
Strategies for Environmental

Sound Measurement, Modelling,

and Evaluation

Francis Kit Murfin Stevens

PhD

University of York

Electronic Engineering

August 2018



Abstract

This thesis is a portfolio of research into three aspects of environmental sound: its

measurement, modelling, and evaluation. In each of these areas, this body of work aims to

make use of soundscape methodologies in order to develop an understanding of di�erent

aspects of our relationship with our sonic environments. This approach is representative of

the nature of soundscape research, which makes use of elements of many other research

areas, including acoustics, psychology, sociology, and musicology.

The majority of prior acoustic measurement research has considered indoor recording, often

of music, and measurement of acoustic parameters of indoor spaces such as concert halls

and other performance spaces. One strand of this research has investigated how best to

apply such techniques to the recording of environmental sound, and to the measurement of

the acoustic impulse responses of outdoor spaces.

Similarly, the majority of prior work in the �eld of acoustic modelling has also focussed

mainly on indoor spaces. Presented here is the Waveguide Web, a novel method for the

acoustic modelling of sparsely re
ecting outdoor spaces.

In the �eld of sound evaluation of sound, recent years have seen the development of

soundscape techniques for the subjective rating of environmental sound, allowing for a

better understanding of our relationship with our sonic surroundings. Research presented

in this thesis has focussed on how best to improve these approaches in a suitably robust

and intuitive manner, including the integration of visual stimuli in order to investigate the

multi-modal perception of our surroundings.

The aim of this thesis in making contributions to these three �elds of environmental

sound research is, in part, to highlight the importance of developing a comprehensive

understanding of our sonic environments. Such an understanding could ultimately lead

to the alleviation of noise problems, encourage greater engagement with environmental

sound in the wider population, and allow for the design of more positive, restorative,

soundscapes.
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Music is the cup which holds the wine of silence.
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Chapter 1

Introduction

Sound is inescapable. It envelops us at all times in all places, and is able to bring us joy,

pain, unhappiness, and discomfort. It can deeply move us, providing succour, catharsis,

and comfort. Our sense of hearing is one of the most powerful ways in which we understand

the environments we inhabit, and a�ects the development of memories and emotional

connections to places and people. Indeed, whilst one can picture experiencing the absence

of light (for example at the bottom of mineshaft with all the lights turned o�), the absence

of sound, silence, is more elusive. Even in the quietest, most peaceful, places, there remains

the experience of auditory sensation. For example in an anechoic chamber, an environment

designed completely to absorb sound [1], after a certain time one starts to hear `new'

sounds from within one's own head (thought of by the composer John Cage as the sound

of blood circulation and activity of the central nervous system [2], although tinnitus is a

more likely source [3]). In point of fact, there is not really such a thing as silence, at least

not anywhere a human is present. In a way, this can be seen as an inversion of the old

thought experiment about a tree falling in a forest with no-one around to hear it1, where

here the question might be`if there is silence and someone hears it, is it silent?'.

The experience of sound is unrelenting even to the point where sleep o�ers no reprieve,

and it can also have signi�cant long term e�ects on health and wellbeing [5], [6]. As such,

1Of course this question isn't really concerned with the acoustics of a falling tree, rather the nature of
human knowledge and perception, and the dissimilarity between sensation and reality [4]. The gulf between
objective truth and subjective experience exempli�ed by this thought experiment remains pertinent to this
thesis, especially when considering the evaluation of sound.

20



CHAPTER 1. INTRODUCTION 21

it seems somewhat bizarre that the our relationships with our sonic environments are not

yet fully understood.

An example where this lack of understanding has had (and continues to have) severe

rami�cations is noise, in this context the presence of meaningless, unwanted, sound

resulting in a stressful and unpleasant experience of a place. The problem of noise is by no

means new (the movement of heavy carts through the nighttime street of ancient Rome

is an early example [7]), but in recent decades has become a bigger problem due to the

proliferation of cars, aeroplanes, and the increases in global population [8]. Indeed the

problem of noise is so severe that it is acknowledged as a form of pollution [9], and is even

referred to as a modern plague [10], one which can do signi�cant damage in terms of both

physical and mental health [11], [12].

Despite this, however, existing legislature is insu�cient and shallow in its approach, often

making use of summary noise level measurements alone with the goal being simply to

reduce those levels. Such an approach ignores the subjective experience of sound (i.e. what

a place actually sounds like), and therefore is insu�cient. Accordingly, there is a need

for the combination of an objective approach with an understanding of the subjective

experience of sound. This thesis posits that an approach based on soundscape research, its

theories and methodologies, o�ers an opportunity for achieving this aim.

`Soundscape', in the context of this thesis, is a term used to refer to all of the sounds that

are heard in a particular location, considered as a whole [13]. Whilst explicitly referring to

the sound sources that comprise a particular location's acoustic scene, the term implicitly

contains an understanding of the dynamic, personal, experience of sound, and that this

experience has subjective and emotional components dependent on an individual's history,

emotional state, and identity [14], [15].

`Soundscape methodologies' is a collective term for the sound categorisation, recording, play-

back, and evaluation tools that can be used to develop this listener-centric understanding

of sound. Soundscape research is a �eld that provides an opportunity to develop an holistic

approach to the understanding of environmental sound, bringing together strategies from

multiple disciplines. This thesis is representative of the interdisciplinary nature of sound-

scape research, in that it makes use of state-of-the-art sound capture and measurement

techniques, soundscape methodologies, and novel methods of acoustic modelling to present
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a portfolio of research making novel contributions to the understanding of environmental

sound, and our relationship with it.

This measurement work includes the capture of Ambisonic soundscape data (alongside the

shooting of panoramic video footage), and the measurement of acoustic impulse responses

at Creswell Crags, a limestone gorge housing a series of caves. The soundscape and visual

data collected is then examined in a series of listening tests. The ultimate purpose of these

tests is to investigate how the visual features that accompany a soundscape can a�ect the

experience of it. Most existing soundscape research has focussed on aural stimuli alone, an

approach which can be informative, although without an examination of the visual features

of an environment it seems unlikely that such research can fully describe the experience of

a space. In order to develop this understanding, incremental steps must be taken (building

on existing research) in order to validate such an approach.

As such, these tests progressively present the collected data in a variety of formats, building

towards a full audiovisual test. These listening tests make use of both established and

novel (in the context of soundscape research) subjective evaluation techniques in order to

establish how the subjective experience of soundscapes can best be measured. This includes

the evaluation of emotional state, description of the soundscape contents, and measurement

of how the presence of particular visual features can alter these responses. The ultimate

goal is to �nd the aural and visual features that result in a peaceful, restorative location:

spaces which give people the chance to `hear themselves think', and to self-re
ect. The use

of soundscape methodologies to �nd these features and spaces is intended as an example of

how to take a positive approach to environmental sound, that being an approach which

does not focus solely on the negative aspects of noise, but one that also looks to �nd

soundscape that can have a positive impact on health and well-being.

The environmental sound modelling work presented here is in the form of the Waveguide

Web, a novel method for the simulation of sparsely re
ecting outdoor acoustic scenes

(such as a forest, or, indeed, the limestone gorge at Creswell Crags). The work makes a

signi�cant contribution to the �eld of acoustic modelling, which has historically focussed

primarily on indoor spaces.

As this summary implies, this thesis contains multiple branches of research, all related by

central concepts. As introduced above this is a re
ection of the multitude of factors involved
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in the study of environmental sound, and the multi-faceted approach that is absolutely

required in order to approach any sort of complete understanding of the relationship

between a soundscape and a listener. This aims and motivation of this research will now

be formalised in a hypothesis.

1.1 Statement of Hypothesis

The portfolio of work presented in this thesis covers a variety of topics and disciplines, all

within the purview of environmental sound. As such the following hypothesis can be seen

as a guiding principle, summarising the aims and motivation for the thesis work:

The measurement, modelling, and evaluation of environmental sound are

e�ective soundscape methodologies for the identi�cation and assessment of

positive sonic environments.

The key aspects of this hypothesis will now each be explained as they relate to this thesis:

ˆ Soundscape methodologies. These include the use of sound recording, aurali-

sation, and subjective evaluation techniques in order to develop a listener-centric

understanding of sound.

ˆ Environmental sound. In this context environmental sound refers to the sound-

scapes of outdoor locations. This includes natural, human, and animal sounds, as

well as the behaviour and propagation of sound in outdoor spaces.

ˆ Positive sonic environments. These are environments that are considered by

listeners to be pleasant and relaxing, that may also a�ord an opportunity for self-

re
ection. Environments such as these are known to be bene�cial in terms of health

and well-being [16], and do not confer the negative health e�ects associated with

noisy environments.

ˆ Identi�cation and assessment. In terms of this thesis, the `identi�cation' of

positive sonic environments will be where the subjective assessment results indicate

where participants experience soundscapes they �nd to be pleasant and relaxing.

Where these environments are identi�ed (as well as where negative, unpleasant,
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soundscapes are identi�ed) this will establish the suitability of the tools used for the

evaluation of environmental sound.

As this hypothesis implies, soundscape research is a �eld that brings together techniques

from many di�erent disciplines, and makes use of subjective and objective test methodologies

in order to develop a complete understanding of our relationship with our aural environments.

This thesis presents an example of how this multi-faceted approach can be bene�cial, where

di�erent perspectives on the same issue (i.e. environmental sound), using a variety of

strategies, can inform one another and provide context beyond that a�orded by taking

a single approach only. The aims and objectives of this body of research will now be

speci�ed.

1.2 Aims and Objectives

This section will now state the aims and objectives of this body of research. The aims are

enumerated below, and each is supported by the relevant objectives.

1. Investigate the phenomenon of cross-modal perception in the context of soundscape

evaluation and analysis.

ˆ Make use of spatial audio and spherical video recording equipment to gather

audiovisual soundscape stimuli for use in listening tests.

ˆ Run a series of audio-only tests �rst (in line with extant soundscape evaluation

research) in order to establish and develop suitable soundscape evaluation tools,

and to establish the ecological validity of a variety of formats (i.e. the extent to

which the soundscape playback is representative of reality).

ˆ Introduce the visual content to the listening tests in order to investigate cross-

modal perception.

ˆ Analyse the test results to identify the aural and visual features most that most

impact the experience of a soundscape. This analysis should include a focus on

identifying the features most likely to indicate positive, restful environments,

and where the presence of visual features may impact the evaluation of aural

ones.
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2. Make use of impulse response measurement techniques in an outdoor environment in

order to evaluate the success of the application of those techniques to that sort of

environment, and to develop some understanding of the acoustic properties of that

environment.

ˆ Record a series of spatial acoustic impulse responses at Creswell Crags, a

limestone gorge housing a network of caves.

ˆ Conduct a analysis of these impulse responses in order to determine their

acoustic and spatial properties.

3. Develop a novel method for modelling sparsely re
ecting outdoor acoustic spaces.

This should in part be informed by real life measurement work and experience, and

should also draw on extant modelling methodologies designed for the simulation of

other environments.

ˆ Research and reproduce existing simulation methods that are, or could be, used

for the modelling of outdoor acoustic spaces.

ˆ Develop a novel method for the modelling of these spaces informed by extant

methods and the real-world impulse responses.

ˆ Evaluate the performance of the novel modelling method by conducting a

series of case studies comparing newly simulated impulse responses with those

generated using other modelling techniques and real-world recordings.

