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Abstract

Audio augmented reality (AAR) applications enhance our real world surroundings with virtual
audio. To truly augment our reality, AAR applications must be aware of those surroundings,
however AAR applications currently have no understanding of a user’s aural environment. This
thesis focuses on this fundamental gap in AAR, beginning by establishing a new definition for
audio augmented reality, as a system that clearly connects the real world with virtual audio
sources. It identifies “acoustic links” and “sonic links” as a way to create this connection and
imbue AAR applications with an understanding of a user’s real world aural surroundings. Six
mixed-methods user studies are presented, exploring the potential of these links.

This thesis first explores acoustic links, where the acoustics of a user’s surroundings inform
an AAR system. Study 1 explores listener perceptions of different acoustic reproductions in
a formal listening test. Study 2 builds on this to explore the plausibility of different acoustic
reproductions in real-world spaces and when using AAR applications. The results from these
studies suggest that even a simple reproduction of an environment’s acoustics is enough to create
virtual audio that is plausibly realistic, facilitating an acoustic link between real and virtual.

Study 3 begins exploring sonic links, where the sounds in a real world environment inform
an AAR system, by evaluating AAR applications which respond to human-produced sounds as
control schemes. It compares existing AAR control schemes with novel sonic controls, finding
that speech and “sonic gestures" are viable ways to control AAR applications and by exten-
sion create a sonic link. Study 4 explores the use of environmental sounds to create sonic links
in three different AAR applications, finding that such environmental sonic links create a more
augmented experience and heighten a user’s awareness of, and connection to, their real world
surroundings. Study 5 builds on this by deploying existing sound classification models to drive
these AAR applications, finding that existing detection models are capable of creating sonic
links this way and maintaining this more augmented experience. Finally, Study 6 evaluates
sonically linked AAR applications in uncontrolled, real-world scenarios over extended periods,
finding that these sonic links continue to provide these benefits in the real world, can be facili-
tated now, and offer a stable experience over time.

The overall conclusion of this thesis is that acoustic and sonic links are viable ways to ex-
tend and enhance existing approaches to AAR applications, and are achievable using existing
technology.
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Glossary of Specialist Terms

This section provides a short summary of terms that may be unfamiliar to the reader. These
descriptions are designed to provide a basic, accessible understanding, enough to follow the
ideas presented in this research, rather than a detailed overview.

• Acoustics: Acoustics describe the influence of a space on sounds occurring within it.
Echo or reverberation are examples of acoustic effects.

• Acoustic Transparency: Headphones and earphones can be acoustically transparent,
meaning they do not block the listener’s perception of their surroundings. This can
be achieved passively, where the ear canal is not blocked (such as bone conduction
headphones or audio glasses), or actively, where a microphone captures the surround-
ing sounds and plays them back to the listener alongside the virtual audio (such as Apple
AirPods’ Transparency Mode).

• Ambisonics: Ambisonics is a representation of a sound field. An Ambisonics soundfield
is 3-dimensional, representing a full sphere, rather than just the horizontal plane as in
most conventional speaker formats. An Ambisonics soundfield is speaker-agnostic, and
can be decoded to effectively any array of speakers, including binaural playback over
headphones. An Ambisonics soundfield has a numerical order n. The higher the order, the
higher the resolution of the soundfield, and the higher the number of audio channels used
((n+1)2) [199].

• Anechoic/Echoic: The terms anechoic and echoic describe audio recordings which have,
or do not have, reverberation of a room included. Most recordings are echoic, includ-
ing some amount of reverberation from the space where the recording was made. Some
recordings are anechoic, and do not include any reverberation, such as some synthesised
sounds, or recordings made in anechoic chambers which have no reverberation.

• Binaural: Binaural playback is a specific method of playing audio over headphones that
incorporates the listener’s head-related transfer function. Sounds played back binaurally
will reproduce the hearing cues relied on by the human ear to locate sounds, and so will
appear to be coming from a position around the listener, rather than from the headphones.
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• Head-Related Transfer Function (HRTF): A head-related transfer function models the
influence of a listener’s head on the sounds they hear. The HRTF can be used to repro-
duce this effect with virtual audio, and the resulting sound will more closely represent an
equivalent real sound.

• Room Impulse Response (RIR): A room impulse response is a representation of the
acoustics of a space. By convolving the room impulse response with an audio file, the
resulting audio will sound as if it was being played in that space. This works best with
anechoic source audio already free of acoustic effects.



Chapter 1

Introduction

There is no agreement on what defines audio augmented reality1. Scholars generally agree that
it, like other forms of augmented reality, blends real and virtual elements together [6, 114]. In the
case of audio augmented reality (AAR), these virtual elements are auditory – systems which use
auditory waypoints for navigation [111, 24], introduce virtual sounds to enhance our physical
surroundings [78, 183], or create new entertainment experiences [35, 22]. However, opinions
diverge on what makes a system with virtual audio into AAR, or when an auditory experience
changes from listening to audio to experiencing AAR. Without a clear understanding of what
AAR is, it is difficult to identify its potential, or to identify gaps in our knowledge.

This lack of clarity may explain why AAR applications remain a rarity, despite having a
number of strengths compared to visual AR. For one, AAR is much more accessible than visual
AR systems, achievable with little more than a smartphone and a pair of earphones, compared to
expensive and bulky AR headsets. By relying on our hearing, AAR also offers a 360° experience
at all times, and is currently much closer to achieving perceptual plausibility than visually-
oriented AR systems. Advances in spatial audio systems allow the believable positioning of
sounds in three-dimensional space, while simulations of reverberation can embed such sounds
plausibly in a listener’s surroundings [132].

Despite AAR’s accessibility and unique strengths, it has yet to achieve the same level of
impact or success as visual AR systems. This thesis identifies two major problems with the
current state of AAR which may contribute to this. The first, as discussed, is the lack of a clear
definition for AAR. To fully take advantage of AAR’s potential, we must first understand clearly
what AAR is. The second is a fundamental gap with how AAR systems relate to the real world
they seek to augment.

1Which makes it difficult to introduce this thesis.

1
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1.1 The Fundamental Gap in AAR

An AR system can augment reality best when it has an awareness of reality, hence why many
visual AR applications attempt to identify specific objects in a user’s environment, or map the
user’s surroundings using technologies like Simultaneous Localisation and Mapping (SLAM)
tracking [19]. By doing so, visual AR systems can position virtual elements appropriately in the
real environment, react to elements of the environment, or simulate light and shadow appropri-
ately for the space to enhance the plausibility of virtual elements. Without such an awareness of
the real world, an AR system is limited to simply overlaying virtual elements atop the real world
rather than fully integrating the two into a cohesive whole.

Schraffenberger, in her discussions on the nature of AR, argues that augmented reality arises
when virtual elements are connected to the real world [163, 161]. Schraffenberger provides two
examples of how real and virtual can be connected: spatially, or through their content. Although
Schraffenberger did not consider the auditory domain when setting out this definition, it goes
some way to defining AAR also. Listening to music does not constitute augmented reality, as
the music has no link to the real world. However, if the music emanates from a virtual stage
in the listener’s living room, this would constitute a spatial connection between real and virtual
and, according to Schraffenberger’s definition, augmented reality. Likewise, if between songs
the virtual musicians complimented the listener on their interior decor, this would constitute
augmented reality by way of a content-based connection.

When one considers existing or hypothetical AR applications through this lens, other con-
nections or links between the real and virtual become clear. The most obvious is a geographic
link, which many existing AR applications deploy, tying elements of the virtual experience to a
specific location in the real-world. Pokémon Go is perhaps the most widely known example of
this [135] in AR, while in AAR soundwalks and geolocated music tie virtual audio to real-world
locations [183, 78, 23].

One possible link between real and virtual that is both underexplored and highly relevant
to AAR is an auditory link. Just as audio is an AAR system’s output modality, so too could
audio be leveraged as a connection between real and virtual elements to facilitate augmented
reality. Virtual sounds in AAR are intended to mesh with our real world surroundings, and an
AAR system needs to be aware of those sounds to integrate virtual elements alongside them.
Our auditory reality cannot be augmented without the system having some understanding of the
sounds it contains.

Our aural surroundings are composed of two components – the sounds in our environment
(birdsong, cars, human speech, and thousands of other sounds we hear throughout our lives) and
the acoustic influence of our environment (the reverberation, echo, absorption and other ways
sound is affected by physical space). Either one of these could be leveraged as an auditory link
on its own, and both are critical for AAR going forward.

Understanding the specific sounds in our environment (a sonic link) is important on a fun-



CHAPTER 1. INTRODUCTION 3

damental level to make informed decisions about how to present virtual audio. If a system has
no awareness of real world sounds, it might site important virtual sounds such that they are
masked by other environmental sounds, or vice versa. Additionally, real-world sounds could
drive AAR applications in other ways, just as real-world objects do in visual AR. Augmented
music players could alter music playback based on environmental sounds, for example to main-
tain audibility of certain elements, or even by acting as an augmented DJ, ensuring that a user’s
music queue was upbeat in busy urban environments and relaxed in quiet nature environments.
Sonically linked AAR systems could provide a level of curation over the real-world soundscape,
highlighting key sounds to a user or removing or replacing irritating or meaningless ones. The
varied sounds produced by human users could even be leveraged as additional input methods for
AAR applications.

The acoustics of a user’s environment are also critical for an AAR application to understand
(an acoustic link). To seamlessly add virtual audio into a user’s environment, a central goal
of AAR, it becomes important to simulate the acoustic influence of a space, just as in visual
AR it is important to accurately simulate light and shadow. Mapping the acoustics of a space
and applying them to virtual audio is fundamental, but acoustics could also drive future AAR
applications. AAR audiobooks could heighten user immersion by siting virtual characters within
a user’s acoustic surroundings, or bring the real world into the narrative by applying the acoustics
of the story environment to the user’s surroundings.

This thesis asserts that these auditory links are critical to AAR going forward. Without an
awareness of a user’s real world surroundings, AAR applications can only overlay virtual audio
over the real soundscape, rather than integrate real and virtual into something more significant.
While the focus of the work presented here is on AAR contexts, the benefits of exploring these
auditory links could extend into wider extended reality (XR) also. XR applications encompass
the broader categories of virtual, mixed, and augmented reality [182], and are inherently au-
diovisual. Understanding how the real-world soundscape can be leveraged in AAR could have
applications wherever audio is deployed in XR. By exploring the potential of auditory links in
AAR, this thesis provides the first step in closing this fundamental gap in AAR.

1.2 Thesis Research Questions

This thesis explores the following overall research questions:

• RQ1: How can an acoustic link between real and virtual elements be created in audio
augmented reality?

• RQ2: How can a sonic link between human-produced sounds and virtual elements be
created in audio augmented reality?
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• RQ3: How can a sonic link between environmental sounds and virtual elements be created
in audio augmented reality?

1.3 Thesis Statement

Augmented reality is becoming an increasingly important way for users to interact with the
digital world. However, while visual AR systems are seeing continual improvement and growing
popularity, audio AR systems are comparatively niche, despite being far closer to achieving
perceptual plausibility, offering benefits such as a 360° field of audition, and requiring little
more than a pair of earphones to experience. This thesis argues this is for two reasons: AAR
itself being poorly defined, and a lack of understanding of how an AAR system can be informed
by the user’s aural surroundings, just as visual AR systems are informed by visual surroundings.
This research makes contributions to both problems, firstly by providing a new definition for
AAR that unifies and clarifies existing definitions and discussions, and secondly by exploring
what we term ‘auditory links’ between the real world and virtual AAR elements. This work on
auditory links covers both the acoustic domain, exploring the level of fidelity needed to plausibly
simulate the real world’s acoustics on virtual sounds, and the sonic domain, exploring how
AAR systems can be driven by sounds created by the user, or sounds emitted from the user’s
environment. These contributions are made over six exploratory, mixed-methods laboratory,
field, and longitudinal studies, and provide guidance for the development of AAR systems going
forward.

1.4 Thesis Structure

The remainder of this thesis is structured as follows:

• Chapter 2 provides a detailed review of existing work relevant to this thesis.

• Chapter 3 discusses the nature of audio augmented reality and proposes a definition for
AAR that underpins the remainder of this thesis.

• Chapter 4 explores RQ1 and acoustic linking. It describes two studies on virtual acoustic
reproduction, exploring the level of fidelity required to embed plausible virtual sounds in
the real world.

• Chapter 5 explores RQ2 – the potential of AAR applications to respond to real world
sounds produced by the user. It describes a study evaluating the use of different forms of
human-produced sounds to control AAR games.

• Chapters 6 and 7 explore RQ3, how AAR applications can be sonically linked to sounds
in the real-world environment. Chapter 6 describes two iterative studies exploring sonic
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linking in both a best-case scenario, and with technology available today. Sonic links are
assessed with multiple real-world sounds and multiple forms of application. Chapter 7
concludes the experimental work in this thesis by evaluating these applications with real
users in a real-world, in-the-wild study over a one week period.

• Chapter 8 provides a discussion on the overall thesis findings and their implications for
AAR and wider XR.



Chapter 2

Literature Review

This chapter sets out a literature review exploring the existing work related to this thesis and
the contributions it presents. As discussed in Chapter 1, AAR has had limited impact despite
offering significant potential in an increasingly augmented world, and this thesis identifies two
key gaps in our understanding of AAR.

The first is what AAR actually is. Existing work has yet to provide a compelling definition
for AAR, with most authors defining it broadly as the introduction of virtual audio into the real
world – in doing so implying that existing audio experiences like music, radio, or phone calls
are AAR – or as an auditory-focused subcategory of AR, which provides little clarity on when
audio experiences become AAR. As the starting point for the original contributions made by this
thesis, Chapter 3 discusses this in depth, and sets out the definition of AAR used throughout this
work.

The second is a fundamental gap within AAR, the fact that currently AAR applications have
no awareness of the real-world soundscape they are designed to augment, no auditory link
between real and virtual. This chapter provides an overview of this underlying problem – the
existing application areas AAR has been deployed in, an overview of how these proposed audi-
tory links have or could be used, and the underlying technology that enables AAR applications,
including those presented throughout this thesis.

2.1 Audio Augmented Reality Applications

Cohen et al. are considered to have first introduced AAR in 1993, by presenting a system which
augmented a silent, real-world telephone with the spatialised sound of a virtual telephone [40,
114]. While Cohen et al. presented this as a technical demonstration of the ability to insert
virtual sounds into the real world, and primarily envisioned this being applied to telepresence
applications for remote robot control, AAR has since been applied to a variety of application
areas, though has not yet achieved widespread impact.

6
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2.1.1 Audio Augmented Navigation

One of the most common application areas for AAR has been navigation. Being audio-centric,
AAR applications represent an accessible platform for users who are blind or visually impaired
(BVI), and a number of AAR applications designed to help these users navigate the world have
been proposed. Such approaches to navigation can also be used by sighted users, and provide a
potential alternative to other navigational solutions, particularly for scenarios like driving where
the user should keep their eyes on the road [24].

Loomis et al. presented one of the first such systems – the Personal Guidance System –
which presented spatial audio to the user over headphones [111]. The navigation system was
contained in a backpack worn by the user, and the system presented users with binaural audio of
synthesised speech to demonstrate the direction of a waypoint. More recently, Blum et al. devel-
oped a smartphone-based AR system for BVI users [24] which sonified nearby points of interest,
facilitating exploration rather than navigation to a specific location. Users wore a smartphone in
a lanyard around their neck with a pair of earphones, and the system used information from the
phone compass and GPS satellites to track the user’s position, and presented spatialised audio
cues to describe points of interest around the user. These cues consisted of synthesised speech
and auditory icons describing nearby locations. While the authors found some difficulties due
largely to early smartphone hardware, the system showed promise in tests with both sighted and
BVI users.

Albrecht et al. [4] explored a musical navigation system, where the user listened to music
freely, and the system spatialised the music to indicate directions. The authors evaluated both
a bearing-based approach where the music came from the direction of the destination and left
navigation to the user, and a turn-by-turn system that re-spatialised the music to provide specific
navigation instructions. They tested the system with both pedestrians and cyclists and found it
promising with both groups, with users enthusiastic about using such a system in the future.

Heller and Schöning [81] instead manipulated a single component of the music. By using
multitrack recordings of music, their NavigaTone system altered the panning of a specific in-
strument in the music to indicate a navigational bearing. The NavigaTone system was found to
enable similar navigational performance as simpler systems that pan all music in the direction of
navigation, but enabled a more natural listening experience. The authors also highlighted some
potential concerns for real-world usage, like the need for the instrument to be playing whenever
a change in direction is needed, for example at an intersection, which is not always guaranteed
depending on the musical track.

Although designed to enhance an overall journey rather than offer directions, musical ma-
nipulation was also explored for car journeys by Kari et al. [97], who developed the SoundsRide
AAR system. The SoundsRide system analysed the route to the vehicle’s destination, identified
‘sound affordances’ along the route, and dynamically remixed the user’s music such that notable
events in the music (e.g. transitions, beat drops) occurred at the same time as notable events on
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the route (e.g. exits and entrances of highways and tunnels). The prototype system evaluated
in the user study was well-received, with users finding it enhanced immersion and overall ex-
perience. In the commercial realm, car manufacturer Kia recently presented a system that runs
object detection algorithms on vehicle cameras, detecting natural landscape features and inter-
preting them alongside vehicle movement into a musical symphony designed to provide BVI
passengers with an understanding of their visual surroundings [100].

While many AAR navigation systems are focused on outdoor navigation, some authors have
also explored methods for enhancing indoor navigation. Kaul et al. developed an AR system
which used object detection to identify key objects and obstacles around the user, and presented
their locations sonically, as an alternative to traditional white cane exploration [99]. Blessenohl
et al. developed an indoor navigation system which used a head-mounted depth camera to de-
tect walls, corridors, and obstacles and present them to the user using spatialised audio [21].
While their prototype used a laptop, headphones, and bespoke hat, they note that their system
is theoretically achievable using existing consumer technology, and a similar application, wave-
Out, has been brought to market as a smartphone app by the company Dreamwaves1. waveOut
presents spatialised auditory beacons that lead the listener to their destination, and relies on the
smartphone camera and/or the use of Apple AirPods to track the user’s orientation.

While these navigation-centric applications have a strong connection between the virtual au-
dio heard by a user and the real world, this connection is primarily based on visual elements
(such as in indoor navigation scenarios) or geographic positions (such as in outdoor naviga-
tion). None of these applications deployed an auditory link, despite many of these scenarios
potentially benefitting from one – an accurate reproduction of environmental acoustics could
site virtual waypoints more believably in a user’s real environment, or the volume or tonality of
such waypoints could be altered on the fly to ensure audibility based on the nearby soundscape,
for example.

2.1.2 Audio Augmented Spaces

Another common theme within AAR has been the augmentation of physical spaces with vir-
tual audio. Vazquez-Alvarez et al. [183] developed an AAR ‘sound garden’, augmenting the
Municipal Gardens of Funchal, Madeira with virtual audio sources. The system ran on a Nokia
N95 smartphone, and used a GPS receiver to determine the user’s position and an IMU sensor
pack to report head orientation. Virtual sounds were positioned at five different locations in the
gardens, corresponding with key landmarks, and presented over a pair of over-ear headphones.
These consisted of synthesised speech providing information on the landmark, and Earcons
(non-verbal audio cues that provide information to the user [29]). The authors compared differ-
ent combinations of these cues, with and without spatial audio, which would be triggered when
the user was within a certain distance of the landmark. They found that the use of spatialised

1https://www.dreamwaves.io/
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audio cues in this way encouraged users to walk more, spend more time in the park, and actively
search for the landmarks.

Hazzard et al. [78] created a two-part ‘sound walk’ in Nottingham city centre, where pairs of
users would each walk a pre-determined route through the city, experiencing an AAR narrative
as they did so. The authors used bone conduction headphones that allowed the users to hear
the virtual audio alongside the real world, and found that pairing virtual audio with the existing
ambient world sound enhanced the user experience.

There have been many other examples of these sound walks that tie virtual audio to real world
locations. One of the most notable in recent years takes place around Notre-Dame Cathedral in
Paris, France, developed by Katz et al. after the 2019 fire closed the cathedral for renovations
[98]. The soundwalk, ‘Notre-Dame Whispers’, was launched in 2023, and is run on consumer
smartphones from a mobile app, presenting the listener with narration tied to different locations
around the cathedral. While these soundwalks tie virtual audio to real-world locations, they
currently do nothing to tie these into a user’s aural environment, overlaying their virtual audio
atop the real world rather than truly augmenting it.

The Notre-Dame soundwalk is not the first exploration of AAR for historical and cultural
use-cases, with museum tours and heritage applications being another common application area.
One of the first such systems was proposed by Bederson [11], who presented a prototype AAR
tour guide for museums which relied on IR beacons located at specific exhibits. When using the
system, the listener could approach a museum exhibit, and once within a certain proximity the
system would present audio descriptions to the user, allowing them to freely explore the museum
and still receive additional auditory information.

McGookin et al. [123] explored the potential of AAR augmentations for ‘un-stewarded’
heritage sites – sites of cultural and historical interest which are unstaffed – by developing an
AAR application tied to the Antonine Wall in Scotland, an archaeological site with ruins from
the Roman Empire. Their application used GPS signals to tie virtual audio, which consisted
both of sound effects illustrating different buildings and points of interest at the side, and virtual
characters designed to fill the role of re-enactors that stewarded sites often have.

McGookin also explored AAR as a way of blending our digital lives with the real world, with
the PULSE system [122]. The PULSE system would connect with a user’s Twitter account, and
as they moved through the surroundings would present a text-to-speech rendering of a tweet sent
from nearby (based on geotagging information). The system was evaluated in a two-week field
study, and participants noted the system allowed for a new perspective of their surroundings,
and an exposure to different communities within the same space. As the system was audio-only
participants found it often receded into the background, and allowed for serendipitous discovery
of new aspects of familiar environments.

A system similarly designed for serendipity was ‘Audio Aura’, proposed by Mynatt et al.

[129, 130]. The Audio Aura system was designed to provide office workers with background
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audio cues that kept them informed of useful information without becoming a distraction, such
as waiting email messages, and whether colleagues have been in the office today. While the
authors did not conduct a formal evaluation, they noted a positive overall reception with those
who tested the system. They also experimented with allowing users to leave auditory messages at
their office, for example as a note to say they’ll be back soon. A similar system of auditory notes
was proposed by Harma et al. [74], who referred to it as an ‘Auditory Post-It’. Their system
allowed the user to leave auditory messages tied to specific coordinates around a user, though
their prototype was referenced only to a headtracker and so the prospect of tying messages to
different real-world locations was not fully explored.

Much like AAR navigation applications, these systems seeking to augment physical spaces
only tie virtual sound into the real world geographically, rather than any other sensory aspect of
the space. A real-world environment is more than just a set of coordinates, it contains sights,
smells, and crucially for AAR, sounds. Auditory connections between the virtual audio and
real world could deepen such experiences, for example by having virtual and real sounds share
an acoustic environment, or having the system respond to nearby sounds. While we can easily
present a soundwalker with information about the bells of Notre Dame Cathedral as they stand
at a specific viewpoint, the experience may be richer when this discussion is prompted by the
bells themselves sounding, for instance.

2.1.3 Audio Augmented Objects

Rather than augmenting a location or space with audio, there has also been some work aug-
menting specific objects with virtual sound. Frohlich and colleagues explored the concept of
audio-enabled paper. They developed ‘audioprints’ – physical printed photographs that had ac-
companying audio, triggered either through a printed pattern on the back, an embedded chip, or
a computer vision system that identified specific images [61, 60]. They have also experimented
with audio augmented newspaper [62], where written articles can be paired with supplementary
audio using embedded electronics. The interactive newsprint connects wirelessly to an audio
device worn by the reader/listener, and the virtual audio can be triggered using capacity buttons
on the page. They conducted a user study evaluating these interactive newsprints, and found
the system offered new affordances to the user by adding additional content, other perspectives,
and even making the newspaper feel more ‘local’ by adding regional dialects. Grasset et al.

demonstrated a similar system for a multimodal augmented book [69]. Using a handheld view-
ing device and a pair of headphones, readers could see additional augmentations when reading
a picture book, including three-dimensional audio spatialised to align with elements on the page
and thematically linked to the book’s content.

Schraffenberger and van der Heide approached the notion of an audio augmented object from
an alternative angle – rather than using virtual audio to augment a physical object, they used
virtual audio to imply the existence of a physical object [162]. Using a LeapMotion controller,
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they created an invisible cube that would float above the controller. When ‘touching’ the cube,
spatial audio cues played from the position where it was touched. While the authors did not
conduct a formal evaluation of the cube, they found that it created the sensation of a tangible
object, despite both the audio and the cube itself being entirely virtual.

As well as associating additional virtual audio with an object, another approach has been
to alter the characteristics of the sound an object already produces. Weger et al. proposed a
system for ‘auditory contrast enhancement’, altering aspects of a real sound to enhance impor-
tant characteristics while maintaining its overall character, for scenarios where sounds contain
relevant information such as when using a stethoscope [188, 189]. They found that their sys-
tem could increase the contrast of a sound without negatively impacting the sound’s plausibility.
Bovermann et al. demonstrated a prototype system for augmenting the sound of a keyboard with
digital information. By attaching a contact microphone to the keyboard, the sound of the user
typing would alter to reflect weather data, illustrating changes in pressure or cloud movements
[27]. Similarly, Bustoni et al. developed a system for altering or replacing the sound made
when a coffee cup is tapped, with a view to leveraging it as a method for delivering information
in the future [33]. They experimented with altering the reverberation on the tapping sounds,
and replacing the tapping sounds with sounds of water, wood, metal, and different instruments.
By doing so with a very low latency, they were able to do so while maintaining a real-time in-
teraction, but did not explore what forms of information the system could convey to the user.
These are some of the few examples of an AAR system where not only the virtual elements are
auditory, but the real world elements the system augments are auditory also, though currently
represent only early explorations which have not investigated these forms of real-virtual links in
depth.

2.1.4 Audio Augmented Music

As one of the most important forms sound can take, music has also been explored in relation
to AAR. As well as the examples mentioned earlier, there have also been multiple instances of
artists releasing ‘geolocated music’, for example the Swedish band John Moose whose debut
album was released though a mobile app that required the user to be physically located in the
woods in order to listen [22]. The musician Bluebrain also released a location-aware album, ‘The
National Mall’, where different tracks were tied to different locations in the park of the same
name in Washington D.C. [23]. As a result, each listener’s experience of the album becomes
unique based on how they choose to explore the space while listening.

Lokki et al. also proposed an AAR music player, Acu-Notch, where the system would
identify important real-world sounds in the environment (e.g. sirens) and their location, and
reduce the volume of the listener’s music in the corresponding area of the stereo field to create an
auditory notch around the sound [110]. The presented paper was focused on the audio notching,
and the sound reactivity part of the system was never implemented or evaluated, though the
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concept is a compelling use case which is revisited in Chapters 6 and 7 of this thesis.

2.1.5 Audio Augmented Games

Just as games have been a central application of XR technology, so too have games been a
common application area in AAR. One of the first examples was presented by Lyons et al.,
‘Guided By Voices’, which relied on a modified MP3 player, microcontroller, and an RF receiver
to enable an AAR roleplaying game [112]. RF beacons are set up at various locations in the
play space, which trigger narrative audio as the player approaches, while the system tracks the
locations the player has visited to adjust the flow of the narrative.

