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ABSTRACT 

Researchers in past few decades investigated on the negative evaluation of the noise environment (i.e. annoyance). 
Despite of an extensive and rich literature on human noise annoyance experiences, there has been very limited re-
search effort in the investigation of acoustic comfort among residential dwellers. With the technological advancement 
in many aspects of our living environment in recent years, quality of life issues become prime concern. Acoustic 
comfort is such a key aspiration of our living environment. Acoustic comforts among high-rise dwellers, especially in 
the dense urban residential environment in the tropics have not been investigated yet. Since research on acoustic com-
fort is nascent, there is a quest for a comprehensive evaluation framework and an acoustic comfort model, developed 
on sound theoretical basis. The current study endeavors to expand the conceptualization of the acoustic comfort 
among high-rise dwellers in the tropics. A novel acoustic comfort model based on the theory of noise annoyance by 
Stallen (1999) is proposed in this paper.To evaluate acoustic comfort among the high-rise dwellers in the tropics, a 
comprehensive noise survey, using stratified sampling technique (based on major environmental noise sources), 
among 604 households was conceived.  Evaluation of acoustic comfort in the high-rise built environment was inves-
tigated with respect to major environmental and neighbour noise sources. Perceived acoustic comfort responses were 
correlated to several acoustical and non-acoustical factors related the indoor noise exposure due to major environ-
mental noise sources. Besides, subjective acoustic comfort responses were also correlated to the perceived neighbour 
noise and associated disturbance. Factor analysis and multiple regressions analysis of the data from the noise survey 
resulted in the development of an acoustic comfort model which demonstrates that acoustic comfort is dependent on 
the perception of noisiness and associated perceived disturbance by major environmental noise sources in the high-
rise residential environment in the tropics. Structural Equation Modeling (SEM) technique was then used to investi-
gate the relationships between variables that influence acoustic comfort.  

INTRODUCTION 

City dwellers are exposed to different types of environmental 
stressors. Among these stressors, noise represents the most 
spectacular, the most often mentioned and the one on which 
the most complaints are concentrated (Moser, 1992). In a 
modern city, noise is increasingly found as a key quality of 
life issue (Atkinson 2007). In recent years, amid the debates 
of sustainable development and urban compactness, there 
have been widening interests to introduce high-rise living in 
cities (Belinda, 2006). High-rise residential building is an 
inevitable consideration in many cities’ to meet the need of 
urban growth and housing shortage. The consensus on mod-
ern design is converging towards tall buildings as a model of 
sustainable building (Pank, 2002; Abel, 2003). Generally the 
dominant noise sources in the majority of the cities are large 
systematic sources such as road traffic and trains. This asser-
tion is based both on the results of the corresponding noise 
level measurements and on the intensity of disturbance that 
these sources produces on urban residents (Amando, 2006). 
Environment noise is a major factor contributing to human’s 
displeasure (Carter, 1996). Besides the environmental noise 
in the densely urbanized modern high rise cities, neighbour 
noise, that is to say noise made by residents which is a nui-
sance to other neighbours, is becoming an increasing problem 

in the society (Claude. 1991). Neighbourhood noise is a seri-
ous social problem in many countries. It is associated with an 
inhabitant’s daily life and not easily solved by administrative 
regulation (Utley, 1988). In an increasingly noisy urban envi-
ronment, quietness has to be ensured at least in the residential 
dwellings. Unfortunately not many people enjoy such living 
conditions (Ralf, 1997).  

This research study focuses on the evaluation of aural com-
fort among the high rise dwellers in densely urbanized envi-
ronment in Singapore and investigates the key factors in-
volved in acoustic comfort among the dwellers.  
 
EVALUATION OF INDOOR AURAL 
ENVIRONMENT  

The evaluation of sound is a complex system. A host of 
physiological, psychological, behavioral and contextual fac-
tors shape a person’s engagement, experience and enjoyment 
of environmental conditions in building (Raymond, 2008). 
Evaluation of sound is related to a number of disciplines 
including acoustics, physiology, psychology, sociology and 
statistics (Jian Kang, 2007).  
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To qualitatively describe sound evaluation such as annoy-
ance, two kinds of methods are commonly used – uni-
dimensional and multidimensional (Marquis-Favre et al. 
2005). The former, including category, discrimination and 
ratio scales, concerns the relationship between acoustical 
variable and the perceptual dimension of a stimulus sound, 
whereas the latter considers various perception dimension. 
Numerous investigations were carried out over past 30 years 
to understand different types of noise sources in the urban 
environment and their negative impact on human individuals 
around the world. Many of these studies have focused on 
factors influencing noise annoyance.  

