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Summary
A novel approach to qualitative soundscape assessment is presented in the form of a virtual sound walk. The
virtual sound walk method combines acoustic modelling and auralisation techniques with qualitative assessment
methodologies from the field of soundscape research. A case study is presented in which the method is used to
predict the impact of noise interventions on the perceived sound quality in an urban environment. Prior to the
auralisation, a real sound walk is carried out in the case study environment. By comparison of the results from the
two sound walks, it is found that the virtual sound walk elicits experiences similar to those of the real sound walk.
The suitability of the approach for assessing the impact of potential noise treatments is also evaluated and found
to have merit, though it is acknowledged that further refinements are needed. It is thought that the virtual sound
walk may be able to assist acousticians and urban designers in a practical sense, as well as helping to promote
human-environment interaction in other creative applications.

PACS no. 43.50.-x, 43.60.-c, 43.64.-q, 43.66.-x

1. Introduction

Environmental noise is now recognised by the European
Union as being ‘one of the main local environmental
health problems in Europe’ [1]. Efforts to control envi-
ronmental noise typically aim to reduce sound pressure
levels (SPLs), either through strategic urban planning or,
where preventative methods are ineffective, by taking re-
medial measures such as noise barrier installation. How-
ever, it has been posited for some time that sustainable ap-
proaches to environmental noise control need to involve
qualitative assessment methods too (e.g. [2, 3]), particu-
larly as the widely used A-weighted acoustic parameters
are now thought to be poor indicators of annoyance in
cases where there is a high amount of energy in the low
frequency range [4].

In architectural acoustics there are well-established sub-
jective parameters that may be used to assess the sound
quality in concert halls and auditoria (e.g. [5]). Further-
more, modern auralisation techniques allow the designers
of all kinds of interior spaces to audition and evaluate the
acoustics prior to their construction. By contrast, in the de-
sign and regeneration of urban outdoor spaces, little con-
sideration tends to be given to their acoustics beyond the
level-based noise impact assessments that are required if
the development is to be in the vicinity of noise sensitive
receptors such as dwellings and schools.
The aim of this research is to investigate the applica-

tion of auralisation and soundscape methodologies in rela-
tion to environmental noise management. To this end, we
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present a case study in which we have used auralisation in
conjunction with a novel listening test framework to assess
the impact of a proposed noise treatment on the perceived
sound quality in a real urban environment. The form of
noise treatment chosen for the investigation is intended to
reflect the more ‘holistic’ attitudes to environmental sound
adopted in soundscape research - i.e. one which considers
the social and aesthetic aspects as well as the physical. For
this reason we have taken the example of the sonic crys-
tal noise barrier - a device which has been investigated by
both scientists and artists with a mutual interest in sound-
scape [6, 7, 8]. It is also compatible with the soundscape
philosophy, in that a sonic crystal noise barrier may be de-
signed for reasons other than reducing overall sound lev-
els, such as altering the spectral qualities of a soundscape,
and encouraging active engagement with it. However, the
example is predominantly illustrative, with the main focus
of the investigation being the novel application of aurali-
sation and soundscape methodologies in an environmental
noise impact assessment.
In order to assess the impact of a sonic crystal noise bar-

rier on the perceived sound quality in a specific location,
we have used auralisation techniques to assimilate a ‘natu-
ral’ listening experience - albeit in a virtual acoustic envi-
ronment. To perform the evaluation, we have adopted qual-
itative test methodologies resembling the questionnaires
and semantic scales adopted by Raimbault [9], and the
structured listening walk - also referred to as a sound walk
- initially proposed by Berglund and Nilsson [10]. The ob-
jectives behind the experiments are thus twofold: firstly we
are interested in whether the proposed virtual sound walk
methodology can elicit experiences similar to a real sound
walk; and secondly, we ask whether it is appropriate for
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assessing the impact of potential noise treatments or other
modifications to the soundscape. Each of these represents
a novel contribution to the field which, it is hoped, will also
bring about new insight into perception of environmental
noise, and about alternative approaches to its management.

The paper is organised as follows. In Section 2 we de-
scribe the research context for this programme of work.
Section 3 describes the experimental schema used to au-
ralise the soundscape. The schema can be broken down
into two main components: the first consists of an ini-
tial site survey; and the second concerns the auralisation
processes leading to the rendering of the soundscape in a
multi-dimensional loudspeaker array. Section 4 describes
the subjective analysis of the soundscape auralisation in
the virtual sound walk test framework. Finally, our main
findings are summarised in Section 5.

2. Background

2.1. Environmental Noise
Environmental noise is generally considered to be un-
wanted sound in the environment, and is regarded in psy-
chological terms as an environmental stressor. While its
effects are not fully understood, it is known to cause an-
noyance which may lead to increased stress and its associ-
ated physical symptoms in some individuals. Furthermore,
sudden loud noises and low level continuous noise are both
known to cause sleep disturbance, which is in turn linked
to a number of physiological and performance-related
side-effects (e.g. [11, 12, 13]). However, relationships be-
tween environmental noise and its suspected health effects
are quite complex, noise being just one amongst many
environmental stressors encountered in day-to-day living.
There is also the question of how one defines unwanted
sound, given the subjective nature of auditory perception.
While there may be a strong tendency for or against cer-
tain sounds based on physiological or social factors, reac-
tions to sound are also inextricably linked to an individ-
ual’s personal and cultural experiences, present mood and
situation. In which case, how does one distinguish between
‘good’ and ‘bad’ sound?, and is it ever appropriate to gen-
eralise regarding environmental acoustic preference for a
given population? It is considerations such as these which
have been given a great deal of attention in recent years,
particularly in the interdisciplinary field of soundscape re-
search.

2.2. Soundscape Research

The term soundscape can be defined in a number of differ-
ent ways. Here it refers to all the sounds that are heard in
a particular location, considered as a whole. Soundscape
research not only recognises but pays particular attention
to the reciprocal relationship humans share with the envi-
ronment. Being closely linked to acoustic ecology, it seeks
for sustainable ways to manage environmental sound that
benefit both humans and nature, as well as considering
the social and economic needs of a population. In this re-
spect, there is also an element of overlap with environ-
mental psychology, where attention is given to building

and testing theories in order to explain and predict human-
environment interaction [14].
Soundscape research originated in the 1970s follow-

ing publications by a group of composers based at the
Simon Fraser University in Vancouver (e.g. [15, 16]). In
‘Soundscape: The Tuning of the World’, Schafer calls for
a re-evaluation of the changing acoustic landscape. He as-
serts that, through our active engagement with the sounds
around us, we can discriminate between sound and ‘noise’
and take better care of our acoustic environments. What
emerged then as a philosophy, has since penetrated multi-
ple disciplines, as those who share it have sought to inte-
grate it with their work in areas such as acoustics, ecology,
sociology and urban design (e.g [17, 18]).

