words, messages and sentence intelligibility (Lazarus, 1987).

2.2. ‘Cocktail Party Phenomenon’ in speech communication
In addition to prediction methods and parameters of speech communication,

‘Cocktail _Party Phenomenon’ was formulated which is an important term in

speech communication. Maclean (1959) investigated ‘the acoustics of
cocktail parties’ and proposed a theoretical formula to evaluate maximum
number of occupants. In his study, the ambient noise was considered to be
caused only by conversation and conversational groups. In the presence of
increasing background noise that occurs by conversation, talkers will increase
their vocal effort being consciously. Based on this evidence, Maclean
(1959) suggested that conversation again becomes possible by reducing

the talking distance.

In 2000, Bronkhorst reviewed the Maclean’s study and renamed the theory
as the ‘cocktail party phenomenon’. This phenomenon simply explains “how

do we recognize what a person is saying when others are speaking at the

10



same time?” (Bronkhorst, 2000, p.117). According to Bronkhorst
(2000),“the cocktail party effect is the intelligibility of speech presented
against a background of competing speeches” that is the background noise
(masker) of other talkers’ speeches (p. 117 ). In addition, the talking
distance is an important effect on cocktail party phenomenon. The speech
level is defined by the orientation and the distance of the talker. According
to Bronkhorst (2000), the speech levels are affected by Lombard effect
that is the “tendency of talkers who increases their vocal effort in the
background noise” of the other talkers (Bronkhorst, 2000, p. 118). During
the conversation between two people, an increase of 2 dB, leads to an
increase 10 dB in noise levels of one activity spaces. Therefore, there

should be an increasing noise level graph in time.

11



3. EFFECTS OF NOISE ON SPEECH
The effects of noise on speech were investigated in a series of studies.
The first studies were undertaken in the 1960’s by the investigations on the
hearing loss associating with noise exposure. These studies were dealt with
the occupational noises and hearing loss on industrial workers in both field

and laboratory studies (Taylor, Pearson, Mair, & Burns, 1965).

In the 1970’s, it was emphasized that there are noise sources that cause
noise exposure that are inside non occupational places, have potential risk
of damaging the ability of hearing (Clark, 1991). Accordingly, the attention

on non occupational spaces focused into soundscapes.

Recently, the attention on noise exposure shifted into living quarters. In this
manner, effects of noise in non acoustical enclosures were studied. The
studies were started to focus on the effects of ambient noise level and the
human voice level on speech. Hence, some important acoustical topics on
the effects of noise on speech that should be mentioned in enclosed leisure
spaces in terms of speech interference. These topics are acoustical

requirements of non acoustic spaces.

12



3.1. Acoustical Requirements of Non-acoustic spaces

Acoustical requirements show variances in ‘acoustic’ and ‘non-acoustic
spaces’. This segregation comes from the usage function of spaces. The
acoustical spaces, such as auditoriums, concert halls, opera houses,
churches, require serious acoustical design. On the other hand, the non-
acoustic spaces, such as shopping malls, educational, commercial buildings
do not need that much acoustical design, they still need good acoustical

comfort conditions (Rettinger, 1988).

In enclosed leisure spaces, the acoustical requirements for effects of noise
on speech are Reverberation Time (RT), Sound Pressure level (SPL)
and Equivalent Continuous A-weighted Sound Level (Leq A), Background
Noise Level, Speech Intelligibility Index (SIlI), Speech Transmission Index
(STI), Signal to Noise Ratio (SNR) and Speech Interference Level
(SIL). These assessments describe the acoustical parameters and
formations within that space. In enclosed leisure spaces, these assessments

are quiet important in order to evaluate the characteristics of spaces.

3.1.1. Reverberation Time (RT)
Reverberation Time (RT) is the time required for the mean square sound

pressure, takes for the sound decay by 60 dB after its termination

13



(Rettinger, 1988). Intelligibility of sound in indoors is typically rated by
reverberation time (T60 or RT60). The process of decaying is evaluated
by units of seconds. It was first defined by W. C. Sabine nearly a
hundred years ago. There are three types of formulas for calculating
reverberation time (RT). Those are Sabine’s formula, Eyring formula and
Millington-Sette formula. In Sabine’s formula that is mostly used in live
fields, it is wanted to deal with persistence of reflected sound energy.
Hence, it is required to know the size of the room in m® and the total
sound absorption coefficient (Egan, 1988 ). Erying formula is mostly used
in spaces where the sound absorption coefficient of all surfaces are equal
and lastly, the Millington-Sette formula can be used in spaces where the

sound absorption coefficient of surfaces show variations (Caliskan, 2006 ).

-Sabine’s Formula:

Teo = 0,161 x V / IA

where,

e V= volume of the room,

« YA= total sound absorption coefficients of all surfaces

14



-Erying formula:

Teo= (0.163 V)/ (0S; +nA,+4mV)

where,

V= volume of the room,

e S,= surface area,

* n= number of people in volume of the room,

* Ap= sound absorption of each person in the room,

* m= energy reduction coefficient

-Millington—-Sette formula:

Teo= (0.163 V)/-S, In (I =) , nA+4mV
where,
e V= volume of the room,
e S,= surface area,
e - In(l — , )=sound absorption coefficient of the material i
* n= number of people in volume of the room,
* Ap= sound absorption of each person in the room,

* m= energy reduction coefficient

If the reverberation time is longer than a room requires, the negative effects

of reverberation time can be seen in terms of intelligibility. Long

15



reverberation time on speech, annoys speakers and people who
communicate with others in enclosed leisure spaces (Rettinger, 1988).
Therefore, the reverberation time should be calculated carefully by using
appropriate absorbers and reflectors. T60 depends on the volume of the
rooms (m®) and the absorption coefficients of the materials of the room
(Cowan, 1994). Te0 varies within different frequencies, because absorption

coefficients of materials changes within frequencies.

Besides, there is an optimum reverberation time chart that indicates the
optimum reverberations according to room and activity type of the space
(Mehta, Johnson & Rocafort, 1999). There is a standardization of optimum
reverberation time at different spaces, due to the fact that some spaces
and activities require long reverberation time as acoustic spaces such as
concert halls, religious buildings while others require low reverberation time

as non-acoustical spaces like leisure activity spaces.

3.1.2. Sound Pressure level (SPL) and Equivalent Continuous A-wiegted Sound
Level (Leq A)

Sound Pressure Level (SPL) is a force that is air-borne vibrations
causing variations in pressure. These variations and fluctuations in pressure

are capable of being detected by ear. Sound Pressure is a parameter of

16



the resulting variations at normal atmospheric pressure. It can be expressed

on the logarithmic scale of decibel (dB) as a level (Moore, 1988).

Equivalent Continuous A-weighted Sound Level (Leq dB,) is the “time
integrated squared sound pressure of an acoustical disturbance over a given
period of time, generally an hour but sometimes twenty-four hours”
(Rettinger, 1988, p.25). It is the most common ‘weighting network’
filtering the sound level meters and varies frequency sensitivity, because
human ear cannot detect all frequencies in the same manner. Human ear
are most sensitive to frequencies between 200 Hz to 10 kHz (Cowan,
1994 ). Thereby, Equivalent Continuous A-weighted Sound Levels ignores
low frequencies and chooses the frequencies that human ear are sensitive.

Thus, Leq dB, correlates with human reaction and annoyance.

A-weighted sound levels (Leq A) are not only used for the correlations
with noise annoyance, but also in used to determine the residual noise
level (Lya) and conversational (speech) noise (Lga,).The equivalent A-
weighted conversational noise level (Lg,,) can be obtained from each
measuring point. In order to obtain A-weighted conversational noise (Lsga,),
the A-weighted residual noise level (Ly,,) should subtract (logarithmic

calculation) from the A-weighted equivalent sound level of the room
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(Leg o) (Beranek, 1992).Otherwise, it would be difficult to separate
conversational and residual A-weighted noises.

