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Abstract:  

The allowable upper limit of the background noise level for acoustic design of space depends 
on speech intelligibility requirement of that particular space. A classroom and a market will 
not allow the same amount of background noise to fulfill their acoustic requirements. 
Intelligibility is a quantification of the proportion of the substance of a speech message that 
can be adequately understood. It is often challenging for listeners to perceive speech in the 
presence of a background noise, especially when the listener is unfamiliar with the speech 
signal. 
 
Maximum allowable noise levels for acoustic design of different spaces proposed in 
Bangladesh National Building Code (BNBC) based on standards used in English, which is 
only acceptable if speech intelligibility for Bangla and English act similarly against noise. 
Previous comparative studies on four languages, having different Consonant-to-Vowel ratio 
and tonal properties showed a different score in intelligibility test against noise. Therefore, it 
hypothesized that the languages that have a high consonant-to-vowel ratio might be more 
sensitive to the room acoustic conditions regarding speech intelligibility. Bangla and English 
have different phonetic structure, consonant-to-vowel ratio, and tonal properties; thus, it can 
postulate that the impact of noise on intelligibility might also vary. This study explores that 
speech intelligibility of Bangla affected more specifically by noise, compared to that of 
English. Based on these findings, the study propose an alternative to update BNBC standards 
for allowable upper limits of background noise levels for acoustic design of spaces for speech 
in Bangla. 
 
The study can be broadly classified as an experimental research, which included a combination 
of experimental, computational and analytical methods in a quantitative approach. In the first 
phase, the research followed the experimental research methodology to prepare the stimulus 
and collect data through experiments in an acoustically controlled environment. In the second 
phase, a computational method was used to extract data, which was ultimately analyzed and 
synthesized to propose standards for maximum permissible background noise levels in 
different spaces.  
 
From the derived data, a comparative analysis is done on similar studies for English. By 
synthesizing required speech intelligibility of space with the corresponding recommended 
Signal to Noise Ratio (SNR), a proposition is made for allowable upper limits of background 
noise levels for acoustic design of spaces for speech in Bangla language.  
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1.1 Background 

It is well established that speech intelligibility is affected by background noise. Speech 

intelligibility is the state or quality of being able to be understood. No living space can be 

defined without speech intelligibility even if we design a zoo for the animal stated by Stebbins 

(2013). So, it is important for architects to maintain proper acoustics design to make a space 

livable. Architectural acoustics can be about achieving speech intelligibility, appropriate 

acoustics quality and suppressing noise to or make our living spaces more productive and 

pleasant places to work and live (Conol & Parasio, 2015). 

 

Speech Intelligibility depends on four acoustical factors. i.e. (i) Speech Level, (ii) 
Reverberation Time, (iii) Noise to Speech Level and (iv) Room shape (Knudsen, 1929). Jin & 
Liu (2014) claimed that it is often challenging for listeners to apperceive speech in the 
presence of a background noise, especially when the listener is unfamiliar with the speech 
signal as well as the background noise. 
  

1.1.1  Noise and Speech Intelligibility 

Noise: Any unwanted sound can describe as noise. According to Oxford Advanced Learner’s 

Dictionary, a sound, especially one that is loud or unpleasant or that causes a disturbance is 

called noise. The sound has a range of different physical characteristics, but only classified as 

noise when it has a negative physiological or psychological effect on people, claimed by 

Olaosun (2006). Roy et al. (2006) reported that technologically noise is defined as the result 

of the combination of single frequency sounds or pure tones. Noise is a random mixture of 

different types of wavelengths that affect comfort, concentration, and behavior.  

 

Acousticians measure background noise in ‘A‐weighted’ decibels (Ermann, 2015, p.152). 

This single‐number measure weights noise per human sensitivity to frequency. Sometimes it 

is expressed as dBA and can be easily read from most of the sound‐level meters. Ermann 

(2015) stated that background noise comes in four flavors,  

 

a) Very loud noise that, over time, can cause hearing loss, as in machine shops and rock 

concerts,  

b) Loud noise that interferes with speech intelligibility, as in a noisy restaurant or 

banquet hall with a clamoring air conditioner,  
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c) Noise, perhaps even relatively quiet noise that interferes with very quiet activities, 

like a distant train during the nighttime sleep hours or a remote cough during a 

recording at a studio, and  

d) The noise that, by its content rather than its level, annoys building occupants, like the 

footfall pattering impact noise of an upstairs neighbor’s dog, or a dripping faucet 

while someone is trying to concentrate. 

 

Speech intelligibility  

It is the capacity of listeners to hear a particular type of sound. Both room acoustics and noise 

control considerations governed the quality of intelligibility. Noise plays a major role here. 

Ermann (2015) claimed that listeners heard speech clearly when the talker’s signal is 

sufficiently loud (+15 decibels) relative to the noise at the listener location. The speech 

intelligibility measures using a list of words (or sentences) where the percentage of correctly 

understood words gives the intelligibility score.  

 

Effects of noise on speech intelligibility can describe as, 

 

• 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 

partially compensated for by moving closer, talking louder, or using electronic 

amplification. 

• Intelligibility improves markedly with increasing numbers of syllables; disyllabic 

words are understood about twice as easily as monosyllabic words with the same 

background noise.  

• When background noise is present, intelligibility depends on the sound pressure level 

of the speech and signal-to-noise ratio (SNR). 

• The sound levels of both the speech and noise expressed as A-weighted sound levels 

in decibels (dBA or dB) (American National Standards Institute, 2009).  

• Meaning of a sentence can still extract from context even some part of it affected by 

noise. However, it does not always work in case of the word. The intelligibility of 

isolated words is more strongly affected by noise than a sentence (Fig 1.1.2.a). 

• American National Standards Institute (2009) claimed that the relative SNR, 

expressed in decibels, is the sound level of the speech alone in the presence of 

background noise minus the sound level of the background noise.  
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• Intelligibility increases as the SNR increases, either by raising the speech level or by 

decreasing the noise level. 

 

 
Figure 1.1.1.a: Percent of words and sentences correctly identified 

in the presence of background noise (Kinsler et al., 2000, p. 362). 

 

• Speech and language disorders or limited proficiency require a more favorable signal 

to noise ratios than individuals without these impairments or disorders to achieve high 

levels of speech intelligibility (American National Standards Institute, 2009). 

 

1.1.2  Noise and space design 

Architects/design team's focus mostly remains on the project's functionality and aesthetics. 

Building acoustics is so often given low priority because it competes for limited project money 

with many other project goals, including sustainable design/development, physical security/ 

anti-terrorism, information technology/telecommunications, building automation. Lack of 

importance presents a lot of acoustically dead space which either repair/refurbished with high 

expenses or left away later. The only solution to achieve a better building acoustics is to 

employ an integrated design approach (Paradis, 2016). Though there are few differences in 

the acoustical requirements of offices, classrooms, conference rooms or any other living 

spaces, several common noise problems affect these occupancies, 
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• Too much noise outside the building entering the space 

• Too much noise from adjacent spaces  

• Lack of sound control in the space itself. 

 

Typically we do not face noise at a high level in these occupancies which can be harmful to 

human hearing. Although, it distracts users from concentration on work or study and provides 

less than ideal working and learning environments by affecting on speech intelligibility and 

some nonauditory effect as reported by Paradis (2016). 

 

1.1.3  Maximum allowable Noise and use of space 

Maximum allowable noise depends on speech intelligibility requirement based on the use of 

spaces. A class room and a market will not allow the same amount of background noise to 

fulfill its acoustics requirements. Except for some highly maintained mechanical space like an 

anechoic chamber, no space in our known world are fully noised free. 

 

 
 

Figure 1.1.3.a: Balanced noise criteria (NCB) contours for 

occupied rooms. Source: (Everest & Pohlmann, 2009, p. 312)  
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To determine the allowable noise for different space, we need to consider the amplitude and 

frequency of noise. Everest (2009, p. 311) stated that we must assume, the noise floor criteria 

will not be flat as our hearing response is not flat regarding amplitude or frequency. To 

quantify and communicate the specification of it, several noise criteria standards were derived. 

For example, Noise Criteria (NC), Room Criteria (RC) curves, Balanced Noise Criteria (NCB) 

(see Section 2.4.5, Chapter 2). Figure 1.1.3.a shows the NCB Curves for indoor spaces which 

accepted by the Acoustical Society of America. The range of maximum background noise 

according to use of space shows at Fig (1.1.3.b).  

  

 
 

Figure 1.1.3.b: Range of maximum background noise and use of spaces. Source:(Ermann, 

2015, p. 155).  
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1.2 Statement of the Problem 

If we analysis the maximum allowable noise levels (Table-1.2.a) for acoustic design of spaces 

proposed by HBRI & BSTI (2006, p. 11352) in Bangladesh National Building Code (BNBC), 

we find similarities with standards used for English (Table-1.2.b & Table-1.2.c).  

 

Table-1.2.a: Proposed acceptable intrusive Noise Levels in Bangladesh. Source: 

(Bangladesh. HBRI & BSTI, 2006) 

Category of space dBA NR Category of space dBA NR 

Banks 50 40 Libraries. loan 45 35 
Churches 35 25 Libraries, reference 40 30 
Cinemas 15 25 Music rooms 30 20 
Classrooms 35 25 Offices, private 40 30 
Concert halls 30 20 Offices, public 50 40 
Conference rooms 30 20 Open air theatres 40 30 
Court rooms 35 25 Radio studios 30 20 
Council chambers 35 25 Restaurants 50 40 
Department stores 55 50 Recording studios 30 20 
Flats. living 45 35 Shops 55 50 
Flats. sleeping 35 25 Telephoning, good 50 40 
Hospitals, wards 35 25 Telephoning, fair 55 45 
Hotels; bedrooms 35 25 Television studios 35 25 
Houses, living 45 35 Themes 30 20 
Houses, sleeping 35 25 Typing pools 55 50 
Lecture rooms 35 25 Works canteens 60 55 

** NR (Noise Rating) curve. See section 2.4.5, Chapter 2.  

 

Table-1.2.b: Acceptable intrusive Noise Levels for English. Source: (Rossing, 2007, p. 415) 

Category of space Specific Uses NC, NCB or 
RC(N) dBA limit 

Sensitive listening spaces Broadcast and recording studios, concert 
halls 

15 to 20 25 dBA 

Performance spaces Theaters, churches, video, and 
teleconferencing 

20 to 25 30 dBA 

Presentation spaces Large conference rooms, small 
auditoriums, movie theaters, court-rooms, 
meeting and banquet rooms. Executive offices 

25 to 30 35 dBA 

Private spaces Offices, small conference rooms, 
classrooms, private residences, hospitals, 
hotels, libraries.  

30 to 35 40 dBA 

Public spaces Restaurants. lobbies, open-plan of-(ices. 
clinics 

35 to 40 45 dBA 

Service and support 
spaces 

Computer equipment rooms, public 
circulation areas, arenas, convention centers 

40 to 45 50 dBA 
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Table-1.2.c: Acceptable intrusive Noise Levels for English. Source:(Everest & Pohlmann, 

2009, p. 314) 

 

Type of Room Recommended RC 
Level (RC Curve) 

Equivalent Sound 
Level, (dBA) 

Apartments 25-35 (N) 35-45 
Assembly halls 25-30 (N) 35-40 
Churches 30-35 (N) 40-45 
Concert and recital halls 15-20 (N) 25-30 
Courtrooms 30-40 (N) 40-50 
Factories 40-65 (N) 50-75 
Legitimate theaters 20-25 (N) 30-65 
Libraries 35-40 (N) 40-50 
Motion picture theaters 30-35 (N) 40-45 
Private residences 25-35 (N) 35-45 
Recording studios 15-20 (N) 25-30 
Restaurants 40-45 (N) 50-55 
Sport coliseums 45-55 (N) 55-65 
TV broadcast studios 15-25 (N) 25-35 
Hospitals/clinics—private rooms 25-30 (N) 35-40 
Hospitals/clinics—operating rooms 25-30 (N) 35-40 
Hospitals/clinics—wards 30-35 (N) 40-45 
Hospitals/clinics—laboratories 35-40 (N) 45-50 
Hospitals/clinics—corridors 30-35 (N) 40-45 
Hospitals/clinics—public areas 35-40 (N) 45-50 
Hotels/motels—individual rooms or suites 30-35 (N) 35-45 
Hotels/motels—meeting or banquet rooms 25-35 (N) 35-45 
Hotels/motels—service and support areas 40-45 (N) 45-50 
Hotels/motels—halls, corridors, lobbies 35-40 (N) 50-55 
Offices—conference rooms 25-30 (N) 35-40 
Offices—private 30-35 (N) 40-45 
Offices—open-plan areas 35-40 (N) 45-50 
Offices—business machines/computers 40-45 (N) 50-55 
Schools—lecture and classrooms 25-30 (N) 35-40 
Schools—open-plan classrooms 30-40 (N) 45-50 

 

Providing standard based on English need to be justified. As most of the spaces in Bangladesh 

people use to speak in Bangla, this can be acceptable if only speech intelligibility for Bangla 

and English act similarly against noise. 