Generally, there are two sets of factors investigated for noise 
annoyance evaluation: a) Sound-related factors - physical 
characteristics of sound (type of noise, noise level, duration 
of exposure, frequency spectrum), time of the day when ex-
posure occurs and previous experience with noise source. b) 
Person-related factors including physiological, psychological 
and social factors that affect the perception of noise and im-
pair activities (communication, concentration, sleep, recrea-
tion or rest) (Ouis, 2001). Defining noise annoyance with 
such factors and evaluation approach individually do not 
demonstrate evaluation of sound environment at dwellings 
holistically. Guski (1999) concluded that approximately one 
third of the variation in noise annoyance can be explained by 
acoustical factors (e.g. sound level, peak level, sound spec-
trum and number of noise events) and a second third by non-
acoustical factors. The last third can either be attributed to 
measurement errors, the presence of yet unknown factors 
which influence noise annoyance or stochastic variation re-
lated to idiosyncrasies of individuals. Past studies that inves-
tigated relevant non-acoustical factors, however, have some 
major shortcomings. Firstly, the research can be character-
ized as highly inductive, which generally means that it lacks 
a sound theoretical basis. Many of the models which are 
tested by using path analysis are exploratory. As a result they 
do not adequately represent the processes of noise annoyance 
(Taylor, 1984). Secondly, the lack of elementary understand-
ing related to the topic of noise annoyance can result in mis-
specification of the statistical model and hence even lead to 
false inferences related to the effect sizes of relevant vari-
ables. Thirdly, most of the models developed for noise an-
noyance are based on empirical evidence related to previ-
ously found correlations between noise annoyance and other 
variables. Since these associations between noise annoyance 
and non-acoustical factors were found in an exploratory 
manner, these models are based on implicit theory rather than 
on a predefined theory of noise annoyance (Maarten et. al., 
2008). Beside the investigation on non-acoustical factors, a 
numerous numbers of research were carried out to establish 
the noise annoyance relationship with several sound-related 
factors. However, there is no one-on-one relationship estab-
lished between noise exposure and noise annoyance (Maarten 
et. al., 2008).      

Despite of an extensive and rich literature on human noise 
annoyance experiences, there has been very limited research 
effort in the investigation of acoustic comfort among residen-
tial dwellers. From the literature review, it is observed that 
noise annoyance study is limited to relating annoyance with 
specific acoustical and non-acoustical factors involved in the 
annoyance process in isolation. The concept of acoustic com-
fort evaluation process necessitates engagement with the 
noise sources, geographical and climatic condition, and 
physical environmental conditions within the dwelling and 
users attitude towards noise environment. All these require-
ments for comfort appraisal insist a dynamic and integrated 
nature of comfort evaluation process that is able to address 
these aspects holistically. This is why (Marquis-Favre et al. 
2005) noted that one often speaks about annoyance (the nega-

tive perception of noise) and less about the positive percep-
tion of noise as a comfort. Marquis also noted that the com-
bination of different types of noises, a relatively unstudied 
subject which requires more investigations. In the multidi-
mensional context of a complex environment, it must be un-
derlined the importance of other sensorial aspects which 
could figure in a more general methodology. 

THE NEED FOR ACOUSTIC COMFORT STUDY 
IN THE TROPICS 

Acoustics in non-acoustics building spaces in receiving in-
creasing attention (Jian Kang, 2003). Only very recently Prof. 
Jian Kang from University of Sheffield carried out a number 
of research on acoustic comfort considering various building 
types/spaces including shopping mall atrium spaces, library 
reading rooms, football stadia, swimming spaces, churches, 
dining spaces, as well as urban open public spaces. Acoustic 
comforts among high-rise dwellers, especially in the dense 
urban residential environment have not been investigated yet.  