Since the late 90s research momentum has intensified,
with many scientific studies contributing to the collec-
tive understanding of soundscapes. These have included
the development of new systems of documentation (e.g.
[9, 19]), understanding and predicting subjective response
(e.g. [20, 21]) and evaluating the acoustic impact of spe-
cific urban design features (e.g. [22, 23]). Within this
broad and comprehensive array of research output, it has
been widely acknowledged that soundscape analysis has
an important part to play in environmental noise control,
and that sustainable approaches should not rely entirely on
level-based assessments, but also on new, qualitative as-
sessment methodologies (e.g. [2, 3]). The next steps are
therefore toward their incorporation in standard assess-
ment procedures.
We are proposing here that a virtual sound walk could

offer practitioners the option of incorporating qualitative
evaluation into noise impact assessments and urban design
processes. In the case of large developments, this could
be included as part of a wider socio-acoustic survey. For
smaller projects it could be used to assist the interpretation
of quantitative data, or to help qualify the intended design
strategies with meaningful subjective data.

3. Experimental Methods

3.1. Initial Site Survey
Before embarking on the design of the proposed barrier
structure, several things need to be considered in relation
to the space for which it is intended. First and foremost,
a decision must be made regarding a suitable location for
the case study. This should be a public area, preferably
one with a vibrant soundscape, and one that is known to
suffer from the adverse effects of environmental noise. In
these respects, it is thought that Woodhouse Moor in Leeds
would be an ideal location.

Woodhouse Moor, also known as Hyde Park, is an area
of green space approximately one mile from Leeds city
centre (Figure 1). The city of Leeds is situated within the
West Yorkshire urban area and is estimated to be the third
most populous city in the UK according to the 2011 census
[24].
Woodhouse Moor is comprised of 3 parts: a formal park

of around 26 hectares ( 260,000 m2) on the west of Wood-
house Lane, and two other open areas to the east of it.
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1 mile
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Figure 1. The West Yorkshire urban area showing Leeds and
Woodhouse Moor. ©Google 2013.
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Figure 2. The Woodhouse Moor area. MM = Monument Moor,
CM = Cinder Moor, HP = Hyde Park (main park area), HPC =
Hyde Park Corner. Res. and Uni. indicate Residential and Uni-
versity areas respectively. The dotted line shows the route of the
sound walk (see 3.1.2) with the numbers 1-5 indicating the five
stopping points. The letters A, B and C indicate the approximate
recording locations that were used in the auralisation (see 3.2).

These are known as the Monument (or Upper) and Cin-
der (or Gravel, or Lower) Moors which are used for events
such as circuses and sporting matches, and sometimes car
parking (Figure 2).
As of 2005 the park had just under 3 million visits a

year and is the second most popular urban park in Leeds
according to a report published by Leeds City Council in
2006 [25]. Being situated close to the city’s Universities
makes it a popular social venue for the city’s large stu-

dent population. The park is also host to a variety of pub-
lic events, including Unity Day - an annual festival with
live music and multicultural activities. The park has five
main paths which meet in the centre, each of which is
tree-lined, and together they divide the park into different
areas of usage. For example, the North-Eastern corner of
the park houses the children’s play area, skate-park, pic-
nic area, basketball courts and public conveniences; to the
West are the allotments and tennis courts; and to the East
are gardens and dedicated nature areas.

The Woodhouse Moor area is known to be adversely
affected by environmental noise, its two primary sources
being road traffic (the park is bordered by roads, one of
which is dual carriage-way and a main artery to Leeds city
centre); and aircraft flying to and from Leeds-Bradford
Airport. The area was considered for the case study fol-
lowing its recommendation by a member of Leeds City
Council’s Environment Protection Team.
The next step is to determine how the space is currently

being used; to identify any specific noise concerns - par-
ticularly those that breach noise guidelines detailed in the
European Noise Directive (END) [1]); and to gain a gen-
eral impression of the soundscape, highlighting both its
strengths and its weaknesses. At that point it will be possi-
ble to outline the purpose of the noise intervention in pre-
cise terms and consider its desired effect. In an effort to get
there, we have determined to carry out two types of acous-
tic survey: a quantitative survey, involving detailed noise
mapping of the affected area; and a qualitative survey, in
the form of a sound walk accompanied by a questionnaire.

3.1.1. Noise Mapping
A noise map is a graphic representation of the sound pres-
sure level (SPL) spatial distribution in a region, and is usu-
ally represented using contour lines - much the same as a
topological map. Nowadays it is unusual to obtain the SPL
data through direct measurement; a more common tech-
nique involves using computational tools based on noise
models to generate the maps. The latter technique is gen-
erally favoured on account of its high accuracy, lower cost
and because it offers the ability to control certain parame-
ters (times of day, atmospheric conditions etc.) in order to
produce a large number of yearly averaged readings.

In this case, long-term averages are not desirable, since
we are specifically interested in the soundscape during the
park’s busier periods (i.e. daylight hours, fair weather).
This is because the noise map is intended to represent the
SPL distribution of the park at times when more people are
using it. These are also representative of the conditions ex-
perienced when making recordings and conducting sound
walks.

While there are no strict guidelines for noise mapping,
we tried, where possible, to observe recommendations in
[26] and [27]. The general noise mapping procedure in-
volves dividing the space under observation into a grid
of receivers and carrying out a minimum of 2 x 2 minute
LAeq,T measurements at each coordinate on the grid. LAeq,T

is a standard measurement parameter used in noise assess-
ment and refers to the A-weighted, equivalent continuous
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sound pressure level averaged over the period of observa-
tion, T . It is then possible, using Fourier analysis, to obtain
separate LAeq,T readings for octave or 1/3 octave bands.
In this case, measurements were recorded at octave bands
ranging from 31.5Hz - 8 kHz.
It is noted that, in most situations requiring a noise map,

the LAeq,T would be derived from more or longer measure-
ments than the 2 minute measurements used here. Here,
we are not motivated by the need for long-term averages,
but a snapshot of the ambient sound levels representative
of a normal day in the park. However, due to the relative
shortness of the measurements, the resulting noise maps
cannot be relied upon for the estimation of long-term noise
exposure, or the derivation of community noise indicators
such as Ldn and Lden which, in accordance with ISO 1996-
2:1987 [26], should be based on 1-hour Leq measurements.