LN = 4|o|og ( 10LN+S/10_4|0LN/1O)

The measurements of Equivalent A-weighted Sound Levels (Leq A) can
be undertaken in any enclosure in which sound stationary and number of
occupants varies over a period of time (Tang, Chan & Chan, 1997).
Tang et al. (1997) pointed out that people tend to raise their voices to
achieve an effective communication in high noise levels where number of
occupants varies in time. Especially, in environments that are inadequately
surrounded by sound absorption materials. Due to high noise levels, people
suffer from the low speech intelligibility level, therefore, their annoyance
ratings increase. A talker may not be heard because of high noise levels in
background noise of a conversation, continuous ambient background noise of
the public space and the residual noises due to sources such as dropping

objects, chair scraping or similar sources (which are instant noises).

3.1.3. Background Noise Level
Knudsen (1978) analyzed the background noise as continuous (non-stop)
masking noise. According to him, this noise should be taken into

consideration in three ways. The first is the background noise level in
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ambient noise. The second one is the expected background noise level that
is at least 5 dB lower than the ambient noise. Final one is the frequency
spectrum of the background noise that can directly affect the degree of

speech interference.

Background noise sound level represents the masking availability of the
noise. Moore (1988) stated that background noise is important at both
enclosed and open-planned public spaces. In public spaces, the
background noise level should be designed to mask the adequate sound
pressure level. However, a designer should be aware of that the level of
background noise should not be high (more than 80 dB) since it can
cause both annoyance and restrict communication in open-planned public
spaces (Egan, 1988). Many researchers investigated the effects of
background noise in open-planned areas and found that the speech
intelligibility is an unavoidable index at speech communication. Therefore,
the background noise level should be at a preferred level (less than 80

dB).

In daily life, speech is not always completely intelligible due to the effects
of background noises. “Noise decreases the intelligibility of speech by

raising the listener’s threshold of hearing, at the same time, masking the
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information. This loss of information may be partially compensated for by
moving closer, talking louder or using electronic amplification” (Knisler,

Frey, Coppens & Sander, 2000, p.362).

Kang (2002) examined the effects of speech interference in terms of
background noise from other talkers in dining spaces and found that the
speech communication between diners is generally poor. He stated “diners
complained that they must raise voices because of noise disturbance from

other talkers but the intelligibility was still poor” (p. 1315).

According to Zaheeruddin & Jain (2008), background noise level should
be between 55- 65 dB at 1000 frequency for good speech communication
in ambient public environment. In public spaces, it is evaluated at 1000

frequency since human ear are most sensitive around 1000 Hz.

3.1.4. Speech Intelligibility Index (SII)

As a subjective measurement, studies related to the articulation index are
still active almost 70 years in predicting the speech communication ability of
listeners in various noise levels. Articulation index (Al) is a subjective
measure of speech intelligibility. It can be evaluated by a group of listeners

who write the words and sentences from the selected list. In this manner,
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a rating table was created which indicates the intelligibility conditions (Egan,
1988 ). Mehta, Johnson & Rocafort (1999 ) stated that articulation index
(Al) is a signal to noise ratio assessment. lts rating table lies between
0.00 and 1.00. In this table 0.00 represents zero intelligibility and 1.00

represents complete intelligibility (See at Table 3.1.)

Table 3.1. Al rating table (Mehta, Johnson & Rocafort, 1999).

Al Intelligibility Rating
0.0 - 0.2 Insufficient
0.2 — 0.4 Unsatisfactory
0.4 — 0.6 Sufficient
0.6 — 0.8 Good
0.8 — 1.0 Excellent

Articulation index (Al) has been renamed as Speech Intelligibility Index
(Sll), where the basic assumptions of the method have not change. The
only difference is, SlI’s rating table (intelligibility score) lies between 0 %
to 100 % correctly heard words (Bronkhorst, 2000). These tables are also
highly correlated with Speech Transmission Index (STI) and Signal to
Noise Ratio (SNR). By these correlations, some diagrams and tables were
evolved, based the intelligibility of the monosyllable words. In this case, the

relationship between speech intelligibility and the prediction parameters (Al,
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STI, SNR and SIL) will be regarded as a known factor (See at Figure

3.1).

150

T"ﬂ.
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o)

il

LiF

20

Figure 3.1. The relation between Al and Speech Intelligibility score for
meaningless syllables (Si), monosyllables (E), sentences (S) and limited
monosyllables (EB) (Lazarus, 1986, 440).

In literature, many researchers prefer to use monosyllable words instead of
the sentences to determine speech intelligibility score. Because the speech
intelligibility evaluations of verbal communication have a range from
unsatisfactory to excellent for the intelligibility values of monosyllables, Al,

STl and SNR (Table 3.2).
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Table 3.2. The quality of speech intelligibility, for the values to predict
speech intelligibility (Articulation Index (Al), Speech Transmission Index
(STIl), Signal to Noise Ratio (SNR) and The intelligibility of monosyllabic
words (SIM) ) by Authors (Lazarus, 1987, 246).

——m.

SIM in % = O 10 20 40 65 15 g5 90- 95 98 100
Al 0 01 02 03 04 5 06 7T OB 09 1
5TI ] 01 o2 03 04 05 06 7 08 09 1
Loy, in dB —12 -9 -6 =3 0 3 & 9 12 15 18
1 1
Beranek Unsatisfactory Acceptable  Satisfaclory to very good
19472 dependent on
the speclrum
I i
Beranek 1949 | Impossible to Slightly Satisfactory
according Lo difficalt apgravated 1o to very good
Kryter 19724 satisfactory
i [ 1 I 1
Giarlich Very bad Unsatis- Sufficient - Good Very pood
1978% factory
1 1 i ]
Houtgast and  Unsatisfaclory Satisfattory Good Excellent
Steencken
19788
| | 1 1 I
Kryter 19707  Normally Accepltable Good Very good  Excellent
{p. 90y not for some to excellent
accepiable purposes
1 1 | 1 i
180 4870 Bad Satisfactory Good  Very good Exeellent
1575°
I 1 1 |
May 1978% Unsatisfactary Scanty, but  Good Very gpood
acceptable
l 1 I | I
Summary Insufficient  Insufficient  Sufficient  Good Very good |
but to Excellent
acceptable  satisfactory
for some
purposes

Additionally, “Speech intelligibility extent characterizes the difficulty of

perceiving speech, i.e. the hearer’s impairment and effort to understand

speech. Speech level intensity characterizes
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speech” (Lazarus, 1987, p.250). Table 3.3. shows the speaker’s effort

and the hearer’s impairment.

Table 3.3. Quality of verbal communication, dependent on the speaker’s

effort (Lazarus, 1987, 250).

Speaking Hearing Verbal communication

L’Sﬁ\.lm 'ESHJ\
(indB) Efforr  (indB)  Impediment Effort  Quality

-3 High  High Insufficient

>T78 High <
72 -3...0 Sufficient
65 0...3 Satisfactory
60 3.9 Good
54 9...18 Very good
<48 Mo >18 No No Excellent

Recently, Andersson & Chigot (2004) mentioned that American National
Standards Institute named the articulation index rating table as S3.5
(Methods for the calculation of articulation index, 1969). It is standardized
due to assess intelligibility in the activity of conversation. As an objective
measurement, articulation index can be measured with the rapid sound
transmission index (RASTI). For this index, computer simulations and

acoustical evaluation equipments can be used.
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Andersson & Chigot (2004 ) took into consideration the parameters of
articulation index in five topics. First one is the ‘voice effort’ of the
individual talking. Second one is the ‘orientation’ of the talker compared to
listener. Next one is the attenuation of the speech over ‘distance’. The
other one is the attenuation of speech due to the presence of ‘screen and
barriers’. The final one is the ‘reinforcements of speech due to the

reflectors’.

3.1.5. Speech Transmission Index (STI)

Speech Transmission Index (STI) is a parameter of speech intelligibility
that checks the speech signal levels, reverberation characteristics and the
time distortion. It was formulated to check the quality of speech

communication (Houtgast, T. & Steeneken, H. J. M. 1973).

Egan (1988), Kuttruff (1991) and others imply that the unit of speech
transmission performance may also be explained with percentage. If the
speech transmission performance is more than 50%, speech transmission is

satisfactory to hear the words and sentences separately.
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Speech transmission index (STI) has a range from 0.00 to 1.00, where

0.00 represents none and 1.00 represents complete intelligibility level

(Egan, 1988) (Table 3.4.).