Ekman et al. presented one of the first examples of a multiplayer game with AAR elements,
‘The Songs of North’, inspired by Finnish mythology [51]. Players took on the role of shamans
searching for artifacts located throughout the world, with the ability to hear into an auditory
‘spirit world’, using a Nokia N-Gage mobile phone. This spirit world was heard alongside
visual elements on the device, though audio elements were always available and visuals could
only be updated intermittently, by casting spells using the phone interface. In this way, the game
could switch between a passive, AAR experience when the player was not casting spells, and a
multimodal experience when they were playing more actively. The player’s position in the real
world was tracked using GSM positioning.

Paterson et al. also explored the use of virtual audio as indicator for a supernatural dimension
in ‘Viking Ghost Hunt’ [141]. Players take on the role of a paranormal investigator searching for
ghosts at various historical sites around Dublin, Ireland. As they explored these sites the player
encountered ghosts, using a smartphone interface to decode messages and information from the
ghosts to gather evidence.

Rather than creating an entirely new AAR game, Chatzidimitris et al. reimagined an existing
game for the medium when they presented ‘SoundPacman’ [35]. Using street map data and the
GPS sensor in a mobile device, the game maps classic game Pacman to real city streets around
the user, positioning ‘cookies’ that need to be collected and ghosts that need to be avoided on
the game map. These elements are then presented to the user binaurally. The authors outfitted
players with an EEG brainwave monitor, and found that the presence of the ghost sound notably
increased players’ alertness, suggesting a possible increase in immersion.

Another notable example in recent years is ‘Audio Legends’, presented by Rovithis et al. as
a collection of game scenarios used to assess the potential of gesture controls for AAR [153],
as most other audio and AAR games rely on simple controls such as physical movement and
simple interactions with a controller or mobile device. The minigames were designed to be
played at a historical site in Corfu, based on the legends of the local Saint Spyridon, and ran on
an iPad Air paired with a Sennheiser Ambeo headset. Players moved physically throughout the
space, and completed gestures with the iPad, while game audio was presented over the headset.
29 players gave high ratings for overall experience, usability, and immersion, and the gestural
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controls were well-received. This represents one of the only formal assessments of AAR game
control schemes, and the potential of other control schemes remains unknown.

While there has been some evaluation of AAR games academically, there are few examples
in the commercial space. Most that did exist emerged from the now discontinued Bose AR
platform. ‘Dead Drop Desperado’ was a two-player game built for Bose AR, with one player
wearing a Bose AR device such as the Bose Frames audio glasses [142]. The game scenario is a
Wild West gun duel, and the other player fires bullets through the mobile app that the AR player
must listen for and physically dodge. ‘The Clairvoyant’ was a narrative experience where the
player took on the role of a supernatural medium [190]. Similarly to Viking Ghost Hunt and The
Songs of North, the game used the auditory mode as a representation of an alternate world or
dimension inhabited by spirits, and players were tasked with communicating with these spirits
through gestures (e.g. head shakes and nods).

Outside of Bose AR, another notable example is ‘PairPlay’, a two-player iOS game / story
experience. Each player takes one of a pair of wireless earbuds, and both experience different
sides of a co-operative narrative experience overlaid on a normal home environment. As with
the Bose AR examples, PairPlay requires specific hardware (Apple AirPods in this case), and
there are no significant examples of hardware-agnostic commercial AAR games currently.

Although commercial AAR games are rare, there are some commercial ‘audio games’, which
are audio-only though lack an augmented reality component. Many are designed as an accessible
gaming experience for BVI players, while others are designed to put sighted players in a BVI
person’s shoes, such as the ‘blind swordsman’ scenarios deployed in games like ‘The Vale:
Shadow of the Crown’ [174] or ‘A Blind Legend’ [49]. There have also been some games
created for smart speakers like Amazon’s Alexa, for example ‘Skyrim Very Special Edition’
[177] or the Alexa version of ‘Jeopardy!’ [87]. In these smart speaker games, players interact
using voice, one of the only examples of an audio or AAR game responding to real-world sound.

There are also a handful of audio exercise games which could be considered an example of
AAR. The most widely known is ‘Zombies, Run!’ [170], designed to help motivate runners by
simulating the sound of a pursuing zombie horde. The game also features specific missions tied
to running routes that add an overarching narrative to the experience, and through continued use
players are able to collect in-game resources. ‘Run the Realm’ [109] offers a similar premise,
providing a fantasy narrative that accompanies the player on their walk, run, or cycle.

Like many of the other forms of application mentioned so far, the vast majority of these AAR
games have no awareness of a user’s real-world surroundings, and would behave the same were
a user playing in a quiet living room or a noisy park environment, despite these spaces having
radical sonic differences that could be leveraged to enhance the experience. The acoustics of
virtual game sounds could be altered to match the real-world environment (or vice versa), or the
sounds in a user’s environment could be replaced or morphed to become part of the immersive
experience, however there has currently been no exploration of the potential of real-world audio
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in these experiences.

2.1.6 Summary

While AAR has been deployed in a variety of application areas, it has not achieved the same
level of success or impact as traditional AR. Across the application areas outlined here it is also
clear that AAR closely follows visual AR in terms of how it integrates with the real world, most
often referencing a user’s physical or visual surroundings. Despite these applications seeking
to blend virtual audio with the real world, there are currently very few AAR applications which
respond to the user’s aural environment. This provides a strong motivation for the research
questions introduced in Chapter 1, and Chapters 4 through 7 of this thesis explore the potential
of introducing auditory links to resolve this clear gap in the field.

2.2 Auditory Linking in Audio Augmented Reality

A user’s aural surroundings can be considered as two components: the acoustic effects of the
space (reverberation, echo, absorption etc.), and the sounds within it. These aspects are indepen-
dent of one another, and AAR systems could theoretically respond to either component, however
little work has explored this potential.

2.2.1 Acoustic Linking

A key goal in AAR is the seamless presentation of virtual elements as being plausibly real, and
a crucial part of achieving this is the reproduction of the acoustics of the surrounding environ-
ment. With the exception of highly specialised spaces, all spaces exert some influence on the
sounds occurring within them, by absorbing acoustic energy, and reflecting sounds to create re-
verberation or echoes. The human brain is highly attuned to these acoustic cues, and simulating
these effects accurately is central to tricking an AAR user’s brain into perceiving virtual sounds
as real. However, as recently as Yang et al.’s review of the field in 2022, a majority of AAR
systems neglect to model these acoustic effects [198]. Acoustic modelling in this way can also
be computationally expensive, and there is not yet a clear understanding of how precisely these
effects must be simulated for AAR scenarios.

In Yang et al.’s review, the authors identified 62 AAR systems, of which 45 were designed
for indoor use and 17 were designed for outdoor use. The authors found that 33 of the indoor
AAR systems did not feature acoustic modelling of the environment (or did not describe it), and
none of the 17 outdoor systems featured acoustic modelling either. The 12 systems which did
model the acoustic environment did so with varying levels of accuracy, ranging from applying
simple artificial reverberation to acoustic simulation through a 3D room model. The results of
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the review show that in AAR, acoustics are often an afterthought, and there is limited consensus
on how they should be deployed.

The presence of acoustic cues have been shown to provide a number of benefits to the lis-
tener. One of the key factors acoustic cues influence is the externalisation of a sound. When
listening to virtual audio over headphones, sounds can often be perceived as being internalized
– located inside the listener’s head instead of outside. The addition of reverberation cues can
mitigate this issue, although it is still unclear what cues are most important [15]. Grimaldi et

al. found that externalisation was significantly improved by the addition of ‘early reflection’
cues, which arise in the first 80ms of reverberation [71]. This is corroborated by experiments
conducted by Begault and colleagues, who found no difference in externalization between a full
reverberation simulation and reproducing early reflections only [13]. Leclère et al. conducted
three experiments on sound externalization and found that the addition of reverberation cues
only improved externalization when they resulted in interaural differences [106]. It is also im-
portant for these cues to match the listener’s environment, as it has been shown that a mismatch
between virtual reverberation cues and a listener’s physical room can create a ‘room divergence
effect’. If virtual and real spaces are different, externalization is negatively affected, while if
virtual acoustic cues match the listening environment externalization can be improved further
[193]. As AAR hinges on siting virtual audio within a 3D, real-world environment, improving
the externalization of virtual sounds is key for an AAR system’s outcomes.

As well as better externalizing virtual audio, reverberation cues can also affect a listener’s
ability to localise virtual sounds. The direct-to-reverberant ratio (DRR), the blend of direct and
reflected sound waves that we hear, is a key cue that our auditory system uses to estimate the
distance to a sound source [32], with more reverberant sounds being perceived as farther away
[124, 12]. Without reverberant cues, it can become extremely difficult to accurately gauge dis-
tance to a sound [136]. Reverberation cues also affect our ability to pinpoint a sound’s location,
as additional reflections of a sound arrive at our ears from multiple different angles. The angle
of these reflections relative to the sound source can reinforce or muddy the localisation cues we
rely on [76], and there has been evidence both of localisation ability degrading [12, 149, 67] and
benefitting [13] from the inclusion of reverberation.

In the context of virtual and mixed reality environments, acoustic cues can also enhance the
subjective user experience. Potter et al. explored the relative importance of visual and auditory
cues for immersion in a virtual reality environment [147]. Comparing different combinations
of audio features (spatial audio, acoustic simulation) and visual resolution, they found that in-
cluding acoustic simulation resulted in the same increase in immersion as a five-times increase
in video resolution. Other studies have shown that reverberation cues can increase the listener’s
sensation of envelopment, the feeling of being surrounded by an environment; and increase their
overall immersion in an acoustic space [127, 96, 63]. Finally, acoustic cues can contribute to
how plausible a virtual sound appears [133, 132]. In this context, plausibility is defined as how
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closely a virtual sound matches the listener’s expectation of how that sound should be perceived
for a given circumstance [107]. Even if the audio source would actually sound different, plausi-
bility can still be achieved if it sounds as the listener believes it should.

While it is clear that reverberation cues contribute to a sense of plausibility, it is not currently
clear how accurate or detailed these reverberation cues have to be in order to achieve plausibility.
Brinkmann et al. conducted a round robin evaluation of five leading acoustic modelling software
packages and conducted a user study to assess the plausibility of the resulting auralisations
[30]. Participants compared the model outputs for three different test spaces with a real-world
measurement for each test space. While they found many errors in the modellers’ outputs, the
majority of the auralisations were perceived by study participants as being plausible. Notably
however, the participants were only shown a picture of the test spaces rather than experiencing
the spaces themselves.

Reverberation cues are commonly rendered in the Ambisonics domain, and multiple studies
have been conducted to explore how Ambisonics order (spatial resolution) affects perception of
reverberation. Ahrens and Andersson found no perceptual benefits to rendering reverberation
above 8th-order Ambisonics [3], while Enge et al. compared reverberation reproductions in a
VR context, and found no significant change in plausibility between 3rd-order reproductions
and 7th-order reproductions [53]. Engel et al. compared reverberation cues rendered from 0th
to 4th-order with a non-reverberant signal, finding that under their test circumstances listeners
could not perceive differences in reverberation above 1st-order Ambisonics [54]. The study
was conducted online, with participants using uncontrolled hardware and again shown only an
image of the simulated room instead of experiencing it themselves. In a follow-up study, the
authors found that differences could be discriminated up to 2nd or 3rd-order [55]. In this study
the authors tested one group of participants in a lab environment, and the other group in the
physical space that was simulated, but did not report details of this analysis due to paper length
constraints. Neidhardt and Zerlik have previously demonstrated that exposure to a real version
of a sound makes listeners more critical when judging the plausibility of a virtual counterpart
[134], and so determining optimal reverberation simulations will be best done in real-world
spaces rather than lab environments.

While most work in this area has focused on accurate reproduction of a given environment,
Schneiderwind and Neidhardt also recently explored how far reverberation can be manipulated
before plausibility is impacted. They found that late reverberation times could be adjusted within
a range of 80–120% of normal without plausibility breaking down [160]. While the most obvi-
ous form of acoustic link in AAR is applying real-world acoustics to virtual audio as discussed
above, this also implies the potential of future work altering the acoustics of real sounds to match
a virtual space, for example in narrative or artistic AAR applications.

Overall, while work has been undertaken to explore the potential of real-world acoustic sim-
ulation for AAR elements, there remain a number of unanswered questions. There is still a lim-
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ited understanding of how accurately environmental acoustics must be reproduced, particularly
in real-world environments and when using an AAR application, rather than conducting lab-
based listening exercises. Additionally, reverberation perception has primarily been evaluated
using headphones, and there has been little exploration of how acoustic reproduction consider-
ations may change when using audio glasses or other acoustically transparent playback devices
which are necessary for AAR.

2.2.2 Sonic Linking

Serafin et al. separate a soundscape into ‘action sounds’ and ‘environmental sounds’, with
action sounds representing sounds made by human actions (such as snapping fingers, clapping,
or walking, hitting, or throwing) and environmental sounds representing sounds made by other
objects and entities in the environment [166]. Either of these sound categories could be leveraged
for AAR experiences, however this has had minimal exploration so far.

Jylhä and Erkut have explored the potential for these action sounds as a general computing
system control, under the term ‘sonic gesture’ [93]. They first explored the potential of sonic
gestures through a system that utilised hand claps as control inputs for three different appli-
cations – a virtual audience simulation whose clapping speed was mapped to the user’s own
clapping speed, a system for adjusting music tempo based on the speed of the user’s clapping,
and a system to control a musical sampler. These applications were only evaluated informally.
In a later paper, Jylhä provided a broader overview of the potential of sonic gestures, identifying
that sonic gestures could be pitched (e.g. whistling or humming) or unpitched (hand claps, fin-
ger snaps), static (a gesture with constant pitch) or dynamic (a gesture with variable pitch), and
impulsive or continuous [92]. Jylhä identified hand claps, finger snaps, body taps, whistling,
humming, impulsive, fricative, and vowel vocal sounds; breathing, footsteps, scratches, blow-
ing, and knocking or tapping as possible avenues for sonic gesture controls.

Some of these sonic gestures have been demonstrated in other contexts. Sporka et al. com-
pared the use of speech input and humming as a means of controlling arcade game Tetris, finding
that in that context, humming controls were faster and more accurate than speech controls [173].
Sporka and colleagues have also investigated a computer mouse controlled by whistling [171]
and a keyboard operated through humming or whistling [172] as alternative input methods for
people with motor impairments. Their whistling mouse was not evaluated in a full user study,
but the sonic keyboard was evaluated by five users with varying motor and speech impairments
and who responded positively to the tool.

In the realm of auditory applications, Vesa and Lokki proposed a system that could use finger
snaps for control input, using the position of the finger snap as another layer to the control [184],
allowing for a snap on the user’s left, middle, and right to execute different commands. While
the paper primarily dealt with the detection and localisation algorithm and wasn’t fully evaluated
in an application context, the authors proposed using the system as a music player control (skip
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backwards, play/pause, skip forward for left/centre/right snaps respectively).
The most common form of action sound-based control is voice input, which has become

an increasingly common way for humans to interact with computing systems. Modern smart-
phones feature voice assistants like Apple’s Siri, Amazon Alexa and Google Gemini which can
enable hands-free control of our devices [86]. Smart speakers like Amazon Echo devices, Apple
HomePods, or Google Home speakers bring this functionality into our homes, allowing control
of media systems, smart home devices, and more, and often operating purely within the auditory
mode without any visual display. Speech-to-text systems also allow users to utilise their voice
for text input, providing an alternative or addition to traditional keyboard inputs [118].

While action sounds have seen exploration in AAR contexts, the use of environmental sounds
to drive AAR applications has been very limited until now. Of the 62 AAR systems identified in
Yang et al.’s review, only one system responded to the presence of environmental sounds [198].
That system, Sawhney and Schmandt’s Nomadic Radio was a system for auditory notifications
for mobile users [158]. Users wore a wearable speaker which presented notifications, and a mi-
crophone which used their sonic context to inform how and when to present these notifications.
When presenting a notification, the system considers the notification priority, how recently the
user interacted with the system, and the level of nearby conversation to decide how intrusively to
present the notification. Less intrusive formats, like a splash sound effect or an abridged reading
of a message were used when there was conversation nearby, and when surroundings were quiet
a more intrusive presentation like a full readout of a message was used.

The only other example of an AAR system that responded to environmental sound was the
Acu-Notch system proposed by Lokki et al. [110], discussed earlier. Lokki et al. proposed using
the auditory notching algorithm in response to key sound events nearby, such as emergency
vehicles, however this functionality was never implemented into the system. The Nomadic
Radio system was only evaluated with a single user over two days, and the principle of an AAR
system responding to real-world sounds has never been evaluated fully, nor have there been any
examples of such systems within the last 20 years.

Despite this, there is evidence to suggest consumer interest in AAR systems that interact
with environmental sounds. Bustoni et al. [34] recently presented results from a survey explor-
ing noise management in AAR. They presented 124 respondents with 21 examples of real-world
noise, and surveyed respondents about how they would like an AAR system to alter those noises
to reduce annoyance (for example making noise more pleasant, attenuating or removing noises,
replacing noise, etc). Participants responded positively to all of their hypothetical augmenta-
tion, suggesting a clear consumer interest in AAR systems which can respond to environmental
sounds. However, this represents only a first step, and they did not present or evaluate any
prototypes for such an AAR system.

Outside of AAR there are also some existing examples of computing systems which respond
to environmental sounds. Many smart devices now feature sound detection for accessibility
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reasons, detecting important sounds such as doorbells for users who are hearing impaired [38,
28]. Other sound classification systems are also commercially available, for example the Shazam
system for music recognition [186] or the Cornell Lab or Ornithology’s BirdNET model which
can identify different species of bird by their calls [94]. Perhaps the most widespread example
of sound-reactive systems is active noise cancellation and mic-through acoustic transparency
systems, featured on flagship audio devices like Apple AirPods 2 and Sony’s flagship earbuds 3,
allowing users to block out external noises.

Despite AAR systems being sonic in their output, there are very few examples of AAR
systems that also use sound as an input to inform the application or experience, and the principle
overall has never been evaluated. A system cannot augment reality without having an awareness
or understanding of reality, and so this represents a fundamental gap in the current state of AAR
requiring further research.

2.3 Technological Underpinning of Audio Augmented Reality

There are a number of technologies that enable AAR applications. While this thesis is primarily
focused on theoretical and design-based contributions to the field, these areas also underpin the
work presented in later chapters, and a primer on each of them is presented here.

2.3.1 Playback Devices and Acoustic Transparency

The playback device used for virtual audio in AAR is a key consideration. To augment reality
with virtual sound, the user naturally must be able to hear reality alongside any virtual elements,
and so playback devices which are acoustically transparent and facilitate this are central to an
AAR system [91]. As well as facilitating AAR, there has been evidence that these devices
can improve the plausibility of virtual sounds and that they can be considered safer than non-
transparent playback devices [121]. There are two forms of acoustic transparency: ‘active’
or ‘hear-through’ acoustic transparency where the real world is presented to the listener via a
microphone, and ‘passive’ acoustic transparency where the ear is left unblocked, allowing the
listener to hear the real world normally.

The most common form of active acoustic transparency comes from microphone-enabled
wireless earbuds, often referred to as ‘Hearables’, such as Apple AirPods. These microphones
often capture the user’s surroundings to allow for active noise cancellation (ANC) processing4,
and some devices also offer the ability to present this microphone signal to the user instead, sim-
ilarly to a hearing aid. Devices like Apple’s AirPods often offer options in-between, cancelling

2https://www.apple.com/airpods-pro/
3https://www.sony.com/headphones/products/wf-1000xm5
4Where the microphone signal is played back with reversed polarity to cancel out any real-world audio that

makes it to the listener’s ears, if you’re curious.

https://www.apple.com/airpods-pro/
https://www.sony.com/headphones/products/wf-1000xm5
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unwanted noise but allowing the listener to still hear conversations or blending between ANC
and transparency. While active devices like these can offer finer-grained control over how a
user hears the real world, this additional processing can also bring with it latency and perceptual
problems [72]. Denk et al. compared seven commercial headsets offering active transparency
and found a large variance in latency times, and that some devices could introduce comb filter-
ing effects, colouration, the deterioration of binaural cues, and more [45]. In a later experiment,
Schepker et al. concluded that currently, actively transparent devices cannot achieve an equiva-
lent quality to open ear listening [159]. However, authors like Stemasov et al. [175] and Bustoni
et al. [34] have envisioned a future where such devices allow the curation and adjustment of
our real-world auditory perception, manipulating the volume of specific sounds to better suit our
needs.

While passive playback devices do not suffer from these perceptual problems as the ear is
left unblocked, although they do not offer the same clear potential for real-world manipulation.
Passive devices can take multiple forms, the most common being audio-enabled glasses such as
the Huawei Eyewear5, USound Fauna glasses [181], or Meta’s smartglasses6. Other approaches
include earbuds that clip on the edge of the ear rather than blocking the ear canal, such as Bose’s
Ultra Open earbuds7 or Soundcore’s C30i8. Other devices use bone conduction (often termed
‘bonephones’) to transmit audio signals directly to the auditory nerve, bypassing the eardrum
entirely, however perceptual studies by Barde et al. showed that while these devices can produce
promisingly externalised audio, localisation performance suffered when using them [9, 8].

As most AAR systems focus on a single user, playback devices are usually limited to per-
sonal audio devices like those mentioned above. However, there are some examples of suitable
loudspeaker-based systems. Recent advances in speaker technology have enabled ‘sound zones’,
where a speaker system can allow multiple users to experience their own virtual sound experi-
ence without overlapping or interfering with others’ [90]. Razer have demonstrated a similar
product for personal, headphone-free spatial audio in their Leviathan soundbar. The soundbar
uses an IR camera to track the listener’s head movements, and beamforming approaches to pre-
cisely direct soundwaves towards the listener to mimic spatial audio [150]. While such devices
have not been applied to AAR scenarios yet, they could allow for in-home or multi-user AAR
experiences in the future, blending personal virtual audio with a shared real aural environment.

2.3.2 Spatial and Binaural Audio

As well as the device used to playback virtual audio, another central component of AAR is the
use of immersive or ‘spatial audio’. Spatial audio is a broad term used to describe audio designed

5https://consumer.huawei.com/en/audio/huawei-eyewear-2/
6https://www.meta.com/gb/ai-glasses/
7https://www.bose.co.uk/en_gb/products/headphones/earbuds/

bose-ultra-open-earbuds.html
8https://www.soundcore.com/uk/products/c30i-a3330-clip-earbuds

https://consumer.huawei.com/en/audio/huawei-eyewear-2/
https://www.meta.com/gb/ai-glasses/
https://www.bose.co.uk/en_gb/products/headphones/earbuds/bose-ultra-open-earbuds.html
https://www.bose.co.uk/en_gb/products/headphones/earbuds/bose-ultra-open-earbuds.html
https://www.soundcore.com/uk/products/c30i-a3330-clip-earbuds
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to be 3-dimensional – in spatial audio, virtual sounds can be positioned anywhere in a 360-degree
sphere around the user, just as they are in the real world. Spatial audio already has applications
in music playback, game audio, cinema and television sound, and artistic installations.

For AAR, the most common form of spatial sound deployed is that of binaural sound. Bin-
aural sound is played back over headphones (or similar one-channel-per-ear playback devices),
with the left and right signals processed to mimic the effect a listener’s ears, head and wider body
have on the sound we hear in the real world. As sound travels to our ears, the shape and acous-
tical properties of our head and body alter the sounds we hear slightly, absorbing and reflecting
sound waves in different ways. This results in the sounds received at each ear being subtly dif-
ferent, having different arrival times, frequency content, phase, and more [191]. Our hearing
system relies on these interaural differences to localise sounds, and binaural audio reproduces
these cues to accurately position virtual audio in three dimensions.

Binaural audio relies on a head-related transfer function (HRTF) or head-related im-
pulse response (HRIR)9, which represents the acoustic effect of a person’s physiology [44, 32].
HRTFs are measured for a given individual’s head, and a sound source at a given position, and
when convolved with a given piece of audio, the resulting sound will appear to that individual
as if it originates from the corresponding position. As HRTFs are specific to a given person
and source position, comprehensive measurement is laborious and complex, requiring highly
specific facilities and equipment. More often, binaural sound is processed for a freely available,
generic HRTF dataset that provides most of the binaural cues, though not as accurately as indi-
vidualised measurements. Often these generic HRTFs correspond to head-and-torso-simulators
(HATS) or ‘dummy heads’, which represent an average human.

In an AAR context, headphone-based spatial sound like binaural audio also requires some
level of user tracking to present virtual sounds in fixed positions, either relative to the listener’s
head orientation (egocentric) or relative to the listener’s head and body position (exocentric).
Rendering sound in a fixed egocentric position allows the listener to gain additional localisation
cues from head movements [120], while rendering accurate exocentric spatial audio can benefit
plausibility [53]. Approaches for this can include dedicated headtrackers [74, 198], GPS posi-
tioning [198], or camera-based inside-out tracking featured on mixed reality headsets like the
Quest 3 [37].

Spatial audio is often also achieved using Ambisonics technology. Traditional channel-based
approaches to audio use one audio channel for each speaker: one channel for mono, two chan-
nels for stereo, and four or more for surround formats. Ambisonics instead uses channels to
represent a speaker-agnostic sound field: sound sources are encoded into the Ambisonics do-
main, where they can be positioned and manipulated, and then are decoded to a target speaker
configuration, including to binaural formats [199]. Ambisonics sound fields are described by

9HRTFs representing the frequency domain, and HRIRs representing the time domain. Through the wonder and
magic of the Fourier transform you can derive one from the other.
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their numerical order, with higher orders having increased spatial resolution. Higher orders
also necessitate more channels, as described in Equation 2.1. Specialist microphones are also
capable of recording directly to Ambisonics format, most commonly a 1st-order field, though
modern examples are capable of recording at 3rd-order resolution or higher [200, 126, 52],
allowing high-resolution, three-dimensional capture of an auditory space.

Num Channels = (Order+1)2 (2.1)

In the commercial realm, surround sound formats have employed similar approaches in
recent years, moving towards object-based formats like Dolby Atmos and DTS:X. These ap-
proaches attach three-dimensional positional metadata to specific sounds, and use a rendering
or decoding stage to translate the mix to specific speaker configurations which include height
channels. While most notably deployed in cinema contexts, streaming services like Apple Mu-
sic now offer Dolby Atmos music tracks [47] and many soundbars, TVs, computers, and AV
receivers now offer support for these formats, giving many consumers the ability to experience
spatial audio at home.

Spatial sound not only enables three-dimensional AAR experiences but offers tangible ben-
efits to the listener. Chiefly, the use of spatial sound has been shown to have beneficial effects on
presence, immersion, flow, and emotion [95, 53, 144, 183], which are markers of heightened lev-
els of engagement [31], and may also have beneficial effects on task completion time in virtual
environments [155]. Use of HRTF spatialisation also improves the plausibility of virtual sounds,
their externalisation, and our abilities to localise them accurately [77, 107, 138, 32], even when
using a generic, non-individualised HRTF [14, 192]. Integration of spatial sound processing into
an AAR system is therefore highly desirable, and these technologies are deployed in all six of
the user studies presented in this thesis.