In tropical countries like Singapore, where the air tempera-
ture and the relative humidity are generally high, the win-
dows at the building facades are left open for provision of 
natural ventilation and thermal comfort, the aural comfort is 
reduced with relatively high noise levels in the apartments 
concerned. Besides the large systemic noise sources (road 
traffic and train) noise annoyance to the residents is also 
added from the localized community noise sources, such as 
food court, children playground, waste disposal truck etc and 
from internally transmitted neighbour noise between multi-
storey high-rise residential apartments (Lee et al., 2008). The 
high rise apartments, surrounded by the large systemic noise 
sources in the close proximity, localized communal noise 
sources in close vicinity of the residential environment to-
gether with the need for natural ventilation requirement re-
sults in a complex phenomenon in the delivery of acoustic 
comfort among high-rise dwellers in Singapore. It is there-
fore essential to evaluate the aural comfort among high rise 
dwellers in a scientific approach and investigate the key pa-
rameters involved in the delivery of acoustical comfort 
among the dwellers in the tropics.   

RESEARCH DESIGN 

 
 

Figure 1. Research design 

The research design for evaluation of acoustic comfort is 
presented in a flow diagram in Figure 1. Based on the find-
ings from the literature review, an acoustic comfort evalua-
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tion framework is proposed. According to the comfort 
evaluation framework, objective and subjective factors af-
fecting the indoor noise environment due to both outdoor and 
neighbour noise is evaluated. In objective evaluations, char-
acteristics of various environmental and community noise 
sources are investigated. Establishment of high-rise apart-
ments’ noise exposure levels subjected to different environ-
mental and community noise sources are also carried out in 
objective evaluations. This is done through software simula-
tions and validations of the predicted results through field 
measurements. Evaluations of sound transmission loss per-
formance of various types of façades are carried out through 
measurements in-situ condition. A subjective evaluation of 
acoustic comfort is then carried out to identify the key factors 
influencing acoustic comfort in indoor environment. This is 
done through a noise survey in stratified sampling technique. 
This subjective study evaluates the indoor acoustic comfort 
subjected to major environmental noise sources. The evalua-
tion of acoustic comfort due to neighbour noise in presence 
of background indoor noise is also evaluated in the subjective 
study.    

An acoustic comfort model is then established through inves-
tigation of the relationships between acoustic comfort and 
individuals’ attitude towards noise, environmental noise ex-
posure levels and its perception, neighbours’ noise perception 
and individuals’ adaptive behaviours towards achievement of 
aural comfort. Correlation, Factor Analysis and Multiple 
Regression analysis are generally carried out to establish an 
acoustic comfort model. A Structural Equation Modeling 
(SEM) technique is also used to ascertain the relationships 
between acoustic comfort and other factors.  

PROPOSED ACOUSTIC COMFORT 
EVALUATION FRAMEWORK 

 
Figure 2. Stallen’s conceptual model for noise annoyance 

Stallen (1999) developed an theoretical framework for de-
scribing the process of noise annoyance based on the psycho-
logical stress theory of Lazarus (1966). As Maarten (2008) 
noted, this is the only theory that gives an explanation for 
noise annoyance. Empirical research by Lazarus (1966) and 
others has revealed two major determinants of stress: per-
ceived threat and perceived control. As described by Maarten 
(2008), Stallen (1999) argued that the perceived disturbance 
(i.e., annoyance) and the perceived threat basically form 
equal concepts. Subsequently, noise annoyance as a form of 
psychological stress is determined by the extent to which a 
person perceives a threat (i.e., perceived disturbance) and the 
possibilities or resources that a person has with which to face 
this threat (i.e., perceived control) (Stallen, 1999). Stallen’s 
conceptual model is shown in 2.  

According to Maarten (2008), Stallen (1999) argued that if 
the perceived threat (i.e., noise) is larger than the perceived 

resources to face the threat (i.e., perceived control and coping 
capacity), psychological stress (i.e., noise annoyance) will 
arise. In addition, even though the perceived disturbance may 
be very high, no noise annoyance will arise if there are suffi-
cient coping resources. Lastly, since the process of coping is 
in a constant flux, the theoretical framework includes multi-
ple reciprocal relationships between variables. 

Based on the noise annoyance model by Stallen (1999), it is 
assumed that acoustic comfort is dependent on the perceived 
disturbance and behavioural responses (perceived control) 
towards the perceived disturbance. It is also assumed that a 
decrease in perceived disturbance shall increase level of 
acoustic comfort. Acoustic comfort is conceptualized as long 
term evaluation of an indoor acoustic environment. The other 
relevant assumptions pertaining to proposed acoustic comfort 
model are: a) Perceived disturbance and behavioural re-
sponses related to acoustic comfort can be evaluated through 
the evaluation of ‘Attitude’; b) The theoretical framework of 
acoustic comfort model includes multiple reciprocal relation-
ships between several acoustical and non-acoustical vari-
ables.  