 

Bangla and English have different phonetic character (see section 2.11, Chapter 2). For 

example, Bangla has a vast array of phonetic sounds comprising twenty-eight vowels (seven 

cardinal vowels, four semi-vowels, and seventeen diphthongs) and thirty consonants (Ali, 

2001; Hai, 1967; Hai & Ball, 1961). English has only twenty vowels (twelve cardinal vowels 

and eight diphthongs) and twenty-four consonants (Hai & Ball, 1961). Consonant-to-vowel 
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ratio is low for English (Gimson, 1962) and Consonant-to-vowel ratio is average for Bangla 

(Ferguson & Chowdhury, 1960, p. 36; Klaiman, 1987, pp. 490–513) 

 

Speech intelligibility is affected by the loss of consonants. Previous comparative studies on 

four languages (English, Polish, Arabic, and Mandarin) having different Consonant-to-Vowel 

ratio and tonal properties showed a different intelligibility test score against noise (Figure 

1.2.d). Therefore, it was hypothesized that the languages that have a high consonant-to-vowel 

ratio might be more sensitive to the room acoustic conditions regarding speech intelligibility 

(Kitapci & Galbrun, 2014).  

 

 
Figure 1.2.d: Comparison graph of word intelligibility scores and STI results for English, 

Polish, Arabic and Mandarin. Actual data markers and regression lines are shown in the 

figure. Source:(Kitapci & Galbrun, 2014) 

 

Another linguistic factor considered was the tonal properties of the languages. Bangla and 

English have different phonetic structure, consonant-to-vowel ratio and tonal properties (Ali, 

2001); thus, it can postulate that the impact of noise on intelligibility might also vary. This 

study explores if there is any variation in effects of noise on speech intelligibility for Bangla, 

compared to that of English and, based on that, if any modifications can be proposed to update 

BNBC standards (see Table 1.2.a) for allowable upper limits of background noise levels for 

acoustic design of spaces for speech in Bangla. 
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Some research work has done regarding the impact of Reverberation Time (RT) on Bangla by 

Imam (2009) which shows the conditions for acceptable performance in verbalization 

acoustics are more stringent for Bangla compared to those of English. This research on noise 

impact on Bangla also showed different characteristics in comparison to English. 

1.3  Aim and Objectives of the Study 

This research aimed to facilitate acoustic design against background noise in spaces for speech 

for Bangla language. 

 

Objectives 

 

The objectives of the study were: 

 To compare the effects of noise on speech intelligibility for Bangla about that of 

English. 

 To propose standards for allowable upper limits of background noise levels for 

acoustic design of spaces for speech in Bangla language. 

 

1.4  Methodology 

The study classified as experimental research, which included a combination of the 

experimental, computational and analytical method in a quantitative approach. In the first 

phase, the research follows the experimental research methodology to prepare the stimulus 

and collect data through experiments in an acoustically controlled environment. In the second 

phase, a computational method used to extract data, which was ultimately analyzed and 

synthesized to propose standards for maximum permissible background noise levels in 

different spaces. 

 

1.4.1  Literature Review   

Literature survey covered theories and practice of acoustic design of spaces for speech, present 

national and international standards of allowable noise levels, the phonetic structure of Bangla 

and English, typology and effects of noise, methods to quantify speech intelligibility, previous 
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researchers on effects of noise on speech intelligibility in different languages and related 

topics. 

 

1.4.2  Preparation of Stimulus 

Sets of meaningless syllables, structured in a format of Consonant-Vowel-Consonant (CVC) 

and Consonant-Vowel-Vowel (CVV) and based on Relative Frequency of Occurrence (RFO) 

of different phonetic sounds in Bangla, was derived earlier by Imam, Ahmed & Takahashi 

(2009). As the protocol of this study, sets of stimulus prepared by mixing digitally recorded 

version of those sets of meaningless syllables with digital White Noise (a noise with flat 

spectrum across all frequencies) as a masker (Kaplan-Neeman, Kishon-Rabin, Henkin, & 

Muchnik, 2006). The mixed sounds normalized to almost flat characteristics in uniform 

amplitude. Thus, eight syllable sets (each containing 36 syllables), for eight varying Signal-

to-Noise Ratios (SNR), were derived for use in the experiment. Among them, six syllable sets, 

for six varying Signal-to-Noise Ratios (SNR) used for analysis considering human habituation 

in new acoustic environment and process of experiment. 

 

1.4.3  Experiment 

In an acoustically controlled environment (Chhayanaut Recording studio), Articulation Index 

(AI) method (see section 2.9.1, Chapter 2) used to derive speech intelligibility to identify 

effects of noise on Bangla speech. A sampled group of 15 listeners, screened through 

audiological tests (see section 2.13, Chapter 2) for good hearing health, participated in the 

experiment.  

 

1.4.4  Computation 

To quantify intelligibility, the maximum and the minimum admissible Percentage Syllable 

Articulation (PSA) (see section 2.10, Chapter 2) was found in a range of Signal-to-Noise Ratio 

(SNR). Knudsen (1929) established that PSA depends on the speech level, Reverberation 

Time (RT) (see section 2.6, Chapter 2), SNR and room shape, as expressed in the equation, 

PSA = 96 kl, kr, kn ks (%) for English. Where kl, kr, kn and ks are the reduction factors for average 

speech level, RT, SNR and room shape, respectively. In a similar method, Imam Ahmed & 

Takahashi (2009) derived the equation for Bangla considering effects of RT on Bangla 

language as, PSA = 93 kl, kr, kn ks (%). All experiments conducted in a rectangular recording 
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studio, which kept corresponding reduction factors kl, as 1.0. The sound level of stimuli was 

75 dBA, which kept corresponding reduction factors ks as 1.0. The RT related value of kr, was 

known from the findings of Imam, Ahmed & Takahashi (2009). RT of the recording studio 

was calculated using Sabine’s reverberation equation in MKS unit, i.e., RT = 0.161V/A 

(Everest & Pohlmann, 2009, p. 156), where V = volume of the room, m3 and A = total 

absorption of room, metric sabins. Sabin’s formula is well established for measuring RT of 

rectangular/ spherical enclosure as reported by Beranek (2006). Then, PSA depends on the 

single variable of reduction factor due to SNR, as PSA = 93 kr, kn (%).  

 

1.4.5  Analysis, Synthesis and Proposition 

From the derived data of kn, a comparative analysis was done about that of English by Knudsen 

(1929). By synthesizing required speech intelligibility of space with the corresponding 

recommended SNR, a proposition made for allowable upper limits of background noise levels 

for acoustic design of spaces for speech for Bangla language. Analysis process of the study is 

described by the Figure 1.4.5.  

 

 
 

Figure 1.4.5: Flowchart of the study. 
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1.5  Research Strategy 

This research conducted through experimental research strategy where this researcher tries to 

find out whether a variable has an effect on behavior and the attributes of that effect. One or 

more variables are manipulated to determine their effect on a dependent variable. 

 

Independent Variables  

The independent variables are: 

 Type of noise  

 Noise to Speech loudness ratio  

 Present and absent of noise 

 Stimuli 

 Meaningless syllable sets of phonetic sounds 

 

Dependent Variables  

The dependent variables are: 

 Phonetic structure of Bangla. 

 Constant to vowel ratio of Bangla.  

 Intelligibility properties of Bangla.  

 

Here Unit of Assignment is ‘Speech Intelligibility of Bangla Language.'  

 

Control Group is the group to which no treatment is applied. Here Control Groups is 

Intelligibility without noise and Treatment group is Intelligibility in different SNR 

conditions.  

 

The main aim is credible to establish a cause effect relationship. Here in this research, the 

Focus on Causality was ‘The effects of noise on speech intelligibility of Bangla.'  
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1.6 Research Quality Consideration 

This study focused on effects of noise on the intelligibility of Bangla language. While 

considering the quality of the research, the following issues are necessary to be considered. 
 

Internal Validity  

AI method is a well-established method to quantify speech intelligibility through PSA which 

has been using since 1947 when H. Fletcher and R.H. Galt use it for English. Moreover, still 

no question about its validity.  

 

The RFO based meaningless syllable sets used in this research is an output of intense research 

by Imam (2009). That was used already for the similar type of research which was accepted 

internationally.  

     

External Validity 

The research-outcomes set new standard for acoustics in case of designing a building in 

Bangladesh or any other place where communication will conduct in Bangla.   

 

Reliability 

The software used for this research is renowned and accepted internationally so the 

quantitative results would be reliable. Noise are collected from reliable sources and verified 

through software.  

 

Objectivity 

According to the literature review and theoretical Perspective, there is a physical reality of the 

Bangla speech and noise and play an important role to define the acoustical environment. All 

data are quantifiable. 

 

1.7 Justification 

The study experimented in a recording studio that was not fully noised free. If it conducted in 

an anechoic chamber, the result would be more accurate. The sample group was selected only 

by hearing health and age. Personal response and knowledge of Bangla language were not 

measured. The outcome of this research may lead to further research on Bangla language. It 
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will help redefined all standard for Bangla related to noise. Similar experiments on different 

spaces may help to define space specific standard for a maximum allowable upper limit of 

noise. Experiment using different age group may also provide more specific information 

regarding the effect of noise on Bangla.    
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2.1 Introduction 

The objective of this chapter is to establish the theoretical background for this research work. 

This chapter especially focuses on sound, absorption, and reflection of sound, noise, speech 

intelligibility and other related topics.   

2.2 Sound 

A sound made when an oscillating membrane disturbs the molecules in an elastic medium—

and that disturbance is heard, as described by Ermann (2015, p. 2). Rossing (2007, p. 1) 

described the sound as an auditory sensation in the ear. Sound can be defined as a wave motion 

in the air or other elastic media (stimulus) or as that excitation of the hearing mechanism that 

results in the perception of sound (sensation) (Everest, 2001, p. 1). These motions can be set 

up in several ways; however usually by some vibrating object, and are in the form of a 

longitudinal wave motion.  

 

2.2.1  Sound Level 

Sound level (or energy, strength, amplitude, loudness) is a measure in the audio field. Unit of 

sound level is ‘decibel’(dB), which is the measurement unit used in acoustics for expressing 

the logarithmic ratio of two sound pressures or powers. Typically used to describe the 

magnitude of sound concerning a reference level equal to the threshold of human hearing. 

2.2.2  Frequency  

Frequency is a descriptor for a periodic phenomenon. It is equal to the number of times that 

the pressure wave repeats in a specified period of time. In the case of sound, the frequency 

measured in units of Hertz (Hz), which corresponds to cycle per second (Egan, 1972). 

Frequency is an objective property of sound; it specifies the number of waveform repetitions 

per unit of time (usually one second). Frequency can be readily measured on an oscilloscope 

or a frequency counter (Everest & Pohlmann, 2009, p. 1) 

 

The wavelength λ is the distance a wave travels in the time it takes to complete one cycle. A 

wavelength can be quantified between successive peaks or between any two corresponding 

points on the cycle. This also holds for periodic waves other than the sine wave. The frequency 
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f specifies the number of cycles per second, measured in hertz (Hz). Frequency and 

wavelength are related as follows: 

Frequency =  
Speed of sound 

Wavelength
 

As noted, the speed of sound in air is about 1,130 ft/sec at standard conditions. For sound 

traveling in air, Eq. will be  

𝑊𝑎𝑣𝑒𝑙𝑒𝑛𝑔𝑡ℎ =
1,130 𝑓𝑡/𝑠𝑒𝑐

Frequency
 

 
 

Figure 2.2.2.a: Wavelength and frequency are inversely related. (A) Scales for proximately 

determining the wavelength of sound in air from a known frequency, or vice versa. (B) A chart 

for determining the wavelength in air of sound waves of different frequencies. (Both based on 

the speed of sound of 1,130 ft/sec.) (Everest & Pohlmann, 2009, p. 8)  
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Figure 2.2.2.b: Sound Level Perception and Frequency. Source: (Ermann, 2015, p. 19) 
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Figure 2.2.2.a. Shows the relation between wavelength and frequency. Human hearing spans 

an audible range from 20 Hz to 20,000 Hz. Figure 2.2.2.b. shows Sound Level Perception and 

Frequency.  