Table 3.4. Quality of STI values (Lazarus, 1987)

STI 0.1 02 03 04 05 06 07 08 09 1.0

Insufficient Insufficient = Sufficient Good Excellent
but to
acceptable  Satisfactory
for some
purposes

STl was developed with in the same line with Articulation index. Many
researchers investigated the STI while researching the Al results. These two
are related to each other and direct measures of speech intelligibility.
Morimoto et al. (2004) mentioned that speech transmission performance is
not only evaluated by objectively but also by subjective tests like “listeners
indicate the percentage of words and sentences that they recognize” (p.
1607 ). However, even if the intelligibility of speech is perfect, the speech

transmission performance may not be satisfactory in all cases.
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3.1.6. Signal to Noise Ratio (SNR)

Signal to noise ratio is a parameter which provides the intelligibility between
the speaker and the receiver (listener) and highly correlates with speech

transmission index (Lazarus, 1986). In terms of speech intelligibility, face

to face communication at short distances in public spaces requires sufficient

sound pressure level and signal to noise ratio.

To get sufficient SNR, the transmitted noise level (signal) should be over
the ambient background noise level. If the signal sound level lower than the
required, it means ambient background noise level is very high. Because of
this, the signal speaker has to increase his/her signal sound level to
transmit the signal to receiver (listener). However, if signals increase their
speech level, the ambient noise level of the space increases too

( Bronkhorst, 2000).

In non-acoustic enclosed leisure spaces, the sufficient SNR value for face
to face communication at short distances is more than +3 for good
communication that can be obtained by using quality of verbal
communication table that depend on the speaker’s effort(See at Table

3.5.).
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Table 3.5. Assessment and intelligibility rating at the listener position, given
in three standards. (Volberg et al, 2006, p.403).

1SC 9921-1[1] [SO 9921 [2] ANSI[1]]
Intelligibility rating ~ SNR o in dB Intelligibility rating STl SNRper indB Sl SNR e indB
4] excellent > 18 - — - - -
] very good 12...18 excellent > 0.75 >75 - -
2 ‘Gnnd 6...12 good 0.60...0.75 3.0...75 > 0.75 > 75
3 satisfactory 0...6 fair 0.45...0.60 ~-1.5...3.0 - -
4 sufficient -3...0 poar 030...045 —6.0...—15] <045 < =15
5 unsatisfactory —6...-3 bad < 0.30 < —6.0 - -
6 insufiicient < —0 - - - - -

3.1.7. Speech Interference

Speech interference is one of the major effects of noise pollution effecting

human beings. “Noise decreases the intelligibility of speech by raising the

listener’s threshold of hearing while, at the same time, masking the

information. This loss of information may be partially compensated for by

moving closer, talking louder or using electronic amplification” ( Kinsler,

Frey, Coppens, & Sanders, 2000, p. 362). Speech interference disturbs

effective communication between speaker and listener. The masking effect of

noise on speech communication is evaluated in terms of speech intelligibility

(Rhebergen & Versfeld, 2005).

Speech Interference Level (SIL):

In terms of SIL procedure, the Speech Interference Level (Lg, ) can be

calculated from the noise of sound level on the basis of four octaves;

fi=

0.5, 1, 2 and 4 kHz.
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La= V4 Y Ly
where, Ls.= Speech Interference Level,
Ly= noise of sound level.
Additionally, speech interference level can also be obtained by determining
signal to noise ratio at the hearer’s position. For the satisfactory
intelligibility, Lga(r) — Lg. = 10 dB
where,
Lsa .= Speech sound level (vocal effort),
r= distance,

Ls = Speech Interference Level (Lazarus, 1986).

Speech intelligibility level procedure (SIL) is one of the methods of
predicting speech intelligibility that determines the speech interference level
by taking into consideration both speakers’ sound level and the intelligibility
scores at hearer’s position. To date, SIL procedure has been proposed in
the literature and it has also been involved in various standards like SO,
ANSI, DIN and AFNOR (Lazarus, 1986). SIL procedures (SIL curves)
help us to elaborate the criteria for the quality of verbal communication and

the limit values for noise level.
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The basic requirements for SIL curves are Sll (percentage of correctly
understood monosyllabic words), Al, SNR, STl and the speech level (vocal
effort) of the speaker (Lazarus, 1986). In the light of this information,
SIL curves can be calculated as follows:

Lea, im — Lana(r) = 20log/1m = Lga
or, Luw(r) = Lyam — Lswa -20log/1m
&, Lewa = Lea = La

where,

Lyaim = Noise level at the hearer’s position,
e r = distance,
Lsa, im = Vocal effort (speech level) of speaker,

* L = Signal to Noise Ratio.

According to these equations, Figure 3.2. shows the relationship between
noise level (Ly,) the maximum speaker-hearer distance(r) for a given
difference between speech level (Lsa 1n) and SNR at the hearer’s position
that equal to noise level at Tm. distance. On the other hand, if the speech
level (vocal effort) (Lsa ) and SNR (Lgw) are known SIL curves can

be formed too (Figure 3.3).
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Figure 3.2. The generalized SIL curves (Lazarus, 1987, 248).
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Figure 3.3. SIL- Distance Diagram (Lazarus, 1986, 447).
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In addition to speech interference level, there is also a preferred version

that is the Preferred Speech Interference Level (PSIL). In the case of face

to face communication at short distance (1 meter), PSIL would be at

adequate rating to indicate necessary vocal effort at a given noise level.

The PSIL can be calculated by using A-weighted sound pressure level

(Ly). PSIL= L, 7(dB) (Beranek, 1992).

Many factors contribute to the effect of noise on communication interference.

The most important ones are the number of people and ambient noise

levels.

Number of People:

Many researchers argue that (Plomp, 1977, Hawley, Litovsky & Colburn,
1999, Bronkhorst, 2000, Drullman & Bronkhorst, 2004 ) speech intelligibility
is determined by three factors. These are number of people, spatial
distribution and the temporal envelope of the interfering sounds. There is a
close relation between number of people (signals) and temporal envelope.
When the fluctuating sounds are mixed, it can be easily seen that the
fluctuations from interfering signal decrease. On the other hand, there is
also relation between number of people and spatial distribution. According to
this, when the number of people (signals) is increased, the signals need

to be separated (Bronkhorst, 2000).
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Ambient Noise:

In 1965, Zadeh considered ambient noise level as a function of speech
intelligibility to measure speech interference. He points that “the degree of
interference of noise with speech depends on the ambient noise level. The
higher the level of the masking noise, the greater will be the percentage of
speech sounds will be that became incomprehensible to the listener”

(cited in Zaheeruddin & Jain, 2008, p. 1979). Additionally, the effects of
ambient noise on speech interference have different influencing factors such
as age and distance between speaker and listener. According to Zadeh
(1965), the ambient noise level should not exceed 65 dB (A) for young
and middle ages, and 55dB (A) for old people, for good communication
at normal distance (short and medium). Also the older the people, the
shorter the communication distance must be to provide intelligibility (cited in

Zaheeruddin & Jain, 2008).
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4. BILKENT ROLL HOUSE

4.1. Space Description (Layout/shape/size)

As a multi-activity leisure space, the Bilkent Rollhouse has been chosen. It
is placed at the Bilkent neighborhood of Ankara, Turkey and is located in
Ankuva shopping mall (See Figure 4.1.). It offers several kinds of
activities like bowling, dart, billiards, computer games, PS, and dining area.
The customers of this space include students of Bilkent University,

inhabitants of the neighborhood and tournament players.

