https://doi.org/10.1016/j.apacoust.2017.06.020. This is the Pre-Published Version.

Developing a multivariate model for predicting the noise annoyance
responses due to combined water sound and road traffic noise
exposure

T. M. Leung, C.K. Chaut, S.K. Tang, J.M. Xu

Department of Building Services Engineering,
The Hong Kong Polytechnic University, Hung Hom, Kowloon, Hong Kong
SAR

TCorresponding author: C.K. Chau

Department of Building Services Engineering, The Hong
Kong Polytechnic University, Hung Hom, Hong Kong
SAR, Tel no: (852)-2766-7780; Fax no: (852)-2765-
7198; e-mail: chi-kwan.chau@polyu.edu.hk

© 2017. This manuscript version is made available under the CC-BY-NC-ND 4.0 license https://creativecommons.org/licenses/by-nc-nd/4.0/


mailto:chi-kwan.chau@polyu.edu.hk

=

NV 0O N o A WWOWDN

N N N NN NN R B B R R op oRp o)y |y |
N U A WOWN P, O VvV ON - U DO NN, O

Abstract

People in an urban environment are exposed to different types of natural and
man-made sounds. Human sound perceptions due to exposure to a single noise
source, in particular road traffic and aircraft noises, have been investigated for a long
time. However, only very few studies have been focused on exposure to a combination
of sound sources. Also, there is a lack of multivariate models that can help to predict
the preferences or annoyance responses as a result of adding a wanted sound to an
unwanted sound. Accordingly, this study aimed at developing a multivariate model to
predict the probability of invoking a high noise annoyance response due to combined
water sound and road traffic noise exposure. A series of laboratory experiments were
performed. Participants were presented with a series of acoustical stimuli before being
asked to assign their annoyance ratings. Results suggested that other than acoustical
properties like sound pressure levels, personality traits were found to exert
considerable influences on the maximum likelihoods of the model prediction and thus
should not be excluded from the model specification form. Also, the quality of the
acoustical environment could be improved by adding water sounds to road traffic
noises at high levels. The capability of stream sound to moderate noise annoyance
was found to be slightly stronger than that of fountain sound. In addition, the
formulated multivariate model enables to reveal the tradeoff decisions performed by
people. An increase in the SPL of road traffic noise by 1 dB was considered to be
equivalent to a reduction in the SPL of water source by 1.7 dB for a given probability
value. Results arising from this study should provide valuable insights on
understanding how humans respond to the combined water sound and road traffic

noise exposure.
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1. Introduction

People in an urban environment are often exposed to acoustical environments
containing multiple sound sources. Some are wanted sounds that people prefer [1],
e.g. natural sounds including water sound and bird songs [2]. Some are unwanted
sounds or noises that people do not prefer, e.g. road traffic noise [3]. However,
annoyance responses have quite often been assumed to be only induced by a single
dominant noise source, e.g. road traffic or aircraft noises. Models have been
formulated to predict the noise annoyance responses caused by aircraft noise,
railway noise or road traffic noise [4-9]. In fact, annoyance may not be only induced
by a single sound source. Exposure to two noise sources (e.g. road traffic and railway)
may invoke more extensive reactions than exposure to a single noise source at the
same sound pressure level [10].

A number of empirical models have been formulated to predict the effect of
exposure to two or more types of unwanted sounds on human sound perceptions.
Amongst all the unwanted sounds, transportation noises in particular road traffic
noises have always been captured the most attention. Physical models and perpetual
models have frequently been employed for describing the annoyance responses due
to transportation noise exposure.

Physical model operates on the assumption that the total annoyance response
due to exposure to a combination of sounds can be expressed as a function of sound
levels of individual sources. A model with the sound levels of two individual noise
sources as explanatory variables was found to perform as good as that with the global
sound level of the combined sound environment as an explanatory variable in
predicting the total annoyance responses due to combined aircraft and traffic noise
exposure [11]. An empirical model with the sound levels of two noise sources as an
explanatory variable was shown to be able to reasonably predict the overall
dissatisfaction due to combined residential noise exposure [12]. In addition to sound
levels of individual sources, differences in sound levels between two sound sources
(i.e. signal-to-noise ratio) were also introduced as an additional explanatory variable
for predicting the total annoyance responses due to combined industrial noise
exposure [13].