 

2.2.3  Octaves 

An octave (Latin: octavus: eighth) is the interval between one musical pitch and another with 

half or double its frequency. It is defined by ANSI/ASA S1.1, (2013) as the unit of frequency 

level when the base of the logarithm is two. Everest & Pohlmann (2009, p. 12) stated that the 

frequency ratio 2:1 is the octave. Its mathematical expression is  
f2 / f1 = 2n  

where 

f2 = frequency of the upper edge of the octave interval, Hz 

f1 = frequency of the lower edge of the octave interval, Hz 

n = number of octaves 

 

Ermann (2015, p. 17) described each successive octave band’s center point frequency is set at 

twice the frequency of the previous octave band’s center frequency: 63 Hz, 125 Hz, 250 Hz, 

500 Hz, 1,000 Hz, 2,000 Hz, and 4,000 Hz. (These are the octave bands with which 

architectural acoustics concerns itself.) When a measurement’s purpose warrants more 

frequency resolution than provided by full octave bands, one may use one‐third octave band 

resolution instead. 

 

 
 

Figure 2.2.3.a: Comparison of harmonics and octaves. Harmonics are linearly related; 

octaves are logarithmically related. (Everest & Pohlmann, 2009). 
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2.2.4   Equal-Loudness Contour 

An equal-loudness contour is a measure of sound pressure (dB SPL), over the frequency 

spectrum, for which a listener perceives a constant loudness when presented with pure steady 

tones (Brian C. J. Moore, 2003). The unit of quantification for loudness levels is the phon, and 

is arrived at by reference to equal-loudness contours. 

 

Equal-loudness contours often referred to as ‘Fletcher-Munson’ curves invented in 1924 

(Kryter, 1985). However, those studies have been superseded and incorporated into newer 

standards invented by Robinson & Dadson (1956) and accepted by the international standard 

ISO 226:2003 shown in Figure 2.2.4.a. These contours reveal the relative lack of sensitivity 

of the ear to bass tones, especially at lower sound levels. Inverting these curves give the 

frequency response of the ear in terms of loudness level. A contour representing a constant 

loudness for all audible frequencies. The contour having a sound-pressure level of 40 dB at 

1,000 Hz is arbitrarily defined as the 40-phon contour. 

 
 

Figure 2.2.4.a: Equal-loudness contours of the human ear for pure tones. These data are taken 

for a sound source directly in front of the listener, binaural listening, and subjects aged 18 to 

25. (Robinson and Dadson). Source: (Everest & Pohlmann, 2009, p. 46) 
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2.4 Noise 

Sound - that is unwanted, annoying, stressful, offensive or damaging to the ear. A random 

mixture of different types of wavelengths which affects comfort, concentration, and behavior. 

The sound has a range of different physical characteristics, but only becomes noise when it 

has an undesirable physiological or psychological effect on people (Roy et al., 2006). 

 

2.4.1  Sources of Noise 

Source of noise can be Internal or external. It produces by the public/private vehicle, 

mechanical equipment, Loud Speaker, industrial machinery, construction sites, human or 

animal, natural activities like rain, waterfall or wind. Noise transmitted through air or 

structure.  

 

2.4.2  Effects of Noise  

Auditory Effects  

The acutest and immediate effect of noise is impairing of hearing which may cause auditory 

fatigue and may even finally lead to deafness (Jean, 2013). 

 

 

 
 

 Figure 2.4.2.a: Effects of Noise. Redrawn from (Jean, 2013). 

 

 Auditory fatigue occurs when exposed to noise levels of 90 dB or above (Jean, 2013).  

 Deafness occurs when exposed to loud noise. The workers working in the noisy 

workplace environment may suffer from Noise Induced Hearing Loss (NIHL). 
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Hearing loss may be temporary or permanent. Prolonged exposure to high noise levels 

leads to permanent deafness. 

 

Non-auditory Effects  

Non-auditory effects are also alarming because they also cause severe diseases. It includes 

interference with speech communication, annoyance leading to ill-temper, mental disturbance 

and violent behavior. It also causes loss of working efficiency due to physiological disorder. 

Physiological disorders associated with noise include increased heart rate, increase in blood 

pressure, and change in skin temperature and blood circulation, Cardiovascular diseases, and 

change in levels of hormones. In females, the chances of miscarriage and congenital birth 

defects are more in a noisy environment (Jean, 2013). 

Figure 2.4.2.a shows what the effects of Noise are. This research will focus on ‘interference 

with speech communication.'   

 

2.4.3  Type of Noise 

Type of noise described in Figure 2.4.3.a. Synthetic Noises and Babble Noise used commonly 

for different articulation and intelligibility experiment.  

 

 
 

 Figure 2.4.3.a: Types of Noise. 
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Table 2.4.3.a: Type of noise Commonly used in acoustic experiments. Image source: (Gao et 

al., 2014; Wikipedia, 2017) 

Name of 
noise 

Description Diagram 

Pink 
Noise 

The frequency spectrum of pink noise is linear in 
logarithmic scale; it has equal power in bands that 
are proportionally wide (Federal Standard 1037C, 
1949b). Every octave contains the same amount of 
energy and thus pink noise is often used as a 
reference signal. The spectral power density, 
compared with white noise, decreases by 3 dB per 
octave (density proportional to 1/f).Pink noise is 
often called ‘1/f noise’(Milotti, 2002; Wikipedia, 
2017).  

White 
Noise 

White noise is analogous to white light in that the 
energy of both is distributed uniformly throughout 
the spectrum (Everest & Pohlmann, 2009, p. 84). It 
has a flat frequency spectrum when plotted as a 
linear function of frequency. The signal has equal 
power in any band of a given bandwidth (power 
spectral density) when the bandwidth is measured 
in Hz. A white noise spectrum that is equally 
sampled in the logarithm of frequency (i.e., equally 
sampled on the X axis) will slope upwards at higher 
frequencies rather than being flat.   

Brown 
Noise or 
Brownian 
Noise or 
Red 
Noise 

Brown noise, usually refers to a power density 
which decreases 6 dB per octave with increasing 
frequency (density proportional to 1/f 2). In areas 
where terminology is used loosely, "red noise" may 
refer to any system where power density decreases 
with increasing frequency (Rudnick & Davis, 
2003). Brownian noise can be generated with 
temporal integration of White noise (Giki, 2005). 
"Red noise" describes the shape of the power 
spectrum, with pink being between red and white.   

Blue 
Noise 

Blue noise is also called azure noise. Blue noise's 
power density increases 3 dB per octave with 
increasing frequency (density proportional to f ) 
over a finite frequency range (Federal Standard 
1037C, 1949a). In computer graphics, the term 
"blue noise" is sometimes used more loosely as any 
noise with minimal low-frequency components 
and no concentrated spikes in energy.  

 

https://en.wikipedia.org/wiki/Integral
https://en.wikipedia.org/wiki/White_noise
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Name of 
noise Description Diagram 

Violet 
Noise 

Violet noise is also called purple noise. Violet 
noise's power density increases 6 dB per octave 
with increasing frequency (Zhang & Schwarz, 
1996) (density proportional to f 2) over a finite 
frequency range. It is also known as differentiated 
white noise, due to its being the result of the 
differentiation of a white noise signal. The 
acoustic, thermal noise of water has a violet 
spectrum, causing it to dominate hydrophone 
measurements at high frequencies (Hildebrand, 
2009; Mellen, 1952).  
 

 

Grey 
Noise 
 

Grey noise is random white noise subjected to a 
psychoacoustic equal loudness curve (such as an 
inverted A-weighting curve) over a given range of 
frequencies, giving the listener the perception that 
it is equally loud at all frequencies. This is in 
contrast to standard white noise which has equal 
strength over a linear scale of frequencies but is not 
perceived as being equally loud due to biases in the 
human equal-loudness contour (Foley, 2014). 

 

Babble 
Noise 

In open offices, overheard conversations are often 
cited as the main source of distraction. 
Disregarding human speech is a very difficult task 
for the human brain, especially when speech is 
intelligible. One way of reducing the annoyances 
of intelligible speech is to mask speech using 
natural noises such as our Rain and Stream Noises. 
Babble noise can be used in an office for privacy 
reasons as well when calls or conversations need to 
remain confidential. Babble noise is considered as 
one of the best noises for masking speech. 
Compared to White Noise, babble noise offers a 
higher efficiency when it comes to camouflaging 
voice. This means that lower masking levels can be 
used while ensuring the same privacy (Pigeon, 
2013). 

 
 

 

2.4.4  Signal-to-noise ratio 

Signal-to-noise ratio (abbreviated as SNR or S/N) is a measure used in science and 

engineering that compares the level of the desired signal to the level of background noise. S/N 

ratio is defined as the ratio of signal power to the noise power, often expressed in decibels.  
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2.4.5  Noise Rating Method 

The history of acoustics is replete with attempts to develop useful single-number rating 

methods for evaluating noise in buildings and the environment. These methods are aimed at 

accommodating the complexity of tonal and temporal characters of sound into a single-number 

descriptor. The following is a very brief synopsis of noise rating methods. 

 

NC Curves 

 

The Noise Criteria curves of Fig. 2 were first published in 1957 (Leo L. Beranek, 1957), and, 

like the SC (Sound Communication) curves that preceded them, are curves of approximate equal 

loudness. They were developed from a table of SIL (Speech Interference Levels) values found 

to be acceptable in a survey of persons working in a wide variety of office environments. The 

curve shapes were set to be monotonic in shape and to have loudness levels in phons that are 

22 units above the corresponding SIL values. It is to be noted that the NC curves are not 

intended to be the most desirable noise spectrum shapes, but rather they are intended to be 

octave band noise levels that just permit satisfactory speech communication without being 

annoying (Tocci, 2000).  

 

 
 

Figure 2.4.5.a: NC curves (Beranek, 1960) (left) Room Criteria (RC) curves. ANSI S12.2 

Criteria for Evaluating Room Noise (right). Source: (Tocci, 2000) 
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RC Curves 

In an attempt to better understand the implication of spectrum shape on the suitability of 

background sound in buildings produced by building mechanical systems, ASHRAE, in the 

mid-1970s, undertook a survey of background sound in building spaces. Blazier used this 

survey to develop a method for evaluating the suitability of background sound in building 

spaces based on space use (Blazier & Warren, 1997). The result was a set of Room Criteria 

(RC) curves that are straight, parallel lines of constant –5 dB/octave slope. This shape was 

described as being perceptually neutral, i.e., not have tonal dominance in any one frequency 

range. 

 

NCB Curves 

These are a refinement of NC curves. NCB curves have somewhat greater negative slopes in 

the high frequencies to overcome the hissy quality of NC curves and extend down to the 16 

Hz octave band (Leo L. Beranek, 1989). Like the RC method, the NCB method has a rating 

procedure and a method for ascribing a spectrum quality descriptor indicating any spectrum 

imbalance. NCB curves are inherently different from RC curves. NCB curves are based on 

curves of equal loudness, whereas RC curves are of perceived optimum spectrum shape. NCB 

curves are also defined in ANSI S12.2-1995. Figure 1.1.3.a shows the NCB Curves for indoor 

spaces which are accepted by the Acoustical Society of America. 

2.5 Sound Reflection 

Reflection of sound is responsible for many interesting phenomena. Echoes are the sound of 

one’s voice reflecting back to his/her ears. The sound we hear ringing in an auditorium after 

the band has stopped playing is caused by reflection off the walls and other objects. A sound 

wave will continue to bounce around a room or reverberate until it has lost all its energy. A 

wave has some of its energy absorbed by the objects it hits. The rest is lost as heat energy 

(NDT Resource Center, 2001). 