Figure 4.1. Site view of Ankuva Shopping Mall

( http: / /www.uzaydanbak.com/points/details /100347 )

As plan layout, the activity areas in Bilkent Rollhouse are placed as open-

planned organization (See Figure 4.2.). All the activity areas have close
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relation with each other. Totally, all activity areas in Bilkent Rollhouse

spread to 3800 square meters. The height of the ceiling is 4.00 meters.
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Figure 4.2. The Plan of Bilkent Roll House

The general floor finishing material of the area is carpet. Other than this,
parquet in dining area and marble at the entrance of the area are used.
As suspended ceiling material, it is seen that acoustical panel finishing are
applied. Walls are generally covered by wallpapers and plaster with paint

(See at Figure 4.3 and Fiigure 4.4. and Appendix A).
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Figure 4.3. General view from billiards area

Figure 4.4. General view from dining area
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4.2. Design of Study

In order to analyze acoustical parameters and users characteristics of this
study, a pilot study and case study were performed. These studies consist
three different methods; computer simulations, real-size measurements and
questionnaires/intelligibility tests. The assessment tools of these methods
are: ODEON 9.2 Auditorium Acoustics Software for computer simulations,
DIRAC 3.0 Room Acoustics Software Type 7841, B&K Omnipower Sound
Source Type 4296, B&K Power Amplifier Type 2716, B&K Sound Level
Meter Type 2230 for real-size measurements (Bruel & Kjaer, BB1078-14,
2003 ), Noise Annoyance Survey and Speech Intelligibility Test for

questionnaires and intelligibility tests.

At the first step, a pilot study has been done. In this study, questionnaires
and speech intelligibility test were performed to analyze noise annoyance
ratings and speech Intelligibility of the selected space’s users. Upon this
application the equivalent continuous sound pressure level (Leq) was
measured at the tournament condition that is Friday evenings between
18:00 to 21:00, to check the noise level of the selected space with its
annoyance ratings. Leq values were measured by using B&K Sound Level
Meter Type 2230 at ear height (1.2 meters) and all the measurements

were taken in each 15 minutes.
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As a case study, computer simulations and real-size measurements were
implemented to analyze acoustical parameters of the selected multi-activity
leisure space in terms of speech interference in occupied condition. The
parameters that were measured are Reverberation Time (T30) and Speech
Transmission Index (STI) by using computer simulation tool and Equivalent
Continuous A-weighted Sound Level (Leq A), Speech Transmission Index
(STI) and Signal to Noise Ratio (SNR) by using real-size measurement

tools.

4.3. Pilot study on speech interference in Bilkent Roll House

The aim of this pilot study is to investigate the speech interference of
users’ in an open-planed public leisure space (Yilmazer & Gezginer,
2010"%). In this respect, Equivalent Continuous Sound Level was measured
by using B&K Sound Level Meter Type 2230 upon the questionnaire
application in order to check the noise annoyance rating of Bilkent Roll
House users. Noise annoyance rating is a subjective assessment that is
generally used at SPL and Leq A measurements to evaluate the annoyance
rating and speech interference level of users at the selected space. Noise
annoyance rating is an important evaluation factor of subjective measurement
that is in relation with noise perception. According to Morimoto et al.

(2004), “ it is necessary to compare the subjective measures with the
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objective measures of realistic situations that could be a reference for
judging whether or not the objective measure (physical measure) is useful

for evaluating” (p. 1607).

Hence, questionnaires were applied at the most crowded day of the week
which is Friday and in between 18:00 to 21:00 that is tournament time for
occupied condition to check noise annoyance. For this study, a survey was
prepared which has 12 questions and supports each other (See at
Appendix B). Questionnaires were applied to 60 users at 90% full occupied

condition to determine annoyance ratings.

The participants were asked to evaluate the noise annoyance of the space
selecting from 1 to 5 scales from the questionnaires. These are very quiet,
quiet, neutral, noisy, and very noisy. In order to determine assessment of
the noise annoyance, Leq values were measured at five different points,
P1, P2, P3, P4, P5, at the each activity (See Figure 4.5.). The sound
level meter set to fast response and linear weighting curve was applied.
For each identified point, the measurements were taken at ear height that
is 1.2 meter and repeated 3 times on every Friday. Each acquisition at
each point lasted 1 min and time interval between two subsequent samples

is 15 minutes. Although measurements were not taken simultaneously due
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to presence of only one sound level meter, conditions in the space like

number of users and placing of users during the measurements were

stable. Figure 4.6. shows the Equivalent Continuous Sound Level (Leq )

values and annoyance ratings of five different measuring points.
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Figure 4.5. Leq Measurement points on the plan of the Bilkent Roll House
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Figure 4.6. Equivalent Continuous Sound Level (Leq) values and

annoyance rating of five different measuring points.

According to diagram above, the ambient noise can be explained as the
noise in bowling area, because this noise is dominant in the Bilkent Roll
House. It means that all activities will be affected by this noise and must
be taken into account as base. Moreover, there is the ambient noise level
of the space and additionally the overlapping human voice levels. These
human voice levels (overlapping noise) make the noise level of selected

space to increase that is called ‘cocktail party phenomenon’.
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Additionally, Figure 4.6 shows that noise level in the dining area is stable,
hence; there is no overlapping human noise. When the other areas’ noise
levels increase slightly in time, dining area’s noise levels are stable.
However, the annoyance ratings in dining area increase slightly on time.
This findings opposes in literature, users of Roll House get in a common
behavior psychologically. In this manner, users give up speaking loudly,
they accept repeating or prefer silence and focus on their main activity.
The noise level in the dining area is stabilized by users unconsciously
because of the low noise annoyance ratings. The pain of noise causes the
users to abandon comfort condition and as they lose ability of
understanding each other, they leave their vocal effort, change behaviors

and lose communication quality.

Speech intelligibility is an indication of how well speech is recognized and
defined as a part of spoken materials in terms of speech communication
(Lazarus, 1986, p. 1987). In this manner, speech intelligibility was
measured via articulation index (Al) in the dining area of the Bilkent Roll
House in occupied condition subjectively. After application of the word list
to the users, the Al contours were prepared. The word lists were again
applied on the most crowded day of the week which is Friday and from

18:00 to 21:00 at 85 dB ambient noise with 60 dB vocal effort between
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1 meter distance. After application of the word list to the users, the Al

contours were prepared (See Figure 4.7).
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Figure 4.7 Articulation Index (Al) Contours of Bilkent Roll House

Figure 4.7. indicates that Articulation index in Bilkent Roll House at
occupied condition is ranging between 0.2 to 0.9. At the front seats of
bowling and dining area Al range is between 0.2 to 0.3. This range is
defined as an unsatisfactory rating (See at Table 3.1.). At the front seats
of dining area and billiards, the Al value shows 0.3 to 0.7 which is better
than the front seats of the bowling area and corresponds to a good
intelligibility rating. This value increased towards the rear rank of the dining

area to 0.9 intelligibility, is in excellent rate.
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5. COMPUTER SIMULATIONS

In this chapter, acoustical measurements were implemented to analyze
acoustical parameters of the selected multi-activity leisure space in terms of
speech interference for occupied condition by using computer simulations.
The computer simulations were fulfilled at the office environment. These
parameters are Reverberation Time (T30) and Speech Transmission Index

(STI).

5.1. Equipments and Method

To date, computer simulations have wide use opportunities because of its
flexible modeling and simple modification techniques (Rindel, 2000).

In this study, Reverberation time (RT) and Speech Transmission Index

(STI) were measured by the help of ODEON 9.2 Auditorium Acoustics

Software as computer simulation of the Bilkent Roll House.

ODEON is a prediction software tool for indoor acoustics. It simulates
acoustics of buildings that is actually ideal for analyzing large rooms like
concert halls. Despite the fact that it is good at large scales, small scaled
rooms can also be modeled like atria or classrooms. The software has a
large material library that makes it easy to assign properties of materials

to the surfaces (Bruel & Kjaer, 2010).

44



Iiver positons are

its own material library

g
rE ...f.f#.;i
. f&

o

-r:s:
-

i:::
-
-

-

w

.
S
-
-

.
o
.
-
-

s
.;§

-
o

;%‘:P-e:bu
-
m’
""*S'X”"!:M
e

'14‘
.

.

..:a.wi% *
. ?ﬁ:
r.*.*.aﬁxs.

-w.
.

.
+:¢* .
|

-

+ :

’E‘»h

e
-
.

-

e
-

~nwuﬁ$mnwx.na.ww.ﬁ"n.& B

FE .

- *:?

.,*.
.
-
51

-
-

.

-
-
-

.I% i
? .

o
.
-
u

.
fee
e
e
o
:;m

o
um
.

.
.
3‘:‘,
.
.
teskes

-

.
- u

o
'

-

o
-
-

L
-
o

-

i

’E‘»x:
-

.
=

-
-

-

-x-*:
Hﬂé:
-
e
5

-
EP"»I*
'4:

L
-
.:....H..x.m..m..w....I -

+
.

e

@
P .L.. i i H .‘mﬂm %ﬁﬁ!.vﬁ%..k.i L.:.v

.