The coarseness of the grid generally depends on the size
of the area being mapped, and can range from just a few
to several hundreds of metres. In an area as small as Hyde
Park, a noise mapping tool might set the distance between
receivers at 10m, but this would have made for an imprac-
ticably large number of measurement positions. A recti-
linear grid with a resolution of 50m was therefore cho-
sen, and a least squares method of interpolation was sub-
sequently used to refine it by a factor of 5. Measurements
were made approximately 1.5m above tread level, as rec-
ommended in [26]. After interpolation, the isolines of the
map were plotted in Matlab in 5 dB ranges. Figure 3 shows
the resulting noise maps in the 31.5Hz and 1 kHz ocatave
bands. We find the 31.5Hz band to be of particular inter-
est as it is the only region to exhibit SPLs that could be
problematic if sustained over a long period (considered in
terms of the guideline amounts). By contrast, A-weighted
SPLs in the more perceptually sensitive 1 kHz region ap-
pear significantly lower.
As expected, noise was distinctly more dominant in the

lower frequency regions, particularly in the 31.5 and 63Hz
regions. There are a few isolated areas in which the sound
pressure levels would exceed limits recommended by the
WHO [28] - one being around the skate-park, and another
close to the junction in Hyde Park Corner (labelled as HPC
in Figure 2), noted as being closest to points (4) and (5)
in Figures 2 and 3. Although maximum levels are noted
as being 83 dB(A) Leq in the lowest octave band, this may
well have been due in part to adverse weather conditions
on the day of recording. However, the higher levels noted
here are certainly indicative, and it is the distribution of
noise levels in Figure 3 that is the most important aspect
to note. Note further that sound levels are generally below
65 dB(A), as shown in the 1 kHz plot, and thus within the
recommended daytime limits.

3.1.2. Sound Walk

Methods of soundscape analysis vary significantly de-
pending on the purpose of the research and the discretion
of the researcher. The sound walk methodology adopted
here is largely based on Berglund’s and Nilsson’s struc-
tured listening walk which they proposed as a tool for mea-

dB(A)

(a)

dB(A)

(b)

Figure 3. Noise maps showing the A-weighted SPL distribution
in the (a) 31.5Hz and (b) 1 kHz octave bands. Highest levels are
noted around points (4) and (5) with a maximum measurement
of 83 dB(A) noted, due in part to adverse weather conditions at
the time of measurement. The distribution of levels is the key
point to note however, with the areas with most significant levels
corresponding to key site features, such as a busy road junction,
or the skate-park. The complete set of noise maps are given in
[41].

suring the perceived soundscape quality in urban residen-
tial areas [10]. A sound walk essentially involves leading a
group of participants along a predefined route throughout
which the aim is to concentrate on what can be heard and
the physical environment. It was felt in this case that the 90
minute duration of Berglund’s structured listening walks
would be inappropriate given the relatively small area be-
ing studied. It was therefore decided that an approximate
duration of 60 minutes would be adequate for our sound
walk, allowing 30 minutes walking time, 10 minutes for
the introductory talk and warm-up, and 20 minutes for
shared reflection. At 5 pre-identified locations shown in
Figure 2, participants were asked to stop and listen in si-
lence for a short period of time before answering some lo-
cation specific questions. In the first of the questions they
were asked to rate the affective quality of the soundscape
on a semantic differential scale. The semantic differential
scale used here is one originally proposed by Raimbault
[9] consisting of 9 pairs of adjectives, 7 of which assess
auditory attributes of the soundscape, and 2 of which relate
to the emotional impressions of the listener. The semantic
pairs are listed in Table I and were assessed by the listen-
ers using a 7-point Likert type scale. While listeners were
not given explicit training on their use, they were encour-
aged to ask for clarification on any terms they were unsure
about. Short explanations like the ones given in Table I
would then be offered by the test administrator. Concern-
ing the choice of attributes, there was the wish to utilise
prior research rather than introducing a new set of terms
which would warrant a separate investigation. Raimbault’s
metrics were chosen here because they promote a ‘holis-
tic’ approach to soundscape auditory processing, which is
more appropriate to qualitative assessment than the con-
verse, ‘descriptive’ approach wherein the subject focuses
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Table I. Semantic differentials for assessing the affective quality
of a soundscape. * indicates emotional attributes.

Attributes Explanation

Quiet/Loud How loud or powerful is the sound?

Weak/Strong Is the sound subtle/vague, or does
it tend to ‘take over’/seem very
pronounced?

Harmonious/
Disharmonious

Do the sounds seem to blend well
with each other and the surroundings,
or are they incongruous?

Unique/Common Does the soundscape seem unusual,
or is it quite typical?

Warm/Cold Related to timbre and the overall fre-
quency balance (i.e. does the sound
seem balanced/unbalanced?)

Varied/Monotonous Is there much change occurring over
time?

Soft/Rough Relates to the temporal change/fluc-
tuation (i.e. is it steady, or unsteady?)

Pleasant/Unpleasant Do you like it?

Comfort/Discomfort Does it make you feel relaxed or
stressed?

on individual sources. This observation is also echoed by
Castellengo and Dubois [30] who differentiate between the
‘identification’ and ‘qualification’ modes of soundscape
processing.
A total of 16 participants aged between 21 and 56 took

part in the sound walk, of which 5 were female, and 6 were
non-UK nationals. This was deemed appropriate given the
mix of nationalities and ethnicities among the local student
and residential populations. The gender bias was not delib-
erate, but unavoidable due to the method by which partic-
ipants were recruited. Recruitment was through adverts in
local cafés, and, due to the limited number of respondents,
there was no opportunity to be selective.
In addition to using the semantic scales, participants

were encouraged to record their comments and observa-
tions in their own words, both in relation to each stop-
ping point and more generally. Prior to commencing the
sound walk, they were also asked to answer several ques-
tions concerning their professional background, usage of
the space, and their expectations/preconceptions about the
sound of urban spaces.

3.1.3. Results of Sound Walk

From Figure 4, the results of the semantic differential scal-
ing seem to indicate there may be significant differences
between locations 3 and 4 compared with locations 1, 2
and 5. To test this theory, statistical hypothesis tests were
performed after first subjecting the data to a suitable form
of normality test. When dealing with relatively small data
sets, the Shapiro-Wilks [31] test is often used to check for
normal distribution. Using this method, it was found that
the majority of the data is not normally distributed when
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Figure 4. Rated sound quality in 5 areas of Woodhouse Moor
using soundscape quality metrics. Sample size: 16.

tested with a 5% significance level. There are several ex-
planations for this. Looking at the histograms (see Fig-
ure 5), it is apparent that, in some cases, there is an obvi-
ous skewness in the data which is thought to have resulted
from responses tending toward the extreme ends of the dif-
ferential scale. It is also apparent that in some other cases
the distribution may be bimodal, indicating that the pop-
ulation under test is split between two different extremes.
This may be a genuine division due to the relative nature
of the descriptors - for example, one would expect that par-
ticipants who spend more time in the country might have
different acoustic perceptions from those who spend more
of their time in big cities - or it may be due to how the in-
dividuals have interpreted some of the descriptors. While
a separate investigation on the use of Raimbault’s descrip-
tors might offer further insight, it was beyond the scope of
this study.