 

Figure 3. Proposed acoustic comfort evaluation framework 

To investigate acoustic comfort among high-rise dwellers in 
the tropics, for the development of a comfort model, a con-
ceptual framework is proposed as illustrated in Figure 3. The 
proposed conceptual evaluation framework is an integration 
of objective and subjective evaluation of acoustic comfort. 
Objective evaluation is based on the quantitative evaluation 
of noise exposure and the relevant acoustical factors. Subjec-
tive evaluation is based on the Evaluative Response Model 
(ERM) proposed by Eagly and Chaiken (1993).  

The proposed acoustic comfort evaluation framework is a 
novel approach which is rooted in Stallen’s (1999) theory of 
noise annoyance. The framework is founded on the humans’ 
nature for evaluation of environmental disturbance and the 
profound theory of evaluation response model, ERM by 
Eagly and Chaiken (1993). According to the ERM model, 
“Attitude” is a psychological tendency that is expressed by 
evaluating a particular entity with some degree of favour or 
disfavour. 

 

Figure 4. Eagly and Chaiken’s (1993) model of attitude 
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As shown in Figure 4, Eagly and Chaiken identified three 
response types that form the cornerstone of the ERM. These 
response types are (a) cognitive, (b) affective and (c) behav-
ioural. These three main response types are similar to the 
tripartite model of attitudes and also referred to as the struc-
tural approach to attitudes (Lyons, 1998). Eagly and Chaiken 
suggested that each one of these response types can be de-
fined as follows. 

Cognitive responses: Eagly and Chaiken suggested that 
cognitive response reflects the thoughts and ideas people 
have about the attitude object (i.e. noise), which are often 
conceptualized as beliefs but more often referred to as 
knowledge, opinions, information and inferences about an 
attitude object. These conceptualizations form the links be-
tween the attitude object and the various attributes of the 
attitude objects. Therefore, favourable evaluations are likely 
to be linked with positive attributes. Both positive and nega-
tive beliefs about the attitude objects may be shared. 

Affective responses: Affective response refers to emotions, 
feelings and moods that are experienced with regard to the 
evaluation of the attitude object and are thus a way of re-
sponding to the attitude object. Eagly and Chaiken stated that 
people who evaluate an attitude object favourably are gener-
ally also likely to experience a positive affective reaction, 
contrary to what others might experience, which may range 
from extremely positive experiences to extremely negative 
experiences. 

Behavioural responses: Behavioural response refers to the 
intentions to act or to the overt action associated with the 
attitude objects. People who evaluate an attitude object fa-
vourably tend to engage in behaviours that support such an 
attitude, while others might resort to opposite behaviour.  

According to the proposed conceptual acoustic evaluation 
framework, human interface, which is built up on relevant 
physical environmental conditions and individual’s attitude, 
is subjected to noise from outdoor and immediate neighbous. 
The physical environment influence the noise exposure at 
dwellings which in turn depends on the type and characteris-
tics of noise sources, their proximity to dwellings, level of 
noise exposure, acoustical performances of the building com-
ponents, the geographical and the climatic requirements for 
building design. Therefore, the evaluation of aural comfort in 
dwelling is not limited to the individual’s attitude towards 
noise environment, it also requires the evaluation of the 
physical environment related to noise exposure at indoor 
which in a way or other influence the acoustic comfort of an 
individual at dwelling.  A comprehensive evaluation of the 
aural comfort thus necessitates an integrated evaluation ap-
proach which is founded on an objective evaluation of the 
physical environment and subjective evaluation of the indi-
vidual’s attitude towards the objective noise exposure that 
influence acoustic comfort among the dwellers in the tropics. 

Data collected through such investigation shall undergo fac-
tor analysis and regression for development of acoustic com-
fort model. A Structural Equation Modeling (SEM) technique 
shall be used to investigate the relationship among several 
variables related to acoustic comfort and establish the critical 
path leading to acoustic comfort.   

OBJECTIVE EVALUATION OF ACOUSTIC 
COMFORT 

According to the proposed conceptual framework for the 
evaluation of acoustic comfort, the objective evaluation of 
acoustic comfort requires characterization of various envi-
ronmental and community noise sources, establish apart-

ments’ noise exposure levels due to outdoor noise sources 
and evaluation of sound transmission loss performances of 
different types of facades. All these are required to establish 
the indoor noise exposure levels of the apartments which 
shall be used in evaluating subjective comfort responses of 
the respondents during noise survey.  