 

2.5.1  Flutter Echoes 

It is a series of rapid, repeated reflections caused by sound waves bouncing around between 

parallel reflective surfaces. It can happen in any untreated space, but any smallish room with 

a hard floor is especially susceptible to it (Mcglynn, 2011). 
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If the distance between the walls is large enough, so the time between reflections is outside 

the Haas fusion zone, a flutter echo is created as sound bounces back and forth from one wall 

to the other. In theory, with perfectly reflective walls, there would be an infinite number of 

images. The acoustic effect is the same as being between two mirrors and seeing the series of 

images. In practice, successive images attenuate because of absorption or diffusion at the 

walls. Where possible, parallel walls should avoid, and when unavoidable, they should be 

covered by absorbing or diffusing material (Everest & Pohlmann, 2009, p. 97). 

 

2.5.2  The Corner Reflector 

The corner reflector has the property of reflecting sound back toward the source from any 

direction (Everest, 2001, p. 244). 

 

 
Figure 2.5.a: The Corner Reflector reflection process.  

 

The corner reflector of Figure 2.5.a receives sound from the source at location 1 and sends a 

reflection directly back toward that source. If the angles of incidence and reflection are 

carefully noted, a sound at source location 2 will also send a direct, double-surface reflection 

back to that source. Similarly, a source at location 3 on the opposite side of the normal is 

subject to the same effect. Corner reflections suffer losses at two surfaces, tending to make 

them somewhat less intense than normal reflections at the same distance (Everest & 

Pohlmann, 2009, p. 101). 
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2.6 Reverberation Time 

Reverberation Time (RT) is a measure of the rate of decay of sound. It is defined as the time 

in seconds required for sound intensity in a room to drop 60 dB from its original level (Everest 

& Pohlmann, 2009, p. 153). 

 

Reverberation, in psychoacoustics and acoustics, is the persistence of a sound after a sound is 

produced (Valente, Hosford-Dunn, & Roeser, 2008, pp. 425–426). A reverberation, or reverb, 

is created when a sound or signal is reflected causing a large number of reflections to build up 

and then decay as the sound is absorbed by the surfaces of objects in the space – which could 

include furniture, people, and air (Lloyd, 1970, p. 169). This is noticeable when the sound 

source stops but the reflections continue, decreasing in amplitude until they reach zero 

amplitude. 

2.7 Absorption & Absorption Coefficients 

Acoustic absorption refers to the process by which a material, structure, or object takes 

in sound energy when sound waves are encountered, as opposed to reflecting the energy. Part 

of the absorbed energy is transformed into heat and part is transmitted through the absorbing 

body. The energy transformed into heat is said to have been 'lost' (Nave, 2005).  

 

A = Sα   

where A = absorption units, sabins or metric sabins 

S = surface area, sq ft or sq m 

α = absorption coefficient (Everest & Pohlmann, 2009, p. 81) 

 

We use the absorption coefficient (α), a number between zero and one (Appendix -1), to 

describe the sound absorbing quality of a surface and to quantify the proportion of incident 

sound energy that does not return to the room in the form of a reflection. The higher the value, 

the more sound is absorbed (turned to heat within the material) or transmitted (passed through 

the material), and the less is reflected; the lower the value, the more sound is reflected, and 

the less is absorbed or transmitted. So, an absorption coefficient of an open window is 1.00 

because no sound energy incident on that surface returns to the room. The absorption 

coefficient of a (theoretical) perfect reflector is 0.00 because all incident sound returns to the 

room by way of a reflection off the surface (Ermann, 2015, p. 27).  
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2.8 Speech 

Speech is the vocalized form of communication used by humans. While many animal species 

communicate and exchange information using sound, humans are unique in the complexity of 

the information that can be conveyed using speech as described by Moore et al. (2008). Each 

spoken word is created out of the phonetic combination of a limited set of vowel and consonant 

speech sound units (phonemes). Speech production is a multi-step process by which thoughts 

are generated into spoken utterances (Levelt, 1999). 

 

The average level of male speech is about 65 dB SPL, measured at 1 m in front of the mouth. 

For women, the level is typically 3 dB lower, i.e., 63 dB. (Compare the number of lines in the 

spectrum). During normal speech, the level will vary ±15 dB around the mean value 

(Jacobsen, Poulsen, Rindel, Gade, & Ohlrich, 2013) (Figure 2.8.a).  

 

 
 

Figure 2.8.a: The long-term speech spectrum for male and female speech shown as a 1/3-

octave spectrum (Byrne et al., 1994).  

2.9 Speech Intelligibility Quantifying Methods  

Standards Australia International Ltd (1998) defines intelligibility as: “a measure of the 

proportion of the content of a speech message that can be correctly understood.” 

• Intelligibility has historically been a difficult parameter to measure as what is 

intelligible to one person may not be intelligible to another. 
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• So, in an effort to create quantifiable measures of intelligibility, the test methods take 

the subjective elements, (the talker and the listener), out of consideration. It is 

assumed that the speaker has an average tone of voice who speaks at a normal speed 

and listener has an average hearing and is fluent in the language being spoken. Some 

method to quantify intelligibility are 

2.9.1  Articulation Index, AI  

Determination of the signal-to-noise ratio in frequency bands (usually one octave or one-third 

octave). The SNR values are weighted according to the importance of the frequency band. The 

weighted values are added, and the result normalized to give an index between zero and one. 

The index can then be translated to an expected intelligibility score for different speech 

materials (ANSI S3.5 (R2012), 1969). 

In 1947 H. Fletcher and R.H. Galt, Scientists at Bell Laboratories, wanted a method to test 

intelligibility of telephone systems quickly, and cheaper than the typical listener tests, and 

developed what is now known as the Articulation Index or AI. AI included psychoacoustic 

modeling, and it has proven to be good at predicting listening test scores for situations where 

signal and background noise are the dominant factors affecting speech intelligibility. The 

rating values range from 0 to 1, where 0 means speech is not understandable, and 1 means that 

speech is easily understood. To evaluate acoustic quality of space by quantifying speech 

intelligibility through Articulation Index method, Knudsen (1932, p. 344) suggested following 

conclusions, 

 
1) If the articulation be 85% or more, the hearing condition will be very good. 

2) If the articulation be 75%, the hearing condition will be satisfactory. But attentive 

listening is required.  

3) If the articulation be 65%, the hearing condition is just barely acceptable, but the 

listening is very fatiguing.  

4) If the articulation be less than 65%, the hearing condition is unsatisfactory.  
 

2.9.2  Speech Intelligibility Index, SII 

This method is based on the AI principle, but the weighting functions are changed, and a 

number of ‘corrections’ to the AI-method are implemented. One of these is the correction for 

the change in speech spectrum according to the vocal effort (shouting, raised voice, low voice) 

(ANSI-S3.5, 1997). 



34 

 

2.9.3  Speech Transmission Index, STI 

In this method the modulation transfer function (MTF), from the source (the speaker) to the 

receiver (the listener) is determined. The MTF is determined for octave bands of noise (125 

Hz to 8 kHz) and for a number of modulation frequencies (0,63 Hz to 12,5 Hz). The reduction 

in modulation is transformed to an equivalent signal-to-noise ratio, and as in the AI method 

these values are added and normalized in order to yield an index between zero and one. The 

index can then be translated to an expected intelligibility score for different speech materials 

(Steeneken & Houtgast, 1980). 

2.9.4  Rapid Speech Transmission Index, RASTI 

This is an abbreviated version of STI. Only the frequency bands 500 Hz and 2 kHz and only 

nine different modulation frequencies are used. The result is an index which is used in the 

same way as in STI (IEC 60268-16, 1988).  

2.10 Percentage Syllable Articulation (PSA) 

PSA defined as the percentage of syllables that are heard correctly in a number of syllables 

presented to a listener (Morfey 2001). Knudsen (1932, p. 344) express it as the percentage of 

typical speech sound which heard correctly. In a test procedure, a number of meaningless 

syllables played back from pre-recorded sound clips in the presence of a listener, and he/she 

writes down on a piece of paper 'exactly the sound he/she hears.’  

 
 

Figure 2.10.a: Curve showing PSA at different levels of speech (dotted line), and the 

corresponding Loudness Reduction Factor (solid line curve). Source: (Knudsen, 1932, p. 373) 
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Those written syllables are compared with the original syllables to find the percentage of 

syllables written correctly. PSA also depends on loudness. Figure 2.10.a. shows PSA is 100% 

at about 70 dB and decreases rapidly below 40 dB. It also decreases merely when loudness 

level goes over 80 dB. 

2.11 Phonology: Structure of language 

Phonology is the study of the sound structure of language (Linguistics Made Simple, 2013). 

In each human language, there are a finite number of units on phonology called phonemes that 

a language uses to build its words. Animal languages do not have phonemes (no 'building 

blocks' for words), and so there is a one-to-one relationship between meaning and sound. The 

characteristics of human languages’ phonemes are described below (Harrington, 2009). 

 

 Combined in different, productive ways to produce new meanings, e.g., /pit/→/tip/ 

 The relationship between meaning and sound is arbitrary. 

 Phonemes are sequentially grouped or parsed into syllables 

 There are restrictions on the sequential order of phonemes in a syllable 

 There are multiple hierarchies 

 

2.11.1 Syllable 

Every syllable has to have a nucleus which is a vowel, or vowel-like sound (Harrington, 2009) 

 Initial consonant(s) are optional ('opt', 'each', 'own') 

 Final consonant(s) are optional ('free', 'say', 'do') 

Meaningless syllables are those who do not have a direct meaning in a particular language.  

 

2.11.2 The International Phonetic Alphabet (IPA)  

IPA is an alphabetic system of phonetic notation based primarily on the Latin alphabet. It was 

devised by the International Phonetic Association in the late 19th century as a standardized 

representation of the sounds of spoken language (International Phonetic Association, 2005). 

The IPA is used by lexicographers, foreign language students and teachers, linguists, speech-

language pathologists, singers, actors, constructed language creators and translators (Wall, 

1989). 
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2.12 Anechoic Chamber 

An ‘anechoic chamber’ is a room designed to absorb as much sound as possible (Figure 

2.12.a). The walls consist of some baffles with highly absorptive material arranged in such a 

way that the fraction of sound they do reflect is directed towards another baffle instead of back 

into the room. This makes the chamber almost devoid of ‘echoes’ which is useful for 

measuring the sound pressure level of a source and for various other experiments and 

measurements. Anechoic chambers are expensive for several reasons and are therefore not 

common. An anechoic chamber ("an-echoic" meaning non-reflective, non-echoing or echo-

free) is a room designed to completely absorb reflections of either sound or electromagnetic 

waves. They are also often isolated from waves entering from their surroundings. This 

combination means that a person or detector exclusively hears direct sounds (no reverberant 

sounds), in effect simulating being inside an infinitely large room.  

 

 
 

Figure 2.12.a: The interior view of Anechoic Chamber (Richardson, 2015) 

 

In 2015, an anechoic chamber on the campus of Microsoft broke the world record with a 

measurement of −20.6 dBA (Novet, 2015). The human ear can typically detect sounds above 

0 dBA, so a human in such a chamber would perceive the surroundings as devoid of sound. 

Anecdotally, some humans may not like such quietness and can become disoriented (Morton, 

2014). 
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2.13 Audiometry test 

Audiometry is the science of measuring hearing acuity for variations in sound intensity and 

pitch and tonal purity, involving thresholds and differing frequencies (Willems, 2004). 

Audiometric tests determine a subject's hearing levels with the help of an audiometer, but may 

also measure the ability to discriminate between different sound intensities, recognize pitch, 

or distinguish speech from background noise. Acoustic reflex and otoacoustic emissions may 

also be measured.  

 

Normal hearing range is 250-8,000 Hz at 25 dB or lower (Lockhart, 2016). Sample of  

Audiometry Test report attached in Appendix-2.  
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3.1 Introduction: 

This chapter focuses on the details of how the experiments were done. This chapter briefly 

describes the procedure of the selection of experiment lab, noise and sample group. The 

justification of the method of quantifying intelligibility and philosophy/process of preparation 

of stimuli also described here.   