In recent years these spatial sound systems have become more and more accessible, whether
presented over speakers or through personal devices like earphones or headsets. The ability to
convincingly position virtual sound sources in three-dimensional space is central to AAR, and
the ease with which this can now be done means AAR has never been more accessible. As this
technology continues to advance, these spatialised sounds will become increasingly convincing,
while the computational requirements to create them will continue to be reduced. It is important
to identify and resolve the gaps in our understanding of AAR now, so that future AAR systems
can better take advantage of this potential.

2.3.3 Environmental Acoustics

One important component of any AAR system is the modelling of environments for virtual
sounds. The primary technical challenge for AAR as a field is seamlessly presenting a virtual
sound as real [131, 73], and accurately modelling a real world environment’s effect on sound and
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applying that to the virtual is key to achieving this. As discussed in subsection 2.2.1, accurate
acoustic cues have beneficial effects on sound perception such as improving externalisation or
distance estimations.

The two primary terms used to define this seamless presentation of virtual as real are plau-
sibility and authenticity. Authenticity is the perceptual identity of real and virtual sound – no
difference can be detected between the two [20]. Plausibility, meanwhile, is the perceptual iden-
tity of virtual sound and a listener’s expectation of a real sound [107]. Authenticity is far harder
to achieve than plausibility as a result [138] – the slightest difference between real and virtual
might destroy authenticity, while plausibility might still be maintained [68]. Plausibility, on the
other hand has already been achieved under certain conditions [107, 138, 68, 30]. As AAR is
concerned with presenting virtual audio as real to the user, integrating environmental acoustics
into the system to maximise plausibility is crucial.

The effect an acoustic environment has on sounds within it can be described through its
room impulse response (RIR), which illustrates how sound evolves in that space over time for
a given sound source in a given position, and a given listening position. By convolving the RIR
with a given piece of audio, that audio can be made to appear as if it were sounding in the RIR’s
corresponding acoustic space, in much the same way as HRTFs can be deployed to create spatial
sound. RIRs can be created either through direct measurement in a space, or through simulation.

Recording an RIR can be achieved either through recording an impulsive sound in a space,
such as a balloon pop, handclap, or gunshot; or by recording an acoustically excited room, and
deconvolving that recording with an excitation source such as a sinusoidal sweep [89]. This is
a labour-intensive task which requires expensive and specialist equipment when done properly,
and many repeat measurements need to be taken at different source/listener positions to be able
to truly simulate a room’s acoustics.

Simulation approaches avoid this laborious measurement work, but instead usually require
a three-dimensional model of the user’s surroundings, using techniques like ray-tracing to com-
pute an approximation of the space’s RIR [157]. These approaches instead require a 3D model
of the user’s surroundings, and while often these are available in visual XR contexts, they are
rarely otherwise needed for AAR, representing a different challenge for acoustic reproduction.
However, there have also been recent examples of smartphone systems capable of mapping a
user’s surroundings [167, 148], and as SLAM tracking [57], point cloud mapping [117], and
Gaussian splatting [197] capabilities become more ingrained in everyday devices, modelling
our surroundings for acoustic simulation is likely to become more feasible.

Whether measured or simulated, an RIR can also have differing degrees of spatial resolution,
ranging from an omnidirectional RIR which contains no directional information, to a stereo or
binaural RIR which models interaural differences, through to RIRs in the Ambisonics domain
which offer increasing spatial resolution. In principle, an RIR with higher spatial resolution
should offer a closer simulation of a space’s acoustics, but as mentioned in §2.2.1, there is cur-
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rently no clear understanding of how high spatial resolution should be to maximise plausibility
and computational efficiency.

2.3.4 Sound Detection

As discussed in §2.2.2, AAR systems could benefit from the ability to respond to real world
sounds. While the AAR applications which have done so are extremely limited, sound classifi-
cation technology is an area of active research, and deployed in other consumer-facing applica-
tions.

The Nomadic Radio system, the only AAR system that has incorporated real-time sound
classification, relied on machine learning, using a bespoke Hidden Markov Model to classify
nearby speech [39]. Their detection system could identify not only individual sound events,
but when a user transitioned from one scene to another, potentially allowing for a more gran-
ular understanding of a user’s context. Such machine learning models form the basis of most
other sound classification systems also. Modern general-purpose sound classification models
include Google’s YAMNet model and its precursor, VGGish [84], which can classify hundreds
of different audio events, with a high level of accuracy [180].

Other, more specialised sound classification models also exist, such as the Cornell Lab of
Ornithology’s BirdNET model [94]. BirdNET is capable of identifying more than 6000 species
of birds from around the world [195], and is available both as a pre-trained model, packaged
for Raspberry Pi-based monitoring [194], as a mobile app for on-demand classification,10 and
more. Perhaps the most well-known sound classification system is Shazam, a music classifica-
tion system that can identify specific musical tracks in an audio stream [186]. Shazam is widely
used, often coming pre-integrated into smartphones, and features ‘Auto-Shazam’ functionality,
where the system continuously monitors and identifies nearby music, providing users with both
real-time and historical information on unfamiliar music.

While these systems identify the presence of a sound, there is also the matter of identifying
the location of the sound, something which is an area of active research. Researchers have been
developing machine learning approaches for sound localisation for some time, however these
can require specialist microphone arrays [85, 156], be limited to localisation within one plane
[187], or cannot handle overlapping sources or real-world environments [85, 46]. While recent
advances have begun to solve these problems [46, 2], there are not yet viable pre-trained models
for sound localisation like there are for classification tasks.

10https://merlin.allaboutbirds.org/
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2.4 Conclusion

This chapter has presented a summary of the area of audio augmented reality, the difficulty in
defining it, the potential of sonic and acoustic links between the real world and virtual elements
for audio augmented reality, and the technology that enables audio augmented reality. A number
of key themes and gaps motivate the research questions explored in this thesis, summarised
below.

2.4.1 RQ1: How can an acoustic link between real and virtual elements
be created in audio augmented reality?

Section 2.2.1 explored the perceptual effects of acoustic cues on an AAR experience, noting
their beneficial effects for creating externalised, plausible cues which can heighten immersion
and the believability of virtual sound sources. It discussed how there is still no clear under-
standing of how accurately reverberant cues need to be reproduced to balance these benefits
with computing overhead, that most AAR systems do not reproduce acoustics, how these cues
are usually evaluated in lab environments rather than the environments AAR will likely be used
in, and how they have not been evaluated with transparent playback devices that enable AAR
experiences. This leads to the first research question for this thesis.

2.4.2 RQ2: How can a sonic link between human-produced sounds and
virtual elements be created in audio augmented reality?

Section 2.2.2 noted that action sounds – sounds produced by human beings – have potential
as control inputs for computing systems. It discussed the potential of sonic gestures and voice
input, and noted that such control schemes have seen minimal evaluation in AAR. This forms
the focus of the second research question, investigating the potential of human-produced sound
to inform and control an AAR system as the first evaluation of a sonic link.

2.4.3 RQ3: How can a sonic link between environmental sounds and vir-
tual elements be created in audio augmented reality?

Section 2.2.2 then discussed systems that respond to environmental sounds, noting that there are
only two examples of such systems, one of which was conceptual and neither of which was fully
evaluated with users. It discussed the fact that sound reactivity has been deployed in non-AAR
contexts, and that this represents a fundamental gap in AAR: an AAR system cannot augment
one’s auditory reality without being aware of it. Section 2.3.4 discussed approaches to sound
classification which could be leveraged to enable this, providing both the means and motivation
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behind the third research question: exploring how an AAR system can respond and be informed
by the sounds composing our aural surroundings.

Now that the research questions underlying the thesis have been established, the following
chapters will answer them in turn to create foundations for the field of AAR.



Chapter 3

Defining Audio Augmented Reality

As discussed in Chapter 2, there are a number of competing definitions of AAR, conflicting
terms, and no clear understanding of what makes an experience AAR. Synthesising these into
one overall model of audio augmented reality will bring clarity to what AAR is, what it can be,
and where there are gaps in our understanding. This chapter discusses these existing definitions
in greater depth, their themes and merits, offers alternative perspectives, and provides a new
definition that unifies these previous discussions and underpins the work presented in the rest of
the thesis.

3.1 (Audio) Augmented Reality

Of the common themes in existing literature, one is a view of AAR as a subcategory or more
specialised form of augmented reality (AR). This view is shared by authors such as Rovithis et

al., Sikora et al., and Lawton et al. [153, 168, 105], but also implied simply by the name ‘audio
augmented reality’. A system could not be an example of audio augmented reality without also
being an example of augmented reality.

“[AAR is] a type of AR, in which the virtual component that enriches the real world
consists of audio information” – Rovithis et al. [153]

“visually augmented reality has its acoustic version–AAR” – Sikora et al. [168]

“[AAR is] an instance of AR, whereby experiences and actions in the real world are
accompanied by additional layers of sound” – Lawton et al. [105]

With that in mind, a viable definition of audio augmented reality must also encompass the
criteria for augmented reality, which are more clearly defined. Azuma’s definition [6], one of
the most commonly referenced, defines augmented reality as a system which:

• Combines real and virtual elements

27
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• Is interactive in real time

• Is registered in three dimensions

Azuma’s definition, while popular, is also prescriptive from a technical viewpoint, and the
boundaries of AR have shifted in the three decades since it was first proposed. As Nijholt points
out, modern AR content can feature non-interactive elements [137], and one can imagine that in
a future with ubiquitous AR displays, there would be space for 2-dimensional AR content like
heads-up displays.

More recent definitions take a broader view of AR, such as Lindeman et al. [108] who define
AR only as “the mixing of computer-generated stimuli with real-world stimuli”, or Mallem
[113] who claims AR allows “spatial and temporal virtual and real worlds [to] co-exist, which
aims to enhance user perception in his real environment”. Whether or not this use of the term
‘worlds’ was deliberate, Mallem’s notion aligns with Milgram and Kishino’s seminal proposal
of the reality-virtuality continuum in which all XR applications can be placed [125]. At one
end of the continuum exists the real environment, and at the other a fully virtual environment
(virtuality). The space between these two points is where mixed reality applications exist, with
AR applications existing towards the real end of the continuum, and ‘augmented virtuality’
existing towards the virtual end, representing a virtual reality environment augmented with real
elements. The real and virtual environments defined on the Milgram-Kishino continuum could
also be thought of as Mallem’s real and virtual worlds, and doing so represents a more flexible
and ambitious view of AR.

While both terms can be used interchangeably, ‘environment’ often implies a smaller scope,
and our real world is composed of multiple environments that contribute to a larger whole. We
reference natural and built environments, physical and digital environments, visual and aural;
social, cultural, political, educational environments, and many more. All of these come together
to create the real world we live in, and can often represent only a small part of it. In a future
of ubiquitous AR, augmentations could span many of these environments at once, or new envi-
ronments yet to be imagined. At that point, we are no longer augmenting an environment, but
a world, and this should be accounted for in our definitions. While their limitations may only
be implied, the words we choose to use when defining something are important, and should be
chosen carefully.

Mallem’s definition also suggests an AR system must enhance a user’s perception of their
real environment, however, it is unclear exactly what is meant by this. Is perception enhanced
because there are now virtual elements for the user to perceive? This condition would surely be
met by the virtual world existing in the first place, and is unnecessary to include. Is an AR system
one that improves the user’s ability to understand their surroundings? There are many examples
of AR applications with no such goal, yet which are clearly AR. AR games and videos seek
to entertain, not improve user perception. This thesis argues instead for a level of abstraction,
and that an AR system offers a benefit to the user. The word ‘augmented’ implies a positive
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alteration, a general improvement1, and while this could take the form of improving the user’s
environmental understanding, it could also take any number of other forms.

While many definitions of AR like these focus on how the system relates to the user, Schraf-
fenberger proposes also that we should consider how an AR system relates to the real world.
Schraffenberger considers AR to not just be the combination of real and virtual elements, but
to arise when the virtual and real have some form of connection between them [161, 163], and
gives a particular focus to spatial and content-based relationships. For example, watching the
evening news is not AR, until the newsreader is seated at the kitchen table (where they then
have a spatial connection to the environment). If the newsreader behaved differently based on
the environment or based on the user, this would be augmented reality through a content-based
relationship.

A central issue with defining AR and AAR is pinning down when an experience becomes
augmented – when it stops being ‘listening to music’ and becomes AAR, and this notion of
the real and virtual worlds being linked in AR provides clarity on this issue. Music listening
is not AAR until the virtual music the listener hears is shaped by aspects of the real world.
Schraffenberger focuses on spatial- and content-based links between real and virtual, but there
is no reason an AR or AAR system needs to be restricted to such relationships. In the AAR
context this thesis is focused on, real and virtual worlds could also have auditory links, such
as the sounds in one world influencing the other, or the acoustics of one world being shared or
altered by aspects of the other.

3.2 Existing Definitions of AAR

While many avoid defining AAR [183, 5, 115, 35, 140], one common view is of AAR merely
being the presentation of artificial or virtual sounds to the listener alongside the sounds of the
real world [114, 131, 65]:

“In the most general sense, audio AR is simply the introduction of artificial sound
material into the real world” - Mariette [114]

“Extending the real auditory environment with virtual audio entities” – Nagele et

al. [131]

“A technology that aims to embed virtual auditory content into the real environment
of a user” – Gamper [65]

Other authors employ similarly broad definitions, but describe the virtual audio as being
‘overlaid’ on the real environment For example, Heller et al. claim AAR systems “overlay the
physical world with a virtual audio space” [80]. Boletsis and Chasanidou consider AAR to

1Terrible-Horrible-No-Good-Very-Bad-ified Reality hasn’t really taken off in the same way.
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allow the “simultaneous perception of the real environment and a virtual audio overlay” [25].
Stecker et al. claim that in AAR “synthetic or recorded sound overlays the natural sounds of
the physical environment”. ‘Overlaying’ virtual atop real implies a separation between real and
virtual, rather than the creation of an augmented gestalt, and broad definitions like these can also
be unhelpful – radio, phone calls, and loudspeaker systems can all be thought of as introducing
or overlaying virtual sounds into the real world, despite very rarely being argued as examples
of AAR. With such broad definitions, it is unclear when experiences like these would become
AAR. Some scholars propose additional criteria for an AAR system that can go some way to
mitigating this problem.

For instance, Krzyzaniak et al. do not strictly define AAR, but claim it is composed of two
essential elements: an ‘analogue’ or real world sound, and a digital system that changes or adds
to it [104]. As well as these two essential elements, Krzyzaniak et al. also allude to the user
benefitting from the augmentation, and to it having relevance to the user, perhaps through a
specific “object, activity, place, time, setting, [or] person”. This aligns with some of the ideas
set forth in the previous section, and, importantly, is one of the only existing definitions to
suggest the potential for sound-based links between the real and virtual. However, this view
is also unimodal – to meet that criteria an AAR system could only respond to and augment
real-world sound, and applications like tying virtual audio to objects or locations would not be
AAR, despite the authors including such applications in their taxonomy of AAR in the same
paper. While AAR could be unimodal in this way, there is no clear need for it to only ever be
unimodal, particularly in a ubiquitous AR future, and so AAR should not be defined based on
this requirement.

One other stipulation often employed in existing definitions is a requirement for the virtual
audio to be presented in a specific manner. The use of spatial audio processing is often listed as a
requirement for AAR [119, 70, 103, 82], while other authors suggest AAR requires a ‘seamless
integration into the real environment’ [132], or for users to be ‘unable to distinguish’ between
the real and virtual sound sources [26]. While highly plausible virtual audio is undoubtedly
beneficial for many AAR scenarios, and these definitions no longer include traditional audio
experiences like music, phone calls, or radio, there is nothing about spatial audio that makes
it a defining characteristic of AAR. Consider an audiobook presented in spatial sound and a
soundwalk presented in stereo which unfolds differently as the user moves through the physical
world. Which would feel the most like it was augmenting a user’s reality? While the audiobook
might feel more immersive, this thesis argues the stereo soundwalk would feel more augmented,
as it is rooted in and shaped by the real world.

Other authors insert a concept of interactivity into their AAR definitions, aligning with one
of Azuma’s requirements of AR. Lawton et al. claim AAR to be “an instance of AR, whereby
experiences and actions in the real world are accompanied by additional layers of sound” [105].
Tikander, although using an alternative term to AAR, describes it as being when “the natural
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surrounding sound environment is enriched with interactive virtual sounds” [179]. Similarly,
while interactivity may elevate an AAR experience, it is not crucial to it. If one considers the
AAR applications discussed in Chapter 2, many do not involve interacting with the virtual audio
directly. In many – Vazquez-Alvarez et al.’s sound garden [183], Bluebrain’s National Mall
[23], or McGookin’s PULSE system [122] – the augmented nature arises not from the virtual
audio, but the fact that the virtual audio responds to the user’s interaction with the real world.
The connection to the real world is what makes the experience AAR, not the interactivity of the
virtual sounds.

McGill et al. apply Schraffenberger’s notion of real-virtual connections to AAR, which they
consider to be “auditory headset experiences intended to co-exist with/supplement reality or
exploit spatial congruence with real-world elements, typically rendered on [acoustically trans-
parent] headsets” [121]. However, McGill et al.’s definition only concerns itself with spatial
connections between real and virtual. As discussed earlier, while the links between real and
virtual could be spatial, these links could also take other forms.

With so many competing definitions of AAR, many of which partially overlap, there is no
clear, accepted definition of the field. To solve this problem, Dam et al. used Grounded Theory
analysis to arrive at a new, robust definition for AAR. They conducted a workshop with audio
experts defining AAR, followed by a literature review, and arrived at a preliminary definition of
AAR:

“Auditory information, customised for the intended user that is capable of suffi-
ciently immersing yet retaining awareness of their environment and designed to
provide appropriate assistance in the user’s primary task”.

This preliminary definition was then followed by further focus groups and expert interviews
for further refinement. Their final definition is built on three pillars: an AAR system should be
connected to the environment, context-adapted, and goal directed. Dam et al. provide a final
definition to encompass these pillars:

“AAR is defined as the augmented auditory stimuli that are goal-directed, immer-
sive, but distinct from the real sounds, and adapted to users’ context".

Dam et al.’s pillars provide a useful framework for considering AAR, and align well with
many themes of previous definitions. For each of their three pillars, they also provide sub-
criteria that contribute to that pillar, claiming that as these sub-criteria are met an experience
becomes more AAR. They state their environmental connection pillar includes a user being able
to perceive an alternate environment (composed of sound) and/or be continuously aware of the
real world, but also introduce a criterion that virtual audio sources should “be connected to
the physical environment, but at the same time should be perceived as being distinct from the
sounds of the physical environment". This notion of a connection to the physical world aligns
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with Schraffenberger and McGill et al.’s views, that virtual elements should have some link or
relationship with the real ones, however Dam et al.’s stipulation that the virtual elements should
also be distinct is unusual within AAR definitions. Usually, the opposite is argued and, while
this could be desirable under certain circumstances, a perfectly plausible presentation could be
desirable in others. This stipulation can also only be met in AAR scenarios where virtual sounds
are added into the world. Future AAR scenarios, such as the alteration or removal of existing
real sounds would be unable to meet this criterion.

Their contextual adaptation pillar, the notion that the experience should change based on the
user’s immediate reality, also aligns with Schraffenberger. Proposed sub-criteria of this pillar
include an AAR system doing this in such a way that allows listeners to maintain social interac-
tions with others, an AAR system manipulating environmental noise such as noise cancellation
or transformation, and adapting to “users’ temporal and spatial reality to keep users aware of
the augmenting audio”, such as altering playback to maintain audibility based on environmental
noise. Finally, their goal-directed pillar claims AAR systems must help a user accomplish their
primary task, requiring AAR cues to be easily recognised, relevant to user goals, and recognis-
able as being helpful to the user. This concept of an AAR system assisting with a user’s goals is
perhaps the most flexible way to consider whether a system provides a benefit or not, something
often proposed as criteria for AAR.

While Dam et al.’s pillars are thought-provoking, their nine sub-criteria result in a very
complex model of AAR, and some are at odds with established ideas of the field and potentially
restrictive for future AAR applications. The definition provided with these pillars also has flaws,
primarily rephrasing the requirement for these pillars to be present (although the environmental
connection pillar is absent), and necessitates deeper reading into their taxonomy to understand
when a system is goal-directed or adapted to users’ context, or when an auditory stimuli is an
augmented one. Further work is still needed to distil AAR down to its essential components and
provide a clear and accessible definition.

3.3 Competing Terms

As well as differing opinions on what AAR is, there are also differing opinions on whether
AAR is even the correct term, and there are other forms of audio-only experience that bear close
relation to AAR but fall under different names. Harma and other authors use the term augmented

reality audio (ARA) [74, 73, 153, 179], as well as subcategories such as wearable augmented

reality audio [74] and mobile augmented reality audio [73]. Harma also uses augmented audio

reality2 as a synonym for the same system, which is described as being one “where real and
virtual sound scenes are mixed so that virtual sounds are perceived as an extension to the natural
ones” [73]. ARA applications are proposed to be unimodal, extending and relating to only the

2Presumably someone is also labouring to bring ‘Reality: Audio Augmented’ to the masses to complete the set
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auditory realm, however as noted previously, others have defined AAR in the same way and
there is no clear reason as to why such applications would need to be restricted in this way.

Mariette also proposes a number of AAR-adjacent terms. Spatial audio AR (SAAR) is
proposed as a subcategory of AAR presented using spatial sound processing, and Personal

Location-Aware Spatial Audio (PLASA) is proposed as a further subcategory of SAAR that
is presented to a single user over headphones [114, 116]. Mariette also describes locative au-

dio as an umbrella term that covers audio experiences which are tied to a user’s position in the
real-world, though not necessarily their orientation. SAAR and PLASA applications are already
encompassed by AAR and while they have interesting implications – such as the potential for
AAR applications to be presented to multiple users at once rather than being purely individual
– they are also at risk of adding unnecessary complications. This thesis focuses only on AAR
as a whole, and leaves future work to determine whether SAAR and PLASA are useful terms to
consider within AAR.

Locative audio, meanwhile, is argued in this thesis to be encompassed by the view of AAR
developed in this chapter. As discussed earlier, AR applications rely on virtual elements being
linked to the real world. While AAR elements can be linked to real-world locations as in locative
audio, they could also be connected to environmental sounds, acoustic spaces, specific objects,
actions taken by a user, or any number of other triggers yet to be imagined. As the term most
commonly used, and one which encompasses these competing terms, Audio Augmented Reality

is the focus of this thesis.

3.4 Synthesising a New Definition

Having reviewed a broad range of definitions of AAR, we can create a refined model of the field.
This review and discussion identified the following key points and themes:

1. Audio augmented reality is a form of augmented reality.

2. Augmented reality features real and virtual elements, in real and virtual environments, in
real and virtual worlds.

3. Augmented reality should offer the user a benefit, as ‘augmented’ implies an improve-
ment.3

4. In augmented reality, the real and virtual elements/environments/worlds should be linked
or related to one another.

5. In audio augmented reality, the virtual elements/environments/worlds are sound-based.

3‘Expanded’ or ‘supplemented’ reality would have a different connotation.
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6. Audio augmented reality encompasses locative audio, SAAR, PLASA, ARA, MARA, and
WARA.

The goal with this new definition is to encompass the things that are widely agreed to be
AAR, and exclude the things that are widely agreed not to be AAR. As AR and AAR are new
technologies, it is also important that this definition is not unnecessarily restrictive, to provide
space for novel AAR applications in the future. As we have seen already, some prior definitions
can be too prescriptive, no longer able to cover modern systems that are broadly considered
AAR, and it is important to avoid this. At the same time, if a definition is too broad, such as
those which consider AAR to merely be the introduction of virtual audio into the real world, then
non-AAR applications can then fall under the same umbrella, making the definition unreliable.

As discussed earlier, this thesis proposes firstly following Mallem’s approach and consider-
ing AAR in terms of real and virtual ‘worlds’. As a more abstract concept than an environment,
a world can grow and shrink as required – a world could be composed of a single element or
millions, cover a room, a city, or a continent; and characterise elements in physical or abstract
terms. A world can encompass existing AAR systems, but also enable novel ones we have yet
to imagine.

A world also contains all manner of characteristics which could form the basis of a real-
virtual link. While Schraffenberger’s concept of real-virtual links are crucial to augmented re-
ality, there is no reason to impose limits on what links can or should be used. Schraffenberger
argues for spatial and content-based links, this thesis focuses on sonic and acoustic links, but
there is no reason AR and AAR applications of the future could not feature object links, action
links, temporal links, emotional links, or any number of other connections between the real and
virtual worlds.

This thesis does make an assertion on the benefit an AR system provides, as there is space
here to further pin down augmented reality itself. Like Dam et al., this thesis views fulfilling
goals as being a valuable way to consider AAR. Achieving a goal is perhaps the broadest way of
providing a user with a benefit, however this thesis proposes considering this in terms of the goal
itself, and the actions taken to achieve it. Consider that in our day-to-day, non-XR reality, our
goals exist within the real world, as do the actions we take to achieve them. In virtual reality, our
goals exist within the virtual world, as do the actions we take to achieve them.4 It follows then,
that in augmented reality, the goals we have, and the actions we take to achieve them must be in
different worlds, or else we are experiencing reality or virtual reality. When playing Pokemon
Go [135], we walk to the park in the real world (real action) to catch Pokémon (virtual goal).
We visualise our new IKEA sofa in AR (virtual action) to understand how it will look after
purchasing it and placing it in our living room (real goal).

Based on this, this thesis proposes the following definition of AAR:

4We may move or manipulate something in the real world as part of that, but only due to imperfect control
schemes having not yet figured out The Matrix.
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Audio augmented reality is the creation of a virtual world, represented through
sound, which is linked to the real world and allows users to achieve goals in one
world by interacting with the other.

This definition unifies the key points outlined above, and provides clear criteria for deter-
mining whether a system is AAR:

1. Is audio the primary modality?

2. Does the system feature both real and virtual elements?

3. Is there a clear link (spatial / content-based / auditory / ...) between those real and virtual
elements?

4. Can the user achieve something in the real world by interacting with the virtual world, or
achieve something in the virtual world by interacting with the real world?

3.5 Auditory Links

Having introduced a new definition for AAR which supports the work in this thesis, it is also
necessary to introduce the concept of auditory links on which this work is centred. Visual AR
systems place a strong emphasis on mapping and understanding a user’s physical surroundings
such that virtual visual elements can be plausibly integrated: for example, walls are mapped so
that virtual displays can be hung on physical walls, or the room is mapped three-dimensionally
so that virtual objects can occlude or be occluded by physical objects. Modern hardware like
the Apple Vision Pro even simulates real lighting effects for virtual objects, grounding them
more plausibly in the user’s environment. In AAR, this same potential exists in a user’s auditory
surroundings, with great potential for elements in the virtual world to respond to real-world
sound, or vice versa. With reference to the definition of AAR presented here, this thesis defines
this concept as an auditory link.

As an initial exploration of these auditory links, this thesis considers our aural surroundings
to be composed of two parts: the sounds present in a space (speech, birds, cars, etc.), and
the acoustic influence of that space (reverberation, echo, etc.). As independent aspects of an
aural environment, an auditory link could potentially arise from either. This thesis terms these
acoustic and sonic links, and defines them as:

• Sonic Link: The sounds present in one world influence the other through the AR system;

• Acoustic Link: The acoustics of one world influence the other through the AR system.