As there are no established model for road traffic noise, Mass 
Rapid Transit (MRT) train noise and different community 
noise sources (e.g. waste disposal truck, children playground, 
food centre etc) in Singapore for prediction of the noise ex-
posure levels of high-rise apartments subjected to these 
sources, CadnaA software has been used to model these noise 
sources and predict the noise exposure levels of buildings at 
different elevation. The predicted data are verified with 
measured noise levels data on the same buildings. With the 
validation of the predicted results, CadnaA software is used 
to simulate facade noise exposure levels for different source 
to buildings distances. A number of charts have been estab-
lished for quick estimation of the noise exposure levels of 
buildings subjected to different source to building distances. 
This part of the study is not include in this paper and can be 
found in the published papers by Lee et. al. (2008, 2009). 
Measurements for noise isolation of different types of facades 
are also carried out and it was found that with ‘one window 
opened’ conditions, the mean NIC rating of the facades is 11 
dB (Alam et al, 2009). Considering the natural ventilation 
requirements in the high-rise residential buildings in Singa-
pore, the indoor noise exposure level is computed consider-
ing that there is only one window open for natural ventilation 
in the room subjected to the particular noise source. The es-
tablished charts for prediction of noise exposure for buildings 
subjected to different noise sources are used along with the 
mean facade noise isolation rating to compute the indoor 
noise exposure levels of the apartments surveyed to evaluate 
subjective responses about acoustic comfort.  

SUBJECTIVE EVALUATION OF ACOUSTIC 
COMFORT 

A preliminary investigation (Lee et. al. 2008) by a noise sur-
vey among 522 households in cluster sampling showed that 
the large systemic noise sources like Road Traffic and MRT 
train are the major sources of environmental noise and are 
associated with noise disturbance in dwellings. As road traf-
fic and MRT train buildup the backbone network of land 
transport system and are widespread in every parts of Singa-
pore, these noise sources form the background noise in the 
living environment. Therefore, evaluation of acoustic comfort 
among the high-rise dwellers, in the presence of such back-
ground noise becomes a key concern of this research investi-
gation.  

For evaluation of acoustic comfort among the high-rise 
dwellers, in accordance to the proposed acoustic comfort 
evaluation framework, a noise survey using stratified sam-
pling technique was conceived. The stratification criteria 
included different noise exposure levels of buildings sub-
jected to different category of road traffic and different dis-
tances from MRT train tracks. A total of 604 households (302 
households near different categories of roads and another 302 
households at different distances from MRT tracks (at differ-
ent sites) were surveyed at 20 different locations in Singa-
pore. Both major environmental and neighbour noise were 
investigated. 

The questionnaire consisted of 21 questions and was catego-
rized into 4 sections. The first section of the questionnaire 
focused on the general rating of noise in the outdoor living 
environment, indoor apartment and rating of long term acous-
tic comfort in apartment. The second section of the question-
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naire involved subjective evaluation of the noise from imme-
diate neighbouring apartments. Respondents were asked to 
rate the subjective ‘loudness’ of the noise heard from their 
immediate neighbours instead of the sound performance of 
the separating elements for a more accurate and consistent 
result. The third section investigated the subjective evaluation 
of different outdoor environmental and community noise 
sources. The final section of the questionnaire consisted of an 
objective noise measurement inside the resident’s apartment 
together with the subjective rating of the exposed noise level 
during the measurement. Indoor noise exposure levels of the 
individual apartments surveyed were computed from the 
established charts for predicted noise exposure levels of the 
apartments and the measured mean sound insulation per-
formance of facades. The computed indoor noise exposure 
levels of the apartments were then correlated with the subjec-
tive responses of the respondents with respect to environ-
mental and neighbour noise.  

Analysis of Acoustic Comfort with respect to Envi-
ronmental Noise 

Among the entire cohort, 78.3% of the sample population 
found the overall noise level in the indoor environment as 
‘very quiet’ and ‘acceptable’ while the rest 21.7% felt as 
‘noisy’ and ‘very noisy’. Though 78.3% of the respondents 
felt the indoor noise level was acceptable, a significantly 
lesser proportion of them (60.3% of the total sample) felt 
aurally ‘comfortable’ and ‘very comfortable’ and the rest felt 
‘neither’ and ‘uncomfortable’. Therefore, rating of indoor 
noise environment as ‘acceptable’ was found not a direct 
indicator of acoustic comfort among the high-rise dwellers. 