Due to the distribution of the data, it was necessary
to use a non-parametric form of hypothesis test to deter-
mine whether the apparent differences between locations
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Figure 5. Some examples of histograms showing distribution of
responses to semantic differential scales. (a) Location 2 - Com-
mon/Unique, (b) Location 3 - Common/Unique, (c) Location 2
- Quiet/Loud, (d) Location 4 - Quiet/Loud. The complete set is
published in [41].

are statistically significant, or likely to have occurred by
chance. Since the soundscapes in locations 1, 2 and 5 ap-
pear similar, it was decided that only one of these loca-
tions, location 2, would be contrasted with locations 3 and
location 4 independently. The type of test chosen was the
Mann-Whitney U-test [32], a well known non-parametric
statistical hypothesis test suitable for small and arbitrary
sample sizes. However, the U-test does assume that the
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Figure 6. Results of significance test between data sets in dif-
ferent locations. H0 indicates null hypothesis not rejected (ie. no
significant difference), H1 indicates null hypothesis rejected with
99% confidence (ie. difference is significant).

distributions of the data sets under comparison are similar,
which may make some of the results less reliable than oth-
ers. The results of the U-tests are interpreted as follows: if
the null hypothesis is rejected, one data set tends to have
significantly higher or lower values. If the null hypothe-
sis cannot be rejected, it is assumed that the data sets are
not significantly different. The results have been calculated
with a probability of error value of α = 0.01 and are given
in Figure 6. H0 indicates the null hypothesis has not been
rejected, while H1 is an indicator that the null hypothesis
can be rejected with a 1% probability of error, which is
equivalent to a 99% confidence level.

3.1.4. Discussion

The results of the semantic differential scaling test show
there is a high level of variation in subjective response.
While this may partly be due to the descriptors that were
used, the extent of the variation also highlights the in-
herent difficulty in predicting reactions to environmental
sound. Nevertheless, there was statistical significance in
some of the responses to locations 3 and 4 which had also
provoked the strongest reactions in subjects’ comments
and the group discussion. For example, there was a very
positive response to location 3, which was widely consid-
ered the more pleasant, comfortable and harmonious of
all the locations. Interestingly, despite scoring highly on
loudness, roughness and strength, the area with the high-
est recorded SPLs, location 4, was not considered signif-
icantly unpleasant or uncomfortable. Verbal remarks on
this soundscape were generally positive and included ad-
jectives such as ‘rich’ and ‘vibrant’, although participants
also stated it was not somewhere they would come to relax.
On the basis of these results it would seem that vari-

ation and contrast are important components of a sound-
scape and areas with high sound levels are perceived pos-
itively. Expectation is also a critical element, as listeners
tend to be more annoyed by unexpected or incongruous
sounds - i.e. sounds which seem ‘out of place’ - whereas
the same sounds in a different setting might be perceived
quite differently. Another issue that was raised was the ef-
fect that the participants’ own involvement had on their
perception. Almost all participants recorded that the expe-
rience had increased their appreciation of the soundscape
as a result of taking the time to actively listen to the sounds
around them. They also noted their surprise at the vari-
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ety of sounds heard. This reinforces the idea that better
management of environmental noise should include aid-
ing and encouraging public engagement with soundscape.
To give some examples, this could come from public art
installations, informative displays, soundscape events, and
creative forms of noise intervention such as sonic crystal
structures - all of which could benefit from auralisation.

3.2. Auralisation

Methods of auralisation vary quite considerably and pro-
cesses are therefore devised with respect to the intended
application. In this work, the auralisation is primarily for
the purpose of evaluating subjects’ response to a noise in-
tervention, of which the example we are considering is a
sonic crystal noise barrier. With this in mind, the emphasis
is on reproducing a real soundscape convincingly and con-
sistently, wherein the physical effects of the intervention
on the sound reaching the listener are perceived as accu-
rately as possible. The approach is therefore to take gen-
uine, spatially encoded, B-format recordings of the sound-
scape and try to approximate the presence of a sonic crys-
tal noise barrier using acoustic modelling techniques. As
mentioned previously, the reason why a sonic crystal noise
barrier has been chosen for this example is on account of
its diverse appeal, being something which is of interest
both as a practical device, and as an object of art. This
we feel makes it an ideal candidate for auralisation.

The process of rendering the final auralisations is sum-
marised here as follows:

1. Obtain the transfer function of the sonic crystal struc-
ture in 3-D finite different time domain (FDTD) sim-
ulations. The transfer function shall be obtained in the
form of an Impulse Response (IR).

2. Design filters to separate the sound incident on the bar-
rier into two portions: diffracted and incident sound.
These equate to the sound that a listener receives due
to diffraction over a thin rigid screen; and that which
would be reflected from the screen’s surface.

3. Apply the reflected sound filter derived in Step 2 to
recordings made in position C, close to the primary
noise source.

4. Convolution of the result from Step 3 with the sonic
crystal IR recorded in Step 1.

5. Apply the diffracted sound filter derived in Step 2 to
recordings made in position C.

6. Summation of the result from Steps 3 and 5 with the
diffracted portion of the signal in the time domain.

7. Summation of the result from Step 6 with ambient
sound recorded in position A.

The recording positions A, B and C have been depicted
in Figure 2. Location B is the approximate location of a lis-
tener situated in the proximity of the proposed barrier loca-
tion, while locations C and A are used to obtain recordings
wherein the primary noise source is, respectively, more or
less dominant.

Barrier Approximation
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Auralisation
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Diffracted
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Reflected
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Figure 7. The step-by-step process of auralising a sonic crystal
barrier. In Step 2. Maekawa’s formula is used to derive the filter
coefficients needed to obtain the diffracted and reflected portions
of the signal.
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Figure 8. The simulation set-up for recording the impulse re-
sponse of a 4-by-6 cylindrical sonic crystal array in the square
lattice configuration.