Sonic and acoustic links could be applied to any form of augmented reality experience (hence
why they are defined in reference to an AR system rather than an AAR system specifically),
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however they have the most obvious applications in AAR. As discussed in Chapter 2, an acous-
tically linked AAR system could apply the acoustics of the real world to virtual sounds, making
them appear more plausibly real. Likewise, the acoustics of the real world could be manipulated
to better match an audiobook narrative unfolding in the virtual world, simulating the cathedral
the story’s protagonist is currently within. A sonically linked AAR system might be as sim-
ple as positioning auditory notifications such that they do not clash with existing sounds, or as
pervasive as attenuating or replacing the sound of heavy real-world traffic to be less irritating.
Originating from the virtual world, enemies in a sonically linked AAR game might morph or
distort real-world sounds to heighten the experience.

Just as visual mapping techniques like SLAM tracking and lighting simulation are funda-
mental to visual AR systems, allowing systems to get ever-closer to the ideal of blending real
and virtual elements rather than overlaying virtual atop real, this thesis asserts these acoustic and
sonic links as being equally fundamental to AAR, and the remainder of this thesis is devoted to
exploring their potential.

3.6 Conclusion

AAR has existed for over 30 years, however throughout that time it has been poorly defined,
leading to confusion about what AAR is, and what its potential is. This chapter explored existing
definitions of AAR and AR, debated their merits, and presented a robust new definition which
synthesises and builds on these prior discussions. It also identified and defined acoustic and
sonic links, where an AAR application responds to nearby aural elements in the real world,
noting that these have not been explored in great detail before. Exploring the potential of these
sonic and acoustic links will provide foundational insights into what AAR applications could
be, expand the state of the art for AAR, and possibly lead to AAR and AR applications with
deeper integrations between the real and virtual in future. The experimental work presented in
the following chapters explores acoustic and sonic links in an effort to reap these benefits.



Chapter 4

Acoustic Linking

As discussed in Chapters 1 and 3, a fundamental gap in AAR at present is the use of acoustic
and sonic links to connect virtual sounds with a user’s real-world environment. By reproducing
the acoustics of a user’s real world environment and applying them to virtual sounds, an acoustic
link can be created between real and virtual. Chapter 2 demonstrated that reproducing an envi-
ronment’s acoustics for virtual sounds can result in virtual audio that more believably appears
part of a listener’s real surroundings. Acoustic cues improve the sensation of externalisation,
immersion in an acoustic environment, and the plausibility of virtual sounds, all key to the cen-
tral goal in AAR of creating a seamless blend of real and virtual audio. However, Chapter 2.2.1
also showed there remain unanswered questions with regards to acoustics in AAR.

Firstly, there is currently no clear understanding of how accurate or detailed an acoustic
reproduction needs to be to provide these benefits. Work from Enge et al. suggested that plau-
sibility was unaffected by increasing spatial resolution above 3rd-order [53], while Engel et

al. found evidence first that differences above 1st-order Ambisonics were imperceptible, and
then that differences could be discriminated up to 3rd-order [54, 55]. At the other end of the
spectrum, work from Ahrens and Andersson suggested discrimination was possible as high as
8th-order [3]. This is a key issue as more detailed reproductions require more audio channels
and more processing power to deploy – a 1st-order reproduction requires four audio channels
where an 8th-order requires 81 – and the sweet spot of perceptual benefit and computational
requirement remains unclear.

Secondly, most existing work in this area has focused on lab-based scenarios, studying lis-
tener perception in treated environments and under formal listening tests. While this provides
valuable insights, these scenarios do not represent the environments where AAR systems are
likely to be used, or the tasks AAR users are likely to engage in. Crucially, many of these listen-
ing tests ask participants to evaluate the acoustics of a space without being exposed to it, making
judgments in an online test environment [54] or based on a picture of the space [30]. In an AAR
scenario, users would be judging the acoustic simulation of an environment they are currently
located in, and there is evidence to suggest a listener is more critical in this scenario [134].

37
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Additionally, users will engage with AAR under various conditions, such as environments with
differing noise levels, when engaged in another task, or using an interactive AAR system, all of
which may influence their perception of the virtual sound world. A lab-based formal listening
test may not adequately simulate these additional factors and it is important to understand how
they might influence the listener’s experience.

Thirdly, these existing lab tests usually deploy high-fidelity, professional-level speakers and
headphones. While AAR could certainly be experienced using such playback systems, the AAR
systems of the future are more likely to be experienced over more accessible and widespread
headphones or wireless earbuds which are usually of lower fidelity. Additionally, a central con-
sideration in AAR playback devices is acoustic transparency – as discussed in Chapter 3 we must
be able to hear both real and virtual elements to achieve AAR – and devices like audio glasses,
bone conduction headsets, or open-ear buds have had minimal evaluation in these contexts. It
is important to understand how playback device may influence a listener’s perception, and to
evaluate acoustic reproductions over representative AAR hardware as well as devices designed
for critical listening.

This chapter describes two studies designed to explore these aspects of acoustic linking, and
provide insights on RQ1.

RQ1: How can an acoustic link between real and virtual elements be created
in audio augmented reality?

The first study explored user perceptions of different acoustic reproductions of a controlled
office environment, using both high-end studio headphones and acoustically transparent audio
glasses. Study 1 used formal listening tests to assess various aspects of auditory perception.
Study 2 focused on the plausibility aspect of user perception, and evaluated different acoustic
reproductions in real-world spaces, both outdoor and highly reverberant. Study 2 used an AAR
game as a more representative task, again exploring how studio headphones and audio glasses
compare.

4.1 Study 1 – Influence of Environmental Acoustics and Play-
back Device in Lab-Based AAR

As a starting point for acoustic linking in AAR, Study 1 focused on the gaps regarding accuracy
and playback device mentioned earlier, exploring how the perception of acoustic reproductions
is shaped by the playback device as well as the detail of an RIR.1 20 participants assessed six
acoustic reproductions of a controlled office environment (Reverberation Time = 450ms), shown
in Figure 4.1, both with audio glasses and studio-quality reference headphones, completing
localisation tests and assessing perceptual characteristics of the virtual audio. A within-subjects

1See Section 2.3.3 in Chapter 2 for more information.
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Figure 4.1: Test environment used for Study 1, illustrating the setup for RIR capture. In the user
study, the speaker remained in this position and the participant was seated at the microphone
position.

design was used, with all participants experiencing all 12 combinations of playback device and
acoustic condition. The study lasted approximately one hour.

4.1.1 Experimental Parameters

Study 1’s independent variables were acoustic condition, shown in Table 4.1, and playback
device, either the Sennheiser HD650 studio headphones2 or Fauna audio glasses3. Neither
playback device has a published frequency response graph from the manufacturer, however
Sennheiser HD650 headphones are quoted as having a frequency response of 10–41000Hz,
while the Fauna glasses are quoted as having a frequency response of 250–20000Hz. Playback
devices were chosen to compare auditory perception in critical listening scenarios (headphones)
with AAR scenarios (glasses), and are shown in Figure 4.5.

The RIRs under test varied in spatial resolution (the accuracy with which they reproduced
directional acoustic cues) and spectral bandwidth (how much of the auditory spectrum they
modelled behaviour for), both of which contribute to the ‘accuracy’ of an RIR. Spatial resolution
ranged from single-channel, omnidirectional responses which modelled no directionality but can
be captured using widely available microphones or simulated with less computational demand,

2https://uk.sennheiser-hearing.com/products/hd-650
3https://wearfauna.com/en/

https://uk.sennheiser-hearing.com/products/hd-650
https://wearfauna.com/en/
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Condition Code Excitation Source Spatial Resolution
Dry None None

Omni-HC Handclap Omni
Stereo-HC Handclap Stereo
1O-Sine Sine Sweep 1st Order Ambisonics
3O-HC Handclap 3rd Order Ambisonics
3O-Sine Sine Sweep 3rd Order Ambisonics

Table 4.1: Details of the acoustic conditions used for Study 1.

up to 3rd-order Ambisonics responses which have high spatial resolution but require specialist,
often expensive, microphones or computationally demanding simulations to produce. Spectral
bandwidth was either limited, using a handclap as an excitation source, or full-spectrum, using
a sinusoidal sweep from a loudspeaker. The final six were chosen to cover a range of differ-
ent accuracy levels, including both complex, specialised RIRs and simpler RIRs which could
feasibly be captured by an AAR end-user. Smartphones already feature single or dual-channel
microphones as will the AAR devices of the future, so the omnidirectional and stereo handclap
RIRs could easily be captured by a novice AAR user without any additional equipment. A dry
condition with no RIR was also used as a control.

4.1.2 RIR Capture Process

RIRs of the study test space were captured using a Zylia ZM-1 Ambisonic microphone.4, loaned
from project partners at Imperial College London. The microphone was placed at approximately
the ear height of a seated listener, and RIRs were recorded at 3rd-order, the highest resolution the
microphone is capable of recording. One 3rd-order RIR was captured of the room being excited
by a single handclap, performed 2 metres away from the microphone at a 0◦ azimuth, chosen
to model a lower fidelity, but accessible RIR capture method that AAR users could feasibly
carry out themselves. Another 3rd-order RIR was captured of the room being excited by a
sinusoidal sweep, covering 20Hz to 20kHz over a period of 5 seconds, to create a high-fidelity
RIR modelling behaviour for the full spectrum of human hearing. The sweep was generated
using the AURORA plugin suite5 and played back over a KRK studio monitor speaker, again
positioned 2 metres away at a 0◦ azimuth. The direct sound portion of the RIR was replaced
with silence to allow direct sound to be modelled through the spatialisation engine. This ensured
that direct sound was rendered at the highest possible level of detail, and was consistent between
conditions.

These 3rd-order recordings were then used to produce lower-resolution RIRs:

• 1st-order RIRs were produced by taking the first four (WXYZ) channels of the 3O RIR.

4https://www.zylia.co/zylia-zm-1-microphone.html
5https://www.aurora-plugins.com/index.htm

https://www.zylia.co/zylia-zm-1-microphone.html
https://www.aurora-plugins.com/index.htm
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• Stereo RIRs were produced by taking the signals from opposing microphone capsules on
the ZM-1, recommended by acoustician colleagues at Imperial College London.

• Omni RIRs were produced by taking the 1st (W) channel of the 3O RIR.

Rather than measuring RIRs for each azimuth position a sound was presented at, the same
RIR was used for all positions, effectively rotating the reverberant space around the user’s head
similarly to [55], where this simplification was not found to adversely impact the user experi-
ence. Measured RIRs were chosen over simulated ones to isolate the influence of spatial resolu-
tion or spectral bandwidth from the accuracy of an acoustic modelling package, while still pro-
viding insights that could aid AAR developers when choosing a workflow for simulated RIRs.
More detailed reproductions are more computationally demanding to simulate, and so it is still
key to determine where the best balance of perceptual benefit and computational complexity lies
for acoustic simulations, especially in AAR scenarios which are mobile or battery-constrained.

4.1.3 Experimental Design and Methodology

Participants were seated at a desk in the test environment, directly opposite the KRK loudspeaker
used for RIR capture, approximately 2m away. A computer monitor, keyboard and mouse were
set up on the desk to allow the participant to see and interact with the experimental interface.
Participants evaluated the six different acoustic conditions, once using Sennheiser HD650 open-
back headphones, and once using a pair of FAUNA audio glasses. The FAUNA audio glasses
are designed to be used wirelessly, but a hardwired development pair were used to remove the
influence of wireless latency. The six acoustic conditions are shown in Table 4.1. The order of
evaluations was counterbalanced to account for order effects – half of participants used glasses
first and half used headphones first, with acoustic conditions for each playback device evaluated
in a randomised order.

In each condition, participants completed a localisation test, followed by questions about
their perception of the audio. Three sound samples were used as part of the localisation test: a
sample of human speech, a sample of acoustic guitar music, and a synthesised ‘user interface’
(UI) sound designed to evoke notification sounds in existing games or applications. All three
sound samples were anechoic, and so free of any reverberation cues of their own which could
affect perception. The audio files used in this study are available via Appendix A.2.

Each evaluation procedure was structured as follows:

1. A reference track was played back over the loudspeaker in the room, consisting of the
test sounds used in the rest of the experiment. This provided the participant with an
understanding of how those sounds ‘should’ sound, and a real-world reference for making
judgments about the virtual sounds.
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2. A test sequence was played over the headphones/glasses. The sequence consisted of a
white noise burst, played directly in front, to the right, behind, and to the left. The monitor
visualised the positions of the noise bursts to give the participant a reference for the audio
spatialisation.

3. One of the three sound stimuli was presented to the user to localise, auralised with the
appropriate RIR for the current acoustic condition. The user swivelled in their chair to
face the sound, and pressed the keyboard spacebar to submit their localisation. The sound
was presented for localisation four times, once in each quadrant, in a randomised order.
Stimuli varied only in their azimuthal position, and were kept at a 0 degree elevation
throughout the study.

4. The participant rated the sound’s externalisation, plausibility, realism, and their confidence
in their localisations on continuous scales from 0 to 1. These measures are listed in Table
4.2.

5. The participant repeated the localisation and evaluation step for the other two sound stim-
uli.

6. A questionnaire for the acoustic condition was presented, asking the participant to rate the
level of attention they paid to the reverberation, how much of a difference they noticed
between the virtual sounds and the reference loudspeaker (both rated on a 7-point Lik-
ert scale from "Strongly Disagree" to "Strongly Agree"), and whether they preferred the
reference track or virtual sounds (rated on a continuous scale).

7. The participant moved to the next acoustic condition, repeating this process.

The experimental software was developed in the Unity engine. Virtual sounds were spa-
tialised binaurally using the 3DTI Toolkit [44], and the KEMAR dummy head HRTF from the
SONICOM dataset [56]. Auralisations for all RIRs were created offline in MATLAB for each
anechoic audio file, producing 20-channel audio files corresponding to a dodecahedral loud-
speaker layout. Direct sound was rendered using a single instance of the 3DTI Toolkit Unity
wrapper, while the reverberant components were decoded to spatialised virtual loudspeakers
positioned at the 20 vertices of a dodecahedral speaker layout. Participants were fitted with
a Supperware headtracker6, which tracked 3DOF head movements for localisation trials, and
maintained the real-world position of virtual sounds. Both playback devices had output volume
levels balanced subjectively to present sounds at an equivalent loudness, and a high-pass filter
at 250Hz was applied to the headphones to more closely match the frequency response range of
the audio glasses as quoted on the manufacturer website.

6https://supperware.co.uk/headtracker-overview
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Figure 4.2: Screenshot of the test application used in Study 1, showing the user interface during
the localisation test.

Measure Question
Externalisation Did these sounds appear to be inside or outside your head?

Plausibility Do you think these sounds were recorded in this room? (based on [30])
Sound Realism To what extent did these sounds appear to be part of the real world?

Localisation Confidence How confident are you that you located the sounds accurately?
Questionnaire - Virtual/Reference Preference "I preferred how stimuli sounded in the reference track / in this condition."

Questionnaire - Reverberation Attention "I was conscious of the way the stimuli reverberated."
Questionnaire - Virtual/Reference Discrimination "I noticed a difference between the sounds in the reference track and the sounds in this condition."

Table 4.2: Questions used in Study 1.

4.1.4 Participants

Twenty people participated in Study 1, recruited from posters and university mailing lists and
compensated with a £10 Amazon voucher for their time. To ensure a participant pool that was
representative of possible AAR users, the only recruitment criteria were that participants did not
have any hearing impairments, and that they could comfortably use a computer screen without
wearing glasses to allow for use of the audio glasses. Final participant demographics were:

• Gender: 12 men, 8 women

• Age: 9 aged 18-24, 6 aged 25-34, 3 aged 35-44, 1 aged 45-54, 1 aged 55-64

• AR Familiarity: 1 very unfamiliar, 3 unfamiliar, 4 neutral, 8 familiar, 4 very familiar

• Spatial Audio Familiarity: 1 very unfamiliar, 8 unfamiliar, 4 neutral, 6 familiar, 1 very
familiar

4.1.5 Results

Localisation error and the measures outlined in Table 4.2 were analysed using ANOVA tests
– two-way for questionnaire results (RIR and playback device), and three-way for the other
measures (RIR, playback device, and stimulus). Across all measures, data were found not to
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Measure Factor ANOVA p, F Sig. Pairwise Comparisons p Mean Difference

Plausibility
RIR .013, F(5, 684) = 2.932

Dry - Omni-HC .033 0.093

Omni-HC - 3O-HC .021 -0.099

Omni-HC - 3O-Sine .045 -0.096

Device .163, F(1, 684) = 1.947

Stimulus .006, F(2, 684) = 5.116 Speech - Music .005 -0.072

Loc. Error

RIR < .001, F(5, 2679) = 9.998 See interactions

Device < .001, F(1, 2679) = 21.742 See interactions

Stimulus .051, F(2, 2679) = 2.973

RIR : Device .004, F(5, 2679) = 3.452

1O-Sine*Glasses - Dry*Glasses < .001 11.6

1O-Sine*Glasses - Dry*HD650 .002 10.7

1O-Sine*Glasses - 3O-HC-HD650 .005 11.4

1O-Sine*HD650 - 3O-HC*HD650 .005 6.3

Dry*Glasses - Stereo-HC*Glasses < .001 -13

Dry*Glasses - 3O-HC*Glasses .004 -7.7

Dry*Glasses - 3O-Sine*Glasses < .001 -16

Dry*HD650 - Stereo-HC*Glasses < .001 -12.1

Dry*HD650 - 3O-Sine*Glasses < .001 -15.1

Omni-HC*HD650 - Stereo-HC*Glasses .009 -11.4

Omni-HC*HD650 - 3O-Sine*Glasses .004 -14.4

Stereo-HC*Glasses - 3O-HC*HD650 < .001 -12.8

3O-HC*HD650 - 3O-Sine*Glasses < .001 -15.8

3O-Sine*Glasses - 3O-Sine*HD650 .029 12.9

Device : Stimulus .038, F(2, 2679) = 21.7422

Glasses*UI - HD650*Speech .001 8.6

Glasses*Music - HD650*Music < .001 7.9

Glasses*Music - HD650*Speech < .001 10.2

Glasses*Speech - HD650*Speech .002 8.6

HD650*UI - HD650*Speech .005 6.2

Externalisation

RIR < .001, F(5, 684) = 5.833

Dry - Omni-HC .021 -0.112

Omni-HC - 3O-HC < .001 -0.029

Omni-HC - 1O-Sine < .001 -0.039

Omni-HC - 3O-Sine < .001 -0.018

Device < .014, F(1, 684) = 7.761 HD650 - Glasses .014 0.052

Stimulus < .001, F(2, 684) = 9.585 UI - Speech < .001 -0.093

UI - Music .002 -0.078

Loc. Confidence
RIR < .001, F(5, 684) = 14.014

Dry - Stereo-HC < .001 0.177

Dry - 3O-HC .015 0.082

Dry - 1O-Sine < .001 0.132

Dry - 3O-Sine < .001 0.158

Omni-HC - Stereo-HC < .001 0.158

Omni-HC - 1O-Sine .003 0.107

Omni-HC - 3O-Sine < .001 0.133

Stereo-HC - 3O-HC < .001 -0.095

3O-HC - 3O-Sine .048 0.076

Device .004, F(1, 684) = 8.306 HD650 - Glasses .004 0.055

Stimulus .014, F(2, 684) = 4.233 UI - Speech .018 -0.051

Realism

RIR .628, F(5, 684) = 0.694

Device .158, F(1, 684) = 1.992

Stimulus < .001, F(2, 684) = 26.153 UI - Speech < .001 -0.126

UI - Music < .001 -0.156

[Q] Sound Preference
RIR .870, F(5, 228) = 0.368

Device .074, F(1, 228) = 3.233

[Q] Reverb Attention
RIR .131, F(5, 228) = 1.721

Device .642, F(1, 228) = 0.217

[Q] Sound Differentiation
RIR .696, F(5, 228) = 0.605

Device .322, F(1, 228) = 0.985

Table 4.3: Overall ANOVA and post hoc results for each measure in Study 1.
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be normally distributed, and so the Aligned Rank Transform method was used to account for
this violation of ANOVA assumptions, with post hoc analysis conducted using Tukey HSD
tests. Table 4.3 details the full results. Localisation error was calculated using great-circle
error, which has been suggested as a more accurate measure for computing localisation error
in a three-dimensional field [145], shown in Equation 4.1. While audio was presented only
in the azimuthal plane, where great-circle error is equivalent to azimuth localisation error, the
great-circle error calculation was still used to allow for the possibility of comparing results with
any future studies presenting audio at multiple elevations. As participants’ localisations were
recorded on their 3DOF head orientation, the great-circle error also accounts for any elevation
differences perceived by participants. The full dataset is available via Appendix A.1.

great circle error = arctan
(
||xyztarget × xyzresponse||

xyztarget · xyzresponse

)
(4.1)

Plausibility

The only significant plausibility findings for the different acoustic conditions were the omni-
directional handclap being less plausible than the 3rd-order RIRs and the dry condition. No
significant differences were found when directly comparing the plausibility of 1st- and 3rd-
order RIRs, or when directly comparing the influence of impulsive source. The omnidirectional
handclap RIR showed a higher degree of externalisation compared to the dry condition, and the
three Ambisonic RIRs were also found to have a higher degree of externalisation than the om-
nidirectional handclap, though the difference between those RIRs and the dry condition was not
significant.

Localisation Error

Localisation error was found to have significant main effects of RIR and playback device, as
well as interaction effects between RIR and device, and device and stimulus. Notable pairwise
comparisons included glasses having a higher localisation error than headphones when using the
3rd-order sine RIR, the 1st-order sine condition having higher localisation error than the 3rd-
order handclap condition when using headphones, and glasses exhibiting higher localisation
error in the ambisonic conditions and the stereo handclap condition compared to the dry con-
trol. No significant differences were found between the 1st- and 3rd-order RIRs when spectral
bandwidth was the same.

Significant main effects were also found for all three variables when it came to a user’s
confidence in their localisations. Participants were more confident in their localisations in the
dry and omnidirectional conditions than using RIRs with higher spatial resolution. The stereo
handclap RIR also resulted in lower localisation confidence than with the 3rd-order handclap
RIR, and participants showed higher localisation confidence using the 3rd-order handclap RIR
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than the 3rd-order sine sweep.

Playback Device, Test Stimuli, and Other Measures

Playback device was not found to affect plausibility, though participants showed higher local-
isation confidence when using the headphones compared to the glasses and a higher level of
externalisation. Glasses also exhibited higher localisation error than headphones when assess-
ing the music or speech stimuli, as well us under the 3rd-order sine sweep condition. The speech
stimulus was found to be less plausible than the music stimulus, and the UI stimulus resulted in
higher localisation error than the speech stimulus when listened to over headphones, with par-
ticipants less confident in their localisations of the UI stimulus compared to the speech stimulus
overall. The UI stimulus was also rated significantly less realistic than the speech and music
stimuli. The realism measure was found to be unaffected by acoustic condition or playback de-
vice, and similarly all three of the final questionnaire measures showed no significant differences
between acoustic conditions, or between playback devices.

4.1.6 Discussion

Overall, the results from Study 1 provided some valuable initial insights on acoustic linking for
AAR. The plausibility results align with prior work which finds that the inclusion of acoustic
cues improves plausibility. However, the results also showed that the simplest, least accurate
RIR actually reduced plausibility compared to the control condition, suggesting that there is a
minimum level of accuracy required to hear these benefits. However, the results did not pro-
vide enough nuance to understand where this minimum level lies, or where the best balance of
plausibility and complexity lies.

The localisation results (both in terms of great-circle error and subjective confidence) align
with prior work which finds that reverberation can muddy localisation cues. This is illustrated
by the results which show the dry condition outperforming most reverberant conditions. As the
results also show that plausibility and externalisation can benefit from reverberant cues, it will
be important for future AAR applications to balance these two aspects: maximising the benefits
of acoustic cues while minimising or accounting for the impediment to localisation.

Study 1’s most useful findings primarily concern playback device. The results clearly show
that the audio glasses suffer perceptually compared to the headphones, with higher localisation
error, lower localisation confidence, and lower externalisation ratings. This is not surprising,
given the glasses feature smaller speakers which may not be as capable as the larger drivers in
the HD650s; they represent a novel form factor compared to headphones which many partic-
ipants will have prior experience with; and the headphones are significantly more expensive,
retailing for two or three times more than the glasses which may represent superior design and
manufacturing processes. While localisation and externalisation suffered with the glasses, no-
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Figure 4.3: Violin plot of localisation error results, separated by playback device, RIR, and
stimulus.
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Figure 4.4: Violin plot of main quantitative results, separated by RIR and playback device.
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Figure 4.5: The two playback devices used in Studies 1 and 2: Sennheiser HD650 headphones
(L) and wired Fauna audio glasses (R).

tably the plausibility and realism measures showed no significant differences between the two,
suggesting that for AAR scenarios where localisation is not critical, audio glasses could still rep-
resent a viable platform. Even in localisation-centric scenarios, mean localisation errors were
inflated by approximately 15◦, which could potentially be accounted for by AAR applications.

The results of Study 1 also only represent one space, under formal listening test conditions. A
more focused exploration of plausibility was required to identify the ideal level of RIR accuracy
for acoustic linking, and explore how perception is affected by real-world AAR scenarios. This
formed the motivation for Study 2.

4.2 Study 2 – Influence of Environmental Acoustics and Play-
back Device in Real-World AAR

Based on the findings from Study 1, Study 2 was designed to focus more closely on the plau-
sibility of acoustic conditions, and assess them in a more realistic AAR scenario than Study
1’s lab-based critical listening test. With this in mind, Study 2 investigated multiple real-world
environments (designed to both to represent real-world usage locations and to reveal greater
differences between RIRs), using a representative AAR application.

A gamified AAR localisation test was developed, where participants took on the role of a
sonic wizard or ‘sonomancer’, and battled sonic ‘monsters’ by localising them correctly. Par-
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ticipants completed these gamified localisation tests in two public spaces, one outdoors and one
highly reverberant, using the same headphones and audio glasses as Study 1, and under one of
eight acoustic conditions, assessing the plausibility and externalisation of the game sounds af-
terwards. Between localisation tests, participants also completed a standard MUSHRA critical
listening test, directly comparing 8 acoustic reproductions of the current test environment.

4.2.1 Experimental Parameters

Study 2’s independent variables were acoustic condition, shown in Table 4.4, playback device
(again using the Sennheiser HD650 studio headphones or the Fauna audio glasses), and listening
environment (high reverberance space and outdoor space). Listening environments were chosen
to represent real-world public environments where AAR may be used, and to cover a range
of environments when taken alongside Study 1. The high reverberance environment was also
chosen with the aim of exposing more differences between RIR due to its more dramatic acoustic
influence. The University of Glasgow Cloisters were used for the high reverberance environment
(RT = 2.7s, calculated from captured RIRs), with the University’s East Quadrangle used for the
outdoor environment (RT = 35ms). Figures 4.6 and 4.7 show these test spaces.