Perpetual models aim to predict the total annoyance responses due to combined

noise exposure based on a function of the annoyance response or loudness of
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individual noise sources. For example, dominance model assumes that the noise
annoyance due to combined noise exposure is equal to or lower than the annoyance
responses due to the most annoying noise source within the combined sources [14].
It was successfully applied in predicting the annoyance responses due to combined
aircraft and road traffic noise exposure in Vietnam where road traffic noises were the
dominant noise sources [15]. On the other hand, Miedema [16] developed an
annoyance-equivalents model to predict the total annoyance responses due to
combined noise source exposure by first transforming the annoyance responses due
to individual noise sources to an equivalent scale. This model was later successfully
applied by Lee et al. [17] to predict the total annoyance responses due to combined
construction noise exposure. The model was also modified by Alayrac et al. [18] for
portraying the total annoyance responses due to exposure to a combination of
background noises and industrial sound having a main spectral component.

However, a majority of the multivariate models developed so far only targeted at
predicting the total annoyance responses due to exposure to a combination of
unwanted sounds [19,20]. There is a lack of multivariate models that can be used to
predict the effects of adding wanted sounds to unwanted sounds on human sound
perceptions, e.g. adding water sounds to unwanted road traffic noises.

Sounds arising from water features have been widely perceived as an effective
means for enhancing urban soundscape in open spaces especially in urban parks [21—
23]. In addition, water sounds have often been proposed to be used for masking
unwanted sounds like road traffic noise [22,24,25]. However, water sounds might not
benefit the overall quality of urban soundscape when the sound level of road traffic
was high, e.g. 70 dBA [26]. Among all types of water sounds, fountain sound and
stream sound were the widely studied in the urban soundscape environment
perception, e.g. [22,27,28]. Both types of water sounds can improve the sound quality
under certain operating conditions. The operating conditions vary with the type of
sound quality parameters in focus. For instance, the level of fountain sounds in urban
parks needed to be 5 -10 dB higher than that of road traffic noise in order to reduce its
perceived loudness [29]. The level of water sound should be at least 3 dB lower than
that of road traffic in order to increase the preference ratings of the acoustic
environment [24,25,30]. However, it is still not clear how the differences in sound levels

between two sources will affect sound perceptions, and how the total annoyance
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responses vary with the exposure to different combinations of water sound and road
traffic noise at high noise levels.

Other than acoustical properties, some personality traits are anticipated to exert
influences on annoyance responses. For instance, people rating themselves as
sensitive to noises are usually more annoyed by noises [31-37]. Although the
foregoing factors exert influences on the preferences/annoyance responses due to
combined water and road traffic sound exposure, results were usually derived from
pairwise comparisons [e.g. 21,22,28]. It lacks quantitative information for revealing the
relative influences of individual factors on total annoyance responses due to combined
water and road traffic sound exposure.

Of particular interest of this study is to explore whether annoyance responses
due to exposure to high road traffic noise levels will be moderated by adding water
sounds. Accordingly, the first objective is to explore whether the physical model forms
commonly employed for predicting the total annoyance responses due to exposure to
two unwanted sounds are appropriate for predicting the total annoyance responses
due to exposure to a combination of road traffic noises (unwanted sound) and water
sounds (wanted sound). Second, this study aims to formulate a multivariate model that
can help predict the effect of acoustical properties and personality traits on the
probability of invoking a high annoyance response due to combined water and road
traffic sound exposure. Finally, it aims to reveal the relative influences of acoustical

properties and personality traits on the total annoyance responses.