3.2  Methodology 

The research is done in three steps. At first, Stimuli prepared with the help of the Relative 

Frequency of Occurrence (RFO) of different phonetic sounds in Bangla, which was derived 

earlier by Imam, Ahmed & Takahashi (2009). Then those stimuli were used in the 

experiments, where 15 volunteers participate in the PSA test. Justification of number of 

volunteers discussed in section 4.6.1, Chapter2. The experiment done in the following steps: 

 An extensive reconnaissance survey was done to identify the best place for this 

experiment.  

 15 volunteers were selected through age and hearing health filtering.   

 PSA test was done with those stimuli in several shifts with the help of volunteers in 
different SNR conditions.   

Finally, results analyzed with the help of formula of PSA derived by Knudsen (1929) and 

formula of RT by Sabin (Everest & Pohlmann, 2009). Additional information for Bangla 

collected from data derived by Imam, Ahmed & Takahashi (2009).  

3.2.1  Preparation of Stimulus:  

Hai (1967) derived initial IPA (International Phonetic Alphabet) (see section 2.11.2, Chapter 

2) transcriptions for Bangla Alphabets. The revised and more acceptable version of IPA for 

Bangla Alphabets found from extensive work of Imam, Ahmed & Takahashi (2009). They 

also derive the RFO of phonetic sounds in Bangla language by counting phonetic sounds from 

Bangla texts sampled through systematic sampling (Cochran 1977). Table 3.2.1.a shows the 

list of Bangla Alphabets (BA) representing Bangla phonetic sounds, corresponding IPA and 

RFO. Basing on the proportion of RFO, eight sets of meaningless syllables were prepared 

(Table 3.2.1.c). Each set contains 36 syllables structured in a format of Consonant- Vowel-

Consonant (CVC) and Consonant-Vowel-Vowel (CVV). To justify number of sets and 

syllables we may refer to the similar test done by Imam et al. (2009) 
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Table 3.2.1.a: Bangla Alphabets (BA) representing Bangla phonetic sounds corresponding 

IPA (International Phonetic Alphabet) and RFO (Relative Frequency of Occurrence).source: 

(Imam et al., 2009) 
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Figure 3.2.1.a: Recording process of meaningless syllables sets (left) Digital processing of 

stimuli (Right) 

 

Sets of stimuli then recorded in a recording studio (Chhayanaut Recording Studio) by the kind 

participation of Dr. S M Najmul Imam (Figure 3.2.1.a). Tascam DM-3200 digital mixer 

(Appendix- 3) used to record the stimuli. The recorded sounds normalized with Pro Tools 12 

(A Professional Audio Editing software) to almost flat characteristics in uniform amplitude. 

Digital white noise collected from Kyoto University Acoustic Lab, Japan, was used to produce 

the final stimuli. White noise was digitally mixed with Tascam DM-3200 digital mixer in 

different amplitude to produce required SNR condition for various sets of meaningless 

syllables. Table 3.2.1.b describe the SNR condition used in this experiment. Speech level was 

maintained around 75 dB in average at listeners’ end which is ideal speech level for listening 

(see section 2.10, Chapter 2).  

 

Table 3.2.1.b: SNR conditions used in the experiments.  

Sl. No. Set No. Noise Level (dB) Speech Level (dB) SNR Remarks 

01 Set-1 35 75 0.5 Used for Practice 

02 Set-2 60 75 0.8 Used for Practice 

03 Set-3 35 75 0.5 Used in Experiment 

04 Set-4 43 75 0.6 Used in Experiment 

05 Set-5 51 75 0.7 Used in Experiment 

06 Set-6 59 75 0.8 Used in Experiment 

07 Set-7 67 75 0.9 Used in Experiment 

08 Set-8 75 75 1.0 Used in Experiment 
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Table 3.2.1.c: Sets of meaningless syllables prepared in proportion to RFO, written in Bangla 

Alphabet (BA) and International Phonetic Alphabet (I PA). Source: (Imam et al., 2009). 
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3.2.2  Selection Criteria of Experiment Lab 

An anechoic chamber (See section 2.12, Chapter 2) could have been the perfect choice for this 

experiment. However, as the anechoic chamber was not available in Bangladesh, and as Imam 

et al. (2009) already established the Knudsen’s formula for Bangla and derived value of kr, It 

was possible to derive the value of kn in any Indoor space with known RT.  

 

 
 

Figure 3.2.2.a: Acoustics properties of Chhayanaut Recording Studio.  

 

The criteria for selecting a lab was to ensure minimum Reverberation Time and noise. 

Recording studio could have been a better choice, considering that six well-known recording 

studios, situated at Dhaka surveyed. Chhayanaut Recording studio was selected finally for 

some reasons. Figure 3.2.2.a shows different aspects of Chhayanaut Recording studio.  

 The Chhayanaut Building, designed by a renowned architect use cavity wall as 

building envelope which acts as a better noise barrier.  

 The recording studio was designed by qualified acoustic professional and maintained 

a better quality of construction. 

 Room shape was designed to avoid reverberation. The room was apparently 

rectangular with some irregular unparalleled wall to prevent flatter eco (See section 

2.5.1, Chapter 2).   

 Floor and ceiling also have variation in level to avoid direct reflection of sound (See 

section 2.5, Chapter 2).  
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 The indoor space protected from noise with the suspended wooden floor and an 

acoustically treated sealed inner layer made of glass wool, foam, fabric, and wood. 

 The double layered double door and double glazed sealed window protect the indoor 

area from most of the outside noise penetration.  

 The wedge shaped acoustic wooden panel placed on wall and ceiling reduce the 

Reverberation Time.  

 Moreover, the studio was run by trained professionals and the experiment time was 

set on the off-peak hour to avoid noise.  

 

3.2.3  Selection of Sample Group 

A total of 17 subjects, 5 females and 12 males, were recruited primarily from undergraduate 

students of Department of Architecture, Bangladesh University, Bangladesh. Participation 

was voluntary. Criteria for acceptance of subjects included:  

 

Hearing Health: 

Normal hearing health at the time of the test. Every volunteer has to pass an audiometric test 

to ensure he/she has the standard hearing ability in both ears (can hear at least 20 dB, see 

Appendix-2). The audiometric test was done at Ent &Head-Neck Cancer Hospital using up-

to-date instruments (Appendix-3) in acoustically treated chamber (Audiometric test reports 

and equipment description attached in Appendix-2)  

 

No PSA Test Before: 

Having never received auditory or PSA training/test before. To prevent biases, participants 

were chosen carefully to ensure that they have minimum knowledge about PSA test script and 

process.  

 

Age: 

Being between the ages of 18 and 30 years to ensure promptness with the good hearing ability 

(Southard Jr. & Morris, 2003). The average age of the participants of this experiment was 

22.93 years.   

 

Knowledge of language: 

Being a native speaker of Bangla and having good ability to write and read.  
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3.2.4  Selection of Noise 

Among the various available noise type (see section 2.4.3, Chapter 2), White Noise (a noise 

with flat spectrum across all frequencies) was selected as a masker because its flat spectrum 

across all frequencies will mask more efficiently, stated by Kaplan-Neeman at al. (2006). The 

white noise characterized as, 

 

 Has equal-loudness contour on all octave. 

 Can attack all frequency’s phonemes.  

 As synthetically generated so no question about validity or sample error. 

 

Moreover white noise is the most widely used noise type in this type of experiments where 

Intelligibility and noise are concern; (Adachi, Akahane-Yamada, & Ueda, 2006; Desloge, 

Reed, Braida, Perez, & Delhorne, 2010; Jørgensen, 2014; Kobayashi & Kondo, 2014; Li et 

al., 2011; Ueda, Akahane-yamada, & Komaki, 2002).  

  

3.2.5  Quantifying Intelligibility Method Justification  

Among the deferent methods (See section 2.9, Chapter 2) of quantifying intelligibility, 

Articulation Index (AI) method chosen for the experiment. Reasons were:  

 

 Historically established for more than 70 years through extensive experiments by 

Hervey Fletcher as stated by Humes at al. (1986). 

 This is research about a language structure, so tonal variation, vocal effort (shouting, 

raised voice, low voice) and native tone should not come to an account. These are the 

prime consideration of other methods like STI (Speech Transmission Index,) or RSTI 

(Rapid Speech Transmission Index) as described by Jacobsen at al.(2013). 

Alternatively, another method like SRT (Speech Reception Threshold) which use for 

sentence intelligibility in noise as stated by Wijngaarden et al. (2002). 

 AI based on the phonetic structure of language not on conversation. It is a Standard 

Methods for Calculation of the Speech Intelligibility Index by American National 

Standards Institute (ANSI S3.5 (R2012), 1969) through ANSI S3.5.  

 Pavlovic (2006) noted that the Articulation Index was a good predictor at those 

thresholds with mild to moderate hearing impairment. However, Speech is generally 
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in this genre. Again, AI counts intelligibility of word, not a sentence; thus more 

accurate and claim more accuracy.   

 Does not depend on room acoustics or other acoustic parameters like RT. So, the 

research result is not space specific.  

 Does not depend on transmission of sound or properties of material, so result is 

universal, 

 AI established as a valid predictor of the intelligibility of speech under a wide variety 

of conditions of noise masking and speech distortion by research work of many 

scholars like Kryter (1962).  

 

3.3 Experiment 

17 Participants participated in the experiments in two sessions (Figure 3.3.a). The sound 

system consists of Tascam DM-3200 digital mixer and two Dynaudio/acoustics- BM 15A 

(Appendix-3) Professional Monitoring system placed 1m above of the floor to provide 

flawless sound. The studio monitors characterized with flat frequency response to all 

frequencies of sound, which helped the white noise to mask on all frequencies. The 

participants were sit 

 

 
 

Figure 3.3.a: Experiment at Chhayanaut recording studio day-01(right) and day-02(left) 

 

In front of the sound system as shown in Figure 3.3.b. The setting of participants was arranged 

in a crescent shape to maintain equal distance from the sound system. The distance of sound 

system and participants were greater than 2 m (2.6 m) to avoid Auditory fatigue (see section 

2.4.2, Chapter 2). The researcher and research supervisor seats were placed to have a clear 
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view on both sound control and participants. The two double glazed window was covered up 

with a thick blanket to have a better protection against RT. The studio sealed during the 

experiment and the air-conditioning system was turned off to avoid mechanical noise. All 

measures possible were taken, and concern people were instructed properly to ensure a noise 

and RT free environment during the experiment.  

 

The participants were staying out of the lab during sound adjustment and test track playback 

to ensure the stimuli remains unknown to them. The sound level of the stimuli was maintained 

75 dB at listeners’ end. Table 3.2.1.b shows the sound level and SNR condition of different 

stimuli. After all sets, participants were allowed to stay for a while inside the lab to make them 

adjust to the noise/RT free environment. Participants were briefed regarding the experiment 

and its outcome to make them more serious and mentally prepared for the job. The instructions 

for participation in the experiment were given after that. 

 

 
 

Figure 3.3.b: Acoustics properties of Chhayanaut Recording Studio.  
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A print paper with eight empty sets, pencil/pen and writing board, was provided to the 

participants. They were instructed to write down exactly what they heard. The serial of the 

stimuli was asked to maintain if any case of missing stimulus.  

In the training phase, participants were trained for a familiarity with the testing situation and 

procedure, as a part of standard practice (Leo Leroy Beranek, 1949, p. 764). First two sets 

were for training phase as described in Table 3.2.1.b. Next six sets used in the testing phase. 

The noise signals were 12s longer in duration than the original signals. The noise added to the 

original signals at various SNR such that the noise started 6s earlier and lasted 6s longer than 

the original signals. So that the listener can adjust with the noise condition as suggested by 

Adachi et al. (2006). There was a 7s gap between two stimuli to provide an opportunity to the 

listeners to write properly.   

 

Finally, the written syllables were compared with the original syllables to find the percentage 

of correctly heard syllables, i.e., PSA. 