These aims and objective clearly state the intended achievements of this thesis work, and

the steps to be completed in order to complete them.

1.3 Thesis Scope

Given the aforementioned portfolio nature of this thesis, it is worth explicating the scope

of the work presented, and the relationships between the research areas contributed to in

this work, as well as other, related, ones. Figure 1.1 is included for this purpose.

It shows a conceptual framework of environmental sound research, which can be considered

as broadly synonymous with soundscape research in the context of this thesis. It shows

the relationship between the following elements:
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Figure 1.1: A conceptual framework of environmental sound (i.e. soundscape) research,
indicating the relationship between its elements, and the scope of the work presented in

this thesis (dashed box).

ˆ Environmental sound: This refers to the soundscape of an environment under

consideration (e.g. an urban street scene). This will typically be an environment that

is in need of treatment to improve the experience of its soundscape. The relationship

between this soundscape and the research tools represented by the other �elds in this

diagram determines how soundscape methodologies can be applied in order to e�ect

such change.

ˆ Environmental sound measurement: The processes by which the soundscape is sam-

pled, quanti�ed, or recorded. This can include the use of acoustic and psychoacoustic

metrics, the measurement of impulse responses, and the recording of soundscapes

(often in a spatial audio format). The data collected from this can then be used in

the evaluation of environmental sound, including (as in this thesis) the auralisation

of soundscape recordings in order to recreate the experience of the soundscape in a

controlled environment.

ˆ Environmental sound modelling: This includes the use of numerical techniques in

order to develop acoustical models of environmental spaces (often informed by, or

benchmarked with reference to, the measurement of extant environmental sound).

ˆ Environmental sound simulation: This makes use of acoustical models of environ-

mental sound in order to develop virtual sound scenes (that is to say, soundscape

that are not solely based on recorded soundscape material).
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ˆ Environmental sound evaluation: This is the use of soundscape methodologies in

order to evaluate sound scenes. These scenes can be: the real soundscape of the

environment experience in-situ; the auralisation of a measured soundscape; and

the auralisation of simulated sound scenes making use of acoustical models and/or

recorded soundscape material. Results from this evaluation process can then, in turn,

inform these acoustical models for the development of further simulated sound scenes

that can then be evaluated.

ˆ Environmental sound modi�cation: This evaluation process then may determines

real-world modi�cations that can be made to the environmental space in order to

alter the soundscape of that space. Of course this `new', modi�ed, soundscape can

then iteratively undergo the same analysis and evaluation processes as the original

soundscape.

As detailed in the list above, Figure 1.1 clearly details what could be referred to as the

`complete cycle' of soundscape research, where an environment's sound scene is improved

by the application of a soundscape methodologies. Having established this cycle then, the

extent (and limitation) of the work presented in this thesis can now be stated. The red

dashed box in Figure 1.1 indicates the boundaries of the thesis work.

This makes clear that certain research areas are not covered in this theses. For example,

this thesis work does not evidence any research into the simulation of `new' or altered

soundscape stimuli, nor does it considered the physical alteration of any of the environments

considered in order to make real-world changed to the sound scenes. Instead this thesis

work has explored the use of measurement, modelling, and evaluation techniques (alone

and in tandem) in order to develop the understanding of the acoustical behaviour of

sparsely-re
ecting outdoor spaces, and to establish the validity of a variety of soundscape

measurement, auralisation, and evaluation methods. The structure of the following chapters

of this thesis will now be described.

1.4 Thesis Structure

In order for the relevance of the completed thesis work to be understood Chapters 2, 3, and

4 have been written to provide an overview of existing research in environmental sound and
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related acoustic research in order to give an idea the context within which the complete

thesis work exists.

Chapter 2 begins with a study of the fundamental principles of acoustics, providing a knowl-

edge base upon which Chapter 3 and Chapter 4 build, where they provide a comprehensive

review of current research in the �elds of environmental noise and soundscape theory

respectively. This approach deliberately starts with these, arguably `basic', fundamentals

to provide a knowledge base to support the introduction of further theories and ideas.

This is also a worthwhile exercise given the aforementioned interdisciplinary nature of

soundscape research. The inclusion of fundamental background information makes the

topic available to the layman, which is crucial to ensure the ongoing inclusion of people

with a variety of skills in the �eld of soundscape research (artists, for example, to whom

the fundamental properties of sound might not already by known).

The �ndings from this review of the extant literature then inform the environmental sound

measurement work presented in Chapter 5. This chapter includes details regarding the

soundscape recordings made for use in listening tests, as well as the measurement of the

acoustic properties of the caves and gorge at Creswell Crags.

Chapter 6 then presents four listening tests conducted making use of the collected sound-

scape data. These listening tests make use of multiple playback formats and evaluation

tools in order to develop an understanding of the emotional responses evoked by certain

soundscape elements, how these subjective reactions can be measured, and how the presence

of visual features can a�ect these reactions.

Chapter 7 begins with a summary of existing sound modelling methods before presenting

the Waveguide Web (WGW), a novel method for the simulation of sparsely re
ecting

outdoor acoustic scenes.

This thesis then concludes in Chapter 8 where the work presented is summarised, and

the hypothesis is restated and considered in light of the �ndings from the research. The

contributions to the �eld made by the thesis work are also summarised. Areas of future

research based on this work are then considered and some �nal comments from the author

are also given.
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1.5 Summary

An overview of the aims and structure of this thesis has been presented. This has included a

brief summary of the core tenets of soundscape research, and the soundscape methodologies

that will be utilised in this thesis. The problem of environmental noise has also been

identi�ed, and it has been argued that the application of soundscape methodologies to the

evaluation of soundscape recordings will allow for the development of a listener-centric

understanding of environmental sound, and therefore an understanding of environmental

noise beyond objective noise level measurement metrics.

The interdisciplinary nature of soundscape research has also been described, as has the

manner in which this thesis re
ects that fact by its portfolio structure. An hypothesis has

been stated to formalise the aims of this research, and the program of research designed to

support this hypothesis has been outlined.



Chapter 2

Fundamentals of Acoustics

This chapter will cover the fundamentals of acoustic theory, including: the basic properties

of sound waves and their propagation, the mechanisms of the human auditory system and

the perception of sound, and the behaviour of sound in space (including its measurement

in the form of acoustic impulse responses). The purpose of this chapter is therefore to

establish a suitable knowledge base and context within which the rest of this thesis can

be understood. These fundamentals are, of course, of direct relevance to any soundscape

based research, as any listener-centric understanding of sound must be underpinned by an

understanding of the physical properties of sound.

2.1 Basic Properties of Sound

This section covers the fundamental properties of sound. Firstly, the nature of sound wave

propagation in air, followed by an explanation of the relationship between frequency and

wavelength. This section concludes with an examination of methods for quantifying and

measuring sound levels, and the inverse square law.

2.1.1 Wave Propagation in Air

A sound wave is a pattern of vibration in a medium caused by the movement of energy, and

is an example of what is known as a longitudinal wave [17], where the vibrations associated

30



CHAPTER 2. FUNDAMENTALS OF ACOUSTICS 31

with the wave are parallel with the direction of wave propagation1. Figure 2.1 shows this

type of wave movement as represented by the mass spring model (shown here in simpli�ed

one dimensional form), where the masses represent air molecules, and the springs represent

the intermolecular forces [18].

Figure 2.1: The mass-spring model of sound propagation, after [18].

The introduction of a sound wave to this set of particles is represented by a force applied

to one of the masses. For example, if the �rst particle is pushed towards the next one,

the spring between those two particles will compress. This compression will then later be

released as the spring moves the �rst molecule back to its original position. This causes

the spring to stretch out (to rarefy), and forces the next molecule onwards, allowing the

pattern of compression and rarefaction to propagate through the medium.

Figure 2.2 shows a representation of a sound pulse propagating in the material presented

in Figure 2.1. It clearly shows the progression of compression and rarefaction from one end

of the masses to the next. It also shows a key concept regarding movement of sound waves:

it is not movement of the molecules themselves that makes a sound waves, but rather the

movement of pressure di�erential between them due to the changing intermolecular forces.

From this model of sound propagation two factors that determine the speed of sound in a

given material can be inferred:

ˆ Sti�ness. The sti�er the material, the faster sound travels. This is represented by

the sti�ness of the springs.

ˆ Density. The denser the material, the slower sound travels. The is represented by

the density of the masses.

These two factors are represented in the equation for the speed of sound in a given material

[19]:

c =

s
B
�

(2.1)

1The alternative case, a transverse wave, is where the vibrations are perpendicular to the direction of
wave propagation e.g. electro-magnetic waves.
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Figure 2.2: The mass-spring model showing the propagation of a sound pulse through a
material, after [18].

where B is the bulk modulus (Nm� 2), a measure of the strength of the intermolecular

forces in the material, and � is density (kg m� 3) of that material. For a gas:

Bgas = 
P (2.2)

� gas =
PM
RT

(2.3)

where 
 is the Adiabatic gas coe�cient of the particlar gas (1 :4 for air), R is the gas

constant (8:31JK � 1mole� 1), T is the absolute temperature (in K ), and M is the molecular

mass of the gas (kg mole� 1). The speed of sound in a gas therefore given by [20]:

cgas =

r

RT
M

(2.4)

This expression shows that beyond the medium speci�c quantitiesR and M , the only

factor that will alter the speed of sound is temperature. Using this equation the speed of
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speed of sound in air at 20� C can be calculated:

c =

r

RT
M

(2.5)

c =

r
1:4 � 8:31� T
2:89� 10� 2 (2.6)

c = 20:1
p

T (2.7)

c = 20:1
p

273 + 20 � 343:4 ms� 1 (2.8)

2.1.2 Frequency and Wavelength

Whilst Figure 2.2 considers the propagation of a single pulse, the vast majority of sounds

we hear contain some sort of periodic component. The simplest example of a periodic

signal is a sine wave, as it represents vibration at a single frequency.

Figure 2.3 shows an example of sinusoidal behaviour. Here the mass on the far left is being

moved backward and forward at a particular frequency, resulting in a repeating pattern

of compression and rarefactions propagating through the medium. These variations in

pressure can be plotted, indicating the presence of a sine wave.

Figure 2.3: The propagation of sine wave through a material represented by the mass-
spring model, after [18]

The distance between the repeating sections of the wave in Figure 2.3 is know as its

wavelength, denoted by� . Combining this fact with the previously derived speed of sound

in the material, and the period T of a sine wave, the equation for speed as a relationship
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between distance and time (speed =distance
time ) becomes:

c =
�
T

(2.9)

this can be combined with knowledge of the reciprocity betweenT and F (f = 1
T ) to give:

c = f � (2.10)

which describes the similarly reciprocal relationship betweenf and � . Rearranging (2.10)

to make � the subject allows for the calculation of the wavelength of di�erent frequency

components. For example, the wavelength of a 1 kHz sine wave in air at 20� C:

� =
343:4
1000

(2.11)

� = 0 :3434 m (2.12)

2.1.3 Sound Pressure Level and the Inverse Square Law

Sound levels are measured on a decibel (dB) scale in the form of sound pressure level

(SPL) values. SPL measurements indicate loudness relative to the weakest audible sound

(a pressure value of 2� 10� 5 Pa [21]). The dB SPL level of a recorded RMS sound pressure

value is given by [22]:

dB SPL = 20 log10

�
RMS Sound Pressure

2 � 10� 5 Pa

�
(2.13)

Some example noise sources and their associated SPL levels are shown in Table 2.1.