2. Methodology

2.1. Preparation of acoustical stimuli

A series of laboratory experiments was set up to determine the extent of human
noise annoyance that could be moderated by adding water sound to the acoustic
environment containing high road traffic noise levels. Participants were presented with
a series of acoustical stimuli before being asked to assign the total annoyance ratings.
The total annoyance rating corresponds to the extent of disturbance for reading
activities caused by the combined sound exposure. The combined sound stimuli were
generated from a pure road traffic noise source and a water sound recorded in
advance. The sample of road traffic noise was extracted from a 30-min record of a
busy trunk road, while the samples of fountain sound and stream sound were extracted
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from the sound clips purchased from a professional audio effect website
(www.prosoundeffects.com). Software Audacity 2.0.5 was employed to generate 30-s
combined sound clips by mixing sound clips containing water (stream/fountain) with
those containing road traffic sounds. The spectral properties of the individual and
combined sound sources were analyzed using the spectrum analyzer Bruel & Kjaer
Type 2144 and a Head and Torso Simulator (HATS). The HATS embracing a head
mounted on a torso represents the international average dimensions of an adult. A
low-impedance headphone (64 Q) of Model HD 280 Pro made by Sennheiser, which
has an ambient attenuation of up to 32 dB, was used in the experiments so as to
minimize sound spillage from outside. The HATS was equipped with two microphones
near the ear region. The sound signals received by the microphones were transmitted
to an analyzer for analyzing their acoustical properties. Immediately before performing
the experiments, the sound signals from the sound clips were input into the simulator
via the headphone to measure the sound levels that would have been heard by a

participant via the headphone.

2.2. Experimental design and questionnaire survey

Stream sound and fountain sound were the two types of water sound selected
for this study. In this study, 3 sound clips of 30-s each at global sound pressure levels
(SPLs) of 65 dBA, 70 dBA and 75 dBA respectively were generated for each type of
water source. In addition, 36 sound clips of 30-s each were generated for the combined
sounds. The global SPLs of the combined sound clips were also fixed at 65 dBA, 70
dBA or 75 dBA, while the water signal-to-noise ratio (WSNR) of the two sound sources
increased from -9 to 6 dB, in a step of 3 dB. WSNR is the difference in sound pressure
levels between water source and road traffic. A negative WSNR value denotes that
the SPL of road traffic is higher than that of water source, and vice versa.

All the experiments were carried out in a study room located in the Department
of Building Services Engineering in the Hong Kong Polytechnic University. Participants
were asked to sit in front of a desk and read magazines as if they were reading for
leisure at home. 30-s auditory stimuli were presented to the participants. After
presenting a stimulus, each participant was given 15s to assign his/her preference or
total annoyance ratings in a structured questionnaire form before presenting with the

next stimulus. The entire questionnaire was divided into two sections. The first section
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aimed at eliciting an individual’s preference ratings for the two types of water sound
using a 21-point scale (Graded -10 to 10; where “-10” means “Extremely not prefer’
and “10” means “Extremely prefer’). The second section aimed at eliciting the total
annoyance ratings for exposing to a combined sound of water and road traffic.
Participants were also asked to assign their total annoyance ratings for being exposed
to the combined sounds using an 11-point scale (Graded 0 to 10; where "0” denotes
“‘Not annoyed at all’ and 10" denotes “Extremely annoyed’). In addition to the
preference and annoyance rating assignments, participants were also asked to report
their personal characteristics including their self-rated noise sensitivity levels using a
5-point scale (Graded 1-5; where "1” denotes “Not sensitive at all’ and “5” denotes
“Extremely sensitive”).

Without performing any factorial design, 42 sound clips (i.e. 6 + 36) were required
to present to each participant. However, past experience suggested that the quality of
responses may degrade if participants are asked to rate all the sound clips
continuously within a single experimental session. To circumvent this shortcoming, the
entire set of experiments was divided into two sessions. For each session, each
participant was only required to assign preference ratings to 3 sound clips containing
individual water sources and assign total annoyance ratings containing 21 sound clips
of the combined sources. Participants were only required to take part in one of the
experimental sessions. However, they were also encouraged to take part in another
session within a week after completing the first session. For those returning
participants, they were required to answer the questions in relation to personal

particulars in the second session again.

3. Results

92 participants were successfully recruited to take part in the experiments, and
28 of them took part in both experimental sessions. A supermarket cash coupon of
HK$50 (~US$6.5) in value was given as a reward to each participant after successfully
completed a full session of the experiments. Table 1 shows the personal
characteristics of the participants. Most of the participants were university students

and half of them were males.