3.2.1. Barrier Modelling

The FDTD method was used to model the propagation
of acoustic waves through the sonic crystal barrier. The
method has proved highly effective in a variety of prob-
lems intended for auralisation, largely on account of its
speed, efficiency and the relative simplicity of the com-
puter algorithms by comparison with other wave-based
methods such as the Finite Element Method (FEM). Fur-
thermore, it is more suitable for problems concerned with
wave interference effects than geometrical acoustic meth-
ods.
A variant of the FDTD method that is applicable to lin-

ear acoustic systems has been thoroughly documented by
Schneider [33]. Here it has been used to model a 2-D sonic
crystal array in a 3-D rectilinear mesh with PML absorb-
ing boundary condition applied [34, 35]. In this case the
array was 4 columns wide and 6 rows deep with elements
arranged in a square lattice configuration (Figure 8). The
radii of the cylinders was 35mm, corresponding to a fill-
ing fraction of 0.32, which is within the optimum range for
the elicitation of a complete band gap according to some
sources (e.g. [36]). An estimate of the transfer function
was obtained by exciting the mesh with a driving func-
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tion at a single source node, and recording the impulse re-
sponse (IR) at a receiver node on the opposite side of the
array. To enable a comparison, an IR was also obtained
using the same source-receiver configuration but with the
array absent. The frequency responses of both IRs is given
in Figure 9.
In preparation for convolving the noise source with the

sonic crystal IR, the proportion of sound incident on the
barrier surface is estimated relative to the proportion that
would be diffracted over the barrier top. For this, the au-
thors have referred to the standardised procedure for esti-
mation of the frequency dependent attenuation afforded by
a thin rigid barrier, ISO 9613-2:1996 [37]. The standard
prescribes a formula for this purpose which is based on
a curve derived from empirical measurements performed
by Maekawa [38]. The formula assumes the barrier has
finite height and infinite length, and that it is a perfect re-
flector. By these assumptions, it allows an approximation
of single-edge diffraction by the barrier. This method is
used here, applied as shown in Figure 10, to generate a fre-
quency weighted amplitude envelope, as presented in Fig-
ure 11, which, when applied to a recording of the source
sound, yields an approximation of the diffracted sound.
The inverse of the filter is then used to estimate the ‘in-
cident’ portion of the sound - i.e. that which was absorbed
or reflected away from the barrier surface. It is this incident
portion which will be convolved with the sonic crystal IR.

3.2.2. Rendering the Soundscape
Ambisonic B-format sound recordings were made using a
Soundfield ST450 microphone and a portable digital au-
dio 4-track recorder. Three recording locations were used
- one close to the primary source of noise (i.e. the road),
one at the proposed site of the barrier (location 5), and a
third in location 3 where the primary source was less dom-
inant. The reason for the different locations was to create a
degree of artificial separation between sound reaching the
receiver from the direction of the source (via the barrier),
and sound reaching it from other directions, as it is only
the former we are seeking to transform. The microphone
gain is kept at a consistent level in all of the recordings.
From the recordings, we produce the virtual soundscape

by combining noise-dominant sound files (to be filtered
with barrier IR), and noise-subdued sound files (unfil-
tered) - the latter representing sound arriving from other
directions. The coincident nature of the B-format micro-
phone array implies that phase differences imparted due
to the array itself when mixing multiple signals are min-
imised. Furthermore, owing to the complexity and non-
correlated broadband nature of the background ambiences
captured in the recordings, it is possible to cross-fade be-
tween different segments of audio without any discernible
inconsistencies. In terms of the potential for localisation
discontinuities, it is also helpful that most of the ambient
sounds are not perceived to originate from a fixed point -
i.e. they consist of many moving sources which are subject
to varying meteorological conditions - hence any inconsis-
tencies are not noticeably increased as a result of super-
imposing sound files. However, care must be taken when
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Figure 9. Frequency response curves of IRs recorded in 3-D
FDTD simulations of a point source before (black) and after
(grey) insertion of a 4-by-6 sonic crystal array.
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Figure 10. The source-barrier-receiver scheme of the virtual bar-
rier. Inserted into Maekawa’s formula, the values used in this ex-
ample produce the envelope pictured in Figure 11. Note that the
values are essentially arbitrary and can be adapted for different
configurations.
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Figure 11. Frequency response of the amplitude envelope corre-
sponding to the thin rigid barrier pictured in Figure 10.

handling unique sound events not to break the illusion of a
single, continuous recording and stable soundscape.
The arrangement of the soundscape from the recordings

takes place in a Digital Audio Workstation (DAW). Prior
to this, the recordings were auditioned and annotated ac-
cording to their content. This included making records of
all the unique and intermittent sound events that were cap-
tured, as well as any noticeable variation in the continu-
ous background ambience, which were considered to be
the flow of traffic on Woodhouse Lane, birdsong and wind
in the trees. Individually distinct vehicle pass-bys were
classed as unique sounds. An arrangement was then built
up of these elements which would give a realistic reflection
of the soundscape in the proposed site at both quiet and
busy periods. It is noted that, while the recordings were
not made during the real sound walks, the conditions in
which they were made were similar (e.g. mid-week, day-
time, fair weather), hence it is reasonable to expect they
are representative of the soundscape experienced by lis-
teners on the sound walk. This assumption will either be
confirmed or disputed when the virtual soundscape is eval-
uated and the results compared with those of the real sound
walk.
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Figure 12. A graphical score illustrating the overall structure of the soundscape composition.

One of the issues faced when producing the arrange-
ment was how to convey the diversity of the soundscape
within a relatively short time frame. Whereas participants
in the real sound walks spent over an hour in the environ-
ment and therefore had much more opportunity to observe
its multiplicity, participants in the virtual sound walk will
have only a few minutes in which to form their impres-
sions. Restricting the length of the virtual sound walk to a
few minutes was deemed necessary, both for logistical rea-
sons related to the test methodology, and to prevent the on-
set of fatigue amongst participants. Essentially one needs
to compress the soundscape in time, yet without compro-
mising its authenticity. The arrangement therefore tries to
create a balanced impression by including busier periods
when a lot of sound events are taking place, either side of
a less active period in the middle. It is hoped that by struc-
turing the composition in this way, it not only creates a
balanced impression, but also conveys a sense of move-
ment, reminiscent of the transitions that occur in a real
soundscape during its daily life cycle. Figure 12 is a graph-
ical representation of the composition in which identifi-
able sound events have been plotted against time. As well
as giving an approximate indication of the onset/offset of
unique sound events, the vertical positioning and graphical
style of each event is intended to convey a rough sense of
its pitch and timbre.
Having prepared the arrangement, separate mixes of

the source-dominant tracks and source-subdued tracks are
exported from the DAW so that the barrier estimation
and convolution processes can be performed in Matlab.
The source-dominant mix is filtered with the barrier fre-
quency weighted amplitude envelope, before being con-
volved with the sonic crystal IR, and recombined with the
source-subdued sound (representing sound arriving from
other directions).