As the decibel is a unit of relative measurement, the di�erence between two recorded

sources can be expressed in relative SPL (L p):

L p = 10log10

�
p1

p0

� 2

= 20log10

�
p1

p0

�
dB SPL (2.14)

where p1 indicates the level currently being measured, andp0 indicates the reference level

[24].
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Sound Pressure Levels Levels (dB SPL)
Weakest sound heard 0 dB Hand drill 98 dB
Whisper quiet library at 6' 30 dB Power motor at 3' 107 dB
Normal conversation at 3' 60-65 dB Sandblasting, live concert 115 dB
Telephone dial tone 80 dB Onset of pain 125 dB
City tra�c (inside car) 85 dB Pneumatic riveter at 4' 125 dB

Train whistle at 500' 90 dB
Level at which short term exposure
can cause permanent damage

140 dB

Jackhammer at 50' 95 dB Jet engine at 100' 140 dB
Subway train at 200' 95 dB 12 Gauge shotgun blast 165 dB
Level at which sustained exposure
may result in hearing loss

90-95 dB Death of hearing tissue 180 dB

Loudest sound possible 194 dB

Table 2.1: Some common environmental sounds and their associated SPLs, after [23].

Whilst Figure 2.1 and Figure 2.2 show the propagation of sound in a single dimension, in

reality sound propagates in three dimensions. As a sound spreads out spherically from its

source it becomes weaker as its energy is spread out increasingly thinly. As such the sound

intensity (power per unit area) is given as function of distance by:

I =
Wsource

Asphere
=

Wsource

4�r 2 (2.15)

where I is the sound intensity in W m� 2, Wsource is the power of the source inW , and r is

the distance from the source in m. This indicates the inverse square relationship between

sound intensity and distance from the sound source. It is important to note however that

(2.15) indicates a theoretically in�nite sound intensity level at the source, which ignores

the fact that all real sources have a �nite area. It also assumes free propagation from the

source in all direction (`free �eld radiation'), which is an assumption that does not hold

for real environments. As such, 2.15 can be rewritten taking into account factorQ which

describes the directivity of the source relative to a sphere:

I =
QWsource

4�r 2 (2.16)

The value of Q is de�ned by the presence of orthogonal boundaries near the source. The

presence of one boundary e�ectively gives hemispherical spreading, two boundaries makes

a half hemisphere, and three boundaries a quarter hemisphere. These states correspond to

Q values of 2, 4, and 8 respectively, as shown in Figure 2.4.
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Figure 2.4: Representations of the approximate directivity factor Q for di�erent orthog-
onal boundary cases, after [24].

2.2 Hearing and Perception

This section contains a brief introduction to human perception of sound, the study of which

is known as psychoacoustics. This includes a description of the human hearing system,

and how it relates to frequency perception and spatial hearing.

2.2.1 The Ear

The anatomy of the ear is formed of three sections: the outer, middle, and inner ear

[18]. Figure 2.5 shows these three sections and their constituent parts. The outer ear

consists of the pinna and the external auditory canal. The many ridges of the pinna

enhance particular frequencies and aid with sound source localisation. The auditory canal

directs incoming sound waves to the tympanic membrane, or eardrum. The auditory canal

introduces further frequency modifying e�ects, with a main resonance around 4 kHz.

The tympanic membrane is the interface between the outer ear and the middle ear, and

transforms incoming vibrations in air into bone vibrations transmitted to the ossicles. The

ossicles are three small bones: the malleus, incus, and stapes. The role of the ossicles is to

act as an impedance converter, receiving vibration from the tympanic membrane which
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Figure 2.5: The anatomy of the ear indicating the outer ear, middle ear, and inner ear,
after [25].

are then delivered to the base of the cochlea with increased e�ective pressure, which is

required due to the higher resistance of cochlear 
uid relative to air.

The cochlea is a coiled structure that receives mechanical vibrations from the stapes at

its base and converts them into nerve �rings identifying the frequency components in the

incoming sound. Running along the length of the cochlea is the basilar membrane. As

shown in Figure 2.6, the basilar membrane resonates along its length at frequencies ranging

from 20 Hz (at the apex) to 20 kHz at its base (a phenomenon �rst identi�ed by Von

B�ek�esy [26]). In this way the basilar membrane can be thought of as atonotopic map

[27], where resonance with di�erent frequencies (or tones) is spread across the surface

topography of the membrane. These resonances then stimulate the Organ of Corti, a set

of hair cells (cilia) distributed along the length of the basilar membrane. As the cilia are

stimulated they trigger a nerve bundle known as the vestibulocochlear nerve, which send

this frequency and timing information to the brain.

Where the resonances of the basilar membrane de�ne the frequency range of the hearing

system, the physiology of the outer and middle ear dictates the hearing system's sensitivity

to di�erent frequencies. This changing sensitivity with frequency can be seen in the

equal loudness contours (Figure 2.7) �rst measured by Fletcher and Munson [28]. Clearly
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Figure 2.6: A simpli�ed diagram of the basilar membrane indicating its resonance with
di�erent frequencies across the hearing range along its length, after [18].

indicated is the particular sensitivity of the hearing system between 2 kHz and 4 kHz

(frequencies within the human vocal range crucial for intelligibility [29]), and decreasing

sensitivity at lower frequencies.

Figure 2.7: Equal loudness contours. The phon is a measure of loudness relative to the
dB SPL level at 1 kHz.

In this �gure, the plotted contours indicate the relative SPLs required for tones at di�erent

frequencies to be perceived equally as loud as a 1kHz tone at a particular reference level.

This is known as the Phon scale.

2.2.2 Spatial Hearing

Having now considered the human auditory system in terms of the way a single ear perceives

pitch and loudness, the way in which humans use two ears (binaural hearing) can now be
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considered.

Figure 2.8 shows a diagram of the human head with the positions of various features of

relevance to an understanding of spatial hearing marked. In this �gure it can be seen that

a sound arriving from a particular direction has associated azimuth and elevation angles,

expressed relative to the horizontal and median planes and their respective axes.

Figure 2.8: A diagram indicating aspects pertinent to the understanding of spatial
hearing.

The following terms are displayed in Figure 2.8:

ˆ The horizontal and median planes. These are e�ectively the references axes within

which the direction of incoming sound can be understood. The horizontal plane

is de�ned by the interaural axis, which bisects both ears, and the `straight ahead'

direction. The median plane is then vertically orthogonal to the horizontal plane,

aligned with the `straight ahead' direction.

ˆ Sound Direction, as de�ned by two angles: an azimuth angle (� ) expressing the

direction in the horizontal plane, and an elevation angle (� ) expressing the relationship

between its vertical position and the horizontal plane.

ˆ The direction of the sound source then determines which ear is referred to as the

ipsilateral ear, which is the ear on the same side of the head as the arriving sound.

The contralateral ear is therefore the ear on the other side of the head to the arriving
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sound source [30]. These terms come from the Latinipse meaning itself, and contra

meaning against.

With these de�ned, the various cues, both directional and distance related, that comprise

the ability to perceive where a sound is coming from can now be considered:

ˆ The di�erence in the time of arrival of a sound at each ear, known as Interaural Time

Di�erence (ITD)

ˆ The di�erence in the amplitude of a sound at each ear, known as Interaural Level

Di�erence (ILD).

ˆ Spectral cues determined by the Pinnae.

ˆ The balance of low and high frequencies in a sound.

ˆ The ratio of direct-to-reverberant sound.

Interaural Level Di�erences (ILDs) are present when the head has a shadowing e�ect on

arriving sound waves, leading to an attenuation in level at one ear relative to the other.

This is due to the arriving sound having wavelengths with dimensions comparable to the

head and features of the head. Figure 2.9 shows how the presence of the head in the path

of a sound wave produces an acoustic shadow at high frequencies (typically 1600 Hz and

above).

Figure 2.9: (a) shows where low frequency sounds interact with the head there is little or
no acoustic shadowing, whereas (b) shows that high frequency sounds with much smaller

wavelengths result in acoustic shadowing, after [24].

Figure 2.9 also shows that where the wavelengths associated with the incoming sound

are large when compared with the head, there is little acoustic shadowing. For lower
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frequencies then, binaural localisation relies on Interaural Time Di�erences (ITDs). Figure

2.10 shows a simpli�ed model of the path di�erence introduced by the head that lead to

these timing di�erences, where the path di�erence is dependent on the size of the head,

and the angle of incidence of the sound source.

Figure 2.10: A simpli�ed model of Interaural Time Di�erence (ITD) showing how the
angle of incidence of the sound source and the size of the head introduces a path di�erence

between sound arriving at each ear, after [18].

The diagram in Figure 2.10 can be used to derive Woodworth's formula [31] which can be

used to estimate ITD for a head of a given size:

L 1 = r sin(� ) (2.17)

L 2 = r� (2.18)

Path di�erence, P = L 1 + L 2 (2.19)

P = r sin(� ) + r� (2.20)

ITD =
P
c

=
r
c

(sin(� ) + � ) (2.21)
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where c is the speed of sound. Using this formula a maximum theoretical value for ITD,

ITD max can be approximated (where r = 875mm,c = 340ms� 1, and � = 90 � ):

ITD max = 660� s (2.22)

Given this maximum value for ITD it is clear that, for frequencies with time period above

this value, localisation ambiguity will occur due to the reduced phase di�erence between

the signals reaching the two ears. This lowest frequency of ambiguity is therefore:

Lowest frequency of ambiguity =
1

ITD max
� 1:5kHz (2.23)

Above this frequency ILD cues therefore become more important for sound localisation.

The Duplex theory [32] states that only ITD and ILD cues are required for localisation.

However, this neither accounts for localisation in the median plane, nor for how pinnae

cues are used to reduce the impact of the `cone of confusion' which can be seen in Figure

2.11.

Figure 2.11: A demonstration of the cone of confusion and the ring of confusion as
determined by ITD and ILD cues. Indicated by the blue circle is an example sound source
position on the cone and ring that would require additional cues in order to determine its

location.

The `cone of confusion' as shown here is an illustration of sound source locations that will

result in the same ITD. A sound source on a circle of the cone also has the same ILD. Cues

from the pinnae are then used to localise the source at a single point. It is also important

to consider that when listening in order to localise a sound an individual will turn and tilt

their heads, in order to modify and minimise the ITD and ILD cues to identify the source

of the sound more e�ectively.
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2.3 Room Acoustics

Having now covered the basic properties of sound waves and their movement in air, as well

as the fundamentals of sound perception, the behaviour of sound in physical environments

will now be examined. This behaviour has typically been studied in the context of room

acoustics, due to the importance of the acoustic design of concert venues and lecture

theatres. This section will examine three main areas of room acoustics literature: acoustics

impulse responses, room modes, and reverberation time calculation.