 

3.4 Conclusion:  

This chapter stated the methodology and parameters of the research experiment in detail. This 

chapter concluded with the detail description of the experimental procedure that followed in 

this research. Though precautions were taken to make the experiment lab noise free during the 

recording of meaningless syllable sets, the recordings were not entirely free of noise. Some 

slight noise was digitally edited out before the experiment. 
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4.1 Introduction 

This chapter focuses on the computation, the result analysis and findings of the study through 

the data obtained from the experiment lab and experiments. As discussed in section 1.4.4 

(Chapter-1) the computation process will follow Knudsen (1929) formula for measuring PSA 

which was revised for Bangla by Imam et al. (2009). On that process, the researcher first 

measured the RT of the experiment lab (Chhayanaut Recording Studio) and then extracted the 

value of kr for Bangla from the curve derived by Imam et al. (2009). Using the value of kr, the 

reduction factor for SNR (kn) for Bangla was derived for different SNR conditions. Those 

results compared with the results of PSA and kn for English derived by Knudsen (1932, pp. 

367–372). The extracted data was then analyzed in ‘SPSS (Ver-17.0)’ for statistical analysis 

and Microsoft Excel 2016 for graphical analysis. Finally, these findings discussed and a 

conclusion drawn from the research work. 

4.2 Methodology 

As the experiments didn’t conduct in a place where Reverberation Time is zero, the value of 

kr is not 1.0 as stated by Knudsen (1932, p. 381). To extract the value of kr from the curve 

derived by Imam et al. (2009), the value of RT for the experiment lab need to established. 

Sabine devised his equation for room reverberation expressed in metric units: 

 

𝑅𝑇 =
0.161𝑉

𝐴
                                                  (𝐸𝑞. 4.2.1) 

 

Where, 

RT = Reverberation Time, s 

V = Volume of Room, m3 

A = Total Absorption of Room, m2 sabin  (Everest & Pohlmann, 2009, p. 156) 

 

Articulation Index (AI) method used in PSA test. Percentage Syllable Articulation (PSA) is 

defined as the percentage of syllables that are heard correctly in a number of syllables 

presented to a listener (Morfey, 2001, p. 321).  

 

 𝑃𝑆𝐴 =  
𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑙𝑦 ℎ𝑒𝑎𝑟𝑑 𝑠𝑦𝑙𝑎𝑏𝑙𝑒𝑠

𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑦𝑙𝑎𝑏𝑙𝑒𝑠
 %                                  (𝐸𝑞. 4.2.2) 
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The maximum and the minimum admissible PSA was found for a range of SNR (Signal to 

Noise Ratio) conditions from the experiments. Average results of PSA test of accepted 

participants were counted and processed for computation. Knudsen (1929) established that for 

English, PSA depends on room shape, sound level and Reverberation Time (RT) and noise as 

expressed in the equation.  

 

PSA = 96klkrknks(%)              (𝐸𝑞. 4.2.3) 

 

Where Kl, kr, Kn and ks are the reduction factors for average speech level, RT, Noise to Speech 

Level ratio and room shape, respectively.  

 

In a similar method, Imam (2009) derived the equation for Bangla considering effects of RT 

on Bangla language as,  

 

 PSA = 93klkrknks(%).                 (𝐸𝑞. 4.2.4) 

 

These reduction factors, kl, kr, kn and ks may range from a maximum value of 1.0 to a minimum 

of 0.0. Knudsen (1929) found that kl, is 1.0 at about 70 dB and decreases rapidly below 40 dB. 

It also decreases merely when loudness level go over 80 dB (Knudsen, 1932, p. 373) (see 

section 2.10, Chapter 2). kr is 1.0 at RT of 0.0 s and it decreases with the increase of RT. kn is 

1.0 at Noise to Speech Level ratio of 0.0 and decreases with the increase of this ratio. For a 

space of conventional rectangular shape, it is probable that the ks do not differ appreciably 

from 1.0. 

 

Experiments conducted in an apparently rectangular recording studio (see section 3.3, Chapter 

3). The sound level of speech fluctuates due to differences in phonetic structure. On an 

average, the level of speech maintained 75 dBA at the listeners’ end; This is the ideal 

conditions for the best possible speech intelligibility (see section 2.10, Chapter 2). These will 

keep corresponding reduction factors ks & kl as 1.0. The RT of the recording studio calculated 

with the help of Sabin's equation. From the RT value, Reduction Coefficient kr can be derived 

from the study by Imam (2009). Thus, the PSA only depends on factor for Signal to Noise 

Ratio for a specific space, i.e. 

 

         PSA = 93kn (value of kr )(%).       (𝐸𝑞. 4.2.5) 
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4.3 Computation of RT 

As discussed in section 4.2, to determine the value of RT for the experiment lab, we need to 

know the volume of experiment lab and total absorption of room in sabin.  

 

4.3.1  Volume of Experiment Lab 

The internal volume of the experiment lab (Chhayanaut recording studio) is a little complex 

to provide the best acoustical environment and controlling RT. It has an irregular indoor 

envelope with walls in different directions (Figure 3.3.b) to spread out the sound reflection 

and avoid flatter eco (See section 2.5.1 Chapter 2). Same irregularity observed in the section 

(Figure 4.3.1.a) which turned the calculation process into a complex one. To make the process 

easy, the total volume was split into several zones and then summed up the individual volume 

to calculate total volume. As shown in Figure 4.3.1.a the volume of the experiment lab is, 

V= A+B+C+D = 75.54 m3 

 

 
 

Figure 4.3.1.a: Schematic Plan (left) and Schematic Section (right) of the Experiment Lab 

(Not to scale).  

 

4.3.2  Total Absorption 

The total absorption in a room accounts for the absorption of room surfaces, doors, windows, 

audience, furniture and any other things that absorbed sound as explained by Everest & 

Pohlmann (2009, p. 156). If desired, value for air absorption may include. 
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When a steady sound generated in a room, the sound pressure will gradually build up, and it 

will take some time. In most rooms about 1 second, until it reaches its steady state value, i.e., 

the sound energy uniformly spread over all the room, and the steady state sound pressure level 

will be inversely proportional to the total absorption of the room as indicated by Doelle (1964).  

 

 
 

Figure 4.3.2.a: Plan (left) and Reflected Ceiling Plan (right) of experiment lab showing 

various material types corresponding to Absorption Coefficients.  

 

The total absorption A can found by considering the absorption contributed by each type of 

surface. To obtain the total absorption (A) of the room, it is necessary to combine the 

respective absorptions of the various materials lining the room by multiplying the area Si of 

each type of material by its own absorption coefficient αi, and summing the result to obtain 

total absorption. In particular,  

A = ΣSiαi,              (𝐸𝑞. 4.3.2) 
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where i represents each of the surface areas and its respective absorption coefficient (Everest 

& Pohlmann, 2009, p. 156). 

 

 
 

Figure 4.3.2.b: Plan (left) and Reflected Ceiling Plan (right) of experiment lab showing 

various material types corresponding to Absorption Coefficients.  

 

The absorption coefficients of practically all materials vary with frequency. Appendix-1 

shows the value of absorption coefficient of the same material type for different frequencies.   
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Table 4.3.2.a: Absorption Coefficients at 1 kHz for material types and total absorption. The 

value of Absorption Coefficients extracted from Appendix -1. 

 

Surface and Elements No. Material Description 
Area/ 
Item 
(Sqm) 

Absorption 
Coefficients 

(α) 1 kHz 

Total 
Absorption  

1 kHz 

Fl
oo

r 

Floor a Carpet, thin, over thin felt on 
wood floor 28.37 0.30 8.51 

C
ei

lin
g 

False ceiling b 

Plywood 12 mm thick 
perforated 5 mm diameter 
holes 6200 m2 11% open area 
with 60 mm deep air space 
behind 

11.73 0.30 3.52 

Main ceiling c Cloth covered cotton felt 28.37 0.85 24.11 

Tilted ceiling h 12 mm plywood over 150 mm 
airgap 8.19 0.07 0.57 

R
ig

ht
 W

al
l 

Door d Wood hollow core door 2.11 0.10 0.21 

Door side panel e 12 mm plywood over 50 mm 
airgap 7.42 0.03 0.22 

Window 
(Covered with 
blanket) 

f 
Cotton Curtains (0.5kg/m2), 
draped to 75% area approx. 
130 mm from wall 

3.90 0.56 2.19 

Wooden 
acoustic panel i 12 mm plywood over 150 mm 

airgap 6.69 0.07 .47 

Wall surface j Cloth covered cotton felt 10.29 0.85 8.75 

Le
ft 

W
al

l 

Window 
(Covered with 
curtain) 

g Curtains in folds against wall 2.23 0.40 0.89 

Wooden 
acoustic panel i 

12 mm plywood over 150 mm 
airgap 6.69 0.07 .47 

Wall surface j Cloth covered cotton felt 13.96 0.85 11.87 

Fr
on

t 
w

al
l 

Wall surface j Cloth covered cotton felt 12.5 0.85 10.62 

B
ac

k 
W

al
l 

Wall surface j Cloth covered cotton felt 7.79 0.85 6.62 

Wooden 
acoustic panel i 

12 mm plywood over 150 mm 
airgap 6.69 0.07 .47 

Pe
op

le
 

Adults on 
timber seats,  k 1 per m2 per item 12 0.69 8.28 
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Surface and Elements No. Material Description 
Area/ 
Item 

(Sqm) 

Absorption 
Coefficients 

(α) 1 kHz 

Total 
Absorption    

1 kHz 
Pe

op
le

 

Adults per 
person standing 

l  1 0.43 0.43 

Fu
rn

itu
re

 / 
Eq

ui
pm

en
t 

A/C m Ventilation grille per m2 0.56 0.60 0.33 

Sofa (empty) n Cloth-upholstered seats, per 
m2 5.81 0.89 5.17 

Sound control 
desk o Wood platform with large 

space beneath 1.77 0.17 0.30 

Total Absorption in 1 kHz Frequency (A): 94.00 

 

The voiced speech of a typical adult male has a fundamental frequency from 85 to 1800 Hz, 

and that of a typical adult female from 165 to 2550 Hz (Baken & Orlikoff, 1987; Titze, 1994). 

This research considered the average value of speech frequency 1000 Hz to calculate total 

absorption. All surface area was measured according to material type as shown in Figure 

4.3.2.a and Figure 4.3.2.b. Persons, furniture, and equipment also taken into account in 

computation. Everest & Pohlmann (2009, p. 157) express that air absorption need to be 

considered in case of the large room and higher frequency (above 2 kHz). As the room space 

is not that big and the research is working with 1 kHz frequency, this research did not take air 

absorption into account. Table 4.3.2.a shows Absorption Coefficients in the deferent 

frequency of material type present in the experiment lab and calculation of Total Absorption 

at 1 kHz frequency.  

 

Total Absorption at 1 kHz frequency, A = ΣSiαi = 94.00 

 

4.3.3  Computation 

According to Sabin’s equation, Reverberation Time (RT) of the experiment lab is  

 

𝑅𝑇 =
0.161𝑉

𝐴
=  

0.161 × 75.54 

94
=  0.13 𝑠 
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4.4 Computation of PSA 

As described in 4.2, Percentage Syllable Articulation (PSA) defined as the percentage of 

syllables that are heard correctly in a number of syllables presented to a listener. Among the 

17 participants, 15 considered for the PSA test using AI method. One participant was omitted 

due to improper writing skill influenced by regional dialect. Moreover, other was omitted due 

to the incomplete script. 

 

Table 4.4.a: PSA test result of participants.  

 

Listener’s code 
set 3 
SNR 
0.5 

set 4 
SNR 
0.6 

set 5 
SNR 
0.7 

set 6 
SNR 
0.8 

set 7 
SNR 
0.9 

set 8 
SNR 
1.0 

L-2 26 25 23 25 18 15 

L-3 27 25 25 23 19 15 

L-4 20 18 16 15 13 11 

L-5 25 24 23 22 19 16 

L-6 24 22 21 19 18 15 

LL-1 22 21 18 15 13 12 

LL-2 26 25 24 18 18 15 

LL-3 23 21 16 16 15 12 

LL-4 31 29 27 21 19 15 

LL-5 25 22 20 20 17 15 

LL-6 29 27 27 22 20 18 

LL-7 24 22 20 17 16 14 

LL-8 24 21 18 14 13 11 

LL-9 27 24 20 21 19 16 

LL-10 28 27 25 23 16 12 

Average 25.40 23.53 21.53 19.40 16.87 14.13 

PSA (%) 70.56 65.37 59.81 53.89 46.85 39.26 

 

The written script of participants evaluated with compares to meaningless syllables shown at 

Table 3.2.1.c. The evaluation process was not a direct alphabet check, rather checking of the 

Phonetic Alphabet. Lack of knowledge of the proper pronunciation of Bangla alphabet 

considered if the examiner got evidence that the listener heard it properly. For example, 23rd 

meaningless word of set 7 is ‘eq’, which IPA is ‘bɔe’ (Table 3.2.1.c). According to the revised 
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IPA for Bangla Language derived by Imam (2009), the Bangla pronunciation of the word 

should be ‘e& IG&’ ( Table 3.2.1.a). Some of the participants write the word as ‘e‡q’ instead of 

‘eq’, which was marked as correct answer considering the listener heard it properly but 

couldn’t write it down in a proper way for lack of knowledge of pronunciation of the letter 

‘q’. Some interviews took by the researcher to justified listener’s response to some 

pronunciation after the experiment to resolve the confusion. 