-»

-

In order to simulate Bilkent Roll House by using ODEON 9.2, the 3D

model of the space was drawn and saved in DXF format by using

AutoCAD 2008 with face modeling technique (See Figure 5.1.). Each

material and surface was layered to make possible to assign materials in

The saved DXF file was imported to ODEON 9.2, and 3D

ODEON 9.2.

model of Bilkent Roll House was ready for analyzing. The next step was
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Figure 5.1. 3D model of Bilkent Roll House in AutoCAD 2008.
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In order to being sure on the reliability of calculations, the geometry of

model was checked to be sure that there was no sound escape. Hence,

the ray tracing tool of ODEON 9.2 was used to check the 3D geometry.

To get acoustical parameters, grid response was used.

Figure 5.2. The 3D view from receiver in ODEON 9.2.

o

Figure 5.3. The 3D view from sources in ODEON 9.2.



5.2. Simulation of the Bilkent Roll House for fully occupied condition

For this study, it is preferred to measure Reverberation Time (RT) and
Speech Transmission Index (STI) by using real-size measurement tools
that is DIRAC 3.0. Although it is not difficult to measure RT by DIRAC
3.0. at unoccupied condition (See at Appendix C), it is very hard in fully
occupied condition of Bilkent Roll House, because of the high background
noise level of Bilkent Roll House that is 88.7 dB A . Firstly, it was
simulated by using ODEON 8.5. room acoustics software, however,
because of wrong attached background noise level, the simulation were
repeated (Gezginer & Yilmazer, 2011). Therefore, second part of the
simulation was organized and assumed as an occupied. It was planned to
measure Reverberation Time (RT) and Speech Transmission Index (STI)
in occupied condition by using ODEON 9.2 that is computer simulation

software.

In order to measure acoustical parameters by using ODEON 9.2, the
twelve column type sources of Bilkent Roll House and a receiver point
that is in the middle of dining area were determined (See at Figure

5.4.).
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Figure 5.4. The sources and receiver positions in ODEON 9.2.

(e®: Receiver, m: Speakers)

5.2.1. Reverberation Time (RT)

Reverberation time is one of the most important factors in room acoustics
that affects speech communication. Hence, absorption coefficients of selected
material is very important because if the reverberation time is longer than a
room requires, the negative effects of reverberation time can be seen in
terms of intelligibility (Rettinger, 1988 ). Figure 5.5. shows absorption
coefficients of Roll House finishing materials. It is expected that

reverberation time should be at preferred value in a room.
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Figure 5.5. Absorption coefficients of Roll House’ finishing materials.

The simulation results include global decay curves which are the quick
estimation calculations. According to quick estimation calculations, the
simulated results at occupied condition are given in the Figure 5.6. and

Figure 5.7.
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Ab=orption area distributed on materials
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Figure 5.6. Material overview for occupied condition
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Figure 5.7. Estimated reverberation times of quick estimate for occupied

condition

Considering the material overview graph, it can be seen that the sound
absorbing materials are again distributed in a balanced manner at occupied

condition. The graph implies that the audiences and gypsum board
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suspended ceiling material are the much absorptive at all frequencies. The
carpet is also absorptive at high frequencies whereas it is reflective at low
frequencies (See at Figure 5.6.). The quick estimation calculations show
that the reverberation times for the occupied condition are distributed in a

balanced manner to all frequencies (See at Figure 5.7.).

The second global decay curve is the global estimate. This energy curves
are based on the ray tracing and it takes into account the room shape
and the absorbing material (Briel & Kjaer, 2010). The result of the
global estimate energy curve and free path distribution map were placed at

Figure 5.8. and Figure 5.9.

Decay curves
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Figure 5.8. Energy Curves for occupied condition

51



Free path distribution. Mip = 4,28 metres. (Source 2, 120920 rays used)
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Figure 5.9. Free path distribution map of T30 at occupied condition.

Reverberation requirements in such a space contains multi-activities are
between 0,9s. and 1,3s. for T60 (Clark, 1991). The grid response result
of reverberation time value at different locations was found in between 0,85
to 2,13 second for occupied condition in Bilkent Roll House at 1000Hz
which is at the optimum range. When the results are evaluated in terms of
speech intelligibility, it is seen that RT values are in the limit for this kind
of multi-activity space. Additionally, when the grid response of T30 is
taken into account, it shows that the parameter is not homogeneous in the
whole area due to the different surface reflections (See Figure 5.10.).
Additionally, cumulative distribution function graph and the fractiles and

average values are indicated in Appendix D.

52




T30 at 1000 Hz == 3.95 mm

"o T10 20 T3g Tao Tsg Teo =0 Tao =) 253

60 metres

o
)
[}

o
o
[iv)

ol
=] l
jnj
X}

Receiver 1 at (,v,2) = (4,49, -15.70, 1L.70y - T30 =1.14 5t 1000 Hz

o
a
()

Figure 5.10. Reverberation Time distribution map for occupied conditi(;:ﬂ;t=
1000 Hz

5.2.2. Speech Transmission Index (STI)

The speech transmission index that is an important parameter for speech
intelligibility was simulated and found 0.00 range in Bilkent Roll House
(See at Figure 5.11.) which corresponds to an unsatisfactory intelligibility
rating and requires high vocal effort. The background noise and the
reverberation time have highly important effect on STI. The reverberation
time values were found at the required range, however, the background

noise level of Bilkent Roll House was measured by using B&K Sound

Level Meter Type 2230 and 88 dB A which is really high. This value of
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background noise level poorly affects the STl in the area. Hence

intelligibility scores decreases.
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Figure 5.11. Speech Transmission Index distribution map at occupied
Condition
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6. REAL-SIZE MEASUREMENTS

In this chapter, acoustical measurements were implemented to analyze
acoustical parameters of the selected multi-activity leisure space in terms of
speech interference again for occupied condition by using both real size
measurement tools. The real-size measurements were applied at the most
crowded day of the week, on Friday from 18:00 to 21:00 that is
tournament time for occupied condition to get Equivalent Continuous A-
weighted Sound Level (Leq A), Speech Transmission Index (STI), Signal

to Noise Ratio (SNR) and Speech Interference Level (SIL).

6.1. Equipments and Method

Real-size measurements of Bilkent Roll House were performed by using
one of the B&K products that is DIRAC 3.0. Room Acoustic Software
Type 7841 and Sound level meter Type 2230. Dirac 3.0. measures
acoustical parameters by using a PC with soundcard and microphones
(Bruel & Kjaer, BE 1685-12, 2003). It calculates the frequency spectrum

and many acoustical parameters from the impulse responses.

For the measurements of Bilkent Roll House by DIRAC 3.0, B&K
Omnipower Sound Source Type 4296 (See Figure 6.1.) was used as a

sound source. It uses 12 loudspeakers that are connected in a series-
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parallel network. To acquire maximum sound source (signal) power, B&K
Power Amplifier Type 2716 (See Figure 6.2.) was used that drives the
Omnipower sound source which are connected to each other via AQ 0622
bridging cable and at the same time, power amplifier was connected to the
PC from Input of the amplifier to the output of the PC (Bruel & Kjaer,
BB1078-14, 2003). B&K Sound Level Meter Type 2230 (See Figure
6.3.) was used as a receiver that was connected to the PC from the AC
output of the device with 9-pin to 25-pin interface cable AO. Calibration

of the sound level meter was adjusted at 94 dB.

oy,

°
[

-

' 4

Figure 6.1. B&K Omnipower Sound Source Type 4296 (Bruel & Kjaer,

BB1078-14, 2003).
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Figure 6.2. B&K Power Amplifier Type 2716 (Bruel & Kjaer, BB1078-14,

2003).

Figure 6.3. B&K Sound Level Meter Type 2230 (Bruel & Kjaer, BB1078-

14, 2003).

To evaluate speech interference in the selected space, Speech Transmission
Index (STI) and Signal to Noise Ratio (SNR) parameters were measured
by using DIRAC 3.0., hence, internal MLS signal was processed by using

DIRAC 3.0. for measuring speech parameters. Additionally, Equivalent
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Continuous A-weighted Sound level was achieved by using Sound Level

Meter Type 2230.