2.3.1 Acoustic Impulse Responses

An acoustic Impulse Response (IR) can be considered as the `acoustic �ngerprint' of a

space, and describes the response of a space to sound within it. IRs are often used to add

arti�cial reverberation to a sound through the use of convolution [33]. This technique is

often employed for either the realistic auralisation of an acoustic scene [24], [34], or for

artistic/musical purposes [35], [36]. The impulse response of any linear, time-invariant,

system is de�ned by its output following an impulse at its input. An impulse is de�ned by

the � -function:

� (t) =

8
><

>:

1 ; t = 0

0; t 6= 0
(2.24)

The Fourier transform of the � -function is given by:

F [� (t)] =

1Z

�1

� (t)e� j!t dt (2.25)

The frequency spectrum of the� -function is 
at across all frequencies. Due to the rapid

temporal response required, faithful reproduction of an impulse can be very di�cult.

Impulse-like sound sources, such as gunshots and balloon pops, can be used as the input

signal for IR recording [37], but these sources are not repeatable, do not o�er true impulses,

and their own spatial and acoustic properties will a�ect the recorded results. This means

that when recording IRs using such methods the environment will not be excited equally at

all frequencies or in all directions, which are requirements for impulse response recording

(as de�ned in ISO 3382 [38]). This being said, chapter 5 will show the use of a starter pistol
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for IR measurement to be suitable in certain situations, depending on the application of

the recorded IRs. Figure 2.12 shows the time and frequency domain plots of the� -function.

Figure 2.12: (a) Time and (b) frequency domain representation of the� -function.

An alternative sound source for impulse response measurement is an Exponential Sine

Sweep (ESS) [39]. An exponential sine sweeps(t) can be reproduced by a loudspeaker in a

recording space, exciting it at many frequencies sequentially over an extended time period.

This sweep will typically cover the range of human hearing (c. 20 Hz - 20 kHz). The input

sine sweep can then be deconvolved from the recorded result of introducing it into the

space, giving the IR.s(t) is given by:

s(t) = sin

2

4 ! 1:T

ln
�

! 2
! 1

� :
�

e
t
T :ln

�
! 2
! 1

�

� 1
�

3

5 (2.26)

where T is the length of the sweep,! 1 is the start frequency, and ! 2 is the end frequency.

Whilst the ESS method can su�er from certain issues, including pre-ringing in the resultant

impulse at low frequency before the arrival of the direct sound pulse, and sensitivity

to abrupt impulsive noises during the measurement process (which result the presence

of reverse sweeps in the IR) and non-linearities in the signal chain, it can o�er greater

signal-to-noise ratio than the use of impulsive sound sources or linear sweeps, and is free of

the time-ambiguity aliasing errors associated with the maximum length sequence (MLS)

method [40].

It is often desirable to use one very long sine sweep for IR measurement, ideally with

an omni-directional sound source. Use of a longer sine sweep results in an increased

signal-to-noise ratio [41] (although this does increase the risk of interference), and the use

of a single sweep avoids possible averaging errors associated with the use of multiple sweeps
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[42]. Use of an omni-directional source is desirable in order to excite the space acoustically

equally in all directions.

However, typical omnidirectional sources are expensive, can su�er from attenuated bass

response [43], and are usually designed for band limited noise excitation [44]. A directional

source can therefore be used to approximate an omnidirectional one by taking multiple

recordings at the same position, rotating the sound source to a di�erent angle for each

measurement. These results can then be summed and normalised to emulate the use of a

single omnidirectional source [41].

Whilst there has been considerable work regarding impulse response recording and sound

propagation indoors, there has been relatively little has concerning the acoustic impulse

responses of outdoor spaces [45]. Work conducted in the city of York considered the acoustic

properties of a street historically used for dramatic performances, and showed that the use

of a sine sweep for impulse response recording is a suitably robust method for use in outdoor

measurement work [46]. Other work in this area has investigated sound propagation in

urban environments [47] and forests [48], including recording impulse responses in Koli

National Park, Finland [41].

Figure 2.13 indicates the three primary sections of an idealised2 IR. The direct sound is

the initial acoustic wave reaching the receiver from the source, following the straight line

path between source and receiver. Early re
ections are distinct echoes of the direct sound,

formed by re
ections from the surrounding geometry that result in longer propagation

paths. These are followed by the reverberant tail section, where the acoustic energy has

di�used into the space and there are no longer distinct re
ections reaching the receiver,

resulting in a statistically determined decay.

Acoustic Absorption Coe�cient

The dimensions of the environment de�ne the time of arrival of early re
ections, and

the later reverberation, but the tonal character of these re
ections is also a�ected by the

acoustic absorption properties of the surface materials. This is de�ned by a surface's

acoustic absorption coe�cient � at various frequencies, which is in
uenced by various

2An impulse response recorded in a bounded space, with a single point source, a single point receiver,
and line-of-sight between the two.
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Figure 2.13: A simpli�ed IR, indicating the three main sections: the direct sound, the
initial distinct echoes of this sound in the form of early re
ections, and the late tail of

echoes forming the reverberation section. After [18].

factors, including the thickness of the material and its porousness [26]. Table 2.2 gives

some example� values. These values are bounded between 0 and 1, where 0 represents no

absorption, and 1 represents total absorption.

Materials
Acoustic Absorption Coe�cient ( � )

125 Hz 250 Hz 500 Hz 1 kHz 2 kHz 4kHz
Brick - Unglazed 0.03 0.03 0.03 0.04 0.05 0.07
Ordinary Window Glass 0.35 0.25 0.18 0.12 0.07 0.04
Plaster on Lath (rough �nish) 0.14 0.10 0.06 0.05 0.04 0.03
Plaster on Lath (smooth �nish) 0.14 0.10 0.06 0.04 0.04 0.03
Carpet on Concrete 0.02 0.06 0.14 0.37 0.60 0.65
Open Doors and Windows 1 1 1 1 1 1

Table 2.2: The acoustic absorption coe�cients ( � ) of some example materials at di�erent
frequencies, after [49].

2.3.2 Room Modes

Where an environment is excited by an acoustic source, the physical dimensions of that

environment will result in resonances at particular frequencies which have wavelengths

corresponding to those dimensions. These resonances, at least when considering indoor
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sound, are known as room modes. The simplest environment to consider in order to

understand the frequencies at which resonances occur is a cuboid `shoebox' room. Figure

2.14 shows the three types of modal paths present in such a space, where resonances are set

up with soundwaves re
ecting o� of multiple surfaces. Resonances are found at frequencies

that have corresponding half wavelengths equal to the modal path length.

Figure 2.14: (a) Axial, (b) Tangential, and (c) Oblique modal paths in a cuboid room.

The frequencies of the room modes (f xyz ) illustrated in Figure 2.14 can therefore be

calculated using the following equation:

f xyz =
c
2

r � x
L

� 2
+

� y
W

� 2
+

� z
H

� 2
(2.27)

where c is the speed of sound,L; W; H are the length, width, and height of the room, and

x; y; z are the number of half wavelengths between the surfaces (0; 1; 2; : : :) [50]. Whilst

2.27 only describes the modes for cuboid rooms, it represents concepts that can be applied

to irregularly shaped rooms in order to estimate the room modes present in such a space.

2.3.3 Room Acoustic Parameters

Acoustic impulse responses, as de�ned in section 2.3.1, have a variety of metrics associated

with them (e.g. those outlined in ISO-3382 [38]). This section will consider the following

parameters: reverberation time, early decay time, de�nition, and clarity.

Reverberation Time

Reverberation time (RT60) is de�ned as the time taken for the impulse response to reach one

millionth of its initial intensity, equivalent to � 60dB [51]. The �rst method for calculating
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the reverberation time of a room was developed by Wallace Clement Sabine following his

work on improving the Fogg Lecture Hall at Harvard in 1895 [52]. Through this work he

established `appropriate' acoustic properties. For example, a reverberation time of 2-2.25

seconds is ideal for a concert hall3, whereas for a lecture a reverberation time of under

1 second is desired. As a result of this work Sabine was hired as acoustic consultant for

Boston's Symphony Hall in 1900.

As well as developing these guidelines for reverberation time, Sabine developed an equation

for the calculation of a room's reverberation time [53]:

Tr = 0 :161
V
A

(2.28)

where the reverberation time Tr is determined by room volumeV and e�ective surface

area A. This e�ective surface area is sum of products of each area covered by particular

material:

A =
nX

i +1

� i A i = � 1A1 + � 2A2 + : : : + � nAn (2.29)

where � i is the acoustic absorption coe�cient of surface A i , and the unit of measurement

for � i A i is the Sabin.

Whilst Sabine's �ndings were ground-breaking (and can still prove useful), following the

advent of recording technology new, more reliable, methods have been developed to measure

reverberation time. In 1964 Manfred Schroeder of Bell Labs developed a new method for

RT60 calculation. Schroeder introduced the Energy Decay Curve (EDC, sometimes known

as the Schroeder curve) which is the reverse time integral of the squared impulse response.

This gives a smooth curve describing the total signal energy in the impulse response

over time, which can then be used to estimate reverberation time [51].RT60 values are

calculated by extrapolation from the EDC, for example between the� 5dB and � 35dB

points (giving what is known as a T30RT60 value) or between the� 5dB and � 25dB points

3Faster and more intricate pieces of music, by composers such as Frank Zappa and Phillip Glass will be
better served by a shorter reverberation time relative to the sweeping romantic works of, for example, Arvo
P•art and Sunn 0))).
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(known as T20) [54]. Figure 2.15. shows gives an example of this process �nding the T30

RT60 value of an IR recorded at York minster.

Schroeder's method of reverberation time calculation remains in use today, alongside a host

of other tools for measuring characteristics of impulse responses (such as those outlined in

ISO-3382 [38], or Farina's set ofAurora plug-ins for Adobe Audition [56]). It is also worth

noting that the formulation of the EDC can vary slightly depending on the signal-to-noise

ratio (SNR) of the IR under analysis, but the process remains similar to that presented in

Figure 2.15. Reverberation time measurements are typically made for multiple frequency

bands [54]. This section will now examine some of the other parameters that can be

calculated for impulse responses.

Early Decay Time

The EDT parameter (Early Decay Time) is calculated by taking an IRs EDC and making

a linear extrapolation of the from the �rst 10 dB of decay to the -60 dB point. This

parameter gives a measure of the decay of the initial section of the IR, and has been shown

to be well aligned with perception of reverberation time (due to the perceptual importance

of the initial characteristics of an IR [57]).

De�nition

De�nition ( D50) is an expression of the early to total sound energy ratio, where the early

time is de�ned as the �rst 50ms of the IR (hence the subscript 50). De�nition values are

calculated by:

D50 =

R0:05
0 p2(t)dt
R1

0 p2(t)dt
(2.30)

where p is the sound pressure level, andD50 is expressed as a percentage. The top limit

of the numerator integral can be modi�ed to change the de�nition of the duration of the

early time parameter (e.g. 0.03 for aD30 parameter and an early time of 30ms.
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Figure 2.15: Plots showing the stages in �nding the T30 RT60 value of an IR. The IR
used in this example was recorded in the York Minster and was taken from OpenAIR
[55]. (a) Shows the time domain waveform of the IR. (b) Shows the logarithmic squared
version. (c) Adds the Schroeder curve, which is generated by reverse integration of the log
squared IR (b). (d) Indicates the -5dB and -35dB points on the Schroeder curve used in
T30 RT60 measurement. (e) Shows hows these points are used to extrapolate to the -60
dB to �nd the RT60 reverberation time. Note this example makes use of the broadband
impulse response, whereas, typically,RT60 values are calculated separately for multiple

octave bands.