 

Some examples of the evaluated answer scripts attached in Appendix-2. The summary of the 

results illustrated in Table 4.4.a. Average of correct answer was calculated here first. Than 

PSA (%) was calculated with the help of PSA formula discussed earlier in section 4.2.  

 

4.5 Computation of kr 

Using the value of RT, we can extract the value of reduction factor of Reverberation Time for 

the experiment lab for Bangla language using the kr, curve derived by Imam et al. (2009). The 

Figure 4.5.a shows the kr, curve for Bangla as derived by Imam (2009). 

 

  
 

Figure 4.5.a: Reduction factor for a range of RT for Bangla as derived by Imam et al.(2009), 

compared to those for English as derived by Knudsen (1932).  
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From Figure 4.5.a the equation for deriving a value of kr for a corresponding RT is  

 

kr, = -0.3179 ln(2*RT+1)+0.9825                 (Eq. 4.5) 

 

From Eq. 4.5, kr, for experiment lab is 

  

kr, = -0.3179 ln(2*0.13+1)+0.9825 = 0.909  

 

4.6. Statistical Analysis 

4.6.1  Sample Size Justification  

To justify the sample size, we may refer to the similar test on English conducted by Beranek 

(1949, pp. 763–764). He suggested a minimum of six listeners required for adequate 

articulation testing. In his test, he used a sample size of twelve whereas a sample size of fifteen 

listeners taken for this test.  

Table 4.6.1.a: Mean (PSA), Standard Deviation (SD), Standard Error, and 95% Confidence 

Intervals (CI).  

Set No. SNR Mean (PSA) 
(%) SD Std. Error 95% CI for 

Mean 

3 0.47 70.56 2.80 0.722 ± 1.55 

4 0.57 65.37 2.90 0.749 ± 1.61 

5 0.68 59.81 3.66 0.945 ± 2.03 
6 0.79 53.89 3.42 0.883 ± 1.89 
7 0.89 46.85 2.42 0.624 ± 1.34 

8 1.00 39.26 2.07 0.533 ± 1.14 

 

The confidence interval (CI) can be one of the determinants to validate the sample size 

statistically. In Table 4.6.1.a, the derived mean (which signifies PSA), standard deviation 

(SD), Standard Error, and 95% confidence intervals (CI) was tabulated. Depending on the 

practical purpose of the findings, the range of the confidence interval may be specified. 

According to Montgomery (2004) for a 95% confidence, ±5 of confidence interval may be 

assumed for acceptable accuracy. In this test, the 95% confidence intervals (CI) of mean (i.e., 
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PSA) range from ±1.14 to ±2.03 (Table 4.6.1.a) which is < ±5. On that context, the sample 

size taken for this test conforms to the acceptable precision. 

 

4.6.2  Analysis of Variance 

The analysis of variance (ANOVA) summarized in Table 4.6.2.a. 

 

Table 4.6.2.a: Analysis of variance (ANOVA) for mean (PSA) data.   

 

Source Sum of 
Squares df Mean Square F0 

 
P -value F -crit. 

Mean 1326.989 5 265.398 30.957 
1.82×10-21 

(i.e. P <0.01) 

2.32 

(for α = 0.05) 

Error 720.133 84 8.573    

Total 2047.122 89     

 

Table 4.6.2.a shows that the sum of square of the mean (i.e., PSA) (1326.989) is larger than the 

sum of square of error (720.133). For probability level α = 0.05, the value of F-critical = 2.32. 

The value of F-critical derived from the value of ‘df’ with the help of online calculator 

(BioKin, 2016). Because, F0 = 30.957 > 2.32, we may reject H0 (null hypothesis).  

 

Again, the P-value is much less than 0.01. As Chan (2014) described that for P-value ≤ 0.01 

= 1% significance level; which means very strong evidence against null hypothesis (H0). With 

the P-value = 1.82×10-21 (Table 4.6.2.a), we can reject the null hypothesis. So, we may 

conclude statistically with a confidence level of 95% that the varying SNR significantly affects 

the PSA. 

 

4.7 Result Analysis and Discussion  

The results of articulation test showed a degradation of PSA (%) with the increase of noise 

level/SNR (Figure 4.7.a). As the experiment conducted with the lowest value of noise 35 dB, 

i.e., an SNR value of 0.5, the interfering effect of lower value noise were absent in original 
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curve. To subsidies that, this research take help of ‘Trendline concept’ using ‘Microsoft excel 

2016’. As suggested by Microsoft Office (2007), this research chooses polynomial trendline.   

  

 
 

Figure 4.7.a: PSA for a range of SNR for Bangla without adjustment for RT.  

 

4.7.1  Trendline Reliability  

According to Microsoft Office (2007), A trendline is most reliable when its R-squared value 

is at or near 1. Among the six options, polynomial trendline shows the closest proximity in 

this case. Figure 4.7.a shows the R-squared value of this trendline is 0.9999, which indicates 

a very reliable value of trendline.  

A polynomial trendline is a curved line that is used when data fluctuates. It is useful, for 

analyzing gains and losses over a large data set. The order of the polynomial can be determined 

by the number of fluctuations in the data or by how many bends (hills and valleys) appear in 

the curve. An Order 2 polynomial trendline has only one hill or valley. Order 3 has one or two 

hills or valleys. Order 4 has up to three (Microsoft Office, 2007). This research used an ‘Order 

2 polynomial trendline (one hill)’ to forecast the PSA of lower SNR value.  
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4.7.2  Correction with RT of Experiment Lab  

As the experiment lab was not fully reverberation free, Figure 4.7.a doesn’t show the exact 

PSA for a range of SNR for Bangla language. The 0.13 s Reverberation Time (Section 4.3.3) 

of the experiment lab causes loss of some correct answer which could have been solved by 

conducting the experiment in space (like Anechoic Chamber) where RT is 0.0 s. Knudsen 

(1929, p. 68) solved similar kind of inaccuracy by adding a magnitude derived from kr curve 

for English. This research similarly adjusted the value of PSA with the help of kr curve (Figure 

4.5.a) for Bangla derived by Imam et al. (2009). The adjusted curve of PSA is illustrated and 

compared with an unadjusted curve in Figure 4.7.3.b. It shows that the ordinates in this curve 

are slightly greater than the observed data of the PSA in the experiment. However, the adjusted 

value proportionately increases with decreases of SNR in the similar manner if that found in 

observed data.  

 

4.7.3  Comparison with English  

PSA for a range of noise for English with RT correction invented by Knudsen (1929) (Figure 

4.7.3.a). The Knudsen’s curve based on noise level. This research was based on SNR to 

comply with recent research works worldwide. The sound level of stimuli in Knudsen’s 

experiment was 47dB (Knudsen, 1929, p. 68). Whereas this research has an experiment with 

stimuli’s sound level average approximately on 75 dBA. To illustrate both results on a 

common platform, the ordinates of Knudsen curve converted into SNR, and the resultant curve 

was compared with Bangla on Figure 4.7.3.b.  

 

Although there was some dissimilarity in both experiment procedures/setup the results showed 

a reliable value (𝑅2 = 0.9999). The Knudsen’s experiment was taken place in a big hall 

(auditorium) of 422 m3 and having a greater Reverberation Time of 1.3 s. Whereas this 

experiment conducted in a more controlled area with better acoustic environment having RT 

of only 0.13 s in a volume of 75.54 m3. Noise criteria were different also. Knudsen used 

electrically produce interfering noise and this research used white noise.  

 

The resultant curve shows English have a better intelligibility compared to Bangla in both 

conditions (RT adjusted and not adjusted). Which means, Bangla is less intelligible against 

noise in compare to English. 
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Figure 4.7.3.a: Curve showing the percentage articulation of speech in the presence of a 

typical noise of various sound level. Source:(Knudsen, 1929).   

 

 
 

Figure 4.7.3.b: PSA for a range of SNR for Bangla compared to those of English 

(Knudsen,1929). 
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4.8 Computation of kn 

4.8.1  Extracting kn Curve  

According to section 4.2, we can extract the value of kn for Bangla from the formula developed 

by Imam et al. (2009). In a square shape room with sound level, 75 dB the percentage syllable 

articulation for Bangla will be  

PSA = 93kn (value of kr )(%) 

 

𝑘𝑛 =
𝑃𝑆𝐴

93 (𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑘ᵣ)
 

The extracted values of kn with this formula is plotted on Figure 4.8.2.b. The reduction factor 

for the Reverberation Time (RT) of the experiment lab, kr, = 0.909 (section 4.5). In 

consideration of the value of kr, the corrected kn curve for Bangla also plotted on Figure 

4.8.2.b. 

  

4.8.2  Comparison of kn Curve 

Reduction factor (kn) for a range of noise for English with RT correction invented by Knudsen 

(1932) (Figure 4.8.2.a). Knudsen shows the value of kn for two probable situations. (1) When 

the listener hears the noise, but the speaker does not listen to the noise. (2) Listener and speaker 

both exposed to noise. The 1st situation showed a greater deduction of the value of the 

ordinates of kn curve. Because in the 2nd situation the speaker has a natural intention of raising 

his voice due to noise heard by him. This research used pre-recorded stimuli for the experiment 

which can compare with the first situation, i.e., the dotted line curve of Figure 4.8.2.a.      

 

As the ‘Ratio of Noise to Speech Levels’ of Knudsen’s curve and ‘Signal to Noise Ratio 

(SNR)’ indicate similar phenomena, two curves were merged directly into a single plot shown 

in Figure 4.8.2.b. Both RT adjusted kn curve (Considering the value of kr =0.909), and non-

corrected kn curve (Considering the value of kr = 1.0) were plotted in Figure 4.8.2.b. 
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Figure 4.8.2.a: Curve showing the value of kn for a different amount of noise in a room. The 
dotted -line curve and the solid line curve applies respectively to the case where the speaker 
does not hear the noise or both in the presence of noise. Source: Knudsen, 1932, p. 371. 
 

 

Figure 4.8.2.b: Reduction factor (kn) for a range of SNR for Bangla compared to those of  

English (Knudsen, 1932). 
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The comparison of the curves derived following decisions.  

 

 The comparison shows the ordinates of kn curve for English has a greater value as 

compared with Bangla in almost all SNR conditions.  

 

 The value of the ordinates of kn curve decreases at a compound rate of increases of 

SNR in compare to English.  

 

 At or lower than SNR 4.5, Bangla and English show the similar value of reduction 

factor. However, with an increase of SNR, the value of reduction factor for Bangla 

reduced rapidly in comparison with English. At SNR 1.0 this difference of kn value of 

Bangla and English is almost 0.1.  

 

4.9 Analysis and Findings 

Based on the result analysis of Percentage Syllable Articulation (PSA) and Reduction factor 

(kn) this research concludes with following results.  

 

 The Interfering effect of noise for Bangla is not similar with that for English (Figure 

4.7.3.b & Figure 4.8.2.b). Thus, Space for speech in English and space for speech in 

Bangla cannot follow the same standard. 

 Intelligibility of Bangla is more affected by noise compare to English (Figure 4.7.3.b). 

That means Space designed for speech in Bangla should be more noise free than that 

for English. 

 The interfering effect increases with increasing intensity of noise.  

 The amount of interfering effect increases in a compound rate with increases of SNR 

in compare to English. Which means in a higher SNR value Bangla will be more 

affected by noise than in a lower SNR value compare to English.   