6.2. Measurements and Results

Equivalent Continuous A-weighted Sound level (Leq A) was obtained from
the impulse responses of seven measuring points and Speech Transmission
Index (STI), Signal to Noise Ratio (SNR) and Speech Interference Level
are obtained from the impulse responses of five measuring points in Bilkent
Roll House at occupied condition. In addition, much detailed impulse

responses at occupied condition are given at Appendix D.

6.2.1. Equivalent Continuous A-weighted Sound Level (Leq A)

The Leq A measurements of Roll House was performed at seven different
measuring points that are RO, R1, R2, R3, Billiards, Dart and Play
Station. As a result from the pilot study, the number of measuring points
at bowling and dining area were increased in case study because of the
noise levels and user behaviors in dining area (See at 4.3.). Three of
these were located in bowling area, one at the same point with previous
measurement that is at the middle point of dining area and the others at

the billiards, dart and play station area (See at Figure 6.4.).
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Figure 6.4. Seven measuring points (RO, R1, R2, R3, Billiard, Dart, Plat
Station) for Leq A in occupied condition

Leq A was measured on the most crowded day of the week that is Friday

from 18:00 to 21:00, in each 15 minutes at seven points. For each

identified point, the measurements were taken at ear height that is 1.2

meter by using B&K Sound Level Meter Type 2230 and repeated 2 times

on every Friday Figure 6.5. shows the results of Leq A at seven

measuring points.
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Figure 6.5. Results of Leq A at seven measuring points in occupied
condition.
Figure 6.5. shows that noise levels increases when the number of people
increase in time. When the dining area’s Leq A noise level is handled, it
is seen that the noise level stays on time but the others increases slightly
on time as in the pilot study. In the light of this information, users have a
tendency to change their behavior because of their annoyance from the
bowling area that is the most dominant noise in that space, when the

main activity of users is dining.

In order to separate A weighted ‘ambient noise level’, ‘conversational noise

(speech) level’ and ‘music noise level’ from each other; music was
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required to be muted for a time, when the leisure space 90% of full. At
that time, the conversational noise (speech) levels of users were

measured and found that is 82 dB A.

As a second way, the music noise level that (Ly,) was measured at
unoccupied condition (due to solely measure music noise level) can be
subtracted from the ambient noise of the space at occupied condition by
using logarithmic calculation in order to determine conversational noise
(speech) level (Lgy) (See at 3.1.2.). It was found that the ambient
noise was 84 dB A at occupied condition and the music noise level was
75 dB A at unoccupied condition from the receiver position in the middle
of the dining area. By the time, music noise level was subtracted from the
ambient noise level by using logarithmic calculation;

10log ( 10™*8/10— 1010

10log (10%*°-10™""°) = 83

It was found 83 dB A as conversational noise (speech) level.

In order to find overlapping speech effort on the ambient noise level of
Bilkent Roll House, the Leq A level at unoccupied condition is subtracted
from the occupied condition for both dining and bowling area (See at

Figure 6.6.)
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18:00 18:30 19:00

#&— Leq A at occupied dining area &— Leq A at occupied kowling area
“— Leq A at unoccupied dining area &— Leq A ot unoccupied bowling area

(Leg A were measured in one hour slice at unoccupied condition)

Figure 6.6. The noise levels in bowling and dining area at occupied and

unoccupied

6.2.2. Speech Transmission Index (STI)

In order to measure Speech Transmission Index (STI), DIRAC 3.0 was
used as a Real-Size measurement tool. According to Lazarus (1986), STI
values can also obtained from the speech intelligibility tests. As a result of
real-size measurements, STI is near the range of 0.26 at RO, 0.1 at RI
and R2, 0.04 at R3 and 0.24 at Billiards (See at Table 6.1.) It was
focused on 5 measuring points because of the changes of noise levels in

bowling and dining area (See detailed results at Appendix D).
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Table 6.1. The STI impulse responses at five points for occupied condition

RO R1 R2 R3 Billiards
(Dining) (Bowling) (Bowling) (Bowling)
STI 0.26 0.10 0.10 004 0.24
Intelligibility
] unsatisfactory | unsatisfactory | unsatisfactory | unsatisfactory | unsatisfactory
rating =
Vocal effort ** High High High High High
Sllxxx <40% <10% <20% <5% <40%

* Volberg et al, 2006, 408. (See at Table 3.5.)

«* Lazarus, 1987, 250. (See at Table 3.3.)

=»x Lazarus, 1986, 246. (See at Table 3.2.)

For good speech communication, many researchers (Beranek, 1947, Kryter,
1946, Lazarus, 1986 etc) mentioned that STI should be more than 0.5.
Table 6.1. indicates that speech transmission index in Bilkent Roll House at
occupied condition ranges from 0.04 to O.1 at the front seats of bowling
area. This range is defined as unsatisfactory in literature (See at Table
3.4.). At the dining area and billiards, the STI value is 0.24 to 0.26

which is better than the front seats of the bowling area, but still

corresponds to an unsatisfactory intelligibility rating.
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6.2.3. Signal to Noise Ratio (SNR)

To obtain SNR in occupied condition, DIRAC 3.0 was used at 5

measuring points that are RO, R1, R2, R3 and Billiards. According to

literature, SNR results are correlated and can be evaluated by the other

parameters of speech intelligibility that are Articulation Index (Al) and

Speech Transmission index (STI) (Lazarus, 1986). As a result of DIRAC

3.0. results, SNR values are shown at Table 6.2. (See detailed results at

Appendix D)

Table 6.2. The SNR impulse responses at five points for occupied condition

RO R1 R2 R3 Billiards
(Dining) (Bowling) (Bowling) (Bowling)
SNR, in dB -3 -1 -7 -14 -3
Intelligibility
. unsatisfactory | unsatisfactory | unsatisfactory | unsatisfactory | unsatisfactory
rating »
Vocal effort »» High High High High High
Sllwxx <40% <10% <20% <5% <40%

* Volberg et al, 2006, 408. (See at Table 3.5.)
»» Lazarus, 1987, 250. (See at Table 3.3.)
»x* Lazarus, 1986, 246. (See at Table 3.2.)
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The SNR average of Bilkent Roll House is in the range of unsatisfactory.
Table 6.2. shows that Signhal to noise ratio in Bilkent Roll House at
occupied condition range from -7 to -14 at the front seats of bowling
area. This range is also defined as unsatisfactory in literature (See at
Table 3.5.). At the dining area and billiards, the SNR value is -3 which
is better than the front seats of the bowling area, but still corresponds to
unsatisfactory intelligibility rating. This is because of the distance from the

sound source as STI.

6.2.4. Speech Interference Level (SIL)

In order to obtain Speech Interference Level, it is needed to interpret SIL
curves. Figure 3.3. shows SIL-Distance Diagram, and in order to find out
the Speech Interference Level of a listener in 1 meter distance from
speaker (face to face communication) in Bilkent Roll House, this diagram

should be taken into consideration.

The highest Leq A values in the Roll House are 84 dB in the dining area
and 92 dB in bowling area. When these values are placed on the diagram
it shows 76 dB in dining area and 84 dB Speech Interference Level at 1

meter distance.
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In addition to these, Speech level intensity characterizes the speaker’s vocal
effort to produce speech” (Lazarus, 1987, 250). Table 3.3. shows the
speaker’s effort and the hearer’s impairment. When the SNR values are
interpreted according to Table 3.3., it shows that the speech communication
in dining and bowling area of Roll House are insufficient with -3 SNR in
dining and -14 in bowling area which requires very high vocal effort, more

than 78dB speech interference level.
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7. DISCUSSION

In this study, a pilot and a case study were applied by using
questionnaires/ intelligibility tests, computer simulations and real-size
measurements to put forth the acoustical characteristics of the selected
space, Bilkent Roll House, in terms of speech interference. As a pilot
study Leq were measured upon the questionnaire application and Al
contours of the dining area were prepared by using intelligibility tests. As a
case study, RT was measured by using ODEON 9.2. and Leq A, STI and
SNR were measured by using DIRAC 3.0. The results show some

similarities and differences with literature.