4. Virtual Sound Walk

In this second group of listening tests, a condensed ver-
sion of the original sound walk questionnaire was used, in

which the psychometric tests were retained, along with the
space for free comments. As in the original sound walk
questionnaire, participants are explicitly asked to list all
sources of sound they pick out, including individual words
or phrases. Since there is no actual ‘walking’ involved, the
questionnaire need only concern the location of interest -
hence the duration of the test is much shorter, comprising
of around 7 minutes of listening material and a further 10
minutes or so for answering questions. A total of 27 par-
ticipants were used in the virtual sound walk, of which 12
formed the control group, and 15 formed the sonic crystal
group. All were aged between 21 and 64, and between the
two groups there were 12 non-UK nationals and 9 females.
The listening material was presented over a mixed order

ambisonic array, whereby the higher order signals were
extrapolated from the 1st order signals by the Harpex [39]
ambisonic decoder plug-in for Reaper [40]. The array con-
sisted of a total of 16 loudspeakers distributed in a 4-by-8-
by-4 circular configuration (see Figure 13). Using a higher
order ambisonic set up extends the sweet spot, thus opti-
mising the set-up for several listeners or making the result-
ing sound field image more stable under head movement
for a single listener. Note that the virtual sound walk was
conducted for each subject individually. The virtual sound
walk data consists of two sets: A control group of respon-
dents (A) who were played the material processed with an
empty mesh impulse response (i.e. no barrier present), and
a second group (B) who were played the material based on
the simulation of the 2-D sonic crystal barrier.

Some of the questions presented to participants in the
virtual soundscape questionnaire were different from those
that were presented in the original sound walk question-
naire. This is partially related to the fact that information
pertaining to the nature and whereabouts of the sound-
scape location had been purposefully excluded from the
participants. The reason for making the soundscape anony-
mous in these tests was to try to gain some insight into how
expectation and learned association affects the way peo-
ple value the sound around them. As before, the questions
were divided over two sections: a section of pre-sound
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walk questions, and a section to be answered during and/or
after presentation of the material.
In the pre-sound walk questions, participants were

asked to provide some general information about them-
selves, such as their age group, nationality, sex and pro-
fession. They were also asked whether they had any in-
volvement with acoustics or urban planning in their pro-
fession, and if so to give details. They were then asked
about their general impressions of urban soundscapes in
the UK, and their current attitudes towards environmen-
tal sound. The second half of the questionnaire included
the differential scales used in the real sound walks, as well
as several fairly broadly worded questions designed to en-
courage spontaneous observations, without being too sug-
gestive. To ease them into the process, the first of these
questions asked the participant to list all the sounds they
were able to hear, and where they were unable to identify
the source of the sound, to attempt to describe it in their
own terms. The intention behind this question was to al-
low some speculation as to whether there was any change
in clarity or definition due to the sonic crystal. For exam-
ple, if participants tended to observe more different sounds
with the sonic crystal present, it might suggest the masking
effect of the traffic noise had been reduced. The remaining
questions focussed on the participants’ impressions of the
soundscape, how they imagined it might look, what they
might do there, and finally their feelings about the virtual
soundscape experience, including any technical observa-
tions.

4.1. Results of Virtual Sound Walk

Here we are comparing the results of the semantic differ-
ential test from the real sound walk against those of the vir-
tual sound walk without the presence of the sonic crystal in
order to analyse them for significant differences. Whether
or not the null hypothesis for significant difference is re-
jected should be the same for both forms of test if one is
to conclude with reasonable confidence that the auditory
experience in a virtual soundscape is close to that of the
real soundscape it is modelled on. For this we have used
the Mann-Whitney U-test [32]. In Figure 14, the results of
U-tests between different real locations (real versus real)
and real with virtual (real versus virtual) are presented for
comparison. The null hypothesis (H0) indicates no signif-
icant difference between data sets for a given pair of de-
scriptors. It is apparent from these results that, based on
the differential scaling, there is virtually no significant dif-
ference in the perceived sound quality of the virtual sound-
scape and location 2. This is apparent whether they are
compared directly (top row), or in the way they compare
to other locations (bottom and middle rows). This could
be interpreted in a number of ways. It could mean that the
differential scaling method and choice of descriptors were
unsuitable. However, were this the case, one would expect
to see the null hypothesis across all results, as if selections
had been made at random. Yet, from the results of the real
sound walk in which different locations were assessed, we
know that it is possible to identify differences in sound

Figure 13. The virtual sound walk listening test set-up.
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Figure 14. Comparison of the results from the significance tests
between real versus real locations, and real locations versus the
virtual sound walk (VS).
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Figure 15. Significant difference tests between data sets recorded
in the virtual soundscape experiments before and after inclusion
of the sonic crystal barrier.

quality between different environments using this method.
One would also expect there to be normal distribution in
the data, which, as we have also seen earlier, was often not
the case. Hence our preferred interpretation is that there
was indeed similarity between the virtual sound walk and
location 2, a claim which the verbal and written comments,
and sounds identified support. We are therefore satisfied to
take our experiment further, and compare the virtual sound
walk before and after insertion of the sonic crystal.

In the next phase of the analysis, U-tests were per-
formed between the virtual soundscape data obtained be-
fore and after auralisation of the sonic crystal (see Fig-
ure 15). The results of these tests appear to indicate that
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Figure 17. Activities that participants in the real sound walk as-
sociated with Woodhouse Moor (a) and those of participants in
the virtual sound walk (b).