Study 2 utilised the same forms of RIR as Study 1, but introduced two additional ‘echoic’
RIR conditions. In principle, anechoic source audio should be used with RIRs as it is free of
reverberation that may influence the final output. However, anechoic audio like this requires
specialist spaces to record, or must be synthesised to be free of reverberation, significantly lim-
iting the audio an AAR developer or AAR sound designer could work with. These conditions
were designed to explore how important the echoicity of this source audio is to the listener’s
perception, and how strictly this principle must be adhered to in an AAR context. Artificial
reverberation was added to source audio before RIR processing in these conditions to simulate
moderately echoic source audio.

4.2.2 RIR Capture Process

In both test spaces, RIRs were captured using the same process as Study 1. The Zylia ZM-
1 microphone was set up at the planned listening position for the user, and then a handclap
and sinusoidal sweep were captured from 2m away. The handclap was produced by the same
individual, and the sinusoidal sweep reproduced using the same speaker system, as in Study
1. The same MATLAB-based convolution process was also used. The RIR capture setup is
illustrated in Figures 4.6 and 4.7. For the echoic conditions introduced in Study 2, a synthetic
reverb (IEM FDN-Reverb7, with Room Size of 20, Reverberation Time of 1s, and Dry/Wet mix
of 0.5) was applied to the anechoic source audio files before convolution. The full list of RIR
conditions for Study 2 is shown in Table 4.4.

7https://plugins.iem.at/
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Condition Code Excitation Source Spatial Resolution

Omni-HC Handclap Omni
Omni-HC-Echoic Handclap Omni

Stereo-HC Handclap Stereo
1O-Sine Sine Sweep 1st Order Ambisonics
3O-HC Handclap 3rd Order Ambisonics
3O-Sine Sine Sweep 3rd Order Ambisonics

3O-Sine-Echoic Sine Sweep 3rd Order Ambisonics

Table 4.4: Details of the RIRs used in Study 2. Artificial reverberation was added to source
audio when using the italicised RIRs.

Figure 4.6: High reverberance test environment used for Study 2, illustrating the setup for RIR
capture.
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Figure 4.7: Outdoor test environment used for Study 2, illustrating the setup for RIR capture.

4.2.3 Experimental Design and Methodology

Study 2 utilised a broadly similar methodology to Study 1, with some key changes. Firstly, the
measures were revised to focus more on plausibility as the results from Study 1 exposed mini-
mal plausibility findings. Two additional plausibility measures were introduced to measure the
sensation more rigorously, and other measures were removed, save for externalisation. Study 2
measures are outlined in Table 4.5. Secondly, a MUSHRA listening test (outlined in ITU Rec-
ommendation BS.2132-0 [151]) was employed to compare all RIRs directly, with participants
making blind comparisons of all acoustic conditions and rating plausibility for each. While the
MUSHRA test was initially designed for audio codec comparisons, the overall methodology was
suggested by acoustician colleagues in Imperial College London as appropriate for the study’s
goals. With eight acoustic conditions, it was infeasible to have participants complete a game
round for each acoustic condition for each combination of playback device and space, so the
localisation game was rendered with a randomly chosen RIR. Weighting was applied to this
randomisation so that each RIR was selected a roughly even number of times across the whole
dataset.

In contrast to Study 1, no real-world reference for the stimuli used in the game was provided,
though as public spaces there were other real-world sounds present. Instead, participants were
asked to base their plausibility judgements on their internal reference and expectation for the
space’s acoustics as this better reflects the user experience of an AAR game or application.

The study had four conditions, one for each of the four combinations of playback device and
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test space. In each condition, participants completed a round of the localisation game, then filled
in a questionnaire about their perception of the game sounds, and then a MUSHRA listening test
evaluating the plausibility of the full selection of RIRs. The order of test environments, and the
order of playback devices within each environment, was fully counterbalanced. The study lasted
approximately one hour. The full procedure was structured as follows:

1. A test sequence was played to the participant over the current playback device. As in
Study 1, the sequence was a spatialised white noise burst, played directly in front, to the
right, behind, and then to the left. The laptop screen visualised the noise burst positions
to give the participant a reference for the spatialisation.

2. A game narrator gave an introduction to the game scenario: sonic monsters are nearby,
and as a sonomancer the participant must localise and destroy them.

3. The participant played the game for two minutes, localising and destroying as many sonic
monsters as possible. The sonic monsters were signified using an ominous designed sound
loop reminiscent of the Predator or other pop culture monsters, presented at a randomised
location in the azimuthal plane. As in Study 1, audio was presented at a 0 degree eleva-
tion. Monsters had an angular size of 30◦, with localisation anywhere within that angular
area considered a successful localisation. 30◦was chosen subjectively as an appropriately
difficult game experience for non-expert listener participants. A congratulatory or com-
miseratory voice line was played depending on whether the player successfully localised
the monster, before a new monster appeared at a new azimuth position. This process
repeated until the end of the game experience.

4. The participant assessed the game sounds on all four measures listed in Table 4.5.

5. The participant was presented with a MUSHRA listening test. Audio stimuli were pre-
sented consisting of the Study 1 speech sample rendered under each of the acoustic con-
ditions, each with a 0-100 slider. The participant listened to each, rating it from 0-100
according to one of the plausibility measures. The participant could freely revise their
ratings and audition each sound until they were happy with their ratings. The participant
then repeated the MUSHRA test for the other two plausibility questions, with plausibility
questions presented in a randomised order.

• In this first set of MUSHRA tests, one of the stimuli was selected at random and rep-
resented twice in the test, allowing for a measure of rater reliability. If a participant
rated duplicate stimuli significantly differently across the study, they were deemed
an unreliable rater and their data were discarded.

6. This process repeated until the participant had completed three game rounds and two
MUSHRA rounds.
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Figure 4.8: Screenshot of the test application used in Study 2, showing the user interface during
the localisation game.

Measure Question
Externalisation Did the game sounds appear to be inside or outside your head?

Plausibility (Brinkmann) Do you think these sounds were recorded in this room? (based on [30])
Plausibility (Definition) Rate the plausibility of the sound[s] [you heard during the game].
Plausibility (Realism) Did the [game] sound[s] you heard sound as if they could believably be in this real space?

Table 4.5: Questions used in Study 2. Questions varied slightly between the game and the
listening test, as shown by the [square brackets].

7. The participant moved to the next playback device, starting the whole process over. When
both playback devices had been fully evaluated, the process repeated for the next test
space.

As in Study 1, the experimental software was developed in the Unity engine, using the 3DTI
Toolkit for audio spatialisation, with the same reverberation decoding system. Participants used
the same headtracker, and the same playback devices with the same processing as in Study 1.
The user interface of the software is shown in Figures 4.8 and 4.9, and the audio files used in
this study are available via Appendix A.2.

4.2.4 Participants

Twenty-four people participated in Study 2 (an additional four people participated but were
excluded due to technical glitches or low reliability in the MUSHRA test), again recruited from
posters and university mailing lists, who were compensated with a £10 Amazon voucher for
their time. As in Study 1, the only recruitment criterion was that participants did not have any
hearing impairments and could use a computer screen while wearing the audio glasses. The final
participant demographics were:
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Figure 4.9: Screenshot of the test application used in Study 2, showing the user interface during
the MUSHRA listening test.

• Gender: 13 men, 10 women, 1 non-binary person.

• Age: 7 aged 18-25, 9 aged 25-34, 6 aged 35-44, 2 aged 45-54

• AR Familiarity: 2 very unfamiliar, 3 unfamiliar, 4 neutral, 11 familiar, 4 very familiar

• Spatial Audio Familiarity: 2 very unfamiliar, 3 unfamiliar, 6 neutral, 9 familiar, 4 very
familiar.

4.2.5 Results

For Study 2, the three plausibility questions were aggregated together into one measure, as there
were no significant differences between how participants answered them in the listening test, and
answers were highly correlated (p < .001). Data from both the game evaluations and MUSHRA
tests were analysed using a three-way ANOVA (for RIR, playback device, and test space). Once
again, data were found not to be normally distributed, and the Aligned Rank Transform method
was used to account for this. Post hoc analysis was conducted using Tukey HSD tests. Results
are shown in Tables 4.6 and 4.7. The full dataset is available via Appendix A.1.

MUSHRA Results

Analysis of the plausibility ratings from the MUSHRA test, shown in Figure 4.11, revealed a
complex interaction between RIR and space. Generally, the results showed that RIRs improved
plausibility ratings compared to the dry control condition in the high reverberance space, while
RIRs decreased plausibility ratings compared to the dry control condition in the outdoor space.
In both spaces, the stereo handclap RIR performed more like the dry control condition than any
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Measure Factor ANOVA p, F Sig. Pairwise Comparisons p Mean Difference

Plausibility

RIR .563, F(7, 832) = 0.830

Device .040, F(1, 832) = 4.231 See interactions

Space .051, F(1, 832) = 3.832

RIR:Device:Space < .001, F(7, 832) = 5.924
1O-Sine*HD650*Reverberant - Omni-HC*Glasses*Reverberant .034 0.197

1O-Sine*HD650*Reverberant - Stereo-HC*Glasses*Outdoors .046 0.158

Omni-HC*Glasses*Reverberant - 3O-Sine*Glasses*Reverberant .044 -0.209

Loc. Error

RIR < .001, F(7, 2392) = 4.446 See interactions

Device .002, F(1, 2392) = 10.098 See interactions

Space .656, F(1, 2392) = 0.198

RIR:Device .003, F(7, 2392) = 3.040 See interactions

RIR:Space .007, F(7, 2392) = 2.781 See interactions

RIR:Device:Space .045, F(7, 2392) = 2.054

3O-HC*Glasses*Reverberant - Dry*HD650*Outdoors .031 12.375

3O-HC*Glasses*Outdoors - Dry*HD650*Outdoors .020 13.929

3O-HC*HD650*Reverberant - 3O-Sine-Echoic*Glasses*Outdoors .030 -11.025

3O-HC*HD650*Reverberant - Dry*Glasses*Outdoors .046 -9.365

3O-HC*HD650*Reverberant - Stereo-HC*Glasses*Outdoors .045 -5.437

3O-HC*HD650*Outdoors - Dry*HD650*Outdoors < .001 8.276

3O-Sine-Echoic*Glasses*Reverberant - Dry*HD650*Outdoors < .001 14.147

3O-Sine-Echoic*Glasses*Reverberant - Omni-HC-Echoic*Glasses*Reverberant .041 12.067

3O-Sine-Echoic*HD650*Reverberant - Dry*HD650*Outdoors < .001 8.276

3O-Sine-Echoic*HD650*Reverberant - Omni-HC-Echoic*Glasses*Reverberant .017 13.618

3O-Sine-Echoic*HD650*Reverberant - Omni-HC*Glasses*Outdoors .048 12.181

3O-Sine*Glasses*Outdoors - Dry*HD650*Outdoors .015 12.767

Dry*Glasses*Outdoors - Dry*HD650*Outdoors < .001 14.037

Dry*Glasses*Outdoors - Omni-HC-Echoic*Glasses*Reverberant .032 11.957

Dry*HD650*Outdoors - Omni-HC-Echoic*HD650*Outdoors < .001 -9.993

Dry*HD650*Outdoors - Stereo-HC*Glasses*Reverberant < .001 -10.109

Omni-HC-Echoic*Glasses*Reverberant - Stereo-HC*Glasses*Reverberant .032 -8.029

Externalisation

RIR .926, F(7, 256) = 0.357

Device .923, F(1, 256) = 0.009

Space .336, F(1, 256) = 0.927

RIR:Device:Space .041, F(7, 256) = 2.126 No significant pairwise comparisons

Table 4.6: Overall ANOVA and post hoc results for the game experience in Study 2.
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Measure Factor ANOVA p, F Sig. Pairwise Comparisons p Mean Difference

Plausibility

RIR < .001, F(7, 4864) = 9.345 See interactions

Device .0310, F(1, 4864) = 1.031

Space < .001, F(1, 4864) = 59.951 See interactions

RIR:Space < .001, F(7, 4864) = 104.509

1O-Sine*Reverberant - 1O-Sine*Outdoors < .001 15.223

1O-Sine*Reverberant - Dry*Reverberant < .001 27.926

1O-Sine*Reverberant - Stereo-HC*Reverberant < .001 23.575

1O-Sine*Outdoors - Dry*Outdoors < .001 -18.207

1O-Sine*Outdoors - Omni-HC-Echoic*Ourdoors .008 -12.300

1O-Sine*Outdoors - Stereo-HC*Outdoors < .001 -14.633

3O-HC*Reverberant - 3O-HC*Outdoors < .001 20.270

3O-HC*Reverberant - Dry*Reverberant < .001 27.144

3O-HC*Reverberant - Stereo-HC*Reverberant < .001 22.793

3O-HC*Outdoors - 3O-Sine-Echoic*Outdoors .013 -7.371

3O-HC*Outdoors - 3O-Sine*Outdoors < .001 -9.640

3O-HC*Outdoors - Dry*Outdoors < .001 -24.029

3O-HC*Outdoors - Stereo-HC*Outdoors < .001 -20.456

3O-Sine-Echoic*Reverberant - 3O-Sine-Echoic*Outdoors < .001 13.781

3O-Sine-Echoic*Reverberant - Dry*Reverberant < .001 28.026

3O-Sine-Echoic*Reverberant - Stereo-HC*Reverberant < .001 23.675

3O-Sine-Echoic*Outdoors - Dry*Outdoors < .001 -16.658

3O-Sine-Echoic*Outdoors - Omni-HC-Echoic*Outdoors < .001 9.149

3O-Sine-Echoic*Outdoors - Stereo-HC*Outdoors < .001 -13.084

3O-Sine*Reverberant - 3O-Sine*Outdoors < .001 12.040

3O-Sine*Reverberant - Dry*Reverberant < .001 28.553

3O-Sine*Reverberant - Stereo-HC*Reverberant < .001 24.203

3O-Sine*Outdoors - Dry*Outdoors < .001 -14.390

3O-Sine*Outdoors - Omni-HC-Echoic*Outdoors < .001 11.417

3O-Sine*Outdoors - Omni-HC*Outdoors < .001 10.244

3O-Sine*Outdoors - Stereo-HC*Outdoors < .001 -10.816

Dry*Reverberant - Dry*Outdoors < .001 -30.903

Dry*Reverberant - Omni-HC-Echoic*Reverberant < .001 -24.996

Dry*Reverberant - Omni-HC*Reverberant < .001 -26.825

Dry*Outdoors - Omni-HC-Echoic*Outdoors < .001 25.807

Dry*Outdoors - Omni-HC*Outdoors < .001 24.633

Omni-HC-Echoic*Reverberant - Omni-HC-Echoic*Outdoors < .001 19.900

Omni-HC-Echoic*Reverberant - Stereo-HC*Reverberant < .001 20.646

Omni-HC-Echoic*Outdoors - Stereo-HC*Outdoors < .001 -22.233

Omni-HC*Reverberant - Omni-HC*Outdoors < .001 20.555

Omni-HC*Reverberant - Stereo-HC*Reverberant < .001 22.474

Omni-HC*Outdoors - Stereo-HC*Outdoors < .001 -21.060

Stereo-HC*Reverberant - Stereo-HC*Outdoors < .001 -22.979

Table 4.7: Overall ANOVA and post hoc results for MUSHRA tests in Study 2. As the
RIR:Space interaction had 79 significant pairwise comparisons, only comparisons with a com-
mon factor are shown here for brevity.
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Figure 4.10: Game ratings, separated by playback device, RIR, and test space.
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Figure 4.11: MUSHRA plausibility results, separated by RIR, playback device, and test space.
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Figure 4.12: Comparison of plausibility ratings given by participants for the same RIR in the
game and listening test contexts.
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of the other RIRs, rather than performing between the omni handclap and 1st-order RIRs as was
expected. A significant comparison between the 3rd-order handclap RIR and the 3rd-order sine
sweep RIR in the outdoor space also suggested a lower level of plausibility when a handclap was
used as an impulsive source compared to a full-spectrum sweep. No difference in plausibility
was detected between the 1st- and 3rd-order sinusoidal sweep RIRs, nor was any plausibility
difference detected between the echoic RIRs and their anechoic equivalents.

Game Results

Analysis of the ratings given after the game experience (where participants did not experience
all RIRs, and so comparisons are between-subjects), shown in Figure 4.10, revealed a complex,
three-way interaction between RIR, playback device, and test space. The omnidirectional hand-
clap RIR was rated as less plausible than the 3rd-order sine sweep RIR when using audio glasses
in the high reverberance space, and was deemed less plausible with glasses than the 1st-order
sine sweep when using headphones in that space. The only other significant comparison was be-
tween the 1st-order sine sweep using headphones in the high reverberance space and the stereo
handclap using glasses outdoors. Overall, the results showed no strong trends for plausibility in
the game scenario. Localisation error was higher with glasses than headphones in the outdoor
condition with no reverberation, and similarly the other significant comparisons did not sug-
gest any strong trends for localisation error. The same three-way interaction was detected for
externalisation ratings, though there were no significant pairwise comparisons.

The most notable finding when assessing plausibility ratings in the game was comparing
game ratings with MUSHRA ratings. When comparing the plausibility rating given for an RIR
after the gameplay task with the rating given to the same RIR in the MUSHRA test, it was found
that participants rated sounds as being significantly more plausible during the game than as part
of the listening test (p < .01, with mean rating of 65.4 in game and 42.25 in listening test), as
shown in Figure 4.12.

4.2.6 Discussion

The results from Study 2 provided further insights on plausibility with acoustic reproduction,
however, as a broad exploration of acoustic linking in AAR, further work will be required to fully
confirm Study 2’s implications.. Firstly, Study 2 provides evidence to suggest that spectral band-
width of an acoustic reproduction contributes to plausibility, with significant differences found
between the full-bandwidth sinusoidal sweep RIRs and the limited-bandwidth handclap RIRs.
However, this difference was only found in the outdoor environment where RIR plausibility re-
sults were unexpected, with the dry control condition deemed the most plausible and the more
faithful reproductions being deemed less plausible, despite being a more accurate reproduction
of the environment’s acoustics. The fact that no significant difference between bandwidth was
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detected in the high reverberance space where there is a greater acoustic effect suggests this
finding may not hold true in all environments, and further evaluations will be needed to explore
the influence of spectral bandwidth on acoustic plausibility in AAR.

The listening test plausibility results also did not demonstrate any significant differences be-
tween the 1st and 3rd-order sine sweep RIRs, suggesting there is a possibility that increasing
spatial resolution above 1st-order may have diminishing benefits for plausibility. Similarly, no
significant difference was detected between plausibility ratings for the two playback devices,
suggesting that, at least in terms of plausible virtual sounds, audio glasses may be a viable play-
back device for AAR. However, as these implications are based on an absence of significance in
these results, further work will be required to confirm or disprove them.

The results also suggest that context may be an important factor in virtual sound plausibility,
based on the comparison between listening test plausibility ratings and game plausiblity ratings.
While this is not a perfectly fair comparison – game ratings were given retroactively and with
different material than the MUSHRA, and without a comparison – the large difference may
indicate that usage context influences plausibility. As an informal comparison, the results shown
here are unable to conclusively show an effect of usage context on plausibility, and this will
need investigated in future work. If true, this would be an important finding as the bulk of
existing literature on virtual sound plausibility is conducted in formal listening tests, and so
performance in these scenarios may not represent real-world performance when listeners are
engaged in alternate tasks, as they likely will be in AAR scenarios in the future. Overall, Study
2 suggests that AAR developers may need less accurate acoustic reproductions to leverage their
beneficial effects, which are also more achievable and less computationally demanding to render.

Beyond plausibility, Study 2 also corroborated findings from Study 1, again finding evidence
that audio glasses result in a higher localisation error than headphones, something important for
AAR developers to bear in mind in the future. Finally, the results did not show any significant
influence of echoicity, with no significant differences between the two echoic RIR conditions
and their anechoic counterparts. While only an initial indication, this may suggest that existing
sound design workflows could be applied to AAR scenarios without hampering user experience
or perception.

4.3 Qualitative Interview Results

Post-study interviews were carried out for both studies, inviting participants to discuss their
experiences of the two playback devices and the different acoustic conditions.

The interviews were transcribed using Microsoft Word, the transcripts corrected by hand,
and then analysed line by line to identify common themes, presented below.

Audio Glasses Are Compelling for AAR: In both interviews, participants were asked which
of the two playback devices they would prefer to use in a future AAR application, with guided
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museum tours, auditory navigation, and AAR games being provided as example scenarios. In
both, participants preferred using the audio glasses, praising their form factor and some be-
ing pleasantly surprised by their audio quality. In Study 1, 10 participants preferred glasses
compared to 7 for headphones. In Study 2 13 preferred glasses, and 8 preferred headphones.
Participants often indicated their preference was contextual (3 in Study 1 and 9 in Study 2),
particularly based on background noise, noting a degraded experience using audio glasses in the
noisier high reverberance space in Study 2.

“[I was] very surprised by the glasses, you know, how well they actually worked

and how well it resonated.” (P19, Study 1)

“Because sometimes there were quite a few people walking around, it was easier to

ignore with the headphones a bit because you were a bit more separated. But then

still you would hear something. But I like the fact that my ears were not covered by

the glasses as well, so it’s like... I guess it really very much depends on the context

of where. So here it depended on how loud the people around me were basically.”

(P15, Study 2)

Acoustic Transparency Can Improve AAR Experience: Participants who preferred the
headphones often cited superior sound quality, ease of localisation, and their familiarity as be-
ing important factors. Many participants also indicated that the glasses helped them feel more
‘connected’ to their real-world auditory surroundings (3 in Study 1 and 10 in Study 2), or that
headphones isolated them from their surroundings (5 in Study 1 and 9 in Study 2). This acoustic
transparency was noted as being a positive by 11 participants and a negative aspect by 5 partici-
pants. While acoustic transparency is core to facilitating AAR, this was not mentioned directly
to participants to avoid biasing them.

“I would have thought that before the study, the headphones would have immersed

me deeper, but it was the glasses...the glasses sort of put me into the game, whereas

the headphones sort of took me out.” (P8, Study 2)

“I think [I’d use] the head[phones], probably overall because it’s 90 percent of the

way there in all conditions, whereas the glasses seems like it’s awful apart from only

in the most echoey thing, then it’s amazing” (P1, Study 2)

Acoustic Cues Were Minimally Different, But Impactful: Participants noted that the in-
clusion of reverberation improved the plausibility of virtual sounds, and that it affected their
ability to localise sounds in both studies, although claims here were inconclusive as 13 men-
tioned it affected localisation positively and 9 negatively. When asked about differences between
conditions, some mentioned certain conditions being clearly worse or less real than others, but
participants often noted that any perceived differences were minimal, with one participant even
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noting they did not realise different conditions existed. In Study 1, 3 participants mentioned
that audio presented over the reference loudspeaker was of higher “quality” or “acuity” than the
virtual sounds presented over headphones or glasses. In Study 2, 3 participants also noted that
the inclusion of reverberation improved the ‘atmosphere’ of the game experience in the high
reverberance environment.

“I really struggled to tell the difference between them, to be honest. I think I could

tell what seemed like a...kinda...stronger reverb, I guess? But the subtleties of it

were lost on me.” (P2, Study 2)

“I would be absolutely shocked if my accuracy wasn’t massively higher with zero

or with lowest reverberation than with everything else. Reverberation made things

increasingly difficult. There was a couple reverberation conditions I guess depend-

ing on how they were recorded, where I had absolutely almost no idea, like a vague

direction, but I was just spinning in place.” (P14, Study 1)

“I think [the reverberation] contributed quite a lot because you could tell more...like

it felt more real. And you could tell more where something is coming from some-

times, as well.” (P9, Study 2)

“The first moment I was stood here, I think it was headphones on first, and then I

heard something and I looked over and then the reverb kind of made it, like, scatter

up the ceiling almost and that was a real, like, ‘phwoar!’ – it really did enhance the

atmosphere of the game.” (P11, Study 2)

4.4 Studies 1 and 2 – Discussion and Conclusions

Overall, the results from Studies 1 and 2 provide some useful insights regarding acoustic linking
in audio AR. As discussed at the beginning of this chapter, there are three unanswered questions
of particular relevance to acoustic reproductions in AAR: how accurate or detailed an acoustic
reproduction needs to be to facilitate an acoustic link, how these acoustic reproductions differ
perceptually in real-world scenarios compared to lab environments, and how they differ percep-
tually over lower-fidelity playback devices which better represent consumer end devices. Studies
1 and 2 provide insights on all three aspects.

In terms of RIR accuracy, both studies showed relatively small differences between RIRs,
though demonstrate that increasing the spatial resolution or spectral bandwidth of an RIR broadly
improves plausibility. Both studies showed that higher resolution Ambisonic RIRs were rated
as more plausible than simpler RIR conditions, however neither study found a significant differ-
ence between 1st- and 3rd-order RIRs’ plausibility ratings. While further work will be needed
for confirmation, this provides an initial indication that, at least in the conditions tested in these
studies, there may be little need to go above a 1st-order RIR for plausible playback. Study 2
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did demonstrate evidence that spectral bandwidth may have an important impact on plausibil-
ity, with a significant difference between the full- and limited-bandwidth 3rd-order RIRs in the
outdoor environment. As this only applied in one of the Study 2 test spaces, and was not found
in Study 1, it remains to be seen how important a concern this is for plausibility. Likewise,
no significant differences between 1st- and 3rd-order RIRs were found for localisation error in
either study, though both studies demonstrated that deploying acoustic links can also increase
localisation error, suggesting that in localisation-focused tasks, AAR developers may need to
balance localisation accuracy with virtual sound plausibility. It is important to note that audio
was only presented in the azimuthal plane, and these findings may not hold true when audio is
presented with varied elevation.

Study 2 explored acoustic linking in real-world use-cases, and as well as providing the plau-
sibility results outlined above, also returned two important insights on real AAR usage. Firstly,
the results from Study 2 did not show any significant differences between the echoic conditions
and their anechoic counterparts. While significantly echoic audio may have an adverse effect
on plausibility, this suggests that AAR developers can deploy similarly echoic sounds without
adversely affecting virtual sound plausibility, be they from field or foley recordings, or exist-
ing library sounds, aligning with existing sound design practices. Secondly, Study 2 suggests
that application context may significantly influence plausibility, finding in-game sounds to be
deemed more plausible than those in the listening test. While these game ratings were given ret-
rospectively and for different sound content, this provides evidence that developers can consider
simpler, more computationally efficient reproductions, and that findings from critical listening
tests may not represent real-world performance.

As one of the first perceptual explorations of audio glasses, the results from these studies
provide some interesting findings on their user experience. Firstly, neither study found a notable
influence of playback device on plausibility. Study 2 suggested that playback device influenced
plausibility in an application scenario, although no significant pairwise comparison was found
and so this influence cannot be analysed in greater depth. Both studies’ findings also suggest that
glasses are perceptually worse than headphones, with a higher localisation error in both studies,
and lower levels of externalisation in Study 1. That said, the interview data from both studies
suggest that glasses are a promising platform for AAR and one that users are interested in.

4.4.1 Limitations and Future Work

It is important to note a few limitations of these studies, as well as avenues for future work. The
first is that as only one set of headphones and audio glasses were tested, these results could be
specific to these models. There is also a large price difference between the two (with the HD650
headphones retailing for two to three times more than the FAUNA glasses), which could further
exaggerate the perceptual differences found in these studies.