As a result of pilot study, when the bowling, billiards and play station
areas’ noise levels increase slightly on time, dining area’s noise levels are
stable on time. However, the annoyance ratings in dining area are also
increase slightly in time. These findings showed differences with literature,
users of Roll House get in a common behavior psychologically; they adjust
their vocal noise that they create. Additionally, Al contours showed that far
parts of the dining are has better intelligibility than the fore part of the

dining and bowling areas.
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As a result of the case study, reverberation time (RT) at different
locations was measured in between 0,85 to 2,13 seconds for occupied
condition in Bilkent Roll House at 1000Hz which is at the optimum range
This result shows similarities with other studies on the reverberation
requirements in multi-activity spaces. According to those studies,
Reverberation times are between 0,9s. and 1,3s. for T60 ( Clark, 1991).
In literature, it was mentioned that higher RT values reduce the intelligibility
scores of speech (Egan, 1988). When the Roll House’s RT result is
evaluated in terms of speech intelligibility, it shows that RT value is at
required limit for this kind of multi-activity space. Hence, the intelligibility
scores of speech are at the required range. Additionally, when the grid
response of T30 is examined, it shows that the parameter is not
homogeneous in the area due to different surface reflections (See Figure

5.9.).

Additionally, the Equivalent Continuous A-weighted Sound Level (Leq A)
values were obtained in Bilkent Roll House by one-minute measurements
from seven different measuring points (See at Figure 6.4.) at the most
crowded day of the week, Friday in between 18:00. to 21:00.

Measurements were made every 15 minutes, and taken from ear height.
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The results of Equivalent Continuous A-weighted Sound Level (Leq A)
values showed that (See at Figure 6.5.), noise levels of bowling, dart,
billiards and play station activities increase when the number of people
increases in time. Originally, there is the ambient noise level of the space.
In addition to this, human voice level overlaps the ambient noise level of
the space. These human voice levels (overlapping noise) increase the
noise level of the selected space. This result showed similarities with the
study of Bronkhorst (2000) which states ambient noise of a space
increase in time, when the number of people and their vocal effort

increase.

As the dining area’s Leq A noise level is handled, it has been seen that
the noise level remains stable through time, but the others increase slightly.
This result can be evaluated as that, no overlapping human voice occurs
in the dining area of Bilkent Roll House even if the number of people
increases in time. In the light of this information, it can be argued that,
users have a tendency to focus on their own activity instead of increasing
vocal effort when the main activity is dining in Bilkent Roll House. These
results show differences with previous researches which demonstrated that,
when the ambient noise increases, users should increase their vocal effort,

repeat the words, look the lips of speaker and accept the uncomfortable
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communication (Bronkhorst, 2000, Navarro & Pimentel, 2007, Zaheeruddin
& Jain, 2008) that is called ‘cocktail party phenomenon’. In Bilkent Roll
House, it is seen that, users are affected by the ambient noise, change
their behavior and instead of increasing their voice level, they prefer to
decrease their vocal effort to provide speech intelligibility in multi—activity
spaces. Ambient noise level in the area is stabilized by users
unconsciously because of their noise annoyance from other activities and
high level of background noise. Although it changes user behavior, cocktail
party phenomenon continuously occurs in the area because of the high
level of background noise that decreases the intelligibility score of the

environment.

When the bowling, billiard and play station areas Leq A were examined, it
was seen that, the noise levels in the areas goes slightly high in time.
People increase their vocal effort because of their interference ratings.
These results showed similarities with Volberg et al.’s (2006) study, in
which it was mentioned that if the noise level of the area more than 78
dB, people suffer from the speech interference (See at Table 3.5).
Essentially, background noise level should be between 55- 65 dB at 1000

frequency for good speech communication in ambient public environment
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(Zaheeruddin & Jain, 2008). Hence, the noise level in the space is

more than required.

As mentioned above, according to Volberg et al. (2006), if the noise
level of the area more than 78 dB, people suffer from the speech
interference. Thus, speech parameters were needed to measure at the
activities that noise level more than 78 dB A. Table 3.5. shows that the

noise levels in bowling, dining and billiards areas are more than 78 dB A.

In order to separate A weighted ‘ambient noise level’, ‘conversational noise
(speech) level’ and ‘music noise level’ from each other, logarithmic
calculation method was used to determine conversational noise (speech)
level (Lsy) (See at 3.1.2.). As a result, conversational noise (speech)
level was found as 83 dB A which equals to a shouting level. According
to Lazarus (1986), normal vocal effort level near the range of 60-70 dB
at one meter distance (See at Figure 3.3.). In the light of this
information, it is seen that conversational noise level in Roll House is
higher than required, because of the tendency of increasing vocal effort

against the background noise level.

71



To determine STI, DIRAC 3.0 was used at 5 measuring points that are
RO, R1, R2, R3 and Billiards in order to evaluate STl of different activities
of the space in occupied condition. The results showed that STl of the
activities (bowling, dining and Billiards) in Bilkent Roll House are <0.26
(See at Table 6.1.), and therefore, are insufficient and unsatisfactory for
speech communication. Additionally, it was observed that when people are
away from the bowling area, STI values increase and show better ratings

than the bowling area.

For good speech communication, many researchers (Beranek, 1947, Kryter,
1946, Lazarus, 1986) mentioned that STl should be more than O0.5.
Additionally, Kuttruff (1991), Egan (1988) and others imply that if the
speech transmission performance is more than 50% (0.5), speech
transmission is satisfactory to hear the words and sentences separately, and

is insufficient for speech communication, if it is less than (0.5).

Furthermore, to obtain SNR in occupied condition, DIRAC 3.0 was once

more used at 5 measuring points that are RO, R1, R2, R3 and Billiards.
The results showed that SNR of the activities in Bilkent Roll House are

< -3 (See at Table 6.2.), and consequently are insufficient for good

communication. In literature, it was mentioned that >7.5 SNR is best for
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good quality of communication. If it is lower than -3, SNR becomes
unsatisfactory (Volberg et al. 2006). In such situation, SIL diagrams are

needed to be used for the determination of SNR (Lazarus, 1986).

Additionally, whenever people are away from the bowling area, SNR values
increase and show better ratings at far points of Roll House as STI. Yet,
these results differed from the studies on SNR that are dealt with the

required SNR range for good communication.

It can be concluded that, reverberation characteristics and unoccupied
condition measurement results shows that the acoustical characteristics,
design and material selection of Bilkent Roll House is at desired range.
However, except dining area, noise level of each activity increases slightly
in time when number of people increases which causes speech interference.
Although the noise level is stabilized by users (especially in dining area),
it is not good enough for speech communication quality. This is because;
the speech parameters (STl & SNR) also showing unsatisfactory ratings
due to high background noise level. If all these points are taken into
consideration, it is seen that background noise level of the environment

activates the cocktail party phenomenon.
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8. CONCLUSION

The aim of this study was to analyze the speech interference of multi-

activity public leisure spaces. In this context, Bilkent Roll House, which

involves the activities of bowling, dining, darts, computer games and

billiards, was studied, and the acoustical parameters of the selected space

were examined.

Although there are many studies that deal with the speech interference in

public leisure spaces with one-activity, it was seen that, speech

interference in multi-activity enclosed leisure spaces was almost neglected.

Therefore, this study aimed to put forth the effects of speech interference

in public leisure spaces with multi—activity.

In the course of the study, questionnaires/intelligibility tests were made as

a pilot study and both computer simulations and real-size measurements

were fulfilled to evaluate acoustical parameters of Bilkent Roll House. In

order to analyze speech interference within the selected space, four different

room acoustic parameters were analyzed: Reverberation Time (T30),

Speech Transmission Index (STI), Signal to Noise Ratio (SNR) and

Equivalent Continuous A-weighted Sound Level (Leq A).
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Acoustical characteristics of Bilkent Roll House were found to be at the
required range. However, it was observed that, the speech parameters
(STI & SNR) results are unsatisfactory in terms of speech communication
for occupied condition due to the high background noise level which

triggers cocktail party phenomenon.