there are no significant differences in the perceived sound
quality in either environment, when evaluated under ‘nor-
mal’ listening conditions. This is an interesting result, for
while it has been demonstrated that subjects observed dif-
ferences between short, stereo extracts of the composition
heard in close succession [41]; here we have found that
those differences do not constitute a significant change in
the overall quality of the sound environment. We see this
as evidence in support the case for advanced auralisation
and new listening test frameworks in qualitative sound-
scape analysis
Figure 16 shows the frequency of different sounds per-

ceived by the participants in both the real and virtual
sound walks. Here, to aid graphical representation, we
have grouped the observations into 5 main sound types,

although the number of unique sounds identified by each
participant was generally a lot more than 5. In both of the
virtual sound walks the number of unique sounds identi-
fied by each participant averaged around 8, suggesting the
sonic crystal neither heightened nor reduced the masking
effect of the traffic sound. However, there was a difference
in the range of sounds identified by each group collec-
tively. For example, the control group jointly identified a
total of 18 unique sounds, whereas the sonic crystal group
jointly identified a total of 26 different sounds - an increase
of approximately 80% after correcting for the difference in
the group sizes. This might suggest that, while the listen-
ers in the sonic crystal group could hear the same variety
of sounds as the control group, they were less certain about
the causes of the sounds - in other words, there may have
been a rise in perceptual ambiguity as a result of the sonic
crystal.
It is also noted that observations of natural sounds were

fewer in the virtual sound walks than in the real sound
walk, while observations of people and vehicle noises
were more frequent. This may just be due to elements in
the composition, but it could be interesting to consider in
future work whether the artificial nature of the listening
environment and/or absence of visual stimuli has an effect
on listeners’ sensitivity to natural/man-made sounds.
Attitudes regarding the activities subjects imagined they

might partake in while visiting Woodhouse Moor were
somewhat varied, yet showed some correspondence with
those recorded by participants on the real sound walk. Fig-
ure 17 shows the activities participants on the real sound-
walk associated with visits toWoodhouse Moor, compared
with those that participants on the virtual sound walk pic-
tured themselves partaking in. In both instances it appears
the area was most favoured as a place for socialising, and
was less popular for relaxation. Bearing in mind that, in
the majority of cases, participants in the virtual sound walk
experiments were not aware of the location, the similarity
between these sets of data is taken as further evidence that
the virtual soundscape successfully captured the ambience
of the space.

4.2. Discussion

An assumption was made earlier that, while the recordings
and sound walks were not undertaken simultaneously, the
virtual soundscape was, nevertheless, representative of the
real soundscape - qualitatively speaking. The results of the
virtual sound walk experiment appear to support this as-
sumption, showing that, in this particular case, listeners do
have a qualitatively similar auditory experience in a spatial
reproduction of a soundscape as they would in a real one.
What is more, this is despite the absence of visual cues or
preconceptions about the space. However, whether or not
the same can be expected of other soundscapes requires
further investigation, as it could be that the generic nature
of this particular soundscape was partially responsible for
the success of the reproduction, most participants having
experienced similar environments in the past.
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While the variety of sounds identified by participants
did not differ significantly between the real and virtual
sound walks, the relatively short duration of the virtual
sound walk suggests the statistical distribution of individ-
ual sounds may have. Further consideration for the po-
tential uncertainty introduced by condensing events into
a shorter time-frame might therefore be advisable.

Also interesting was that a number of participants men-
tioned hearing water, or initially mistaking the traffic for
water. This also resonated with the real sound walk, as a
few participants had then commented that from a distance
they could imagine the road traffic to be water. It supports
the notion that disassociation - whether due to acousmatic
listening or a conscious effort - might lead to an enhanced
qualitative experience. If this is the case, then while the
sonic crystal barrier may not have had a significant effect
on the sound that was heard, its visual impact may well
have done. This theory is supported by a number of past
studies into the effect of visual stimuli on auditory experi-
ence (e.g. [42, 43, 44]).

5. Conclusions

In this study we attempted to subjectively evaluate an ur-
ban sound environment before and after the insertion of a
sonic crystal noise barrier using a combination of aurali-
sation and qualitative test methodologies developed in the
field of soundscape studies. We have also compared the
results of the evaluation without the sonic crystal against
results collated in the real environment.

In our analysis of the results we found there to be a sig-
nificant similarity in the data obtained from the real and
virtual sound walks. From this we have concluded the vir-
tual sound walk method is a viable way to assess the im-
pact of noise treatments on perceived sound quality before
their construction.
In the series of paired comparison tests performed in

[41] in which the same modelling methodologies were
used, significant differences were perceived between au-
dio material in which a sonic crystal was simulated, and
that which was left untreated. However, the virtual sound
walk experiments performed here have indicated that, in
spite of these differences, there was no significant impact
on the perceived sound quality in the environment due to
the introduction of the noise barrier. This suggests that ei-
ther dramatic changes are needed to effect a change, or
that there are other factors at play that were obfuscated in
the auralisation set-up. For example, the experiments sup-
port the notion that expectation and visual ambience have a
marked effect on auditory perception - often more so than
the sonic details. This leads us to suppose that altering the
visual aesthetics of an urban space may, in some cases, do
more to alter the perceived sound quality than attempting
to augment the soundscape in the physical sense.

It also seems to be the case that strengthening the
human-environment relationship through active engage-
ment and attention to one’s environment could have a
much more marked effect on sound quality than subtle
changes in its acoustics. While many studies have shown

there is a tendency toward natural sounds, it is our belief
that the idea of natural sound as ‘good’ and ‘man-made’
sound as bad is not particularly helpful, as it does not serve
to promote positive, or ameliorate negative associations.
Urban environments are acoustically rich environments,
hence it is not always helpful to speak generally about a
given soundscape in positive or negative terms as they can
arouse both responses at different times and among dif-
ferent subjects. In future work the authors would therefore
consider the circumstances surrounding positive and nega-
tive experiences of the soundscape, exploring aspects such
as the attention of the listener, influence of visual and other
sensory stimuli, and the attitudes and mood of the individ-
ual - aspects which may be illuminated through auralisa-
tion.

Acknowledgement

This work has been supported by an EPSRC doctoral train-
ing award.

References

[1] The Environmental Noise Directive (2002/49/EC). Euro-
pean Commission. 2002.

[2] W. Davies, M. Adams, N. Bruce, R. Cain, A. Carlyle, P. Cu-
sack, K. Hume, P. Jennings, C. Plack: The positive sound-
scape project: A synthesis of results from many disciplines.
Proceedings of Internoise 2009, Ottawa, 2009.

[3] W. Davies: Applied Soundscapes: Recent Advances in
Soundscape Research. Applied Acoustics 74 (2013) 223-
300.

[4] K. Persson-Waye: Estimation of low frequency noise - a
comparison of previous suggestions and the new Swedish
recommendation. Proceedings of the 8th International Con-
ference Meeting on Low Frequency Noise & Vibration,
Gothenburg, Sweden, 1997.

[5] L. Baranek: Concert Halls and Opera Houses: Music,
Acoustics, and Architecture. Springer New York. 2004.

[6] J. Sanchez-Perez, C. Rubio, R. Martinez-Sala, R. Sanchez-
Grandia, V. Gomez: Acoustic barriers based on periodic ar-
rays of scatterers. Applied Physics Letters 81 (2002) 5240-
5242

[7] A. Krynkin, O. Umnova, A. Chong, S. Taherzadeh, K. At-
tenborough: Sonic crystal noise barriers made of resonant
elements. Proceedings of 20th International Congress on
Acoustics (ICA2010), Sydney, Australia, 2010.