Notably, the Stereo-HC condition performed poorly in both studies. The Stereo-HC con-
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dition had been expected to perform partway between the Omni-HC and 3O-HC conditions to
reflect its slightly higher spatial resolution, but it actually performed closer to the dry condi-
tions in both studies. As the Stereo-HC condition was rendered by taking signals from opposing
capsules on the Zylia microphone, it is possible that this method is not representing a stereo
microphone in the intended manner. Future work could explore how other stereo RIRs influence
plausibility, as they may still prove a midpoint between the accessibility of an omni RIR and the
perceptual benefits of Ambisonics.

Another limitation to acknowledge is that both studies featured egocentric sounds from a
static listening position. In an exocentric scenario where users can freely move around a space,
the greater spatial accuracy of higher order RIRs may be more influential, and this could be
another interesting avenue for future work.

4.4.2 Conclusions

Overall, these studies show that creating an acoustic link provides a tangible step towards the
sensation of a virtual sound being located plausibly in a user’s surroundings, key for AAR appli-
cations. This can be done in a simpler way that reduces processing power and battery consump-
tion, and can be presented over both novel and traditional hardware, be that for audio augmented
reality, extended reality experiences, games, or beyond.

As an initial exploration, further work is required to corroborate these findings and explore
other AAR contexts, however based on the results of Studies 1 and 2, the following initial
recommendations are made for deploying acoustic links in AAR, providing insights on RQ1:

• Full-bandwidth reproductions should be deployed if possible.

• A reproduction with spatial resolution greater than or equivalent to 1st-order Ambisonics
should be deployed if possible.

• While anechoic source audio is preferable, source audio featuring mild acoustic cues can
also be deployed.

• If localisation is a central part of the AAR task and an acoustic link deployed, the appli-
cation design should expect localisation errors to be increased by 10-15◦, particularly if
played back over audio glasses.



Chapter 5

Sonic Linking with Action Sounds

Having established guidelines for achieving an acoustic link between real and virtual worlds in
Chapter 4, this chapter represents the beginning of an exploration of sonic links. As discussed
in Chapter 3, this thesis defines a sonic link as when the sounds present in one world influence
the other through the AR system, and one form this could take is the use of human-produced
action sounds to control or drive an AAR system, as set out in RQ2, which this chapter focuses
on.

RQ2: How can a sonic link between human-produced sounds and virtual ele-
ments be created in audio augmented reality?

Chapter 2 explored how sonic links could be separated into those originating from environ-
mental sounds in a user’s surroundings, and action sounds produced by the user themselves.
These action sounds have potential as control inputs for computing systems, with voice input
already being widely used in smart speakers and smart device voice assistants. Chapter 2 also
explored the concept of ‘sonic gestures’ – non-speech sounds created by a human such as snap-
ping, clapping, or humming – which also have potential for use in sound-based control schemes.

Neither voice nor sonic input have been evaluated in AAR scenarios, nor has sonic linking
(either from environmental or action sounds). Chapter 2 highlighted the importance of an AAR
system being able to interpret a user’s aural surroundings through a sonic link to be able to
augment them. While environmental sounds can include almost any sound, humans can only
produce a more limited set. By constraining sonic linking to only action sounds initially, the
first steps towards exploring sonic linking can be taken.

To evaluate sonic linking with action sounds, three AAR game scenarios were designed
and used as a platform to evaluate three different sonic controls. Games were chosen as test
applications as they are both a common use-case for AR, and highly interactive, making them a
good candidate for assessing control schemes. A scoping review was carried out of existing AAR
games, discussed in Section 5.1, to assess the game scenarios and control schemes currently used
in AAR games. The three most common game scenarios, and the three most common control
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schemes were identified and formed the basis of the user study’s test scenarios. The study then
compared these control schemes with speech input, musical input, and sonic gesture input.

5.1 Scoping Review

To evaluate sonic controls in representative AAR games, it was necessary to understand what
AAR games already exist, and how they are controlled. A scoping review was carried out to
identify the game scenarios and control schemes featured in existing AAR games, allowing
for the development of representative AAR games to be assessed in the user study. The re-
view sought both academic and commercial examples of AAR games, with audio-based games
considered as examples of AAR if they self-identified as an AAR game or otherwise met the
definition of AAR set out in Chapter 3.

5.1.1 Academic Search

The search for academic examples was conducted by searching the Google Scholar, Scopus, and
ACM Digital Library databases for relevant papers. Papers were initially identified based on an
abstract review, considering the following questions:

• Does the abstract mention presentation of a game? Does it present a system which might
be argued to be a game – is the main goal of the system entertainment, play, or fun?

• Does the game or system use audio as its primary output modality?

The databases were searched using the following queries:

• "audio" AND "augmented reality" AND "game"

• "audio augmented reality" AND "game"

• "auditory augmented reality" AND "game"

• "sound-only" AND "game"

• "audio game"

• "auditory game"

• "audio-only game"

• "augmented reality" AND "audio game"

• "augmented reality" AND "auditory game"
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As many of these queries returned tens of thousands of results or more, results for a particular
search query were no longer reviewed if 50 results in a row were not identified as being relevant.
While this introduces a potential selection bias based on search engine ranking algorithms, this
threshold still resulted in a thorough literature search. A total of 107 papers from academic
literature were identified as relevant, 20 of which were ultimately deemed examples of AAR
games for further review.

5.1.2 Commercial Search

To identify commercial AAR games, the iOS App Store, Google Play Store, and the Google
and Bing search engines were searched. Mobile storefronts were included to cover mainstream
examples of AAR games, with the Web search designed to cover less popular examples. For
each, the following queries were used:

• "audio augmented reality game"

• "audio game"

• "augmented reality audio game"

• "audio only game"

• "audio ar game"

Commercial games were judged by similar metrics to the academic search. A result was
included for further analysis if it presented a game or game-like system which used audio as its
primary output modality, and either self-identified as an AR game or met this thesis’s definition
of AAR. If a commercial example was mentioned as part of a result, such as a web article, it was
searched for directly. Similarly to the academic search, search queries were no longer reviewed
once they returned 50 results in a row which were not identified as relevant.

5.1.3 Review Findings

A total of 27 AAR games were found, which were analysed for the control methods they used
and the gameplay scenario(s) they featured. The identified games are shown in Table 5.1.3.

Of the 27 AAR games identified:

• The most popular controls were physical movement (16 games), gesture controls (9 games),
and a controller or other device (6 games).

• Two games used a sonic control – Rovithis et al.proposed a citizen science game where
players recorded bird calls around a city [154], though this game was only conceptual.
Dimensions [152], the only real example of an AAR game using sound as a control, had
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AAR Game / Paper Control Scheme(s) Game Scenario(s) Source
Audio Legends [153] Physical movement,

Gesture
Fight virtual entity,
avoid something,
progress story

Academic

Bumblebee Jam [50] Gesture Make music Commercial
The Clairvoyant
[190]

Gesture Progress story Commercial

Collins et al.[41] Physical movement Solve puzzle Academic
Dead Drop Desper-
ado [142]

Gesture Avoid something Commercial

Dimensions [152] Real world audio input Unspecified Commercial
Eidola [128] Physical movement Fight virtual entity Academic
Fakhour et al.[58] Control device, physi-

cal movement
Find something Academic

Falkland Ghost Hunt
[139]

Physical movement,
Control device

Navigate virtual world,
progress story

Academic

Gampe [64] Physical movement,
Gesture

Progress story Academic

GenVirtual [43] Gesture Abstract - rehabilitation Academic
Ghast Blasters [83] Physical movement,

control device
Fight virtual entity Commercial

Guided by Voices
[112]

Physical movement Progress story, fight vir-
tual entity

Academic

Indans et al.[88] Physical movement Progress story Academic
Kiriu et al.[102] Physical movement Gamification - running Academic
OnTheRun [48] Physical movement Progress story, navigate

virtual world
Academic

Overherd [196] Gesture (head) Fight virtual entity Commercial
PairPlay [178] Gesture, Control de-

vice
Progress story Commercial

Please Confirm you
are not a Robot [10]

Gesture Progress story, find
something

Academic

Podkosova et
al.[143]

Physical movement Find something Academic

Rovithis et
al.(concept) [154]

Real world audio input Abstract Academic

Siriaraya et al.[169] Physical movement Gamification - running Academic
The Songs of North
[51]

Physical movement,
control device

Find something Academic

Sonic-Badminton
[101]

Physical movement Abstract/Competitive Academic

SoundPacman [35] Physical movement Find something, avoid
something

Academic

Stackable Music [36] Bespoke control Make music Academic
Viking Ghost Hunt
[140]

Physical movement,
Control device

Navigate virtual world,
progress story

Academic

Table 5.1: Table covering all identified AAR games in the Study 3 systematic review.
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no clear gameplay scenario or goal and so may be more accurately described as an AAR
experience rather than a true AAR game.

• The most common game scenarios were progressing through a story (10 games), fighting
virtual entities (5 games), and searching for something (4 games).

5.2 Study 3 – Action Sounds as Input Controls for AAR Ap-
plications

As the scoping review showed, the vast majority of AAR games do not use sonic controls,
relying instead on physical movement, gesture, or control devices like smartphones for user
input. Two games did feature sonic controls, however these were based on environmental sounds
rather than action sounds, and were either conceptual or debatable examples of AAR games. In
Serafin et al.’s framework [166], action sounds were not categorised any further. However, there
are multiple distinct categories of sound which humans can produce: speech, musical sound,
and non-musical sound, all of which could form user input. As discussed in Chapter 2, speech,
music, and sonic gesture (non-musical sound) have not been evaluated for use in AAR before,
nor are they in use in any of the AAR games identified through the scoping review. Study 3
was designed to compare these three categories of sound inputs with existing ‘traditional’ AAR
control schemes identified through the scoping review.

5.2.1 Experimental Parameters

Study 3 featured two independent variables: game scenario, and control scheme. Three game
scenarios were used, based on the most common gameplay scenarios identified in the scoping
review: combat, advancing through a story, and searching for a hidden object. The three sonic
control schemes (musical input, speech input, and sonic gesture) were compared with the most
common traditional control scheme for each gameplay scenario: physical movement, physical
gesture, and use of a game controller. This allowed for a valid comparison between novel sonic
control schemes and existing AAR game paradigms. Game scenario and control scheme pairings
are shown in Table 5.2.

5.2.2 Experimental Design and Methodology

In all three games, the player took on the role of a sonic wizard or ‘sonomancer’, as in Study
2, tasked with protecting the real world from the threat of sound-based monsters, providing a
cohesive overall narrative that was relevant to the audio-centric applications. In each game sce-
nario, participants evaluated the three sonic control schemes, and the traditional control scheme
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Figure 5.1: Test spaces used for the games in Study 3 – a small patio used for the movement
condition (L) and a small office space used for the other conditions (R).

for that scenario, resulting in four evaluations per game scenario and twelve evaluation sce-
narios overall. A within-subjects design was used, where game scenarios were evaluated in a
counterbalanced order using a Latin Square design. Within each scenario, participants evaluated
the four control schemes in a randomised order to minimise order effects. After each evaluation
scenario, the participants were asked to complete a questionnaire, and an overall semi-structured
interview was conducted after all twelve evaluations were completed.

The study took place in the same office space as Study 1, where 11 of the 12 evaluations took
place. The 12th evaluation, covering a physical movement scenario, took place in an outdoor
patio adjoining the office space to allow for more physical movement. The test spaces are shown
in Fig 5.1. Building on the findings of Chapter 4, a 1st-order sine sweep RIR of the office space
was used for virtual sounds presented in that space. A dedicated RIR was unable to be captured
for the patio environment, as the Zylia ZM-1 microphone had been returned to colleagues at
Imperial College London, however an appropriate 1st-order sine sweep RIR, corresponding to a
similar outdoor environment, was deployed for the outdoor evaluation scenario.

The study was conducted using a Meta Quest 31 XR headset, operating in passthrough mode
throughout the study. The Meta Quest 3 was chosen as it provided a platform capable of tracking
head movement and user position for spatialising egocentric and exocentric sounds accurately,
acoustically transparent audio presentation to allow virtual audio elements to coexist alongside
real ones, and controllers capable of traditional controller input and gestures. Virtual sounds
were spatialised using the 3DTuneIn toolkit [44], as in Studies 1 and 2, and varied only in their
azimuthal position.

In the combat scenario, participants had to listen for the sound of a virtual monster which
appeared in a random egocentric position around them. They turned on the spot until they felt
they had found the monster, then input a command to ‘banish’ it. If the monster was successfully
found (localised within its 30◦angular size, as in Study 2), it was banished, causing a success
sound to play, and another monster spawned in a new position. If not, the player was “attacked”

1https://www.meta.com/gb/quest/quest-3/

https://www.meta.com/gb/quest/quest-3/
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by the monster, causing a failure sound to play, and the monster moved to a new position,
providing a simple motivation to localise monsters successfully.

In the story scenario, participants had to listen for the sound of a virtual ghost, localising it
in the same way as the monster in the combat game. If they localised the ghost successfully, a
voice line was played providing story information about the sonic monsters and their origin, and
a new ghost spawned.

The search scenario featured a similar setup with a magical “ward”2 that needed to be located
and activated, however, unlike the other two scenarios the ward did not constantly advertise its
position. Instead, the player had two commands, one which played a ∼5 second audio file to
reveal the ward’s position, and one to reactivate it once they had found it. Auditory feedback
informed the player if they were successful or not, and they repeated this process of revealing
and activating wards for the course of the condition. The audio files used in this study are
available via Appendix A.2.

In each game scenario, participants played until they had completed at least five of these
localisation trials, and had played for at least two minutes. This ensured that all participants had
the same minimum baseline in each game, both in the number of game loops completed and
time spent in the game overall.

When using the novel sonic control schemes, participants said specific words or phrases
aloud for the speech conditions, snapped fingers or hummed for the sonic gesture conditions, and
played single notes or four-note sequences on a glockenspiel for the musical input conditions.
The glockenspiel, shown in Figure 5.2 had colour-coded keys to make note identification easier.
The full list of evaluation scenarios and their controls are shown in 5.2. Shorter and longer inputs
were chosen in this way to conduct a more robust evaluation of the sonic controls. When using
traditional controls, participants held a trigger of the Quest 3 controller, made a sword swing
gesture with the Quest 3 controller, or physically walked around the play space. In each of
the 12 evaluation scenarios, the current control was demonstrated personally to the participant,
and a written tutorial screen was presented with text-based instructions and a button to proceed
when the participant understood the upcoming task. This provided space for the participant to
familiarise themselves with the control schemes.

Speech recognition, pitch detection, and sound classification systems were integrated into
the Unity application for the study, however pilot testing showed that these detection systems
had differing levels of reliability from one another, and from the traditional control schemes. A
Wizard of Oz methodology was deployed instead to remove this potential confounding effect.
Unbeknownst to the participant, a button was pressed on a second Quest controller whenever the
participant successfully input the current command, registering the input for the game. While
this methodology introduces a level of variability not normally present in the traditional controls,
it created a similar level of reliability and input variability for all controls, and produced more

2A term for a protective magical spell often seen in fantasy fiction.
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Figure 5.2: The glockenspiel used as part of the musical conditions in Study 3.

reliable results for the novel sonic inputs, and the best baseline for comparison. Participants were
not informed of the Wizard of Oz methodology until the conclusion of the study, and although
not asked directly, no participants suggested they had detected this methodology was in use.

After each evaluation scenario, participants were presented with a short questionnaire about
the experience. The questionnaire consisted of the NASA TLX [75], and the Meaning, Immer-
sion, Challenge, and Ease of Control subscales of the Player Experience Inventory (PXI) [1], as
well as its Enjoyment questions. The PXI was chosen as a validated instrument focusing specif-
ically on game experience and measures the control scheme’s effects on the user’s broader game
experience. While the PXI is validated as a broader instrument than the subscales used in this
study, these were not included in the experimental questionnaire to keep the questionnaire length
manageable, and because many of the excluded subscales (e.g. Audiovisual Appeal, Progress
Feedback) bear less relevance to assessing control schemes. While the PXI’s Ease of Control
subscale provides a broad evaluation of the functionality of the control schemes, the NASA TLX
task load measurement was also included to explore this further. The NASA TLX is a validated
instrument which provides information on the physical, mental, and temporal demands of a test
scenario, as well as a user’s overall performance, required effort, and frustration with the task,
providing deeper insights into the overall functionality of the control schemes being tested. Per-
formance data, such as the number of successful trials, were also recorded for analysis. The full
questionnaire used is available in Appendix B.3.2.
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Figure 5.3: Screenshot of the test application used in Study 3, showing an example of the tutorial
briefing in passthrough augmented reality.

Game Scenario Premise / Task Control Scheme Control Action

Combat Destroy sonic monster

Traditional (Gesture) Swing sword
Music Single C note

Sonic Gesture Snap fingers
Speech "Alakazam!"

Search Find and reactivate protective ward

Traditional (Movement) Stand still to reveal ward. Move to ward and walk in circle to reactivate.
Music Single F note to reveal. CAGE sequence to reactivate

Sonic Gesture Snap fingers to reveal. Hum to reactivate.
Speech "Reveal!" to reveal. "I awaken this ward!" to reactivate.

Story Summon ancient spirit for guidance

Traditional (Controller) Hold trigger
Music DEAD sequence

Sonic Gesture Hum
Speech "Ancient spirit, I call you forth!"

Table 5.2: Control schemes for each game scenario in Study 3
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5.2.3 Participants

24 people participated in Study 3, recruited from posters and university mailing lists and com-
pensated with a £10 Amazon voucher for their time. As with Studies 1 and 2, the only re-
cruitment criteria were that participants did not have any hearing impairments. Final participant
demographics were:

• Gender: 15 men, 8 women, 1 non-binary person

• Age: 9 aged 18-24, 7 aged 25-34, 7 aged 35-44, 1 aged 45-54.

• AAR Familiarity: 1 very unfamiliar, 5 unfamiliar, 6 neutral, 10 familiar, 2 very familiar

• Audio Game Familiarity: 1 very unfamiliar, 6 unfamiliar, 9 neutral, 7 familiar, 1 very
familiar

• Video Game Familiarity: 6 unfamiliar, 7 neutral, 7 familiar, 10 very familiar

5.3 Results

Quantitative data were analysed as a single-factor analysis of control scheme within each game
scenario. Game scenarios were not directly compared as they were too different to make valid
comparisons between, and differences between game scenario were not relevant to RQ2. Fried-
man tests were used as the PXI and TLX data were ordinal, with the Nemenyi two-sided post

hoc test used when significant effects were found. Performance data were tested for normality
using a Shapiro-Wilk test, with the Aligned Rank Transform method used for analysis in non-
normal instances, and a normal ANOVA test deployed when data were normally distributed.
Full numeric results are shown in 5.3 and 5.4, and the full dataset is available via Appendix A.1.

Participant completion times for the game portions of the study varied between 53 and 88
minutes (including tutorials and scenario explanations, time spent completing questionnaires,
etc.), with a mean completion time of 61 minutes and 34 seconds (SD 7 minutes 56 seconds).
The combat scenario took a mean time of 2 minutes 15 seconds, the search scenario a mean time
of 2 minutes 59 seconds, and the story scenario a mean time of 3 minutes 23 seconds.

The majority of measures showed no significant difference between control schemes, with
only four of the PXI and TLX items showing significant differences between control schemes in
at least one game scenario. In the Story scenario, sonic gesture was found to be less meaningful
than the speech control (p = 0.037, Mean Difference (MD) -0.5), while the music control had
significantly lower ease of control than the traditional controller (p = 0.014, MD 0.56) and
sonic gesture (p = 0.05, MD 0.5) control schemes. In the Story scenario, sonic gesture was
also rated as requiring more effort than the speech control (p = 0.011, MD 15.5). Significant
differences in physical demand were found in all game scenarios, with the speech control being
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Figure 5.4: Full quantitative results for the PXI and TLX questionnaires in Study 3 across control
schemes and game scenarios.

rated as less physically demanding than gesture in the combat scenario (p = 0.023, MD -11.6)
and movement in the search scenario (p = 0.003, MD -21,5). Sonic gesture was also rated less
physically demanding than movement (p = 0.02, MD -17.5), and the controller was rated less
physically demanding than the music control (p = 0.023, MD -7.1). The controller also had a
lower overall workload than the music control (p = .011, MD -2.6) in the story scenario.

5.4 Interview Results

Interview results were analysed using inductive, data-driven thematic analysis. Interview results
were transcribed using Microsoft Word, then corrected by hand. Transcripts were analysed line
by line to develop a coding scheme and overall themes, presented below.

Interest in Sonic Controls: Participants expressed clearer preferences in interviews, with
each of the sonic inputs receiving positive sentiment from twelve of the participants, while
movement, gesture, and controller saw nine, eight, and two participants expressing positive
sentiment respectively. When asked which of the control schemes would be their preferred
scheme, eight participants chose sonic gesture, seven chose physical gesture, and controller,
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Measure Scenario Friedman p (DoF, χ2) Sig. Pairwise Comparisons p Mean Diff.

PXI - Meaning
Combat .617 (3, 1.790)
Search .306 (3, 3.617)
Story .011 (3, 11.128) Son. Ges. - Speech .037 -0.5

PXI - Immersion
Combat .109 (3, 6.048)
Search .396 (3, 2.970)
Story .695 (3, 1.446)

PXI - Challenge
Combat .695 (3, 1.444)
Search .66 (3, 1.597)
Story .954 (3, 0.333)

PXI - Ease of Control

Combat .168 (3, 5.052)
Search .412 (3, 2.872)

Story < .001 (3, 16.417) Controller - Music .014 0.56
Son. Ges. - Music .05 0.5

TLX - Mental Demand
Combat .883 (3, 0.658)
Search .660 (3, 1.596)
Story .055 (3, 7.600)

TLX - Physical Demand

Combat .014 (3, 10.612) Speech - Gesture .023 -11.6

Search < .001 (3, 16.827) Speech - Movement .003 -21.5
Son. Ges. - Movement .02 -17.5

Story .008 (3, 11.576) Controller - Music .023 -7.1

TLX - Temporal Demand
Combat .476 (3, 2.494)
Search .672 (3, 1.544)
Story .961 (3, 0.293)

TLX - Performance
Combat .73 (3, 1.297)
Search .172 (3, 5.004)
Story .07 (3, 7.068)

TLX - Effort
Combat .289 (3, 3.758)
Search .761 (3, 1.167)
Story .003 (3, 14.042) Son. Ges. - Speech .011 15.5

TLX - Frustration
Combat .509 (3, 2.318)
Search .933 (3, 0.435)
Story .437 (3, 2.717)

TLX - Overall (Mean)
Combat .723 (3, 1.327)
Search .463 (3, 0.463)
Story .018 (3, 10.030) Controller - Music .011 -2.6

Enjoyment
Combat .603 (3, 1.855)
Search .278 (3, 3.845)
Story .132 (3, 5.613)

Measure Scenario ANOVA p, F Sig. Pairwise Comparisons p Mean Diff.

Successful Trials
Combat .836, F (3,92) = 0.285
Search* .725, F (3,92) = 0.440
Story* .358, F (3,92) = 1.089

Table 5.3: Quantitative analysis results for PXI, TLX, and performance measures in Study 3.
Green denotes statistical significance. * denotes non-normal data analysed using Aligned Rank
Transform. PXI measures were rated on a seven point scale, TLX from 0-100.
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music, and speech were each preferred by five participants. Two participants chose physical
movement.

“I really, really like the sort of, snapping the fingers and the hum as responses [...]

I would probably focus more on the snapping and the hum. Because they’re the

simplest because they’re easiest. So they’re sort of more applicable. You can just

sort of pick up the game and then you’re kind of ready to go”. – P11

“In all games, activating by speech, I can imagine if this was part of a longer, sort

of, narrative game that that would be a really satisfying, a really good mechanic”.

– P21

“I thought the integration of the instrument was really fun. [...] you get to play

an instrument and that guides you through this quest, I’d be like ‘hell yeah!’, you

know?”. – P20

Sonic Gestures Show Promise, With Some Concerns: While participants were overall
very positive about the use of sonic gestures, three participants were concerned about snapping
becoming uncomfortable over a longer game session, and three participants said they would
not want to use sonic gestures if playing in a public space, particularly the humming. Two
participants also disliked sonic gesture overall, with one finding the humming made them feel
self-conscious, and the other feeling that in a private gameplay experience they wouldn’t want
to produce any sounds. Three participants also noted that the finger snapping gave them a sense
of power or a feeling of being like a wizard, particularly in the combat scenario.

“The snapping of fingers, I think if I was playing longer, the fingers might start

hurting and it might be harder to snap and such. So for a shorter time it was ok, but

I feel like it would become more burdensome over time”. – P12

“I feel like it’s a really cool, like I’m actually a wizard because like ‘snap’ and then

I got it correct”. – P14

Speech Controls Can Lead To Self-Consciousness: By contrast, 14 participants stated
they would not use speech in a public setting, citing a concern around embarrassment or social
unacceptability, and three participants stated they would not use speech controls when playing
alone, feeling that they would prefer to use speech in a group scenario, or that they would feel
as if they were talking to themselves if playing alone. Five participants expressed an overall
negative sentiment towards the speech control, disliking it overall or feeling it was silly.

“I don’t want to [expletive] shout ‘alakazam!’ in front of random people”. – P10

“I think saying things out loud, that was the silliest one for me. Cause just, yeah,

just saying a phrase and like, you either try and make it pompous, but then it’s kind

of like ‘am I making it even more silly?’ or you’re just trying to say it just with a
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normal voice and at that point it’s more of a like [...] [said in monotone] ‘open

sesame’ [end of monotone], I mean no, just, it doesn’t sound like I’m having fun, in

that sense”. – P12

Music Controls Are Polarising: The music control scheme was the most polarising of the
three sonic control schemes. While 12 participants were positive on it overall or mentioned it
being novel, 11 were negative. Criticisms ranged from it increasing difficulty (seven partici-
pants), lowering immersion (three participants), or being unwieldy or undesirable to carry (three
participants). However, three participants also cited the physical prop of the glockenspiel as
one of the reasons they liked the music scheme. Four participants stated they would not use the
music control in a public or group scenario, again feeling it would be socially unacceptable.

“But the xylophone was...made me feel very, just took me out of the game completely

because I had to, you know, hold the big xylophone, or maybe not big, but I had to

hold the xylophone and I had to remember the notes”. – P17

“I like the practical element of the xylophone. I like the note combinations and the

fact that you know, I think sort of extrapolating out a little bit, if I was playing a

game or if I was doing a task which required a little bit more thinking. In the physi-

cal space, holding the xylophone in your hands is obviously a physical connection,

as opposed to the largely virtual connection around you.” – P8

There Is No ‘Best’ Control: Of the traditional controls tested, participants were most en-
thusiastic about physical gesture, with eight noting positive sentiments, and that the control was
fun and easy. Only two participants made specific mention of positive aspects of the controller
scheme, noting that it felt more accurate. Four participants felt the controller lowered their
immersion in the games. Nine participants expressed positive sentiment about the movement
control, enjoying being able to move around a space rather than standing still, and six partici-
pants expressed desire for a mixture of the different controls.