Table 1
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Personal characteristics of the participants

Gender Male 46
Female 46
Mean (Standard deviation)
Age (years) 209 (1.9)
Self-rated Health Status 3.4 (0.8)
Noise Sensitivity 3.3 (0.8)

3.1. Acoustical Characteristics of Stimuli

Fig.1 shows the spectra of the studied fountain sound, stream sound and road
traffic noise at 70 dBA. It can be seen that the road traffic noise was of higher energy
level at low frequency range (25Hz to 500 Hz) and lower energy level at high frequency
range (above 4000 Hz). In contrast, the stream sound was of lower energy level at low
frequency range while higher energy level at high frequency range, and its energy
level at low frequency range was substantially lower than that of fountain sound.
Noticeably, the energy levels at different frequencies were more uniformly distributed
for combined sounds than for two sounds in isolation as the combined spectra leveled

off over a wide frequency range (see Fig. 2).
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Fig.2 Spectra of combined stream-road traffic and fountain-road traffic sound

at 70 dBA

In addition, the psychoacoustic parameter values of the combined sounds were
also determined. Fig. 3 shows the sharpness, roughness and fluctuation strength
values of the combined sounds at different WSNRs and global sound pressure levels.
Significant differences in sharpness and roughness values were also found between
these two types of combined sounds (independent t-tests; mean difference coefficient:
0.535 and 0.608 respectively; p<0.01). The sharpness values of the combined fountain
and road traffic sound were higher than those of the combined sound of stream and
road traffic, while the roughness values of the former were lower. However, no
significant differences in the fluctuation strength values were observed between the
two types of combined sounds (independent t-tests; p>0.05). Also, WSNR was
strongly correlated with sharpness, roughness, and fluctuation strength (with a
correlation coefficient of 0.839, 0.733 and 0.964 respectively). This suggests that
WSNR and sharpness/roughness/fluctuation strength should not be input together as

explanatory variables when formulating a multivariate model.
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Fig. 3 Relationships between psychoacoustic parameters and WSNR of the

combined water-traffic sound

Fig.4 shows the mean total annoyance ratings for different WSNRs at global
SPLs of 65, 70 and 75 dBA. The mean total annoyance ratings remained roughly the
same at a global SPL of 65 and 70 dBA but were different when WSNR laid between
-3 and 6 dB. The mean total annoyance ratings of the combined water and road traffic
sounds dropped by 18.7 to 28.1% at the global SPLs of 65 and 70 dBA when the
WSNR lied between 0 and 3. This suggested that the threshold WSNR could be one
of the independent variables in the formulation of models for predicting the total
annoyance responses due to combined water and traffic sound exposure. Meanwhile,
the mean total annoyance ratings assigned to the scenario in which fountain sound
was added to road traffic noise were higher than those assigned to the scenario in
which stream sound was added (independent t-tests; mean difference: 0.556;
p<0.0001). Stream sound had a stronger capability than fountain sound to lower the

probability of invoking a high total annoyance response.
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Fig. 4 Mean total annoyance ratings for different WSNRs at three different
global SPLs

3.2. Model formulation

Apart from revealing the bivariate relationships with total annoyance responses,
it is one of the major objectives of this study to construct a multivariate model to predict
the total annoyance responses due to combined water and road traffic sound exposure.
Three different physical model forms commonly used for predicting combined
unwanted sound exposure were checked against their validity of use. The three model
forms investigated, including energy summation model, independent effects model
and energy difference model, were evaluated in terms of their maximum likelihood in
predicting the probability of invoking a high total annoyance response. In this study,
the form of energy difference model was modified by removing the absolute sign from
the variable "Difference in SPLs between two sources” so as to adjust for the
differences in nature of the combined sounds, i.e. one contains a wanted and an
unwanted sound source while the other contains two unwanted sound sources. To
facilitate further analysis, the collected total noise annoyance response data were re-

”

grouped into three categories: “Low annoyance response” (“0”; original rating “0”-“4"),
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“‘Moderate annoyance response” (“1”; original rating “5”-“7”) and “High annoyance
response” (“27; original rating “8”-“10”). Given that stochastic models can provide more
valuable information than deterministic models, ordered logit model forms were used

to fit the high noise annoyance response data:

Z = f(SPL) (1)

where Z is the logit function; SPL is the factor(s) related to the SPLs of the combined
sources.

Table 1 shows the regression results of the three different model forms together
with their McFadden p? values. The McFadden p? values for energy summation,
independent effects, and modified energy difference model forms were very similar
(i.,e. 0.133, 0.134 and 0.135 respectively). The “Modified energy difference model’
gave the highest McFadden p? value, and thus the highest maximum likelihood values
in predicting high total annoyance responses. Despite so, only low McFadden p?
values were obtained for all these three models, suggesting that all these models could

only fit the response data moderately.