CHAPTER 2. FUNDAMENTALS OF ACOUSTICS 51

Clarity

Clarity ( C50) is a measure of intelligibility of sound in a space (e.g. speech). A high value

of clarity indicates a good level of intelligibility. Clarity is de�ned as the logarithmic ratio

of early-to-late energy in an IR (i.e. it is a logarithmic expression of De�nition) and is

calculated by:

C50 = 10 log

0

B
@

R0:05
0 p2 (t )d tR1
0 p2 (t )d t

1 �
R0:05

0 p2 (t )d tR1
0 p2 (t )d t

1

C
A (2.31)

giving a value expressed in decibels (dB). As with De�nition the subscript value indicates

the early time parameter used.

2.3.4 Convolution

IRs can be used to make a recording sound as if it was made in the IR measurement

space. This is achievable through the a process known as convolution, making use of the

convolution integral [58], which for two functions x(� ) and h(� ) is expressed as:

y(t) =

1Z

�1

x(� )h(t � � )d� (2.32)

where t represents a time shift. The four steps identi�ed by this integral are:

1. Re
ect: h(� ) ! h(� � )

2. Shift: h(� � ) ! h(t � � )

3. Multiply: h(t � � ) by x(� )

4. Integrate: y(t) is area under product of h(t � � ) and x(� )

Performing this integral over all values of t required to fully `slide' h(� ) acrossx(� ) results

in the convolution of the two signals. The convolution integral can be expressed in its
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discrete time domain form as :

y[t] =
1X

� = �1

x[� ] � h[t � � ] (2.33)

Figure 2.16 shows an example convolution of an audio signal (some synthesised drum beats)

with an impulse response.

Figure 2.16: An example convolution of waveform (a) with impulse response (b), resulting
in waveform (c). Sound �les (a) and (b) from OpenAIR [55].

It can be seen that the convolution `adds' the acoustic properties of the impulse response

to each drum beat, resulting in a waveform that makes the drums sound as if they had

been recorded in the impulse response recording space.
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2.4 Summary

This chapter has presented a summary of the fundamentals of acoustics, providing a context

for the further chapters in this thesis. This included the nature and behaviour of sound

waves, their perception by via the human auditory system, and the behaviour of sound in

indoor spaces. It was shown that the behaviour of sound in a space can be quanti�ed in the

form of an IR, and these can be analysed in order to extract various parameters quantifying

the perceptual qualities of the space. An understanding of all of these areas is crucial for

successful soundscape based research. The next chapter will build on some of this chapters

content and will cover the phenomenon of environmental noise, its characterisation and

measurement, and methods for its abatement and control.



Chapter 3

Environmental Noise

Before talking about noise it is worth trying to understand what the word actually means.

It is possible to de�ne noise as`unwanted sound', or sound `out of place' [59]. These

characterisations of noise are in accord with a strict signal processing de�nition of noise:

interference of a desired signal. Such de�nitions certainly align with the derivation of

the word itself, which has roots in nauseaand noxia [13]. Incidentally, in 2007, Trevor

Cox found the sound of vomiting to be amongst the least popular noises in a study of

unpleasant sounds [60].

Acoustic noise can therefore exist in a variety of contexts, including communications and

music [7]. This thesis is focussed on understanding various aspects of environmental sound,

and as such the type of noise most relevant here is environmental noise, where noise is a

form of pollution resulting from transport, industry, and recreational activities [12].

As this chapter will show, exposure to environmental noise can have e�ects that are physical,

physiological, and emotional, and that the extent of these e�ects has deepened as noise

pollution has become an increasingly big problem [61]. It is important to note that the

e�ect noise can have is dependent on the life experiences and outlook of an individual.

Indeed it has been argued that a certain amount of environmental noise is required to give

meaning to a location, and to make it inhabitable in its representation of the presence

of human society [8]. A totally `silent' environment is more unsettling than a noisy one,

representing a dangerous environment not �t for habitation [62].

54
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The subjective nature of an individual's experience of noise therefore makes the creation

of a comprehensive de�nition of noise exceptionally di�cult. Indeed, without a listener

present to experience it, noise cannot take on any real meaning [8]. The introduction of

listeners to a noisy environment introduces the fundamental problem of noise de�nition:

what may be considered as noise by one individual is not necessarily noise to another [7].

This inherently subjective element of noise (i.e. theexperienceof noise) is essentially what

has necessitated the birth of the �eld of soundscape research.

This chapter builds on the content covered in Chapter 2 where the fundamental aspects

of sound, its behavior in space, and its perception, were covered. This chapter will now

consider existing methods for the control and abatement of noise. The e�ects of noise are

then examined, followed by methods for the measurement and quanti�cation of noise. One

method for controlling noise, the use of noise barriers, is then considered. This chapter

will therefore set up and understanding of the problem of environmental noise which will

provide a context for the soundscape theories and methodologies covered in Chapter 4.

3.1 Noise Control

Noise control legislation has been in existence since ancient times. Juvenal, a Roman poet,

described the problem of tra�c noise in his time [7]:

`What sleep is possible in a lodging in Rome? Only those with great wealth

can sleep in the city. Here is the reason for the trouble. The movement of

four-wheeled wagons through the narrow, winding streets, the clamorous outcries

of the cattle drovers when brought to a standstill would be enough to deprive

even General Drusus of his sleep.'

- Juvenal, Satire 3 [63]

As a remedy for this problem, Julius Caesar passed a law in 44 BC prohibiting the

movement of wagons in the city during the daytime [8]. The restriction of daytime rather

than night-time tra�c indicates the balance of power towards the rich and powerful, who

would be able to retire to their villas away from the bustle of the city at night-time, so
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would not want their daytime experience in the city interrupted by noise. Whilst this does

not represent hugely successful noise control, it illustrates that noise in urban environments

is by no means a modern problem, and that developing a solution depends on distribution

of wealth and in
uence.

With the rapid growth of cities and town following industrialisation, noise levels from

industry and city inhabitants have risen signi�cantly over the past few centuries. Perhaps

the earliest example of modern noise abatement legislation is a result of Julia Barnett

Rice's work in New York. Her antipathy towards the social, and therefore (to her mind)

unnecessary, use of tugboat steam whistles resulted in the passing of the Bennett act in

1905, prohibiting such behaviour [7]. She then went on to form the New York Society

for the Suppression of Unnecessary noise, which resulted in several successful policies,

including control of �reworks as part of independence day celebrations, and the creation of

quiet zones around schools and hospitals [8].

New York was also home to a pioneering study as part of Noise Abatement Commission in

1930. This involved a truck equipped with recording equipment driving through the various

boroughs of New York, taking around 10,000 observations at 138 di�erent locations [64].

These recordings were used to generate a taxonomy of urban noise, as shown in Figure 3.1.

These pioneering works of noise legislation mark signi�cant breakthroughs in the extension

of anti-noise campaigning beyond personal consideration or societal bias, and represents a

movement towards a framework for identifying urban noise sources, and distinguishing the

di�erence between necessary and unnecessary noise. These are the principles upon which

all modern noise legislature is based, with examples including ISO 1999, ISO 1996, ISO

9613, BS 4142 [24], and the European Noise Directive (END) [65]. The END was adopted

in 2000 and identi�es a common approach for EU countries to follow in order to assess and

manage environmental noise, including sharing relevant information with the public.

Besides explicit legislation other work has been conducted to encourage people to engage

with and understand the noise that they themselves create, for example the noise code

developed by Keizer allowing people to identify the noise they produce, and actions they

can take to reduce it [61]
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Figure 3.1: Urban noise taxonomy from the Noise Abatement Commission 1930 study,
from [64].

Whilst there is variation between these directives, there are four typical approaches to

environmental noise control: reduction at source, separation (increased source-receiver dis-

tance, often achieved by `zoning', for example where industrial areas are located away from

cities and residential areas [66]), administrative controls (specifying limits on operational

hours, restricting certain activities), and screening [24].

3.2 E�ects

Environmental noise can have signi�cant negative e�ects on human health. These e�ects

can be both auditory and non-auditory, and are a well known problem. For example, in

1909 a project in New York allowed children to make pledges regarding their behaviour,

including mitigating noise making around hospitals [67]:
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\I o�er up this sacri�ce so as to comfort the sick near hospitals and any

place I know where sick persons are, and to prevent all sorts of noise that are

not necessary"

Figure 3.2 indicates some of the e�ects of noise which will now be discussed in further

detail.

Figure 3.2: Select e�ects of noise, from [68].
.

3.2.1 Auditory E�ects of Noise

Whilst environmental noise is less likely to cause hearing damage than noise due to

occupational hazards (e.g. the use of heavy machinery) or leisure activities (e.g. attending

a loud rock concert) [24], sustained exposure to noise levels can result in permanent

impairment to the auditory system. Permanent hearing loss is referred to as permanent

threshold shift (PTS), which results from continuous exposure to sounds sources greater

than 80 dB(A) 1 [69].

1The precise meaning and formulation of decibel measurement such as this will be covered later in this
chapter.
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Temporary threshold shift (TTS) is the decreased sensitivity of the ear to certain frequencies

for a short period of time, with the recovery dictated by the age of the individual, and the

nature of the sound source [70]. The frequency range at which PTS and TTS are most

likely to occur is around 1kHz - 4kHz (as shown by the ELC plot in Chapter2, the range

at which the auditory system is most sensitive [18]. A common symptom experience as

a result of hearing impairment is Tinnitus, where su�erers hear sounds with no external

cause, typically experienced as a ringing or buzzing [71]. It is a result of symptoms such as

these that noise has come to be recognised as a form of pollution which can have severe

health e�ects [72].

3.2.2 Non-Auditory E�ects of Noise

The main categories of non-auditory e�ects of noise, as listed in Stans�eld and Matheson's

paper in the British Medical Bulletin [72], are:

ˆ Increased annoyance, and resultant social behaviour issues.

ˆ Sleep disturbance.

ˆ Impaired task performance.

ˆ Increased risk of cardiovascular disease.

ˆ Increased risk of psychiatric disorder.

Whilst the degree to which noise has an e�ect on these symptoms is in some cases debatable,

perhaps of most interest from an experimental standpoint is what physical measures might

be applied to assess the body's response to the non-auditory e�ects of noise. Following the

stimulation of the auditory system, acoustic information is transmitted via the reticular

formation to the Hypothalamus [73]. Figure 3.3 shows the anatomy of the brain and the

positions of the Hypothalamus and the reticular formation within it.

Stimulation of the hypothalamus by noise results in certain e�ects being transmitted

through the pituitary gland and onto various organs, as well as to the autonomic nervous

system (ANS). The ANS is the `vegetative' part of the human nervous system, only partially

under concious control, that is regulated in part by the hypothalamus. Stimulation of the
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Figure 3.3: Diagram of the brain indicating various areas including the positions of the
Thalamus and the Reticular Formation, from [74].

.

ANS can have a variety of side e�ects due to the release of adrenocorticotropic hormone

(ACTH), a hormone produced in response to stress. ACTH stimulates the adrenal cortex,

resulting in the release of adrenocorticoids which have the following e�ects (amongst others)

[75]:

ˆ Interference with metabolism.

ˆ Decreased resistance to infection.

ˆ Dissolution of lymphoid tissue.