According to literature survey, there is a tendency of people to increase
their vocal effort as the other talkers increase the ambient noise of the
environment in one-activity leisure spaces. Such attitude is explained as
the’ cocktail party phenomenon’ (Bronkhorst, 2000). In this study, it was
found that the noise level (Leq A) of the activities in Bilkent Roll House
increases slightly in time. However, the results of Leq A at the dining area
of Bilkent Roll House indicate that, users are affected in an informal way
by the speech interference, and instead of increasing their voice level, they
prefer to focus on their own activity to provide speech intelligibility in multi-
activity spaces. In this regard, it can be argued that, users change their
behaviors and ambient noise level in the area (dining area) is stabilized
by users unconsciously because of their noise annoyance from other
activities, and low values of speech parameters (STl & SNR) and high

level of background noise.
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For further studies, the annoyance ratings, interference levels and behaviors

of users can be examined in laboratory condition with recorded noise

samples, listening difficulty tests and intelligibility tests. Additionally, it is

expected that the background noise level of this kind of leisure space is

minimum 80 dB A. Hence, some structural elements can be added like

partitions, parapets etc. or spatial organization of the selected space can

be reorganized in order to decrease speech interference level of the area.
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Figure A.2. Billards area of Bilkent Roll House
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Figure A.3. Bowling area of Bilkent roll House

Figure A.4. A view from Dining area
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Ficure A.5.ilkent Roll House
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Bilkent Universitesi
I¢ Mimarhk ve Cevre Tasarimi
Giiriiltii Denetimi Anketi

1. Cinsiyetiniz:

oK oE
2. Yasmmz:
o15-25 ©025-35 035-45 045-65

3. Egitim Durumunuz:

o {lkokul o Lise oUniversite o Yiuksek Lisans o Doktora

4. Rollhouse’a gelis sikhiginiz nedir?

o Her giin 0 haftada 2°de fazla OHaftada 1 -2 0 Aydal -2

5. Rollhouse’a hangi “bos zaman etkinligi” icin geliyorsunuz? (birden fazla
isaretlenebilir)

oBowling o Dart/ Langirt 0 Bilardo 0 Yemek oBilgisayar Oyunlart

6. Rollhouse’da gecirdiginiz siire ne kadardir?

o 1 saat’ten az o 1 -2 saat o 3 -4 saat o 5’den fazla

7. Rollhouse’daki giiriiltii seviyesini degerlendiriniz.

Az Cok
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8. Rollhouse’da yemek yeme siirecinde giiriiltii sizi ne kadar etkiler?

Az Cok

9. Rollhouse’da arkadasimizla karsiikh sohbet ederken giiriiltii sizi ne kadar

etkiler?

10. Su an hangi etkinligi yapmaktasiniz?
oBowling o Dart/ Langirt o Bilardo 0 Yemek oBilgisayar Oyunlari

o Calistyorum  oDiger.................

11. Su an yapmakta oldugunuz aktivite’nin giiriiltiisii ilginizi dagitacak kadar sizi
rahatsiz ediyor mu?

o0 Evet o Hayir

Giiriiltiiyii degerlendiriniz.

Az Cok
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12. Bu mekanda bulunan bos zaman aktivitelerinin giiriiltii seviyelerini

degerlendiriniz.

Bilardo

Dart/ Langirt

Yemek Alani

Bilgisayar Oyunlar1

Bowling
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Articulation Index Word List

Case Study: Evaluation of Speech Intelligiblity in
"Bilkent Rollhouse"

Tablke Mo Wame - Sumams EDL jHEA)
Wisrds Viords Wisrds W dis
1 |Demi & | T 51 |vaz TE |Eunm
2 |Sut 27 |ham 2 |Saul 77 |z
E =0y 25 |Fava =5 | == T8 |Shz
4 |z 25 |21 54 |Zar T3 |Mas=
5 |Eapi 30 |Tas 55 | D=l &0 |Eal
& |Efe 31 |Su % |Ana &1 |Ses
7T |Nane 32 |kA0ze 5T |Eane &2 |Euzu
s |= 33 |Kiml 55 |Eosg &3 |Mur
5 |Enay J4 |E=d) 5 |Fi= i |Fl=
1@ |egl 35 |[Kova B |E=z &5 |=ir
11 |=al I |[FZK E1 |=Eus = |=00
12 |ls2 3T |Adem 2 |hal 57 |Mar
13 |'ran I35 |Pasa = k==l &5 |Uaim
14 |Spar 32 |Cag &4 =0 &2 |Ear
15 |Ddrt 40 |Tearzl = =El ol 1]
1€ | D=l 41 |Toouz EE |Edm 51 |Elma
17 |z 42 |husa ET |&n 22 |EangE
18 |kSOZK 43 |sal &8 |van 23 |Sos
15 |Tdp 44 |Dur 3 |E2z o |
20 |Eung 45 | kvl T |Ev 55 | Cam
21 |m=m 4& |Enom 1 |Tuz = |Sap
22|k 47 |Dey TE |&y a7 |Para
2T |Ean 4% |Tam Dl 55 |Sopa
24 | Caml 45 |Sr 74 |Yer 55 |Hamo
25 |2 S0 |Eidy 75 |z 1100 |3 b=
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Free path distribution. hfp = 4 26 metres. (Source 5, 112243 rays uzed)

20.000

18.000

16.000

14.000

12.000

10.000

5.000

6.000

4.000

2.000

metres

Figure C.1. Free path distribution map of T30 at unoccupied condition.

10 110 1120 metres

A0 At 1000 He >= 9160

=

20.80 B

-

=

2520 ==
2660
60 metres - | 25.00
22.40
21.80
20.20
1860
17.00
15.40
1360
1220
1060

.00

o
=
=}

o
o
=]

+
o
=]

=}
= e
o o
= 2

Receiver 1 at (x,y,2) = (443, -15.70, 1.70) - T30 = 0.75 at 1000 Hz <=ndn

Figure C.2. T30 distribution map for unoccupied condition at 1000 Hz by
ODEON 9.2.
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DED At 1000 Hz >= 0,79
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Receiver 1 at (x,y,2) = (4.49, -15.70, 170y - D50 = 0,85 at 1000 He <=nm

Figure C.7. D50 distribution map for unoccupied condition at 1000 Hz by
ODEON 9.2.
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Figure C.8. SPL distribution map for unoccupied condition at 1000 Hz by
ODEON 9.2.
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ODEON 9.2.
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Figure D.1. T30 distribution map for occupied condition at 500 Hz by
ODEON 9.2.
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Figure D.2. Cumulative distribution graph of T30 at 1000Hz in ODEON
9.2. at occupied condition.
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Figure D.3. Cumulative distribution graph of T30 at 500Hz in ODEON 9.2.
at occupied condition.
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Figure D.4. D50 distribution map for occupied condition at 1000 Hz by
ODEON 9.2.
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9.2. at occupied condition.
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Table D.1. STI Value at RO in occupied condition by using DIRAC

STI female 0.26: Bad

STl male
Table D.2. STI Value at R1 in occupied condition by using DIRAC

STl female 0.10: Bad

STl male 0,11 : Bad

Table D.3. STI Value at R2 in occupied condition by using DIRAC

STl female 0.10: Bad
STl male 011: Bad

Table D.4. STl Value at R3 in occupied condition by using DIRAC.

SNEEE | 004 Bad |
STI male 0,04 : Bad

Table D.5. STI Value at Billiards in occupied condition by using DIRAC.

0,24 : Bad

0.25: Bad

Table D.6. SNR Value at RO in occupied condition by using DIRAC.

125 240 OO 1000 2000 4000 8000
- -7 13 -3 - -7 -3

Table D.7. SNR Value at R1 in occupied condition by using DIRAC.

125 250 500 1000 2000 4000 000
a0 | 9 | -2 b1 3 1z | -4
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Table D.8. SNR Value at R2 in occupied condition by using DIRAC.

125 2a0 500 1000 2000 4000 =000
-100 A -13 -7 -3 15 -18

Table D.9. SNR Value at R3 in occupied condition by using DIRAC.

125 2a0 500 1000 2000 4000 2000

SNR [dB]

Table D.10. SNR Value at Billiards in occupied condition by using DIRAC.

125 240 500 1000 2000 4000 2000
-100 -20 -13 -3 -5 -3 -3
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