Table 1

Regression results of three different model forms
Model Form Regression results Cut points McFadden

p?

Energy Z=0271L; 17.752; 0.133
summation 20.885
Independent  Z =0.192L;, + 0.085L,,¢ 16.555; 0.134
effects 19.692
Modified Z=0.271L;-0.028D 17.844; 0.135
energy 20.989
difference

*Note: L7 Global SPL of the acoustic environment; Ly: Traffic noise level; Lys: Water sound level; D:

Difference between traffic noise and water sound.
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3.3. Refined models

In addition to sound pressure levels, other acoustical properties like type of water
sounds and WSNR are anticipated to exert considerable influences on the total
annoyance responses. Also, some personality traits such as self-rated noise sensitivity
have been shown to influence total annoyance responses. Accordingly, the refined
model form becomes:

Z = f(SPL, Threshold,Type,PT) (2)

Where Threshold is a variable denoting the threshold WSNR, Type is the type of
water sound added to road traffic noise and PT is the variable related to personality
traits.

Table 2 shows the regression results of three different model forms after adding
the relevant acoustical factors (i.e. threshold WSNR, Threshold, and type of water
sound added to traffic noise Type) and personality traits as explanatory variables. The
McFadden p? values of the energy summation, independent effects and modified
energy difference model form were found to be 0.144, 0.147 and 0.141 respectively
after adding the acoustical variables. These correspond to the increase in p? values
by 8.3%, 9.7% and 4.4% for the three model forms respectively. Due to the multi-
collinearity problem, the variable WSNR was subsequently dropped from the modified
energy difference model form. Of the three model forms, independent effects model
containing two additional acoustical variables (i.e. WSNR and type of water sound
added) gave the highest McFadden p? value.

In addition, McFadden p? values of the models increased considerably by adding
the personality traits (i.e. 0.178, 0.182 and 0.176 for energy summation, independent
effects and modified energy difference models respectively). The McFadden p? values
increased by 23.6%, 23.8% and 24.8% for the three model forms respectively when

compared with the models containing only acoustical variables.

Table 2
Regression results of three different model forms after adding the relevant

acoustical properties and personality traits

Model Form Regression results Cut McFadden

points  p?

With the acoustical properties of the combined sources and

15
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personality traits

Energy Z =0.272L; - 0.529Threshold - 0.453Type + 19.941; 0.178

summation 23.303

Independent Z = 0'170LTN + 0'1OOLWS - 0.618Threshold - 18.798; 0.182

effects 22178

Modified Z=0.287L;-0.031D - 0.455Type + 0.571Ge: 17.771; 0.176
energy 20.944
difference

With the acoustical properties of combined sources only
Energy Z =0.258L, - 0.542Threshold - 0.432Type  16.518; 0.144

summation 19.711

Independent /= 0'16OLTN + 0'096LWS - 0.633Threshold - 15.409; 0.147

effects 18.619

Modified Z=0.274L - 0.029D - 0.434Type 17.771; 0.141
energy 20.944
difference

*Notes: Gender. Gender, which takes the value of 0 if an individual is a male, and otherwise 1; Sen:
Self-rated noise sensitivity level of an individual; Type: Type of the water sound, which takes 1
if stream sound, otherwise 0; Threshold: Threshold, which takes the value of 1 when WSNR is

equal to 0-3dB and the global SPL is lower than or equal to 70 dBA, otherwise 0.

As independent effects model gave the highest maximum likelihood value, the
following discussions are only confined to this model form (with all acoustical and
personality factors being added). The effect of an individual factor on the total
annoyance response can be revealed from its corresponding coefficient value. A
positive coefficient value indicates that the probability of invoking a high annoyance
response increases with the value of the studied factor, and vice versa. It can be seen

that the probability of invoking a high total annoyance response increased with the
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SPL of water source or road traffic noise. Generally, road traffic noise level was found
to exert a larger influence on total annoyance ratings than water sound level (cf. the
coefficient value of traffic noise level = 0.170 > that of water sound level = 0.100). The
probability value would drop in case WSNR lied within the range of 0-3dB, or if stream
sound instead of fountain sound was added to traffic noise. As expected, some
personality traits have also been shown to exert influences on the total annoyance
responses. Similar to the findings from a majority of annoyance studies, a more noise
sensitive individual was found to be more likely to give a high noise annoyance
response [39,40]. Besides, our findings also revealed that gender exerted an influence
on the probability of giving a high total annoyance response. Females were more likely

to give high total annoyance responses.