ˆ Reduction in �broplast production, inhibiting wound healing.

ˆ Elevation of cholesterol levels.

ˆ Vasoconstriction and enlargement of the cardiovascular ventricles.

As these non-auditory, physical, e�ects of noise are primarily associated with stress, there

has been several previous studies attempting to make use of physiological measurement

to quantify the stress cause by exposure to noise. This has includes the measurement of

galvanic skin response, heart and respiratory rate, saliva cortisol levels and EEG recording

[76]{[78].

Whilst Hume et al. found no signi�cant relationships between such physiological measures

and subjective evaluations of the pleasantness and stressful nature of sounds [76], there have
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been multiple other studies indicating the opposite to be true. Bradley and Lang found a

relationship between di�erent emotional and arousal content of stimuli and changing heart

rate and skin conductance [79]. Gomez et al. [80] found respiratory rate (RR) to become

faster with increasingly arousing stimulus. Results from Magnetic Resonance Imaging

(MRI) experiments have also indicated increased emotional response to a highly rated

(whether positively or negatively) soundscape relative to a neutral one [81]. In Chapter 6

results are presented making use of heart rate measurements as part of a listening test.

Ultimately it is important to acknowledge that noise has a variety of potential negative

e�ects on health, which can be auditory or non-auditory, and which depend on the level

and duration of noise exposure. It is a health issue to the point where its e�ect can be

quanti�ed as Disability-Adjusted-Life-Years (DALYs), which quantify the impact of noise

[82] in terms of its medical rami�cations cost and reduction of life expectancy as well as

�nancial cost. How to correctly calibrate such a measurement is, of course, open to debate,

but the very existence of the DALYs metrics indicates the severity of the issue.

3.3 Measurement

Noise measurement quanti�es noise sources in terms of SPLs, as introduced in Chapter 2.

When evaluating such SPL measurements, it is important to consider if any weighting

curve has being applied, and what other parameters are being used. Weightings are used

to prioritise di�erent frequency bands in the calculation of an overall SPL measurement.

An example of perhaps the most commonly used weighting, known as A-weighting is shown

in Figure 3.4.

These weighting curves are used to approximate the relative loudness perceived by the

human ear at di�erent frequencies [84], prioritising high frequencies. A-weighting is the

most common weighting used, and is speci�ed in many directives including the END

[65]. Various other SPL metrics, as de�ned in the International Standards Organisation

document of noise level measurement [85], are shown in Table 3.1.

One problem with such measurements is the 
uctuation in de�nitions of the di�erent

periods of the day between countries and seasons, which indicates how the variety of SPL
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Figure 3.4: The A-weighting curve, as de�ned in [83].

Descriptor De�nition

LAeq;T
A-weighted equivalent continuous sound pressure level over time
period T.

LAmax

The maximum A-weighted sound pressure level in a given mea-
surement period. This can be be expressed as eitherLAmaxS , a
`slow' measurement averaged over 1 second; orLAmaxF , a `fast'
measurement averaged over 0.125 seconds.LAmin makes use of the
same data and identi�es the minimum A-weighted sound pressure
level.

Lx

The noise level exceeded for x% of the measurement period. Com-
mon values used are: 90, which can be used as an indicator of
background noise; 50, which gives a median value of 
uctuating
noise levels; and 10, which is sometimes used in tra�c noise mea-
surement.

LDEN

This is known as the `Day Evening Night' level and is used to ex-
press the noise levels over a 24 hour period calculated by weighting
the noise levels recorded in the day, evening, and night periods. It
is given by:

LDEN = 10 log
24

�
(12 � 10

L Day
10 + 4 � 10

L Evening +5

10 + 8 � 10
L Night +10

10

�

[65].

Table 3.1: Some noise level descriptors as given in [85].
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measurement methodologies can make the direct comparison between results of di�erent

studies di�cult.

Other examples of extracting information from SPL measurements include measuring the

number of `emerging peaks' in a recording, where an emerging peak is identi�ed as 5 dBA

above the L90 value. The rate of these peaks REm can be calculated by comparing the

time of these peaks TEm with total time [86]:

REm =
TEm

Total Duration
(3.1)

A similar measure of more discrete noise events is the Noise and Number Index (NNI),

designed by the Wilson committee to quantify the subjective noisiness of aircraft, and

the recurrence of aircraft noise at di�erent times of day [87]. It de�nes annoyance as

proportional to the average peak recorded noise level L and the logarithm of the number

of occurrences, N:

NNI = L + 15 log N � 80 (3.2)

For example, if the average peaks level is known to be 100 dB, and the total number of


ights is recorded as 110, the NNI is given as:

NNI = 100 dB + 15 log(110) � 80 (3.3)

= 100 + 15(2:04) � 80 (3.4)

= 100 + 30:62� 80 (3.5)

NNI = 50 :62 (3.6)

The NNI scale ranges between 0 and 60, with a value above 50 indicating an unreasonable

level. The subtracted value of 80 is derived from a social survey which indicated that an

average peak noise level of 80 dB corresponds to a noise annoyance factor of zero [88].

The NNI is limited as it provides no information regarding the duration of noise, but was

created as an empirical measure following a survey of noise annoyance due to overhead

aircraft [89].

A limitation of SPL measurements is that the weighting applied can result in underestima-

tion of the e�ect of low frequencies, or overestimation of the impact of higher frequencies.



CHAPTER 3. ENVIRONMENTAL NOISE 64

As such, the spectrum gravity centre (centroid) G of an SPL recording can be calculated

by:

G =

P

i

h
10

L i
10 � B i

i

P

i

h
10

L i
10

i (3.7)

where i indicates the frequency bin number,L i is the SPL measurement at that frequency,

and B i is the frequency value of that bin [24]. This can given an indication of frequency

weighting present in the noise source itself, which may in
uence the choice of weighting

curve used in further analysis.

Once a set of noise measurements have been collected, a method is required to present the

information in a useful way. One common method for presenting recorded noise levels is

sonic cartography, also known noise mapping.

3.3.1 Noise Mapping

Noise mapping is the process whereby a set of noise measurements taken at a number of

sampling positions are evaluated, and extrapolated from, to allow noise level contours to be

overlaid on a map of the space [90]. An example noise map of York is shown in Figure 3.5.

Figure 3.5: An example of a noise map of York showing LDEN values, from [91].

Whilst noise mapping allows for the illustration of particularly noisy areas of a particular

environment, its usefulness beyond that can be limited. This is partially due to the
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limitation of SPL measurements generally where indication of loudness does not necessarily

give an idea as to what an area sounds like. Indeed such work can be limited in its

usefulness in describing real-world scenarios due to the a reliance on computer modelling

because of the lack of a su�cient number of actual noise measurements [61]. It is also

important to consider that these maps often only consider tra�c or rail noise and do not

necessarily take into account noise made by human beings [92].

One way to mitigate this problem is the inclusion of perceptual and/or subjective informa-

tion as part of the noise mapping process. WideNoise [93] is an app that allows users to

make recordings at certain locations and upload them to a communal map. This noise

level measurement is accompanied by subjective evaluation of the noise at that location,

rating it in terms of the following categories: love/hate, calm/hectic, alone/social, and

natural/man-made. This adds context to the level measurements that could o�er greater

insight into the the acoustic experience of the location than noise level measurement

alone. For example, an area with a higher recorded noise level could have a more pleasant

atmosphere, and therefore be a nicer environment than another area with a lower objective

level measurement. Figure 3.6 shows an example.

Figure 3.6: Screenshot of the WideNoise map, focused on Euston station, from [90].
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One problem with WideNoise, and other similar crowd source noise surveys (e.g. the Noise

Nuisance app [94]), is the potential for variation in the level recordings, due to di�erences

between (and limitations associated with) the recording hardware used, and the lack of

user training. The added subjective information, whilst potentially illuminating, can result

in an overloaded and confusing noise map, especially when viewed by non-professionals

[95]. Chapter 6 will show how subjective ratings similar to those shown in Figure 3.6 can

be used for the evaluation of recorded soundscapes.

3.4 Noise Barriers

One method for reducing the impact of noise sources is the use of noise barriers. Noise

barriers are structures that prevent sound transmission, through acoustic re
ection and

absorption [24]. In order to have any signi�cant e�ect, a noise barrier is required to

interrupt the line of sight between noise source and receiver [96]. In its simplest form, a

noise barrier is a rigid wall that e�ciently re
ects sound. A rigid barrier reacts to various

frequencies in di�erent ways, changing the transmission loss (i.e. the reduction in noise level

associated with the presence of the barrier) associated with it. A graph of this changing

transmission loss with frequency is shown in Figure 3.7.

Figure 3.7: The frequency response of the transmission loss associated with a rigid
barrier, after [97].

At particularly low frequency (in the `sti�ness region') the sti�ness of the barrier material

dictates the transmission loss [98]. At slightly higher frequencies the resonance of the
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barrier will dictate the transmission loss. The lowest resonance frequencyf r of such a

barrier can be calculated by:

f r = 0 :454hvb

�
1
x2 +

1
y2

�
(3.8)

where the resonant frequencyf r is determined by barrier thicknessh, wave velocity in

barrier material vb, and the barrier dimensionsx and y [98]. Above the barrier's resonant

frequencies, in the `mass controlled region' there is an increase in transmission loss with

frequency at a rate of about 6 dB per decade, followed by a dip in transmission loss due to

the coincidence e�ect where incoming sound waves coincide with di�racted sound waves

and interfere constructively. The frequency at which this e�ect is most prominent is the

critical frequency f c:

f c =
c2

1:8hcb
(3.9)

where c is the speed of sound in air,h is the barrier thickness, andcb is the speed of sound

in the barrier material [99]. Straight edge noise barriers are limited in their usefulness due

to the sheer size required, and lack of e�ectiveness at particularly high and low frequencies

[96]. Noise barriers can be designed in various shapes, as shown in Figure 3.8.

Figure 3.8: Examples of noise barrier pro�les: (a) Conventional (b) Thick pro�le (c)
T-Pro�le (d) Y-Pro�le (e) Arrow-Pro�le (f) Curved. After [24] and [100].

An alternative to traditional noise barrier design is the Sonic Crystal. The Sonic Crystal

was `discovered' by Martinez-Sala after noticing acoustic e�ects as a result of a sculpture

by Eusebio Sempere [101], which can be seen seen in Figure 3.9.

A Sonic Crystal is an acoustic `meta-material' that consists of solid elements periodically

spaced in air. A wave propagating within the crystalline structure created by this arrange-

ment will be scattered as it interacts with the elements, resulting in phase interference

[103]. This behaviour results in a pattern of standing waves in the sonic crystal, giving rise
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Figure 3.9: Eusebio Sempere'sOrgano, an example of a sonic crystal. From [102].

to a transmission band gap [104]. The frequencies at which peaks in scattered intensity

occur are described by Bragg's Law:

2dsin � = n� (3.10)

where n is the re
ection order, � is the wavelength of the incident wave,� is the scattering

angle, andd is the lattice spacing (as shown in Figure 3.10) [105]. This behaviour allows

sonic crystals to be used to ameliorate the acoustic properties of their environment, with

the added bene�t of visual intrigue.