“Also, the physical gestures with the swipe, because that makes me feel like it’s kind

of cool as well. Like, I was actually literally imagining, like, slashing the monster’s

head or something like that”. – P23

“I think with the controller, it’s obviously not immersive, in the sense that it feels

artificial to the world.” – P2

“And I don’t know about walking around outside, but I think maybe you combine

those ones with the moving around and then doing stuff because that was really

good, that was really fun, was actually being able to move around the environment

kind of looking for things. So I think combining that with some physical thing to

hold would I think...that would have been my complete preference, but yeah, I really

enjoyed this.” – P21
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5.5 Discussion

Overall, the results from Study 3 provide a promising first step for sonic linking, suggesting
that the use of action sounds as control inputs for AAR applications has promise, at least in
game scenarios. The quantitative data suggest that, in terms of overall player experience, the
differences between sonic controls and traditional controls are minimal, with the majority of
measures showing no significance between controls. At least in the scenarios assessed in this
study, this suggests that sonic controls do not perform notably better or worse than traditional
controls. Given the traditional controls were chosen based on a scoping review, representing es-
tablished control schemes already seeing use in AAR games, these minimal differences suggest
that action sound-based sonic controls are potentially viable for use in AAR games.

Although the differences between control schemes were minimal, some notable differences
were found. Both the quantitative and qualitative results suggest that the musical control can
be difficult or unwieldy, with it being rated as more physically demanding than the traditional
controller, and rated less easy to control than the physical controller and sonic gesture schemes.
The musical control was also the only control not found to be significantly different in physical
demand from the outdoor movement scheme, and given the musical control has a much smaller
physical component than the movement scheme, this further suggests a level of unwieldiness.
As only one musical instrument was tested in this study, it is possible that this could be a function
of the glockenspiel rather than musical input overall. In interviews, participants also mentioned
the musical control as being harder to use than the other schemes. Some participants mentioned
the Quest 3’s passthrough cameras did not have the fidelity to easily differentiate between the
glockenspiel’s notes, which may have increased difficulty. As an initial exploration, musical
controls should not be discarded based on these results. Musical input was not rated significantly
differently in the Challenge, Effort, or Performance subscales, and just as many participants felt
positively about it as felt negatively, suggesting it does have potential.

The speech control performed well, although participants expressed concerns over its use. It
offered lowered physical demand than gesture and movement, and required participants to spend
less effort for a more meaningful experience in the story scenario than with sonic gesture. How-
ever, it was not the most preferred control among participants, and there was no clear consensus
from the interview data as to when a speech control is best deployed. Both private and public
scenarios were cited as less suitable for speech controls by participants, and so deploying speech
controls as the only control scheme may lead to a negative experience for certain users. Many
participants noted the speech control felt ‘silly’, and it is possible that this was influenced by the
sonomancer theme used in the study. In other application scenarios with more mundane speech
controls, it is possible speech may not have the same concerns.

Of the sonic controls tested, the results suggest that sonic gesture is one of the most promis-
ing. While the speech control rated higher for Effort and Meaning in the story scenario, sonic
gesture was most preferred in interviews and had the least concerns surrounding public usage
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of all the sonic controls tested. In interviews, participants did raise some concerns, such as the
finger snapping potentially becoming uncomfortable after an extended time, as well as the same
concerns around public use that were common to all sonic controls. Although promising, only
two sonic gestures were tested in this study – snapping and humming – and other potential sonic
gestures, such as clapping or whistling, could mitigate some of these concerns or provide new
layers to a sonic gesture control.

Of the traditional controls tested, physical gesture was best received by the participants, and
no significant differences were found between physical gesture and sonic gesture, suggesting
that sonic gestures could be deployed as an alternative or supplementary gesture to physical ac-
tions. The controller performed adequately overall, however participants did not express strong
feelings on it either way, beyond some participants noting a less immersive experience. Physical
movement was well-received, however many participants seemed most enthusiastic about using
it as a secondary control, being able to move through a virtual space and interact using a dif-
ferent control scheme. A number of participants were enthusiastic about using multiple control
schemes at once, suggesting that while sonic linking in this way could be used as the sole control
scheme for an AAR application, it could also be used as a supplementary way of interacting in
AAR.

5.5.1 Limitations and Future Work

While Study 3 provides a broad overview of sonic linking with action sounds, there are some
important limitations to acknowledge, as well as opportunities for future work:

The first is the use of a Wizard of Oz methodology. While this was necessary to ensure
an even comparison of input methods, it remains to be seen how these sonic controls function
with current detection technology. Secondly, information on participants’ musical abilities was
not gathered as part of the study. While the musical controls were designed to be simple and
accessible for all musical abilities, users with greater musical experience may nevertheless have
found less friction when using them, and this could possibly contribute to the polarised opinions
found in the qualitative results. Further work should explore the potential of these controls in
greater depth, particularly in live detection scenarios.

As a broader overview of sonic controls, the sonic inputs deployed in this study were also
deliberately simple, and future work could explore more nuanced sonic controls. For example,
future musical controls could explore the use of chords, or musical techniques like sustained
notes or glissandi. Singing could also be explored as a hybrid between musical and speech
controls, where both the lingusitic and musical elements of a user’s voice control a system.
Intonation could also be explored as part of speech controls. In this study, only the words spoken
were considered as an input, but the way a user speaks those words could be incorporated into
future speech controls. For instance in the wizard scenario used in this study, intonation is often
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an important part of spellcasting in popular culture3 and incorporating this into the control could
potentially improve the experience in the future.

5.6 Conclusion

RQ2 focuses on how a sonic link can be created between sounds produced by humans and virtual
AAR elements. Study 3 represents an initial evaluation of this form of sonic linking and shows
both that it can be achieved and that it has promising implications for AAR and beyond. The
results suggest that overall, these sonically linked controls perform promisingly and can reason-
ably be deployed in place of, or addition to, traditional AAR inputs. In particular, sonic gesture
is identified as a promising control scheme, offering no disadvantages compared to traditional
controls and being well-regarded by participants. The results suggest that sonic gestures could
be deployed in scenarios where physical gesture would otherwise be used. Speech and musical
controls introduce additional concerns around public usage or unwieldiness, however, partici-
pants were enthusiastic about the use of sonic controls in AAR scenarios overall, suggesting that
they could have a place in AAR application design going forward.

By evaluating novel sonic control schemes for AAR gameplay, this chapter provides a first
step in exploring sonic linking in AAR, and AAR applications being sonic in both their input and
output, responding intelligently to real-world sounds around the user. The following chapters
explore sonic linking in greater depth, focusing on the potential of sonic links between an AAR
application and the environmental sounds around a user.

3"It’s levi-OH-sa, not levi-oh-SA!" [42]



Chapter 6

Sonic Linking with Environmental Sounds

With Chapter 5 taking the first steps towards understanding sonic links, this chapter continues
this exploration by investigating sonic links between a virtual AAR application and the real-
world environmental sounds around the user, contributing to RQ3.

RQ3: How can a sonic link between environmental sounds and virtual elements
be created in audio augmented reality?

Chapter 5 explored how an AAR system can usefully respond to action sounds created by a
user, however the much larger category of real-world sound, and the most important to AAR, is
environmental sound. As discussed in Chapters 3 and 2, an AAR system cannot truly augment
our auditory reality without being connected to or aware of the sounds within it. Without a
sonic link like this, the system is limited to merely overlaying virtual audio atop real rather
than combining real and virtual into something greater than either. Sonic links originating from
environmental sounds are therefore a crucial aspect of future AAR systems.

By integrating sonic links to environmental sounds, AAR applications of all forms can make
informed decisions about how to present virtual audio to a user. In the future, an AAR system
could delay an auditory notification until a user is in a quiet location and better able to receive
it, reposition virtual audio sources so that they do not overlap with existing real sounds, or even
enabling novel applications such as AAR audiobooks which unfold differently depending on the
environment where a user listens to it.

Chapter 2 established that sonic linking with environmental sounds is almost entirely unex-
plored in AAR. Only two AAR papers exist that implement a sonic link like this: the Nomadic
Radio system [158], which evaluated the level of conversation noise around a user when deter-
mining how to surface an auditory notification, and the Acu-Notch system proposed in [110],
where the volume of music would adjust in response to important real-world stimuli. The Acu-
Notch system was never fully realised or evaluated, and the Nomadic Radio system was only
evaluated by one user over two days. The concept of sonic linking has never been fully devel-
oped and evaluated. This chapter marks the first exploration of sonic linking as a concept in
AAR.

84
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This chapter presents two studies designed to explore sonic linking with environmental
sounds. In Study 4, users evaluated three different sonically linked applications in a real-world
space, which were responsive to sounds in the environment. These applications consisted of
an AAR music player, an AAR game, and an AAR notification system, which responded to
birdsong and vehicle sounds. Study 5 built upon the applications and results from Study 4, tak-
ing forward the music player and game applications and using live sound detection models to
facilitate sonic links.

6.1 Study 4 – Sonic Linking with Environmental Sounds in a
Best-Case Scenario

As the first step in exploring sonic linking in AAR, the focus of Study 4 was a broad exploration
of sonically linked AAR applications, focusing on evaluating the overall concept of AAR ap-
plications with an environmental sonic link. Participants evaluated six different sonically linked
AAR scenarios, consisting of two design variations of three different AAR applications which
responded to birdsong and vehicle sounds. The study was run in a loosely controlled outdoor
park environment, and used a within-subjects design where all participants experienced all six
application variations. The study lasted approximately one hour.

6.1.1 Experimental Parameters

Study 4 featured three AAR applications, each with two design variations, with application and
variation forming the independent variables for the study. The AAR applications consisted of an
AAR music player, an AAR game, and an AAR notification system, chosen to cover a range of
plausible application areas. Listening to music is one of the most common audio-focused tasks
users engage in, while games are a popular form of AR application. The notification scenario
represents a novel application of sonic linking, building on related prior work like the PULSE
system [122] for social media sonification. Variations were specific to each application, designed
to explore nuanced aspects of environmental sonic linking and AAR such as the congruence of
a real-world sound and its virtual effect, or sonic linking with different sound sources.

Game Application

The game application was inspired by Pokémon Go [135]. Real-world birdsong generated an
auditory ‘Sonimon’ (sonic Pokémon) positioned randomly around the user. The user rotated on
the spot until they were facing the Sonimon and captured it by pressing a button on a controller.
The user had three attempts to localise the Sonimon within its 30◦angular width (carried forward
from prior studies as an appropriate difficulty for non-expert listeners) before it fled. At random
intervals of 90–120 seconds an auditory monster would appear, again in a random position
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around the user, needing to be destroyed through the same localisation process. The monster
was destroyed more easily with more captured Sonimon, incentivising Sonimon collection. If
the user could not defeat the monster within four attempts, it destroyed one of their Sonimon
and fled.

Sonimon were represented with designed sound – a magical shimmer sound that was com-
mon to all Sonimon, layered with bird or dog sounds depending on the Sonimon. The same
monster sound as Studies 2 and 3 was used.

Application variations assessed whether the congruence of a virtual event with its real trigger
affected the user experience, under the hypothesis that a clearer connection between real sound
and virtual effect could positively influence user experience, and improve a user’s immersion
and sensation of augmentation.

• Variation A: Congruent Scenario. Birdsong resulted in a bird Sonimon. This had a clear
and congruent connection between the real sound and virtual effect.

• Variation B: Incongruent Scenario. Birdsong resulted in a dog Sonimon. A dog was
chosen as a common animal, but with no clear connection to birds.

Music Application

The music player was inspired by the proposed Acu-Notch system [110], and adjusted volume
and low-/high-pass filters when specific real-world sounds were detected to improve their au-
dibility. Michael Jackson’s ‘Billie Jean’, the most-streamed song on Spotify from one of the
best-selling albums of all time [185], was used as the demonstration track.

Application variations were chosen to explore two different real-world triggers and subse-
quent use-cases:

• Variation A: Relaxation/Wellbeing Scenario. The system improved audibility of bird-
song. When birdsong was detected, a low-pass filter was applied to the music at 2000 Hz,
and volume was lowered to 35% over 2s. This both reduced volume and provided space in
the frequency spectrum for the higher frequencies of birdsong. Listening to birdsong has
been found to benefit wellbeing and a listener’s perceptions of urban environments [79,
59, 176], and so this scenario was designed to maximise these benefits alongside normal
music listening. When no birds were detected, music returned to normal over 2s.

• Variation B: Safety Scenario. The system improved audibility of nearby vehicles. When
vehicle sounds were detected, a high-pass filter was applied to the music at 4000 Hz, and
volume was lowered to 35% over 2s. This similarly improved audibility of the vehicle
in terms of volume and the overall frequency spectrum. Headphones, especially those
with noise cancellation, can block out traffic sounds for pedestrians. While this can be
desirable, it could also pose a safety risk as users may be unaware of vehicles they cannot
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see. By improving the audibility of vehicles, user awareness and safety could potentially
increase. When no vehicles were detected, music also returned to normal over 2 seconds.

Notification Application

The notification application was designed for Twitter/X. When real birdsong was detected, it was
supplemented with virtual birdsong to represent aspects of the user’s Twitter feed. The number
of virtual crows represented unread direct messages, the number of virtual pigeons represented
the level of activity from nearby accounts, and the number of virtual blackbirds represented the
level of activity from followed accounts. Participants were presented with a set of slider controls
to vary these three characteristics of a hypothetical Twitter feed and freely experiment with the
system. While virtual elements in the game scenario were positioned only in the azimuthal
plane, virtual birds in the notification scenario were positioned above the listener, mimicking
the effect of birds singing in trees overhead.

Application variations investigated user preference for virtual birds to sound realistic (po-
tentially causing confusion as to whether a bird was part of the system), or distinct from real
birdsong:

• Variation A: Realistic Birds. Virtual birds were presented with natural birdsong samples.

• Variation B: Digital Birds. Ring modulation and a ‘shimmer’ effect were added to the
birdsong samples to make them appear distinct from real-world birds, while remaining
recognisable.

6.1.2 Experimental Design and Methodology

To facilitate a best-case scenario, sounds were detected using a Wizard of Oz methodology
where the author identified when specific sound triggers occurred. Sounds can be detected and
classified by existing machine learning models, however this introduces a potential liability from
missed detections and false positives. By circumventing this and using Wizard of Oz detection,
the principle of sonic linking could be evaluated without being influenced by the accuracy of the
detection method.

The study took place outdoors, in a small park surrounded by a road, near to a car park,
shown in Figure 6.1. This space was chosen as a plausible location for both birdsong and vehicle
sounds. Birdsong was selected as the main trigger for the applications as it is a common sound
across urban and natural outdoor environments, and represented an interesting case study as
birdsong is usually acousmatic, heard without being seen. This characteristic helped to facilitate
the Wizard of Oz methodology. Vehicle sounds were chosen to assess a safety scenario in the
music application.

While the test environment contained birdsong and vehicles, additional speakers were hidden
in the undergrowth within the park, playing the sound of birdsong and vehicles to ensure the
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Figure 6.1: Outdoor experimental space used for Studies 4 and 5. Yellow circles indicate po-
sitions of birdsong speakers. Yellow star indicates position of car speaker. Pink line indicates
walking route for participants.

environment contained a baseline number of the target sounds. This avoided a scenario where
there were no birds or cars during an evaluation session, with miminal disruption to ecological
validity as the speakers were hidden. Real cars and birds were still considered valid triggers
for the application alongside these phantom sounds. Two speakers played native birdsong (one
of a common chaffinch and one of a Eurasian blue tit) at intervals, and one played car sounds
at intervals. Bird sounds were sourced from xeno-canto.org and car sounds were sourced from
freesound.org. Sound files in each speaker were played with a 30 second interval between them,
and participants were not informed of the hidden speakers. None of the participants suggested
they had noticed them.

Participants evaluated all six of the application variations, using each for five minutes while
walking back and forth along an 85 metre path through the park environment. After each eval-
uation, the participant completed a short questionnaire, containing questions from the validated
UEQ-S [164] and Augmented Reality Immersion (ARI) [66] questionnaires, as well as bespoke
questions designed to assess the participants’ sensation of augmentation. The full questionnaire
used is available in Appendix B.4.2. After using both variations of an application, a short inter-
view was conducted to discuss the participant’s views on the application and any design changes
they would make. After all six evaluations, an overall interview was conducted discussing the
applications and sonic linking in AAR generally.

The applications ran on a Quest 3 headset operating in passthrough mode, as in Study 3.
This provided a convenient, all-in-one platform which allowed the participant to see their sur-
roundings while providing accurate head and location tracking for virtual sound positioning.
Sounds were presented over the Quest 3 headset speakers, allowing both real and virtual sounds

https://xeno-canto.org
https://freesound.org
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to be audible to the participant at the same time. As in previous studies, the applications were
built in Unity and used the 3DTuneIn toolkit for binaural spatialisation alongside the KEMAR
HRTF from the SONICOM dataset [56]. Based on the work presented in Chapter 4, a 1st-order
RIR corresponding to the test space was used for acoustic simulation in pilot testing, however
the computational requirements of this were found to be infeasible for deployment on a Quest 3
when multiple sounds were presented simultaneously, as in the Notification application. As the
study was conducted outdoors, where acoustic effects are less significant, acoustic reproductions
were omitted in this study.

Music was presented in traditional stereo format, just as in a normal music listening experi-
ence, while virtual sounds in the game and notification applications were spatialised binaurally
to have specific real-world positions. The sounds were spatialised fully exocentrically, using the
Quest 3’s native 6DOF tracking to track distance to virtual sound sources. The audio files used
in this study are available via Appendix A.2. The applications relied on a Wizard of Oz sound
detection method, with the author accompanying the participant with a hidden Quest controller.
When a bird or vehicle was heard, the author pressed a button to log the detection.

The post-evaluation questionnaire consisted of the User Experience Questionnaire (short
version, UEQ) [164] to assess the applications’ overall usability, and the Engagement and En-

grossment subscales of the Augmented Reality Immersion (ARI) questionnaire [66] to assess
their immersion in the experience. The Total Immersion subscale of the ARI was omitted as
pilot testing showed it to be difficult to interpret with regards to the audio-centric applications.
Finally, bespoke questions designed to measure participants’ sensation of augmentation (how
augmented the world/experience feels), as there are no validated instruments for measuring this.
Participants were also asked to rate how much they felt the application responded to real sounds
around them. These questions were rated on 7-point Likert scales, and are shown in Table 6.1.2

6.1.3 Participants

24 people participated in Study 4, recruited from university mailing lists and compensated with
a £10 Amazon voucher for their time. As in Studies 1–3, the only recruitment criterion was that
the participants had no hearing impairment. Study 4’s participants consisted of:

• Gender: 12 men, 11 women, 1 non-binary person.

• Age: 8 aged 18-25, 10 aged 25-34, 5 aged 35-44, 1 aged 45-54.

• AR Familiarity: 1 very unfamiliar, 4 unfamiliar, 5 neutral, 12 familiar, 2 very familiar.

• AAR Familiarity: 5 very unfamiliar, 6 unfamiliar, 7 neutral, 6 familiar.
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Measure Question Scale

Augmentation

“My world felt augmented.”
Strongly Disagree –

Strongly Agree
“The virtual elements felt

connected to the real world.”
Strongly Disagree –

Strongly Agree
“If I used the application in a

different environment, the
application would have
behaved differently.”

Strongly Disagree –
Strongly Agree

“The virtual elements felt like
they were part of the same

world as the real elements.”

Strongly Disagree –
Strongly Agree

“The application was ___ than
the real or virtual elements would

have been on their own.”

Much Worse –
Much Better

Real Sound
Response

“The application responded to
real world sounds around me.”

Strongly Disagree –
Strongly Agree

Table 6.1: Subjective measures deployed in Study 4 post-round questionnaires.

6.1.4 Results

Quantitative results were analysed as a single factor comparison of application variation within
each of the three tested applications. Similarly to Study 3, the overall applications were not
directly compared as they were examples of different use cases and not meaningfully compara-
ble. As ordinal quantitative data, the Wilcoxon signed-rank test was used to compare variations.
Quantitative results are listed in Table 6.1.4 and shown in Figure 6.2. The full dataset is available
via Appendix A.1.

No significant differences were found between variations for the majority of the measures,
with the exception of the Augmentation and Real Sound Response questions. The Congruent

variation of the game resulted in a significantly more augmented experience, and one which
felt more responsive to real sounds than the Incongruent variation. The car-responsive Safety

variation of the Music application was also rated as more responsive to real sounds than the
bird-responsive Relaxation variation.

6.1.5 Interview Results

Interview results were analysed using inductive, data-driven thematic analysis. Interviews were
auto-transcribed using WhisperX [7] and reviewed by hand, correcting any transcription errors.
As Study 4 placed a larger emphasis on interview data than Studies 1-3, an additional qualitative
coder was recruited from the author’s research group. Both the author and the second coder in-
dependently familiarised themselves with the interview transcripts, then analysed transcripts line
by line to develop their own coding schemes. These schemes were then compared, discussed,
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Measure Variation A
(M (SD))

Variation B
(M (SD))

Wilcoxon
p (W)

Effect
Size r

A-B Mean
Diff.

UEQ-S
Game 1.92 (0.698) 1.88 (0.755) .691 (152) 0.094 0.04

Music 1.36 (0.638) 1.44 (0.766) .819 (130) 0.056 -0.08

Notif 0.68 (0.667) 0.57 (0.757) .563 (158) 0.117* 0.11

ARI
Engagement

Game 2.09 (0.616) 2.16 (0.552) .646 (74.5) 0.065 -0.07

Music 1.86 (0.646) 2.00 (0.564) .33 (78.5) 0.202* -0.14

Notif 0.76 (0.944) 0.63 (0.958 .988 (139) 0.003 0.13

ARI
Engrossment

Game 1.81 (0.594) 1.82 (0.637) .888 (91) 0.097 -0.01

Music 0.72 (0.745) 0.58 (1.04) .537 (146) 0.137* 0.14

Notif 0.40 (1.25) 0.40 (1.06) 1 (116) 0.006 0

Augmentation
Game 1.49 (0.667) 1.19 (0.852) .020 (168) 0.460** 0.30

Music 0.95 (0.557) 1.02 (0.753) .615 (82) 0.091 -0.07

Notif 0.89 (0.89) 0.76 (0.82) .702 (127) 0.076 0.13

Real Sound
Response

Game 2.08 (0.717) 1.25 (1.29) .007 (95) 0.566*** 0.83

Music 1.96 (0.806) 2.38 (0.77) .028 (19.5) 0.451** -0.42

Notif 1.12 (1.45) 1.17 (1.34) .863 (56.5) 0.060 -0.05

Table 6.2: Overall results for each measure in Study 4. Green denotes statistical significance. *
denotes small effect size, ** denotes moderate effect size, *** denotes large effect size.
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Figure 6.2: Study 4 questionnaire responses, separated by application and variation.
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and merged to form an overall thematic analysis of the data.

Congruent Sonic Links Are Preferable

Fourteen participants stated a preference for the Congruent Game over Incongruent. For some,
the preference for the Congruent variation was based on a wariness or dislike of dogs (two).
Seven participants mentioned that the Congruent Game felt better connected to reality than the
Incongruent variation, which often felt ‘mismatched’ or more artificial by comparison.

“I think in the second game, which was the one that had the bird songs as the

Sonimons, I think that was really interesting because I could actually feel it kind of

reacting to the environment. Like, I could hear the birds chirping in real life, and

then I would, you know, then it would appear. So I thought that was really fun”. –

P4

“I think I significantly preferred the bird one to the dog one because the dog one’s

like, you could be doing it anywhere and the, sort of, novelty could probably wear

off quicker. Whereas with the bird one I really liked how it was connected to the

environment”. – P24

“The [game] where it was bird sound, making another birds sound, that felt more

like it was kind of connecting the real and virtual world in a nicer way and felt more

immersed, I suppose.” – P15

Real World Experience

Fifteen participants expressed having a heightened awareness of their real world surroundings
while using the applications, with seven also feeling more connected to their surroundings, par-
ticularly using the Wellbeing Music. Realistic virtual elements were desirable, with 13 partici-
pants preferring the natural birdsong in the Realistic Birds Notification variation to the Digital

Birds variation. However, 13 participants also noted that this realism could be problematic,
causing confusion in the Notification application as to whether a bird was real or not. Despite
participants acknowledging the problem motivating the Digital Birds variation in this way, Re-

alistic Birds remained preferable.

“It made me pay more attention to the bird sounds than ever in my life, I think.” –

P22

“Particularly, a reason I like the music one is sometimes when you’re using digital

applications, you feel very disconnected from them. So it was cool to have some-

thing that kind of reconnects you to that and responds to the real world. Reminds

you to listen to stuff.” – P10



CHAPTER 6. SONIC LINKING WITH ENVIRONMENTAL SOUNDS 94

“It might be confusing as well is my other point because at the start I wasn’t sure

if I was hearing real pigeons or not so it could almost become too much noise, like

literal noise but also just general, like, noise of information.” – P15

Safety and Utility

Participants were most enthusiastic about the Music application, with 20 expressing interest in
using it. Sixteen participants expressed seeing a practical utility and safety benefit, particularly
from the Safety variation. Twelve participants suggested that it be extended to react to people or
speech, and two participants suggested it could have applications for women’s safety. One par-
ticipant disclosed that they were neurodivergent, and expressed interest in adapting the premise
to alleviate sound sensitivity issues. While participants were very positive about the app’s safety
potential, two participants also expressed concern around becoming reliant on such a system.

“I really like the [music] scenario with the cars because there’s, like, a direct ap-

plication to that. [...] There were some where it was like ‘oh I didn’t even realise

there was a car.’” – P12

“If someone speaks to me for something, I have to go ‘oh wait a minute’, and fiddle,

faff, and then I’ve missed what’s going on, so if something did that automatically

I’d be all over that.” – P2

“I like the idea of using it for safety, but one of my concerns would be if we were to

have an application where we were using it for safety and people became reliant on

it and then it didn’t work.” – P8

Interest in Visual Elements

Sixteen participants expressed a desire to incorporate visual elements into future versions of
all three applications. Overwhelmingly, participants expressed an interest for this in the Game
scenario (16 participants), hoping or expecting to see visuals for the monster or Sonimon when
playing. However, some participants also expressed interest in visuals for the Notification (2)
and the Music apps (2).

“I do quite like the idea where you have to listen for it but like if it was a full game

it would be cool to have maybe some visual and audio elements. [...] Maybe they’re

invisible and you have to hear where they are and then when you look at them then

they become visible.” – P15

“I feel like I would like a little bit more of a visual component to it, to make it a little

bit more engaging. I think it’s an interesting concept. I think I could definitely see

myself in the future playing something that had that as part of a component, I don’t

know that I’d play something that had that as the exclusive component.” – P4
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Critique of Notification App

Participants were critical of the Notification application, preferring the Music and Game appli-
cations. 15/24 participants said they would not use the Notification scenario in its current form,
with the most common complaint being that the system felt overwhelming or confusing. Other
objections included not using auditory notifications normally (four participants), that they pre-
ferred being in control of when they received notifications (four participants), or that they were
concerned about blending their digital life with natural soundscapes (three participants). How-
ever, some participants did feel the notification scenario was novel (four), or envisaged using it
subject to changes (four), or for a different type of data such as reminders or to-do lists (three).

“It was just overwhelming. I couldn’t really distinguish if it was a message, a nearby

activity, or the other option.” – P17

“So basically, [it] kind of creeps into your offline life in a manner of speaking. [...]