3.4. Trade-offs between factors
Apart from revealing the effects of individual factors on total annoyance
responses, the model can also help determine the trade-off ratios implicitly assigned
by the participants given the same probability of invoking a high total annoyance
response. The trade-off ratio between two individual factors, i.e. the rate at which an
individual is willing to give up one unit of a factor for an increase in one unit of another
factor, which is also known as marginal rate of substitution, can be found from the
ratio of the two coefficients. For example, an increase in the SPL of road traffic noise
by 1 dB was considered to be equivalent to a reduction in the SPL of water source by
1.7 dB (i.e. -0.170/0.100). This suggested that the influence of sound level of road
traffic noise on the probability of invoking a high total annoyance response was 1.7
times of that of water sound. Also, WSNR between the sound sources lying within the
range of 0-3 dB was found to be equivalent to a reduction in traffic noise level by 3.6
dB (i.e. 0.618/0.170) or a reduction in water sound level by 6.2 dB (i.e. 0.618/0.100)
when the global SPL was lower than or equal to 70 dBA. An adjustment of 3.9 dB (i.e.
0.665/0.170) in road traffic noise or 6.7 dB in water sound (i.e. 0.665/0.100) should be
added to a highly noise sensitive individual in order to achieve the same probability of
invoking a high total annoyance response as a less noise sensitive one.
With the formulated model, the probability of invoking a high total annoyance
response due to combined water sound and road traffic noise exposure can also be

computed. Fig. 4 shows the probability values for different fountain and stream sound
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levels. The probability values were computed by fixing the road traffic noise level at 65
dBA while keeping other factors at their mean values. It can be seen that the probability
value increased with the SPL of stream and fountain, and there was a sudden drop in
the probability value when the WSNR lied between 0 and 3 dB.
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Fig. 4 The probability values of invoking a high total annoyance response for
different levels of fountain and stream sound when road traffic noise was
at 65 dBA

4. Discussions and conclusion

This study successfully formulated a multivariate model to predict the probability
of invoking a high total annoyance response due to exposing to combined road traffic
noises and water sound. To our best knowledge, this is also one of the pioneering
studies that has successfully formulated a model to predict the probability due to
exposure to a combination of both wanted and unwanted sounds. The model form
successfully includes not only acoustical factors (e.g. levels of two sound sources),
but also personality traits (e.g. noise sensitivity). However, other non-acoustical factors
like age, type of tasks undertaken by an individual, and the surrounding environmental
conditions had not been added to the model as they were carefully controlled in this
study to minimize the confounding effects on the responses. For instance, the effect
of the type of activities undertaken by an individual on total annoyance rating had not
been explored as all the participants were requested to perform the same task i.e.

reading magazines during experiments. Given most of our participants were
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undergraduate students, the effects of age and educational attainment on total
annoyance responses were not investigated in our models. Despite so, personality
traits including noise sensitivity and gender were found to exert considerable
influences on the maximum likelihood values of the model prediction (i.e. the maximum
likelihood of the model prediction increased by 23%). The prediction power of the
physical model forms would be substantially undermined if personality traits were
excluded. Therefore, it is vital to include personality traits in the model specification in
order to give a better prediction. Also, the formulation of multivariate models enables
to reveal the trade-off decisions performed by participants between individual factors.
The tradeoff decisions are more related to the real life situation as people are often
confronted with multi-criteria decisions in their daily life. Of equal importance is that
tradeoff ratios can be used to develop a conversion metrics to translate the annoyance
effect caused by a qualitative factor into an objectively measured dB level, e.g. noise
sensitivity.