 

Figure 5. Acoustic comfort with respect to indoor road noise 
exposure level (Lday) 

 

Figure 6. Acoustic comfort with respect to disturbance due to 
road traffic noise 

The analysis of survey data showed that among the respon-
dents who were aurally comfortable, the rating of long term 
indoor acoustic comfort increases appreciably with the de-
crease in indoor background noise exposure level (Lday) due 

to road traffic noise as illustrated in Figure 5. It was found 
that (Figure 6) the rating of acoustic comfort appreciably 
increases when the subjective noise disturbance due to road 
traffic noise is limited to ‘not at all loud’ and ‘little loud’.  
The similar phenomenon was observed among the respon-
dents who were aurally comfortable and exposed to MRT 
train noise.  

Analysis of Acoustic Comfort with respect to 
Neighbour Noise 

 
Figure 7. Rating of subjective ‘loudness’ of neighbours air-

borne transmitted noise with respect to indoor road noise 
exposure level (Lday) 

 

Figure 8. Acoustic comfort with respect to subjective rating 
of ‘loudness’ of neighbours’ airborne transmitted noise 

The analysis of the neighbour noise with respect to indoor 
daily average road noise exposure level (Lday) showed that 
(Figure 7) the subjective rating of ‘loudness’ of the immedi-
ate adjacent neighbours’ airborne transmitted noise is in-
versely related to the indoor noise exposure level due to road 
traffic noise. As such the rating of ‘loudness’ is appreciably 
lower when the indoor noise exposure level (Lday) is higher. 
Figure 8 illustrates that acoustic comfort is considerably 
higher when the subjective rating of neighbours’ air-borne 
noise ‘loudness’ is rated as ‘not at all loud’ and ‘little loud’. 
Similar observations are established from subjective ‘loud-
ness’ of neighbours’ impact transmitted noise with respect to 
indoor daily average road noise exposure level. This is illus-
trated in Figure 9 and Figure 10.  
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Figure 9. Rating of subjective ‘loudness’ of neighbours im-
pact transmitted noise with respect to indoor road noise expo-

sure level (Lday) 

 

Figure 10. Acoustic comfort with respect to subjective rating 
of ‘loudness’ of neighbours’ impact transmitted noise 

ESTABLISHMENT OF A SUBJECTIVE 
ACOUSTIC COMFORT MODEL 

To investigate the relationship between acoustic comfort and 
several acoustical and non-acoustical factors, spearman rank 
correlation tests were carried out and the results are presented 
in Table 1. It was found that the rating of acoustic comfort in 
the apartment was significantly correlated to the rating of 
noise in surrounding living environment, rating of noise level 
within the apartment, rating of disturbance by road traffic and 
MRT train noises. The other factors are weakly correlated to 
acoustic comfort and are significant. One way ANOVA test 
showed that rating of indoor acoustic comfort is not influ-
enced by age, gender, education level, level of the apartment 
the respondents reside in, length of residence, type of apart-
ment, type of noise source (road traffic or MRT train) but  
influenced by the noise sensitivity of the respondents. 

A factor analysis was then carried out to establish the differ-
ent components that explain acoustic comfort. All the five 
components extracted from PCA explained over 70% of the 
total variance in all of the variables. From the rotated compo-
nent matrix, presented in Table 2, it can be observed that the 
most important factors related to the 1st component are: rating 
of indoor noise level in apartment, rating of noise level in 
surrounding living environment, sensitivity to noise, consid-
eration of noise as an important aspect in living environment 
and rating of disturbance due to road traffic noise. The sec-
ond component is mostly related to the neighbour noise: the 
disturbance by the neighbours’ noise and personal activities 
disturbed by the neighbours’ noise. The third and fourth 
components depend on the adaptive behaviour of individuals. 
The third component is mostly related to the management of 
the cause of stress (noise) to achieve aural comfort. It in-
cludes closing windows and doors to achieve aural comfort at 
indoor environment. On the other hand, the fourth component 

is related to the regulation of emotions (e.g. playing music 
and watchig TV) to achieve acoustic comfort. The fifth com-
ponent was found to be related to indoor noise exposure level 
(Lday) and rating of disturbance due to MRT train noise ex-
posure.  