Figure 3.10: Bragg's Law in a 2D lattice, after [106].
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Plants and vegetation are an alternative material to use for the creation of noise barriers,

as they have been found to be e�ective in dispersing sound energy [107]. This could include

the use of foliage for the absorption of high frequencies [108], a band of vegetation acting as

a noise barrier [109], or even a set of trees planted in such a way to act similarly to a sonic

crystal [110]. A patch of woodland will have noise screening properties de�ned primarily

by three factors: the ground e�ect, scattering from trunks and branches, and absorption of

high frequency energy by foliage (where the scattering can be seen as random, allowing

phase information to be ignored) [111], [112]. Chapter 7 goes on to present a novel method

for modelling this behaviour as an example of a sparsely re
ecting outdoor acoustic scene.

3.5 Summary

This chapter has presented information regarding environmental noise, its de�nition, e�ects,

and evaluation. As established in this chapter, the current techniques for noise evaluation

can be rather limited, giving little indication of the quality of sound. An alternative

approach is one based in soundscape research where the focus is on the experience of

sound [113]. Such an approach can therefore avoid the dismissal of noise related symptoms

extant in individuals where the SPL level is `too low' to o�cially warrant changes to be

made [114]. As such the next chapter will examine soundscape research, which integrates

a user-centric understanding of sound into the consideration of environmental noise.



Chapter 4

Soundscape

Having established in Chapter 3 the de�nition of noise, its health e�ects, and methods of

measuring it, this chapter will now consider a subjective approach to environmental sound

in the form of soundscape research and methodologies. This includes: the fundamentals of

soundscape theory and a listener-centric approach to environmental sound, the capture and

categorisation of soundscapes, the use of soundscape in art and wider public engagement

work, and the evaluation and analysis of soundscape recordings.

4.1 Soundscape Theory

In his seminal text `The Soundscape: Our Sonic Environment and the tuning of the World',

R. Murray Schafer de�nes a soundscape as [13]:

`The sonic environment. Technically, any portion of the sonic environment

regarded as a �eld for study. The term may refer to actual environments,

or to abstract constructions such as musical compositions and tape montages,

particularly when considered as an environment.'

Soundscape analysis looks at the holistic experience of all sound in a given location, and

aims to explore the perception of, and interaction with, that environment [16]. It is a �eld

that aims to avoid the negativity of a solely noise-based approach, as Schafer has said:

\Let's not concentrate on noises. Let's concentrate on the entire acoustic atmosphere"[61].

70
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In this way, soundscape analysis describes both the physical and perceptual properties

of an environment [115]. This approach exposes soundscape research's position as a

convergence of multiple disciplines, including acoustic ecology, musicology, sociology,

psychology, architecture, and acoustics [13].

Figure 4.1 gives a representation of the conceptual framework of soundscape analysis.

It shows the relationship between objective measures of acoustic and psychoacoustic

features, perceptual identi�cation of the sound sources present in the soundscape, and an

appreciation of how the sound sources interact with one another to form an information

rich, cohesive whole. This conceptual framework was speci�ed as part of the Positive

soundscape Project (PSP), an initiative designed to promote the active design of more

pleasant sonic environments [81].

Figure 4.1: The conceptual framework of a soundscape, after [81].

The motivation of the PSP is to avoid the typical mindset where the acoustic qualities of an

environment are ignored until they become a problem [1]. This reduces soundscape work

to `damage limitation' in the form of noise abatement and control legislation, rather than

working to avoid such a situation in the �rst instance. One way in which the PSP aims to

promote this approach is `ear-cleaning', a concept introduced by Schafer [13] to promote

`clairaudience' where people actively listen to their environment in order to understand
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what is pleasant about it, what could be improved, and why. This contrasts with the

typical response to negative soundscapes, whether the o�ending noise is either shut out (e.g.

by closing windows) or controlled with `acoustic perfume', where a new virtual soundscape

acting as an `audioanalgesic' defensive barrier is created with music or other sounds [116];

an approach that ultimately results in increased noise levels.

Given the emphasis on the interaction between sound sources and the information contained

by that interaction, soundscapes will vary between locations, and between time periods

at the same location. This, twinned with perceptual and emotional aspects, makes the

soundscape experience an inherently personal one, de�ned by individual as well as societal

interpretation of the sounds present in a space. A way in which the sounds present in a

soundscape can be analysed is by decomposition into three categories of auditory event, as

identi�ed by Schafer1:

ˆ Keynotes. The fundamental underlying sounds that provide situational context, for

example the sound of waves at a beach.

ˆ Signals. Sounds in the foreground of a soundscape that demand attention (e.g.

alarms, sirens, horns) and may allow for the transfer of messages/information,

ˆ Soundmarks. Analogous to landmarks, these are sounds that are of particular

importance to the inhabitants of a given environment, and perhaps have cultural or

historical signi�cance. An example of this would be the clocks chimes of Big Ben in

London, or the bells ringing at the York Minster.

These categories can be though of in terms of the visual perception terminology of `�gure'

and `ground'. Broadly speaking, the `ground' is the backdrop that gives context to the

`�gure'; the subject under consideration [117]. Without the `ground', the `�gure' loses its

outline, and its signi�cance becomes obscured. Keynote sounds can therefore be seen as

the `ground'. They do not require conscious listening to be understood, and provide a

framework in which the `signal' can operate. Accordingly, through active listening keynote

sounds can become the `�gure', which is analogous to the typical birth of noise problems

where previously background noise becomes the focal point of a soundscape [24].

1 It is important to note that there may be some overlap between these categories, and that the same
sound may change category depending on context.
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The �ndings of the PSP, and Lercher and Shulte-Fortkamp's investigation of noise annoyance

[81], [116] provide the following approaches for decomposing and understanding soundscapes:

ˆ The balance of level and frequencies in a noise source is important, not just the

overall level. This was seen in the consideration of available noise level measurement

techniques in Chapter 3.

ˆ The daily rhythm and the meaning of sound present in the soundscape must be taken

into account. It must be understood that simple reduction in noise level is not the

purpose of soundscape analysis and design, the soundmarks of the location should

be preserved and the aim should be to enhance the pleasant characteristics already

existing as part of the space.

ˆ Sonological competence must be learned and incorporated into environmental design.

For the successful design of acoustic environments, architects and other designers

must consider the acoustic features of their designs from the �rst instance.

ˆ If people perceive their environment consciously they will have a chance to change it.

Active listening is required as part of general participation, ideally taking place prior

to the existence of a noise level problem.

4.1.1 Environmental Psychology

In order to evaluate preferences for particular soundscapes, an understanding of the

psychological basis of a human being's relationship with their environment provides a

useful framework. A central question to environmental psychology is whether landscape

preference, the degree to which a particular environment is liked, is innate or represents

learned behaviour [62]. Whilst landscape preferences are likely to be in
uenced by both

factors, a popular theory in support of innate behaviour is Wilson's Biophilia hypothesis.

This states that humans have an`innate a�nity for life and lifelike processes' [118], and

explains in part why people seek out nature, wildlife, and countryside for stress relief,

self-re
ection, and convalescence.

It has also been hypothesised that in searching for an inhabitable environment our ancestors

often sought out savannah-like locations (large, open spaces with considerable presence of
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vegetation and good visibility in multiple directions) [119]. The presence of vegetation is

also supposed to have an auditory advantage. Thayer formulated a theory that, since for

our pre-historic ancestors a lapse in concentration could be fatal, they would have sought

environments that would allow for respite from the constant state of arousal that still

provided sensory information regarding potential danger. Wide open grassland areas then

give both visual information (ability to see a considerable distance, movement of other

prey as a bio-indicator of danger), and aural clues from the soundscape environment (e.g.

the sound of a predator disturbing the surrounding grass) [120].

A similar interpretation of this a�nity with open, natural landscapes is given by Appleton's

prospect-refuge theory, where an environment is require to allow the inhabitants to scout out

new opportunities (prospect) without being detected in return (refuge) [121]. Landscape

preferences can be explained further by humanity's desire to explore and understand.

Kaplan and Kaplan's preference matrix (shown in �gure 4.2) identi�es four landscape

characteristics as de�ned by the matrix dimensions of informational needs (Understanding-

Exploration), and level of interpretation (Immediate-Inferred).

Informational needs
Level of interpretation Understanding Exploration

Immediate Coherence Complexity
Inferred Legibility Mystery

Figure 4.2: Kaplan and Kaplan's preference matrix, from [122].

An environment exhibiting coherence is one where the relationship between the elements

contained within it are immediately understood. Complexity indicates an environment rich

with immediately comprehensible visual information. Legibility represent an environment

that gives an indication of what lies ahead. An environment exhibiting mystery is one

that promises new opportunities and experiences. In their research, Kaplan and Kaplan

found `mystery' to be the strongest indicator of environmental preference, indicating an

ancestral desire for stimulation and new experiences beyond survival [122]. This idea of

mystery has also been expressed asgenius loci or the `spirit of the place', where preference

is greatly in
uenced by visually striking features unique to particular environments [123].

The equivalent of genius loci in soundscape analysis is, then, the presence of soundmarks:

sounds that are particular to a certain location and of importance to inhabitants and

visitors.
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The sound of running water is another natural sound that can in
uence environmental

preference. Schafer theorised that the sound of water is reminiscent of time spent in

the womb, and so is innately comforting and represents the �rst sound we `hear' [13]2.

Perhaps more convincing is the absolute dependence on water for survival, the discovery of

which would likely be dependent on following aural clues to �nd the source of water [124].

The above theories can be summed together and considered as an `ecological aesthetic'

where a knowledge of the ecological function of a particular landscape will lead landscape

preferences. To our ancestors this knowledge would be the di�erence between life and death,

resulting in an innate sensibility in modern times as a result of millennia of evolutionary

bias.

4.1.2 Soundscape Categorisation

In order to classify the content and nature of di�erent soundscapes, it can �rst be useful

to de�ne categories of environmental sound to which di�erent sound sources belong. In

much of the literature [24], [125]{[129] three main groups of sounds are identi�ed:

ˆ Natural: These include animal sounds (such as bird song), and other environmental

sounds such as wind, rustling leaves, and 
owing water.

ˆ Human: Any sounds that are representative of human presence/activity that do not

also represent mechanical activity. Such sounds include footsteps, speech, coughing,

and laughter.

ˆ Mechanical: Sounds such as tra�c noise, industrial and construction sounds, and

aeroplane noise.

These categories are congruent with the taxonomies of environmental sound as de�ned by

both Schafer [13] and Krause [130]. Figure 4.3 shows these categories of environmental

sound, extended here to make a distinction between di�erent types of human made

sound (i.e. distinguishing between industrial sounds and `natural' human sounds). These

categories can then be used as a guide when planning to record a set of soundscapes,

particularly when the aim is to capture as wide a range of environmental sound sources as

2At this point, it is worth noting that Schafer's observations are occasionally muddled by a rather
new-age mysticism, or a technophobic, agrarian, mentality.
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Figure 4.3: A framework for soundscape categorisation, combining elements of Krause
[130] and Schafer's [13] work.

possible (as will be seen in Chapter 5). The use of category rating scales as a soundscape

evaluation tool, and how this relates to emotional state, will also be examined in Chapter 6.

4.2 Soundscape Evaluation and Perception

The perception of auditory information is an exceedingly complex process. On a funda-

mental level it involves the interaction of two neural systems: primal system processing,

assessing the immediate content of a sound for meaning; and pattern analysis, where

the incoming auditory information is referenced against previous experiences to give it a

contextual meaning [131].