Second, both stream sound and fountain sound were found to be capable of
moderating annoyance responses due to road traffic noises. This is in line with the
earlier conclusions drawn from bivariate analyses that the average preference ratings
would be higher after adding stream or fountain sound to road traffic noises [25]. Based
on the findings arising from our model, the capability to lower the probability of invoking
a high total annoyance response varied with the type of water sound added. The
capability of stream sound was found to be slightly stronger than that of fountain sound
(i.e. the probability value of invoking a high total annoyance response would be lower
by 4.3% if stream sound was added instead of fountain sound). However, a question
arises as to whether some psychoacoustic parameters can be used as a proxy for the
type of water sounds in the final model form. Unfortunately, the evidence reported so
far is in divergence. Some reported that noise annoyance ratings given by individuals
were linearly correlated with psychoacoustic parameters such as sharpness and
roughness [41-44], but on the contrary others suggested that noise annoyance was
not significantly correlated with psychoacoustic parameters [45—48]. Furthermore, it
also depends on the nature of sounds, e.g. sounds with meaning such as traffic sound
were less well predicted by psychoacoustic parameters [42,49] when compared with
sounds without meaning. Situations may become more complicated when combined

sounds are considered.
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Finally, there is a “combined sound region” in which human sound perceptions
are considerably different from those outside the region. A combined sound region is
observed when the SPLs of the two combined sounds are similar, i.e. with a difference
of a few dBs. Human sound perceptions within the region are different from those
outside the region due to the synergistic effect occurs between two sounds [41]. For
instance, the probability of invoking a high total annoyance response has been found
to be significantly lower when the sound levels of both sources were similar. This not
only occurs in the scenarios involving exposure to a combination of wanted and
unwanted sounds [11,18], but also to those involving exposure to a combination of two
unwanted sounds [10]. Within the combined sound region, the probability will become
higher instead of lower when an unwanted sound is added to another unwanted sound.
However, synergetic effects may not be present for all types of combination of sounds,
e.g. no synergetic effect was observed when people were simultaneously exposed to
sound from gunfire, aircraft, and/or road traffic [50]. The combined region was
observed to be present in this study when differences in SPLs of water sound and
traffic noise laid between 0 and 3 dB, which is slightly different from the range of values
determined from other studies [24,25,30]. Besides, such combined region was only
observed at global sound pressure levels of 65 dBA or 70 dBA but not at 75 dBA. Such
differences are probably due to differences in the types of human sound perceptions
in focus, i.e. noise annoyance vs sound preference. Further studies are needed to
explore the differences.

Meanwhile, it is noteworthy pointing out that there are some limitations arising
from this study which limit the applicability of the formulated model. First, the
applicability of findings is only confined to the global SPL lying between 65 and 75
dBA. Further studies should be performed to reveal whether similar findings can be
obtained when the global SPL is lower than 65 dBA or higher than 75 dBA. Sound
level of 65 dBA, which has commonly been observed in highly populated city areas
[51], could already make people feel “very annoy” [52]. At such high global SPL, high
noise annoyance responses would be invoked regardless of whether water sounds
were added or not. Thus, the formulated model can be applied to predict how noise
annoyance responses can be moderated by adding water sounds to road traffic noise
at high levels. For instance, it can be applied to predict the effect on the total

annoyance response due to adding water sounds to the acoustical environment of
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residential dwellings containing high road traffic noise levels. However, it is not
applicable for predicting how the sound perceptions will be altered in scenarios which
involve adding water sounds to road traffic noises at low levels in relatively quiet open
areas. Second, the findings are only applicable for stream and fountain sounds with
the particular types of spectral characteristics. As the sound spectra for different types
of water sound or even for the same type of water sounds are anticipated to be
different, it is not appropriate to generally apply the formulated model to predict total
annoyance responses due to exposure to other types of water sound as their sound
spectra may be remarkably different. The capabilities of water sounds to improve the
quality of sound environment have been shown to vary with their spectral
characteristics [27]. Furthermore, the spectral characteristics of the fountain sound
employed in this study were similar to those of road traffic noise at the low frequency
ranges in which both types of sounds were at high energy levels. This might exert
some influences on the total annoyance responses. Further investigations should be
carried out by analyzing the spectral characteristics together with other psycho-
acoustical properties such as roughness and sharpness. Above all, it is suggested
including more types of water sounds and also same types of water sounds but having
different spectral characteristics in future studies. With more samples of water sounds
being studied, it may be possible to introduce some psychoacoustic factors and
spectral characteristics as explanatory variables to make the model more robust.
Finally, the findings may only be applicable for people aged between 20 and 25 years.
A larger scale study is needed before the results can be extended to the other
population subgroups. Above all, the findings arising from this study should provide
valuable directions for future research studies in refining multivariate models to portray
the human perceptions due to exposure to acoustical environments with wanted

sounds being added to unwanted sounds.
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