 In an ideal condition (with zero noise and Reverberation Time), this research found  

PSA for Bangla is 92.63 % (Figure 4.7.3.b) which is almost similar (93%) to the 

findings of Imam et al. (2009) and lower than English (96%).  

 From SNR 0.0 to SNR 4.5, Bangla and English show the similar value of reduction 

factor and PSA with a slightly decreased value for Bangla (Figure 4.7.3.b & Figure 
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4.8.2.b). However, After that, the reduction factor and PSA decrease rapidly with the 

increase of SNR in compare with English.  

4.10  Allowable Noise Level for Bangla 

Hearing condition can be assumed on articulation result in AI method (See Section 2.9.1, 

Chapter 2). Based on observations on Figure 4.7.3.b, an comparative analysis of Bangla and 

English is summarized in Table 4.10.a considering speech level at 70 dBA.  

Table 4.10.a: Comparison of speech intelligibility of English and Bangla.   

Articulation 
(%) 

Hearing 
Condition 

SNR Condition Difference  

English 
(Knudsen) Bangla SNR Sound Level (dBA) 

(Speech level 70 dBA) 

85% very good 0.305 0.282 0.023 1.61  

75% satisfactory 0.561 0.513 0.048 3.36  

65% acceptable 0.787 0.692 0.095 6.65  

55% unsatisfactory 0.99 0.843 0.147 10.29  

45% unsatisfactory 1.176 0.976 0.2 14  

 

Standard of speech intelligibility act differently on different space depending on use and 

criteria of speech thus maximum allowable noise differs too. Though maximum allowable 

noise level in various space should establish by various experiments on particular space with 

special speech medium, this research assumes a proposed standard of maximum allowable 

noise for Bangla based on the standard used for English extracted from Everest & Pohlmann 

(2009, p. 314).  

 

The value used in Table 4.10.b extracted from an inspection of the curves in Figure 4.7.3.b. 

Considering speech level 70 dB, any value of noise can locate in SNR value at ‘X’ axis of 

Figure 4.7.3.b. For example, 35 dB noise level, which is maximum allowable noise level in 

classroom for English according to Table 4.10.b. Now considering 70 dB speech level, SNR 

value of maximum allowable noise level in classroom for English is 35/70 or 0.5. That is the 

x value of the equation of English curve in Figure 4.7.3.b. From the equation of English curve 

(y = -9.7933x2 - 32.029x + 96) we can easily calculate the value of ‘Y’ or PSA for a particular 

value of ‘X’ or SNR. In this case the value of ‘Y’ or PSA for SNR 0.5 is 77.54 (%). Now from 

the equation of RT adjusted curve (Figure 4.7.3.b) for Bangla (y = -30.841x2 - 18.72x + 
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92.626), we can calculate the value of ‘X’ or SNR from a given value of ‘Y’ or PSA. In this 

case PSA or value of ‘Y’ is 77.54 (%). So, the calculated value of ‘X’ or SNR is 0.4589. In 

70 dB speech level this SNR value indicate the noise of 32.13 dB or 32 dB (round off value). 

Using this process, this research made following suggestions in Table 4.10.b considering 

speech level at 70 dB. 

 

Table 4.10.b: Proposed Allowable Noise Level for Bangla based on the standard on those of 

English.  

Type of Space 

Allowable Background Noise Level (dBA) 

English* 
Bangla 

(BNBC 2006) 

Bangla 

(Proposed) 

Recording studio 25-30 30 22-28 

Concert hall, Theatres, 25-30 30 22-28 

Television studio. 25-35 35 22-32 

Cinemas, Classroom, Lecture rooms, Council 
Chambers, Apartment/house sleeping, 35-40 35 32-36 

Hotels bedroom 35-45 35 32-41 

Churches, Hospital wards, 40-45 35 36-41 

Court room, 40-50 35 36-44 

Office, private 40-45 40 36-41 

Apartment/house living, Libraries, 40-50 45 40-44 

Bank, Restaurants 50-55 50 44-48 

* Standard for English retrieved from Everest & Pohlmann (2009, p. 314) 

 

4.11  Scope and Limitation   

This research focuses on effect of noise on speech in Bangla. There is a scope for future 

research on effects of noise on music in Bangla, which is necessary to set standards for the 

spaces related to music. Due to lack of lab facilities the experiment was conducted in a 

recording studio that was not sufficiently free from noise and Reverberation Time. Same 

research conducted in an anechoic chamber would have produced more precise results. Effects 

of lower level of noise were derived through mathematical projection method from results of 

a higher level of noise. The ultimate outcome is found to be satisfactory and valid in statistical 
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analysis. The proposition of allowable noise level needs more adjustment as it was developed 

mathematically based on experiments on English. Use of language, speech delivery pattern in 

Bangla varies from those of English. For this, extensive research on particular spaces with a 

verity of sample and PSA test may give a more precise standard for Bangla speech.       

4.12 Conclusion 

This research focused on the effect of noise on speech intelligibility of Bangla and expected a 

guideline for determining allowable noise level in spaces. The outcome of the study is useful 

for practical implementation in acoustic design of space. A significant reduction of maximum 

allowable noise found through analysis in comparison to existing standard. The study also 

states that with an increase of SNR, intelligibility decreases rapidly. The outcome of this 

research will guide to design future buildings/spaces to ensure acoustic comfort for the use of 

Bangla. The finding of this research can support design building regulation, master plan, space 

design of different buildings. Additionally, this research opens up the scope for future studies 

on related issues. Architects, planners, interior designers and other professionals can 

implement the output of this research for space design. 
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Appendix:  

Appendix -1: Absorption Coefficients (α)  (Source: www.akustik.ua) 
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Appendix -2: Examples of Audiometry Test & PSA Test 

Participant code: L-6. Audiometric Test Result 

 

 



90 

 

 

 

Participant code: L-6. PSA Test Result of Set-3 & Set-4. 

 

 For practice  For practice  
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Participant code: L-6. PSA Test Result of Set-5, Set-6, Set-7 & Set-8. 

 

 



92 

 

 

Participant code: LL-2. Audiometric Test Result 
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Participant code: LL-2. PSA Test Result of Set-3 & Set-4. 

 

 
 

For practice  For practice  
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Participant code: LL-2. PSA Test Result of Set-5, Set-6, Set-7 & Set-8. 
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Participant code: LL-4. Audiometric Test Result 
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Participant code: LL-4. PSA Test Result of Set-3 & Set-4. 

 

 
 

 

For practice  For practice  
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Participant code: LL-4. PSA Test Result of Set-5, Set-6, Set-7 & Set-8. 
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Appendix-3: Instruments and Specifications 

 

 
 

Digital Mixer 
Model: DM-3200  

Specifications 

 32 channels and 16 auxiliary returns for 48 total inputs 

 16 busses - configurable as two 6.1 surround sends 

 8 Aux Sends 

 16 analog mic/line inputs with phantom power for condenser mics, analog inserts and 

-20dB pad switch 

 24 channels of TDIF and 8 channels of ADAT built in 

 2 expansion card slots support optional FireWire, ADAT, AES/EBU, Analog & TDIF 

cards 

 Dedicated cascade port supports cascade of two DM-3200s 

 Per channel LED ring encoders for pan, aux sends and EQ 

 Built-in DAW control 

 All inputs, effects and processing are available at 96k -- no features are sacrificed at 

full sampling rate 

 Transport controls control DAW, HDR or tape playback  

 Dedicated DAW control surface layer for Digidesign Pro Tools®, Cakewalk 

SONAR®, MOTU DP™, Apple Logic, Steinberg Cubase® and Nuendo® 
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 Powerful automation with touch-sensitive motorized faders 

 4-band parametric EQ and dynamics on each channel 

 32-bit internal resolution with 64-bit EQ resolution 

 Two built-in effects processors include TC Works reverb processing 

 Flexible routing - route from virtually any input to any output 

 Back up mix data to convenient Compact Flash media slot or to USB 

 Optional MU-1000 meter bridge 

 Stylish, professional design with rear panel I/O connections 

 TASCAM Mixer Companion software (Win XP/OSX) with: 

 Driverless USB connection to computer 

 Backup/restore data via USB 

 On screen timecode, transport and meter displays 

 Maximum overall dimensions (w x d x h): 27.6" x 32.9" x 9.1" (700mm x 836mm x 

230mm) 

 Weight 52.8lbs (24kg) 

 

 

 
 

Professional Studio MonitorDigital 
Model: Dynaudio/Acoustics- BM 15A 

 

Features: 

 Active nearfield monitor with 10" woofer and 1.1" silk dome tweeter 

 Frequency response 40Hz - 22kHz (+/- 3 dB) 
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 Maximum SPL at 1 meter, pair (IEC Long Term) - 124 dB RMS 

 Maximum SPL at 2 meters, 5.1 (IEC Long Term) - 125.5 dB RMS 

 Amplifier power - Tweeter: 100 W / Woofer: 200 W 

 Bass reflex cabinet with radius edges on front baffle 

 Esotec tweeter with soft dome, rear chamber, magnetic fluid cooled 

 One-piece molded polypropylene cone woofer with 4" pure aluminum wire voice coil 

 17.9" h x 15.2" w x 11.4" d 

 Clear, live bass from 10" woofer that outperforms most 12" drivers 

 Even, peak-free response from silk dome tweeter 

 Master-built bass reflex cabinet optimizes low frequency response 

 Dual discrete MOSFET amplifiers and precision electronics power the cleanest 

possible signal 

 

Technical Specifications 

 

 Type: 2 way active near/midfield monitor 

 Frequency Response: 40 Hz to 22 kHz (-3dB). 

 SPL (Peak/Cont.): 119dB / 109dB one cabinet @ 1m. 

 Drive units: 240 mm bass driver, 26 mm high frequency driver 

 Internal amplifiers: 200W + 100W discrete MOSFET power amps. 

 Convection cooled. 

 1.7 kHz electronic crossover, 5th order phase aligned. 

 Instrumentation type balanced input section, with input overload 

 protection. 

 Protection: DC, Thermal on both channels, opto-electronic limiter on HF 

 User Controls: Variable HF and LF trim, Input sensitivity 

 Dimensions: 455 x 290 x 387 millimetres (h x w x d) 

 (Allow 35 mm for rear connectors clearance) 

 Positioning: Free standing near/mid-field, desktop mounting. 

 Rigid high-performance stands recommended. 

 Accessories: Power cable supplied. 
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Instruments and Lab used for Audiometric Test  
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Appendix-4: Results of Statistical Analysis 

Descriptives 

  
N Mean Std. 

Deviation 
Std. 
Error 

95% Confidence 
Interval for Mean 

Minimum Maximum 
Between- 

Component 
Variance   Lower 

Bound 
Upper 
Bound 

3 15 25.40 2.798 .722 23.85 26.95 20 31  
4 15 23.53 2.900 .749 21.93 25.14 18 29  
5 15 21.53 3.662 .945 19.51 23.56 16 27  
6 15 19.40 3.418 .883 17.51 21.29 14 25  
7 15 16.87 2.416 .624 15.53 18.20 13 20  
8 15 14.13 2.066 .533 12.99 15.28 11 18  

Total 90 20.14 4.796 .506 19.14 21.15 11 31  

Model 

Fixed 
Effects   2.928 .309 19.53 20.76    
Random 
Effects    1.717 15.73 24.56   17.122 

 
Test of Homogeneity of Variances 

Levene Statistic df1 df2 Sig. 

1.892 5 84 .104 

 
ANOVA 

 Sum of Squares df Mean Square F Sig. 

Between Groups 1326.989 5 265.398 30.957 .000 
Within Groups 720.133 84 8.573   
Total 2047.122 89    
 

Robust Tests of Equality of Means 

 Statistica df1 df2 Sig. 

Welch 40.691 5 38.951 .000 
Brown-Forsythe 30.957 5 73.986 .000 
a. Asymptotically F distributed. 

 
Correlations 

  SNR Score 

SNR Pearson Correlation 1 -.803** 

Sig. (2-tailed)  .000 

N 90 90 
Score Pearson Correlation -.803** 1 

Sig. (2-tailed) .000  
N 90 90 

**. Correlation is significant at the 0.01 level (2-tailed). 
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