Table 1. Correlations between acoustic comfort and other 
factors 

 

Table 2. Results of factor analysis 

 

The findings from factor analysis have strong agreement with 
the fundamental two assumptions of acoustic comfort model 
based on Stallen (1999) theory of noise annoyance. These 
shows that perceived disturbance (disturbance by road, train 
and neighbour noise and their relation to cognitive thoughts 
and feelings about noise) and the behavioural responses i.e. 
perceived control (management of the cause of stress by clos-
ing windows and doors and regulation of emotion by playing 
music and watching television) are significantly related to 
acoustic comfort and explain over 70% of the total variance 
in all of the variables. 
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Table 3. Results of multiple regressions 

 

Multiple regressions using least square method was then 
applied to the data to establish an acoustic comfort model. 
The test statistics and the regression summary are presented 
in Table 3. It can be noted that during the first regression, 
only four variables (rating of noise in apartment, rating of 
noise in general surrounding living environment, disturbance 
by noise exposure due to road and MRT train) are found 
significantly related to acoustic comfort. It was therefore 
decided to reduce the number of variable to four and carryout 
a second regression. The summary of the second regression 
showed an excellent goodness of fit with  0.955 and the 
four factors being significantly related. Among the four vari-
ables, the first two variables were related to the rating of 
noisiness within the apartment and outside the apartment in 
general surrounding living environment. As both of these 
variables are related to the similar noise exposure information 
(one is within apartment and the other is outside the apart-
ment) with the former having a computed indoor noise expo-
sure level for each apartments surveyed, it was decided fur-
ther to reduce the number of variables to three. A third re-
gression was then carried out to finally derive the acoustic 
comfort model. The regression statistics showed an excellent 
goodness of fit with  0.954 and the three factors being 
significantly related with a 95% confidence level. With the 
reduction of one variable, the goodness of fit was found not 

el is: compromised. The derived acoustic comfort mod

    
0.689  Rating of Indoor Noise Exposure Level
0.15  Rating of Road Noise Disturbance
0.069  Rating of Train Noise Disturbance           Eq. 1                                                      

Equation 1 illustrates that rating of indoor acoustic comfort 
depends on the perception of noise at indoor environment and 
perceived disturbance by the noise exposure due to road traf-
fic and MRT train noise. The developed subjective acoustic 
comfort model demonstrates the fundamental assumption of 
acoustic comfort, based on Stallen’s (1999) theory of noise 
annoyance, that the perceived disturbance is significantly 
related to acoustic comfort.  

As general multiple linear regression does not analysis the 
reciprocal relationships between factors which might have an 

influence on the overall evaluation of acoustic comfort, Path 
analysis by Structural Equation Modeling (SEM) technique 
was then applied to establish the causal relations between 
acoustic comfort and other factors. AMOS 18 statistical 
software package was used for the analysis.A preliminary 
model for acoustic comfort was created in AMOS based on 
the thirteen factors used in the multiple linear regressions. 
Path analysis was then carried out. The model tests and pa-
rameters estimates were based on the covariance matrix and 
used maximum likelihood estimation.  
 
Table 4. Direct, indirect and total effects of all factors affect-

ing acoustic comfort in the SEM model 

 
 

Table 4 presents the direct and indirect effects of all factors 
on acoustic comfort for the preliminary model. Four factors 
were identified from the analysis as significantly correlated 
with the rating of acoustic comfort namely: rating of noisi-
ness in apartment, rating of noise in surrounding living envi-
ronment, disturbance due to road traffic and MRT train 
noise.Acoustic comfort is clearely strongly influenced by 
perception of indoor noise environment in apartment.  The 
perception of noise level in surrounding living environment 
and the disturbance due to road traffic and MRT train noise 
also influence the perceptions of acoustic comfort. All these 
factors significantly influence the perception of acoustic 
comfort directly and there is no indirect influence observed. 
 

 
 

Figure 11. Primary model for acoustic comfort 
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Based on the path analysis of the preliminary model, the 
insignificant paths were deleted and the model was re-
estimated which yielded a general model for acoustic comfort 
as presented in Figure 11. 