This explanation of auditory perception has a clear evolutionary basis in allowing humans

to detect danger, invoking a �ght or 
ight response [62]. When considering the perception

of the soundscape of an environment, while the basic processes involved ostensibly remain

the same, the relationship becomes much more complicated. This relationship can be

expressed by the Filter Model, which is shown in Figure 4.4.

Figure 4.4: A diagram of the Filter Model, indicating the relationships between the
physical, perceptual, and a�ective domains de�ned by sensory and cognitive �lters, from

[132].
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The �lter model indicates that the physical stimulus from an acoustic event is �ltered

by our senses, becoming a perceptual event. This percept is then passed through the

cognitive �lter (non-sensory interpretation of the event where pattern analysis relates it

to expectation, memory etc.) resulting in an a�ective response [133]. The �lter model

identi�es two methods required to map physical acoustic properties to a�ective response.

These are: the creation of psychoacoustic and perceptual models, to link physical and

perceptual attributes; and preference mapping, allowing a�ective responses to be linked

to particular percepts. Whilst the relationship expressed in Figure 4.4 was developed

within the context of room acoustics, it re
ects the mechanism by which acoustic waves

are translated into psychoacoustic features by the hearing system, and ultimately these

features form an holistic subjective experience of that stimulus.

This chapter will move on to look at soundscape analysis methods: how they relate

to environmental psychology principles, and their relation to the �lter model. This is

followed by an examination of some auditory percepts and their associated objective

parameters, accompanied by investigation of available methods for the subjective analysis

of these percepts (i.e. methods allowing for the preference mapping of percepts to a�ective

responses). Finally cross-modal perception is explained, considering how concurrent visual

stimulus can change auditory perception and vice versa.

4.3 Soundscape Analysis

4.4 Percepts

The sum psychoacoustic e�ect of a location is formed of a complex relationship between

various physical acoustic attributes. Figure 4.5 shows an example diagram indicating how

some of these attributes relate to one another. In this diagram the large circles represent

primary attributes, small circles represent possible subcategories, and the connecting

lines indicate the links between the attributes [132]. Table 4.1 contains a similar set of

parameters, here paired with their equivalent objective measurements.

Figure 4.5 and Table 4.1 are useful in describing the relationship between percepts associated

with spatial acoustics, which has relevance to how di�erently designed environments will
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Figure 4.5: Diagram indicating the relationship between perceptual attributes associated
with reverberation in the context of room acoustics. From [132].

Subjective Parameter Objective Parameter

Liveness
Reverberation Time (RT60)
Early Decay Time (EDT)

Warmth Bass Ratio (BR)
Brilliance Treble Ratio (TR)
Intimacy Initial Time Delay Gap (ITDG)

Clarity
Clarity (C50, C80)
De�nition (D50, D80)

Strength Sound Strength (G)
Spatial Impression Inter Aural Cross Correlation (IACC)

Table 4.1: Table of some subjective acoustic parameters and their associated objective
measurements, after [24] and [134]. Some of these were covered in Chapter 2
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change perception of noise by altering the propagation of sound. It is important to note that

these parameters were explicitly developed for use when discussing indoor acoustic spaces,

although they can still be of use when considering environmental sound and indicate how

objective measures and parameters can be considered alongside a subjective evaluation in a

uni�ed soundscape approach. Other non-spatial factors of importance are the volume and

duration of the noise source (as measured by the various dB SPL measurements outlined

in Chapter 3, as well as the spectral content of the noise source). Three further parameters

to be used in evaluating a noise source are loudness, sharpness, and roughness [135].

Loudness and sharpness are easily understood as relating to the level of a noise source

and its relative high frequency content respectively. Roughness is a slightly more complex

parameter that measures the amplitude modulation of a sound source, where the modulation

occurs at a rapid rate (between 15 and 300 Hz) [136]. The unit of measurement for roughness

is the Asper, where one Asper is de�ned as the roughness associated with a 1 kHz tone at

60 dB which is 100% modulated at 70 Hz [137]. This measurement has been used in the

analysis of the annoyance of wind-farm noise [138], and is representative of how spatial

characteristics are perhaps less crucial to understanding the a�ective properties of acoustic

noise than the spectral and temporal properties are.

4.5 Subjective Analysis

The earliest modern investigation into the emotional aspects of auditory experience came

in 1921 when Edison aimed to explore the emotional e�ects of his famous tone tests. A

psychologist from Carnegie Institute of Technology was employed to develop a Mood

Change Chart for use at so called `mood change parties'. The aim of these events was

billed as the `Analysis of Mental Reactions to Music, as Re-Created by the New Edison, the

Phonograph with a Soul'. The participants' reactions were gauged by having them evaluate

their emotions against a set of dichotomous descriptors, for examplèserious or gay', or

`depressed or exhilarated'. [131].

Elements of this work remain in use today in the subjective analysis of auditory scenes,

where semantic di�erential pairs are commonly used to evaluate various dimensions of a

soundscape [24], [81], [139]. Table 4.2 contains an example set of semantic di�erential pairs,

as used by Kang and Zhang in their study of the soundscape of public spaces [140].
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Semantic Di�erential Pairs
Agitating Calming Comfort Discomfort

Directional Everywhere Echoed Deadly
Far Close Fast Slow

Gentle Harsh Hard Soft
Interesting Boring Like Dislike
Meaningful Meaningless Natural Arti�cial

Pleasant Unpleasant Quiet Noisy
Rough Smooth Sharp Flat
Social Unsocial Varied Simple

Beautiful Ugly Bright Dark
Friendly Unfriendly Happy Sad

High Low Impure Pure
Light Heavy Safe Unsafe

Steady Unsteady Strong Week

Table 4.2: Kang's semantic descriptor pairs, from [140].

Semantic descriptors can be used in the measurement of responses in the perceptual domain

for the creation of a cognitive �lters, linking the perceptual domain to a�ective domain 4.4.

Table 4.3 shows how semantic descriptors can be related to perceptual acoustic features.

Perceptual feature Attributes of Scales
Strength Quiet - Loud
Spatial Occupancy Little Attending - Very Attending
Spatial Arrangement Organised - Disorganised
Spatial Localisation Nearby - Far
Temporal Balance Steady - Unsteady
Time Evaluation Established - Evolutive
Clarity Hubbub - Distinct
Activity Monotonous - Varied
Assessment Pleasant - Unpleasant

Table 4.3: Some perceptual acoustic features and their associated di�erential pair
descriptors, from [86].

One issue with semantic descriptors (as exhibited by Figure 4.5) is the complexity of

the relationship between di�erent terms, which makes them inherently open to interpre-

tation and potentially interchangeable. This becomes especially true when considering

experimentation involving non-expert participants of multiple nationalities with di�erent

native languages. To remedy this problem in terms of the psychoacoustic perceptual

descriptors used, the Spatial Audio Quality Inventory (SAQI) was recently developed [141]
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in an attempt to create a de�nitive set of descriptors that would be relevant for multiple

languages.

In an attempt to streamline the relationship between various semantic di�erential pairs,

Bradley and Lang were able to extract three major factors: Valence, Arousal, and Domi-

nance [142]. These are the analogous to the three factors identi�ed by Wundt to organise

a�ective responses to any given stimuli: lust (pleasure), spannung(tension), and beruhigung

(inhibiton) [143]. These �ndings allowed them to develop the Self-Assessment Manikin

(SAM), a pictoral representation of the emotional response to stimuli. An example of the

SAM indicating these three factors can be seen in Figure 4.6.

Valence

Arousal

Dominance

Figure 4.6: The Self-Assessment Manikin (SAM), after [142].

The SAM was initially developed using pictures taken from the International A�ective

Picture System (IAPS, a set of pictures developed especially for research into emotional

responses [144]) as the stimuli, and Bradley and Lang went on to consider the SAM

for acoustic stimuli (using the aural equivalent of the IAPS, the International A�ective

Digitised Sounds library, or IADS [145]). In this study they found the same three factors

(valence, arousal, and dominance) to de�ne emotional reaction, but found dominance to be

a less important factor than valence or arousal [79]. The bene�ts of the SAM are that it
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is intuitive to use and provides relatively clear preference mapping between response to

stimuli and resultant emotional state. It is important to note that Bradley and Lang's

work used recordings of particular sound sources rather than soundscape recordings.

Similar to Bradley and Lang's conclusions, typical studies of soundscape perception focus on

rating either `annoyance' [126], or `tranquillity' [124]. Annoyance in this context is somewhat

analogous to valence rating, as tranquillity is to arousal (with inverted measurement scales

in both cases).

In a similar study Cain, Jennings, and Poxon [146] identi�ed two independent factors

for soundscape analysis: `calmness', and `vibrancy'. Another pair of scaled descriptors

found by Viollon and Lavandier echoing Bradley and Lang's SAM related �ndings were

`unpleasant/pleasant' and `stressful/relaxing' [139]. The ratings can be combined with

more general questions (e.g. pairing the question `how tranquil was this environment?'

with `which soundscape did you prefer for what reason?') to explicitly relate semantic

ratings of a�ective responses to the overall emotional e�ect of a soundscape [147].

The Valence and Arousal dimensions of the SAM can be rendered as a two-dimensional

plot in what is known as the Circumplex Model of A�ect (CMoA), a model introduced

by Russell in 1980 to relate valence and arousal scores to distinct emotional states [148].

Figure 4.7 contains an example plot of the CMoA, showing valence as thex-axis and

arousal as they-axis. Also indicated are example emotional states on this model. The

top-left quadrant (low valence, high arousal) is where one might expect SAM results for

very noisy, unpleasant, soundscapes to lie. For calming, natural soundscapes anticipated

SAM results would inhabit the bottom-right quadrant (high valence, low arousal) [149].

A slightly di�erent interpretation of these dimensions has also been used to determine four

types of soundscape, as shown in Figure 4.8. Here the arousal and valence scales are used

to de�ne four types of environments, each evoking a di�erent emotional response.

Another method for allowing participants to express their feeling regarding a soundscape

is Lynch's idea of urban cognitive mind maps [153], where participants are invited to

draw a representation of their experience. Whilst the use of such a technique might not

necessarily produce entirely, immediately, useful information (due to the lack of a strict

framework in which a subject's responses can be evaluated), it does allow for intuitive



CHAPTER 4. SOUNDSCAPE 83

Figure 4.7: The circumplex model of a�ect, after [150].

spatial conceptualisation of their experience, which can be di�cult to describe in words.

An example cognitive mind map is shown in Figure 4.9.

The cognitive mindmap shows a central arrow representing the subject's perspective and

movement through the scene. Shown to the left are stationary and moving vehicles, with

more tra�c and a construction site (complete with excavator and drill) to the right. Of

note are the fumes emitting from the tailpipes of the cars, and the lines emanating from

them that represents loud noise. Similar lines have been drawn next to the drill on the

right, as well as two exclamation marks. these features indicate how this method can be

used to identify the perceptually dominant sound sources in an acoustic scene, despite the

potential di�culty in extracting data for comparison with other cognitive mindmaps.



CHAPTER 4. SOUNDSCAPE 84

Figure 4.8: The CMoA and four types of soundscape from [151], adapted from [152].

Figure 4.9: An example of an urban cognitive mindmap, from [153].
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