[8] D. Prior, F. Crowe: The Organ of Corti (sound installation)
www.liminal.org.uk. 2010.

[9] M. Raimbault: Qualitative Judgements of Urban Sound-
scapes: Questionning Questionnaires and Semantic Scales.
Acta Acustica united with Acustica 92 (2006) 929-937.

[10] B. Berglund, M. Nilsson: On a Tool for Measuring Sound-
scape Quality in Urban Residential Areas. Acustica 92
(2006) 938-944.

[11] UK Parliamentary Office of Science and Technology
(POST): Environmental Noise. POSTnotes 338 (2009).

[12] D. Dinges, F. David, F. Pack, K. Williams, K. Gillen, J.
Powell, G. Ott, C. Aptowicz, A. Pack: Cumulative sleepi-
ness, mood disturbance and psychomotor vigilance perfor-
mance decrements during a week of sleep restricted to 4-5
hours per night. J. Sleep Research & Sleep Medicine 20
(1997) 267-277.

809

Document downloaded by  @DAEL, 2026-11-16 20:03:46 - personal use only



ACTA ACUSTICA UNITED WITH ACUSTICA Harriet, Murphy: Auralisation of an Urban Soundscape
Vol. 101 (2015)

[13] J. Pagel, N. Forister, C. Kwiatkowki: Adolescent sleep
disturbance and school performance. J. Clinical Sleep
Medicine 3 (2007).

[14] L. Steg, A. van den Berg, J. de Groot: Environmental Psy-
chology: An Introduction. British Psychological Society
and John Wiley & Sons. 2013.

[15] R. Murray Schafer: The Tuning of the World. Alfred A.
Knopf. 1977.

[16] B. Truax: The World Soundscape Project’s Handbook for
Acoustic Ecology. A.R.C. Publishing. 1978.

[17] E. Ng: Designing High-density Cities for Social and Envi-
ronmental Sustainability. Earthscan. 2009.

[18] K. Irvine, P. Devine-Wright, R.Fuller, B. Painter, K. Gas-
ton: Green space, soundscape and urban sustainability: an
interdisciplinary, empirical study. Local Environment 14(2)
(2009) 155-172.

[19] D. Chesmore, J. Stammers: Instrument for Soundscape
Recognition, Identification and Evaluation (ISRIE): Signal
Classification. J. Acoust. Soc. Am. 123(5) (2008) 3081.

[20] L. Yu, J. Kang: Modeling subjective evaluation of sound-
scape quality in urban open spaces: An artificial neural net-
work approach. J. Acoust. Soc. Am. 126 (2009) 1163-1174.

[21] R. Pheasant, M. Fisher, G. Watts, D. Whitaker, K. Horo-
shenkov: The importance of auditory-visual interaction in
the construction of “tranquil space”. J. Environmental Psy-
chology 30 (2010) 501-509.

[22] T. De Muer, B. De Coensel, I. Yperman, D. Botteldooren:
The influence of traffic flow dynamics on urban sound-
scapes. Applied Acoustics 66 (2005) 175-194.

[23] J.Y. Jeon, P. J. Lee, J. You, J. Kang: Perceptual assess-
ment of quality of urban soundscapes with combined noise
sources and water sounds. J. Acoust. Soc. Am. 127 (2010)
1357.

[24] UK Office for National Statistics: Table 8a. Population Es-
timates for England and Wales, Mid 2011 (Census Based).
ons.gov.uk. 2012.

[25] Leeds City Council: A Parks and Green Space Strategy for
Leeds. www.leeds.gov.uk. 2006.

[26] International Standards Organisation: ISO 1996: Descrip-
tion, measurement and assessment of environmental noise.
2003.

[27] European Commission Working Group Assessment of Ex-
posure to Noise: Good Practice Guide for Strategic Noise
Mapping and the Production of Associated Data on Noise
Exposure. ec.europa.eu. 2006.

[28] World Health Organisation: Night Noise Guidelines for Eu-
rope. www.euro.who.int. 2009.

[29] B. Berglund Peter Hassmén.: Sources and effects of Low
Frequency Noise. J. Acoust. Soc. Am. 99 (1996) 2985-
3002.

[30] M. Castellengo, D. Dubois: Du signal acoustique aux
significations: Psycho-acoustique et recherches-cognitives.
Congrès de la Société Française d’Acoustique, Tours, 2006.

[31] S. Shapiro, M. Wilk: An analysis of variance test for nor-
mality (complete samples). Biometrika 52 (1965) 591-611.

[32] H. Mann, D. Whitney: On a Test of Whether one of Two
Random Variables is Stochastically Larger than the Other.
Ann. Math. Statist 18 (1947) 50-60.

[33] J. Schneider: Understanding the FDTD Method. Washing-
ton State University www.eecs.wsu.edu. 2012.

[34] J. Berenger: A perfectly matched layer for the absorption of
electromagnetic waves. J. Comput. Phys. 114 (1994) 185-
200.

[35] X. Yuan et al.: Formulation and Validation of Berenger’s
PML Absorbing Boundary for the FDTD Simulation of
Acoustic Scattering. IEEE Transactions on Ultrasonics,
Ferroelectrics and Frequency Control 44 (1997) 816-822.

[36] T.Miyashita: Sonic crystals and sonic wave-guides. Meas.
Sci. Technol. 16 (2005) 47-63.

[37] ISO: ISO 9613 Part 2: Attenuation of sound during
propagation outdoors - General method of calculation.
www.iso.org. 1993.

[38] Z. Maekawa: Noise reduction by screens. Applied Acous-
tics 1 (1968) 157-173.

[39] Harpex Ltd.: Harpex-B Decoder. www.harpex.net. 2013.

[40] Cockos Inc.: Reaper Digital Audio Workstation (Version
4). www.reaper.fm. 2013.

[41] S. Harriet: Application of Auralisation and Soundscape
Methodologies in Environmental Acoustics. Ph.D. Univer-
sity of York. 2013.

[42] T. Cox: The effect of visual stimuli on the horribleness of
awful sounds. Applied acoustics 69 (2007) 691-703.

[43] S. Cohen, G. Evans, D. Stokols, D. Krantz.: Behavior,
health and environmental stress. NY: Plenum. 1986.

[44] P. Bertelson, M. Radeau: Cross-modal bias and perceptual
fusion with auditory-visual spatial discordance. Perception
& Psychophysics 29 (1981) 578-584.

810

Document downloaded by  @DAEL, 2026-11-16 20:03:46 - personal use only