The goodness of fit of the developed statistical acoustic com-
fortmodel is assessed based on a number of indices as com-
monly used in SEM applications and are presented in Table 
4. The chi-square value for the model was found statistically 
significant (Chi-square = 6.452, p=0.01), which means that 
the model implied covariance matrix is significantly different 
from the observed covariance matrix. In essence a statistical 
significance test Chi-Square statistic is sensitive to sample 
size which means that the Chi-Square statistic nearly always 
rejects the model when large samples are used (Bollen and 
Long, 1993). However, since this statistic is very sensitive for 
large sample sizes (N>500), the review of other fit indices is 
recommended (Bollen and Long, 1993; Hu and Bentler, 
1995; Schermelleh-Engel et al., 2003).  

Table 4. Goodness of fit of the model 

 

Goodness of fit index (GIF) calculates the proportion of vari-
ance that is accounted for by the estimated population covari-
ance (Tabachnick and Fidell, 2007). By looking at the vari-
ances and covariances accounted for by the model it shows 
how closely the model comes to replicating the observed 
covariance matrix (Diamantopoulos and Siguaw, 2000). The 
computed GIF value for the model is well above tbe recom-
mended value of 0.9. Related to GFI, the adjusted goodness 
of fit index (AGFI) is also well above the recommended 
value of 0.9. Incremental fit indices, also known as compara-
tive (Miles and Shevlin, 2007) or relative fit indices 
(McDonald and Ho, 2002), are a group of indices that do not 
use the chi-square in its raw form but compare the chi-square 
value to a baseline model. These are Normed fit index (NFI), 
Relative fit index (RFI), Increamental fit index (IFI), Tucker 
Lewis index (TLI) and Comparative fit index (CFI). All the 
computed values of these indices for the established acoustic 
comfort model are well above the recommended value as 
shown in table 4. Root mean square error of approximation 
(RMESA) measures the discrepancy between the models 
implied and observed covariance matrix per degree of free-
dom. The computed RMSEA of the established statistical 
model is 0.9 which is considered as an indication of fair fit 
(MacCallum et al, 1996). Meeting the criteria of a number of 
goodness of fit indices demonstrates that the established sub-
jective acoustic comfort model is a ‘good fit’ model.  

The developed acoustic comfort model using SEM technique 
is indeed exactly the same model as the developed model 
through multiple linear regressions (Eq 1). As SEM analyse 
the inter-relationships among variables, the established 
acoustic comfort model using SEM illustrates that acoustic 
comfort is significantly depended on the rating of noisiness 
of indoor noise environment and disturbance due to Road 
traffic and MRT train noise. The SEM model also illustrates 
that it is the perception of noisiness of the indoor environ-
ment which influences the disturbance due to exposure to 

Raod traffic noise and MRT train noise which in turn affects 
the perception of indoor acoustic comfort. This study reveals 
that when high-rise apartments in the tropical climatic condi-
tions are subjected to Road traffic and MRT train noise of 
different exposure levels, the perception of indoor acoustic 
comfort is not sifnificantly influenced by the noise sensitiv-
ity, the belief of noise as important aspect in living environ-
ment, disturbance due to neighbour noise and the adaptive 
behaviour to achieve aural comfort. It rather depends on the 
perception of the noisiness of indoor aural environment and 
associated sisturbance due to Road traffic and MRT train 
noise. 

CONCLUSION 

In this study, a subjective acoustic comfort model is devel-
oped for the dwellers in high-rise residential environment in 
tropical Singapore. The established acoustic comfort model is 
founded on a sound theoretical framework based on Stallen’s 
(1999) theory of noise annoyance. The acoustic comfort 
evaluation is carried out in accordance to the proposed 
evaluation framework which relies on the subjective and 
objective evaluation of acoustic comfort and their integration. 
The final model established through a SEM technique pro-
vides a good model fit. The model demonstrates that among 
the high-rise dwellers in tropical Singapore, exposed to road 
traffic and MRT train noise, the perception of indoor acoustic 
comfort is largely dependent on the subjective perception of 
the noisiness of indoor aural environment which in turn in-
fluence the noise disturbance due to Road traffic and MRT 
train noise. Acoustic comfort in such environment was found 
not influenced by the noise sensitivity, the belief of noise as 
important aspect in living environment, disturbance due to 
neighbour noise and the adaptive behaviour to achieve aural 
comfort. Further investigations is recommended to establish 
relationships between subjective comfort indices and objec-
tive acoustical quantities of the exposed sounds. 
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