You might not want to get notifications from Twitter or X all the time. And this kind

of augments Twitter or X into your real world. Now, some people might want that –

I personally do not.” – P9

“A car horn perhaps, maybe it could remind you something like where your keys

are maybe – some people are forgetful of their keys – [...] if they can detect a train

sound perhaps they can tell you ‘have you bought your tickets?’” – P18

6.1.6 Discussion

Overall, the results of Study 4 provide a promising initial indication that sonic linking has po-
tential for AAR applications. Positive mean UEQ and ARI ratings suggest that participants
found the applications usable and immersive overall (though less so for the Notification applica-
tions), and participants responded positively to them in interviews. The popularity of the Safety

Music application also suggests that sonic linking may be viable across multiple use-cases and
real-world sounds, and the interest in visual elements from the interview results suggests sonic
linking could have potential in visual AR also.

Results from the Game applications also suggest that the type of sonic link deployed can
influence user experience. When comparing the Congruent and Incongruent Game variations,
the use of a congruent sonic link resulted in a higher sensation of Augmentation, and a sonic link
that felt more responsive to real world sounds (despite being just as responsive in reality as the
Incongruent variation). This suggests that congruent links should be deployed where possible
to provide the most augmented and cohesive experience. The interview findings also suggest
that sonic links may improve a user’s connection with the real world and their awareness of it –
even though an AAR system introduces new elements to our real surroundings, including these
appears to elevate rather than dilute real-world experience.
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While participants were positive about the Music and Game applications, they were less so
around the Notification application. Overall quantitative measures were lower for the Notifica-
tion application than the other two, and participants commonly reported it could be confusing,
often being unsure which birds were virtual and which were real. On one hand, this suggests
the applications achieved a ‘perfect’ augmentation of reality, with the virtual elements being in-
distinguishable from real ones, something that visual AR applications are still a long way from
achieving. However, this also shows that in scenarios where users must be able to differentiate
real from virtual, AAR developers must be careful when deploying virtual sounds that can also
be found in the real world. Further work is required to explore this problem, as the solution
explored in this study (the Digital Birds variation) still suffered from this confusion. The partic-
ipants also raised security concerns surrounding sonic linking, suggesting that developers must
be transparent about what data a sonically linked app collects and when.

By exploring a range of sonically linked applications, and doing so in a best-case scenario,
this study provided promising initial insights into sonic linking, though only in a broad sense.
While the results suggest that sonic linking could offer benefits in a ‘perfect’ implementation, it
is also important to assess sonic linking in more realistic scenarios: evaluating sonically linked
applications running on AAR-focused hardware rather than the Quest 3, evaluating them with
real sound detection algorithms rather than the Wizard of Oz approach used here, and compar-
ing them with non-sonically-linked applications to explore whether sonic linking represents an
improvement to existing approaches, or merely an alternative. This formed the motivation for
Study 5.

6.2 Study 5 – Sonic Linking with Environmental Sounds Us-
ing Live Classification

Study 4 provided a promising initial exploration of sonic linking, and one motivating further
investigation. Study 5 was designed to represent a more realistic sonic linking scenario, im-
plementing a live sound classification model to replace Study 4’s Wizard of Oz approach, and
moving away from the Quest 3 hardware towards a more representative set of AAR equipment.
Additionally, variations of the test applications that did not feature sonic links were evaluated as
a control condition, something which was excluded from Study 4 in favour of exploring design
variations instead.

Participants evaluated further developed versions of the Game and Music applications from
Study 4. The applications relied on the YAMNet sound detection model [84] to detect bird and
vehicle sounds, and ran on a laptop and acoustically transparent headset in place of the Quest
3. Additional variations of the Game and Music applications were assessed, where sonic links
were not present. The study was conducted in the same park environment as Study 4, and used
a within-subjects design, lasting approximately one hour.
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6.2.1 Experimental Parameters

Study 5 took a refined approach to that of Study 4, with a largely similar design. The Game and
Music applications were carried forward, with an additional ‘C’ variation introduced which did
not feature sonic linking, functioning as a control condition. These control conditions replaced
the Notification application from Study 4, which was not carried forward both as the worst
performing application and because it did not have a clear unlinked design in the same way that
the Game and Music applications did.

The overall application designs of the Game and Music applications were unchanged from
Study 4. The design variations used were:

• Game A: Congruent Scenario. Birdsong resulted in a bird Sonimon. This had a clear and
congruent connection between the real sound and virtual effect.

• Game B: Incongruent Scenario. Birdsong resulted in a dog Sonimon. A dog was chosen
as a common animal, but with no clear connection to birds.

• Game C: Unlinked. After a randomly chosen period of 20-45 seconds, a cat Sonimon
was spawned, regardless of environmental sounds, repeated for the course of the game.
A cat was chosen as another example of a common animal, but one unlikely to suggest
a sonic link. Having no sonic link but otherwise fulfilling the requirements for AAR,
this variation represents the existing paradigm for AAR applications. By comparing user
experience with the A and B variations, the impact of sonic linking itself on AAR as it has
existed so far could be explored.

• Music A: Relaxation/Wellbeing Scenario. The system improved audibility of birdsong.
When birdsong was detected, a low-pass filter was applied to the music at 2000 Hz, and
volume was lowered to 35% over 2 seconds. This both reduced volume and provided
space in the frequency spectrum for the higher frequencies birdsong usually consists of.
Listening to birdsong has been found to benefit wellbeing and a listener’s perceptions of
urban environments [79, 59, 176], and so this scenario was designed to maximise these
benefits alongside normal music listening. When no birds were detected, music returned
to normal over 2s.

• Music B: Safety Scenario. The system improved audibility of nearby vehicles. When
vehicle sounds were detected, a high-pass filter was applied to the music at 4000 Hz, and
volume was lowered to 35% over 2 seconds. This similarly improved audibility of the
vehicle in terms of volume and the overall frequency spectrum. Headphones, especially
those with noise cancellation, can block out traffic sounds for pedestrians. While this can
be desirable, it could also pose a safety risk as users may be unaware of vehicles they can’t
see. By improving the audibility of vehicles, user awareness and safety could potentially
increase. When no vehicles were detected, music also returned to normal over 2 seconds.
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• Music C: Unlinked. Music was unaltered throughout, representing existing music lis-
tening experiences over headphones. As this variation does not meet the definition of
AAR, the impact of sonic linking on non-AAR audio applications could be explored by
comparing it with the A and B variations.

6.2.2 Experimental Design and Methodology

Study 5 was conducted in the same space as Study 4 (shown in Figure 6.1, using the same sonic
triggers. The phantom birdsong speakers from Study 4 were retained, but the phantom vehicle
speaker was removed. During Study 4, it was found that participants had no suspicion of the
phantom birdsong (likely as birdsong is often acoustmatic as discussed earlier), however the
phantom vehicle sounds could cause participants to actively look for vehicles which were not
there, which risked them discovering the phantom speaker. As the car park had a steady flow of
traffic, the phantom vehicle speaker was not needed. Once again, participants were not informed
of the hidden speakers and none of the participants suggested they had noticed them.

The qualitative measures from Study 4 were carried forward, and additional bespoke ques-
tions were introduced to assess how accurately the system responded to real sounds, and partic-
ipants’ awareness of, and connection to, the real environment, as participants in Study 4 often
commented on feeling more aware or connected to their surroundings. The Involvement sub-
scale of the Igroup Presence Questionnaire (IPQ) [165] was used to assess real-world awareness.
While only one component of the larger validated instrument, the larger IPQ was less relevant
to assessing real-world awareness and omitting other subscales kept the study questionnaire to a
manageable length. Additional bespoke questions were used to assess how accurately the system
responded to real sounds and connection to the real world, as participants in Study 4 suggested
feeling more connected to the environment. The bespoke measures used in Study 5 are shown
in Table 6.2.2, and the full questionnaire used is available in Appendix B.5.2. As before, par-
ticipants assessed all six of the application variations, using the system for five minutes while
walking back forth along the path. After each evaluation, participants completed the question-
naire. After all six evaluations, an overall interview was conducted to discuss the participant’s
experience.

The test applications were once again built using Unity, and used the same spatialisation
toolkit as prior studies. The Quest 3 headset was not carried forward, in favour of a hardware
setup that more closely resembled AAR equipment. The experiment software was run on a
Dell i7 laptop carried in a backpack worn by the participant. Audio was presented over a pair
of Soundcore C30i acoustically transparent earbuds, shown in Figure 6.3 which leave the ear
canal unblocked, allowing virtual audio to be presented alongside real audio. The participant
wore a hat which had a Supperware headtracker secured inside the headband to position virtual
sounds correctly, and a Behringer BC lavalier microphone was clipped to the rim of the hat to
feed audio to a sound classification model running on the laptop, via a Rode AI-Micro audio
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Figure 6.3: The Soundcore C30i acoustically transparent earbuds used in Study 5.

interface. Finally, the participant used a wireless Xbox controller to input commands during the
game scenario. As this hardware setup was not able to facilitate 6DOF tracking, virtual sounds
were presented egocentrically, having only a fixed orientation relative to the user. The overall
equipment setup used by participants is illustrated in Figure 6.4, and the audio files used in this
study are available via Appendix A.2.

Sound Classification

Google’s YAMNet model was used for classifying sounds in the microphone stream [84]. YAM-
Net is capable of classifying 521 different audio classes, including birds and cars. Every 480
ms, the model output a frame of classifications for the preceding 960 ms of microphone audio.
In the Game scenario, the main “Bird” class was checked, as well as nine other classes covering
specific birds or bird sounds on each YAMNet frame. If any of those classes had a confidence
≥ 0.1, this was considered a detection of a bird and a Sonimon was spawned.

In the music scenario, it was found that adjusting music on each YAMNet frame resulted in
playback artifacts. Instead, in the Music scenario three frames were averaged together (covering
2 seconds of microphone audio) and the resulting confidence values were used instead. The
same bird classes were checked, but a lower threshold of 0.05 was used to compensate for the
larger detection window. For the Safety variation, the main “Vehicle” class was checked, as well
as seven other classes which covered acceleration and engine sounds. If any of these classes had
a confidence ≥ 0.25, a vehicle was considered to have been detected.

These detection settings were chosen after comparing YAMNet detections with human ones.
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Figure 6.4: The overall equipment setup used in Study 5.

The author walked back and forth through the test space for twenty minutes, manually recording
occurrences of birds or vehicles with YAMNet running alongside. These data were then used to
set the detection thresholds to provide the best balance of detection accuracy. If a human classi-
fication did not have a corresponding YAMNet classification at or above the detection threshold
within n seconds, it was recorded as a false negative. If a YAMNet classification at or above the
detection threshold did not have a corresponding human classification within n seconds, it was
recorded as a false positive. The n second window was implemented to account for delays in
human reaction, and the fact that human identifications occurred once, while YAMNet identified
every 0.5 seconds.

The final detection thresholds resulted in a false negative rate of 36.84% and false positive
rate of 20.0% for birds, using a 3 second window. For vehicles, they resulted in a 1.16% false
negative rate, and a 42.3% false positive rate, using a 6 second window (as an individual car
would be active in the space for longer than an individual bird). The vehicle detection threshold
was deliberately set to minimise false negative rates as in the Safety scenario where these were
used, a false negative would be more dangerous to the user than a false positive. False positive
rates were higher as a result.

YAMNet classifies 521 sound classes, of which 10 bird classes and 8 vehicle classes were
used. Chance rate for these classes would be 18

521 or 3.45%, and the chosen detection settings
provided significantly higher detection accuracy. Pilot testing was conducted after setting these
thresholds which also showed they provided a reliable experience.
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Measure Question Scale

Augmentation

“My world felt augmented.”
Strongly Disagree –

Strongly Agree
“The virtual elements felt

connected to the real world.”
Strongly Disagree –

Strongly Agree
“If I used the application in a

different environment, the
application would have
behaved differently.”

Strongly Disagree –
Strongly Agree

“The virtual elements felt like
they were part of the same
world as the real elements.”

Strongly Disagree –
Strongly Agree

“The application was ___ than
the real or virtual elements would

have been on their own.”

Much Worse –
Much Better

Real Sound
Response

“The application responded to
real world sounds around me.”

Strongly Disagree –
Strongly Agree

Real Sound
Response
Accuracy

“The application accurately
detected the real world sounds

around me.”

Strongly Disagree –
Strongly Agree

Real World
Connection

“I felt connected to
my real world surroundings.”

Strongly Disagree –
Strongly Agree

Table 6.3: Author-developed measures deployed in Study 5 post-round questionnaires

6.2.3 Participants

20 people participated in Study 5, again recruited from university mailing lists and compensated
with a £10 Amazon voucher for their time. As in prior studies, the only recruitment criteria were
that participants did not have any hearing impairments. Study 5’s participants consisted of:

• Gender: 8 men, 11 women, 1 non-binary person.

• Age: 10 aged 18-24, 7 aged 25-34, 3 aged 35-44.

• AR Familiarity: 1 very unfamiliar, 5 unfamiliar, 1 neutral, 11 familiar, 2 very familiar.

• AAR Familiarity: 1 very unfamiliar, 12 unfamiliar, 3 neutral, 3 neutral, 1 very familiar.

6.2.4 Results

Quantitative results were again analysed as a single factor comparison of application variation
within each of the two applications, using Friedman tests with Nemenyi post hoc tests where
relevant to evaluate significant differences. Full quantitative results are listed in Table 6.2.4 and
illustrated in Figure 6.5. The full dataset is available via Appendix A.1.
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Figure 6.5: Study 5 questionnaire responses, separated by application and variation.

The analysis showed that across applications, sonically linked variations were rated as hav-
ing a significantly higher Real Sound Response than the unlinked variation. The sonically linked
Music variations also rated higher on Real Sound Response Accuracy. While a significant main
effect was detected for this measure in the Game application, no significant pairwise compar-
isons were found. Similarly, an effect on Engrossment was detected in the Music app, but no
significant pairwise comparisons were found. Both sonically linked Music variations also rated
higher on the Augmentation measure than the unlinked variation, while only the Congruent

Game had higher Augmentation than the unlinked Game. Finally, participants rated their real
world Awareness as being lower with the Congruent Game than the unlinked variation. No other
significant differences between application variations were found.
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Measure Variation A
(M (SD))

Variation B
(M (SD))

Variation C
(M (SD))

Friedman Test Sig. Post Hoc Comparisons

p df χ2 Kendall’s W Pair p Mean Diff.

UEQ-S
Game 1.78 (0.992) 1.81 (0.97) 1.71 (0.841) 0.37 2 1.97 0.049

Music 1.68 (0.935) 1.75 (0.783) 1.08 (1.27) .06 2 5.62 0.140*

ARI
Engagement

Game 1.89 (0.74) 1.98 (0.769) 1.9 (0.728) .491 2 1.42 0.036

Music 1.95 (0.876) 1.97 (0.67) 1.5 (0.807) .358 2 2.05 0.051

ARI
Engrossment

Game 1.66 (0.746) 1.79 (0.743) 1.48 (0.846) .449 2 1.6 0.040

Music 0.875 (1.31) 0.717 (1.03) 0.192 (1.26) .015 2 8.38 0.209* None

Augmentation
Game 1.6 (0.962) 1.44 (1.03) 0.58 (1.22) .004 2 10.93 0.273* A - C .008 0.86

Music 1.01 (1.13) 1.33 (1.04) -0.8 (1.33) <.001 2 26.70 0.668***
A - C <.001 1.81

B - C <.001 2.13

Real Sound
Response

Game 1.85 (1.23) 1.95 (0.945) -0.7 (2.03) <.001) 2 15.97 0.399**
A - C .01 2.55

B - C .003 2.65

Music 1.9 (0.788) 2.05 (0.999) -2 (1.81) <.001 2 21.21 0.530***
A - C <.001 3.9

B - C <.001 4.05

Real Sound
Response
Accuracy

Game 1.25 (1.52) 1.4 (1.1) -0.3 (2.03) .014 2 8.60 0.215* None

Music 1 (1.59) 1.75 (0.967) -1.6 (1.93) <.001 2 15.53 0.388**
A - C .012 2.6

B - C .001 3.35

Awareness
Game 0.588 (1.35) 0.9 (1.23) 1.08 (0.929) .025 2 7.4 0.185* A - C .038 -0.492

Music 1.3 (0.958) 1.52 (0.688) 1.29 (1.18) .210 2 3.11 0.078

Connection
Game 1.55 (1.05) 1.5 (1.05) 1.2 (1.54) .843 2 0.341 0.009

Music 1.65 (1.04) 1.9 (0.718) 0.75 (1.77) .083 2 4.98 0.124*

Table 6.4: Overall results for each measure in Study 5. Green denotes statistical significance. *
denotes small effect size, ** denotes moderate effect size, *** denotes large effect size.
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6.2.5 Interview Results

Interview results were analysed using auto-transcription from WhisperX [7], followed by man-
ual correction. As in Study 4, the author and a colleague analysed the interview transcripts
line-by-line to develop independent coding schemes, then discussed and merged these to form
an overall thematic analysis of the data, resulting in the following themes:

Game Experience

Sixteen participants expressed a preference for one of the two applications, with 10 of those
preferring the Game application the Music player. 17 participants also expressed a preference
for one of the Game variations, with 11 preferring the Congruent variation, four preferring the
Incongruent variation, and two preferring the Unlinked variation. Participants suggested the
Congruent variation made more sense to them, and appreciated there being a clear connec-
tion between a real-world bird and the virtual bird Sonimon. In the Congruent condition, six
participants felt the bird Sonimon was harder to localise than in the other variations, and six
participants mentioned confusion as to whether they were hearing a real or virtual bird. Prefer-
ences for other variations were usually attributed to easier localisation (three participants), or a
preference or affinity for dogs or cats (two participants).

“I felt that when it was a bird, that I felt more connected to the game and I felt it

was more immersive.” – P3

“I think [my preferred application] was one of the games where there’s a bird sound,

because it felt more, like, in the reality. It was still kind of hard to distinguish at

some points between the actual bird and the bird in the game, but that felt kind of

exciting.” – P11

Music Experience

Six of the 16 participants with a preference for one of the applications preferred the Music appli-
cation to the Game. 18 participants preferred one of the Music variations, with eight preferring
the Wellbeing variation, seven preferring the Safety variation and three preferring the Unlinked

variation. As in Study 4, participants noted real-world utility for the Safety variation: eight par-
ticipants felt it had potential benefits for road safety, and seven felt it had more general utility.
Two participants mentioned moments where the application responded to a car they were un-
aware of, however three participants also mentioned the Safety variation causing the music to
be dimmed for the majority of the song. Three participants felt that sonically linked music was
interruptive.

“I think it’s very useful for sort of getting people to be immersed into music and at

the same time, not. Sort of. I think it can almost be like a life-saving device if you
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put your headphones on and walk through a busy city with your earphones in” –

P4.

“As far as the music applications were concerned, I felt that they were interruptive,

because I wanted to listen to music and if there were more birds or more cars around

me then my entire experience was getting disrupted and I wasn’t feeling the music

as I should have” – P3.

“There were times where I didn’t hear anything, but it still noticed and then when

the music went quiet, then I could hear the car” – P16.

Thoughts on Sonic Linking

Twelve participants felt positively about the idea of sonic linking, with seven participants appre-
ciating how it connected real and virtual elements into a cohesive experience. Some participants
again mentioned an impact on their experience of the real environment, with seven participants
noticing themselves listening for birds and cars themselves, as if pre-empting the application,
and three participants feeling more aware of their surroundings using the sonically linked appli-
cations.

Participants felt the sound detection model had mixed accuracy, with 11 participants noticing
errors in bird detection, and four noticing errors in vehicle detection. However, this level of
accuracy still appeared to be sufficient for the majority of participants.

“It makes you feel that you’re present in both sides of the world, I mean the aug-

mented world as well as the physical world.” – P13

“I was actively listening to bird noises and being like, ’oh yeah, there’s one, they’ll

probably... and yes, there’s the game, it’s triggered, it’s heard the same thing.’ So

it was more... I was engaging with the external surroundings in a different way.” –

P18

“There was maybe some birds [that the system didn’t detect], but maybe because it

was further away or something like that. But most of the birds I heard, I then got

the Pokémon sound.” – P15

Future Ideas

Participants had a variety of suggestions for changing, extending, or customising the test ap-
plications. The most popular request (from 11 participants) was to introduce speech reactivity,
particularly in the Music application. Participants felt this could remove the need to remove
earphones when spoken to. Participants also suggested sonic linking in response to nearby peo-
ple (three participants), doorbells or door buzzers (two), nearby dangers (two), or extending
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the Game to respond to other animal triggers (two). Two participants also suggested the mu-
sic system could operate in reverse to block out annoying sounds like crying babies by raising
volume rather than lowering it. Seven participants offered ideas for future applications with
sonic links, including adaptive music for cycling, more granular active noise cancellation, or
context-sensitive notifications.

“Even if it was customisable, if you’re in different settings you can turn [music

reactivity] on for different noises. Because if you’re in the city it’s going to be going

down for cars all the time, whereas if you’re out in the countryside, birds are going

to be constant.” – P15

“Sometimes people talk to me and I have to take, you know, my music off. And then

I wouldn’t have to do that if, like, someone’s talking to me and then it goes down on

its own and then it comes back.” – P1

“I listen to the directions to get somewhere on my bike when I’m cycling, and then

I hear the directions because the music quietens [(a native Google Maps feature)],

but it’ll also make more sense for the music to quieten, you know, when there’s also

those cars.” – P17

6.2.6 Discussion

The principal finding from Study 5 is that the use of sonic linking results in a more augmented
AAR experience. In both applications, Augmentation ratings were significantly higher for soni-
cally linked variations than the unlinked variations. In the Music application, both the Wellbeing

and Safety variations had higher Augmentation ratings than the Unlinked variation. In the Game
application, only the Congruent variation had higher Augmentation ratings than the Unlinked

variation, there was no significant difference between the Unlinked and Incongruent variations.
Mean Augmentation ratings were also negative for the Unlinked Music app, and mildly posi-
tive for the Unlinked Game app. Considering the Unlinked Music app represents a non-AAR
experience while the Unlinked Game variation meets most of the prior definitions of AAR set
out in Chapter 3, these findings suggest that the use of sonic links can transform a non-AAR
experience into AAR (as shown by the Music findings), while a congruent sonic link can elevate
existing AAR approaches (evidenced by the Game results).

The Congruent Game was also the majority of participants preferred version of the game
application. This preference was most often attributed to the clear real-virtual connection, while
those that preferred the other variations usually provided more surface-level reasons such as an
affinity for a particular animal or a different level of difficulty. Alongside the quantitative results,
this suggests that a congruent real-virtual connection provides a superior experience. While only
one example of a congruent sonic link was tested, these benefits could potentially apply in other
scenarios also, and future work should explore this. A real bird could just as easily prompt a
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virtual assistant to queue up The Beatles’ ‘Blackbird’ as the next track in a music player with
augmented shuffling, or provide an interesting ornithology fact, for example. It will also be
important to assess whether congruence affects user experience in other forms of real-virtual
link such as the spatial and content-based links proposed by Schraffenberger [163].

In both apps, the sonically linked variations had a significantly higher Real Sound Response
rating than the Unlinked variations. Mean Real Sound Response ratings were also positive
for the sonically linked variations, and negative for the Unlinked variations. For the scenarios
tested here and the detection settings used, it seems the YAMNet model is capable of creating
a sonic link. As no differences between sonically linked variations in Real Sound Response

or Real Sound Response Accuracy were detected, the findings further suggest that YAMNet can
achieve such links across multiple applications, and multiple sound triggers. In interviews, some
participants did report errors in the detection, which are to be expected. However, the results
still show improvements from sonically linked variations compared to Unlinked variations, and
participants noted an overall preference for sonically linked variations. The results suggest sonic
links can be successfully created using existing sound classification models, but future models
with improved accuracy will be necessary to improve user experience. Future work should
explore improving detection accuracy for sonic linking.

While some participants suggested the sonically linked applications tested were not to their
taste, sonically linked variations were more popular than Unlinked variations overall, and no
negative effects on user experience were detected in the quantitative analysis. The quantitative
results also suggest an influence of sonic linking on user immersion as an interaction effect for
the Engrossment measure in the Music app was detected, though the analysis did not show any
significant pairwise comparisons. Future work could explore this further.

Participants also noted changes in their experience of the physical space when using son-
ically linked applications, much like in Study 4. Many mentioned an increased awareness of
their surroundings, either directly or by reporting listening for trigger sounds themselves which
suggests an increased awareness or engagement with their surroundings. Interestingly, the quan-
titative measures introduced to assess Awareness and Connection with real-world surroundings
showed no significant differences, except from between the Congruent and Unlinked Games,
where participants were actually found to have lower Awareness in the Congruent condition
compared to the control. This is a surprising result as it contradicts qualitative findings from
both Study 4 and Study 5. This may be a function of question choice, and further work should
be done to clarify how sonic linking can affect a user’s relationship with their real surroundings.

Once again, participants reported occasional confusion as to whether a virtual bird was real
or not, this time in the Congruent Game scenario. While this suggests the applications created
virtual sounds indistinguishable from real ones, a key aim of augmented reality, this may not
always be desirable. Further work is needed to explore how virtual and real audio sources can
or should co-exist to minimise user confusion.
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6.3 Studies 4 and 5 – Discussion and Conclusions

Until now, sonic linking with environmental sounds has never been properly explored in an
AAR context. The work presented in this chapter forms an initial exploration of its potential in
AAR, and the results from Studies 4 and 5 suggest sonic linking has strong potential in AAR
and perhaps beyond, providing a significant step towards answering RQ3.

Both studies provide compelling evidence that sonic linking in this manner results in an
improved AAR experience. Both studies demonstrated that a sonic link creates an AAR ex-
perience which feels more augmented – in Study 4 mean augmentation ratings were positive,
while Study 5 showed significant improvements to augmentation between sonically linked sce-
narios and unlinked ones. This is particularly relevant when considering the Music application,
where the Unlinked variation introduced in Study 5 represents a normal, non-AAR auditory
experience. The fact that introducing a sonic link in the Music application can result in a sig-
nificantly higher, positive mean rating for augmentation compared to the negative mean rating
of the unlinked condition suggests that sonic linking can transform non-AAR experiences into
AAR, supporting the definition introduced in Chapter 3 and this thesis’s position that sonic links
will be key to AAR in the future. As the Augmentation measures used in these studies were also
developed by the author, it will be important for further work to assess how sonic links influence
how augmented an AAR or XR experience feels.

Sonic linking may also improve an AAR user’s awareness of their surroundings and increase
a sense of connection with those surroundings, however the results from these studies do not
clearly demonstrate or disprove this. In qualitative interviews, participants often reported feeling
more aware of their environment or noting a feeling of connection. However, the quantitative
measures introduced in Study 5 to explore this did not result in any clear conclusions, with
the only significant difference actually suggesting that the Congruent Game scenario lowered
awareness slightly compared to the unlinked control. Given these contradictory findings, future
work should explore sonic linking’s influence on environmental awareness in greater depth.

A central finding from both studies is that the congruence of a sonic link is an important
factor. The results from Study 4 showed that a Congruent link resulted in a higher sensation
of augmentation than an Incongruent link, and also that a congruent link felt more responsive
to real sounds, despite responding to the same sounds in the incongruent scenario. Study 5
demonstrated that a congruent link felt more augmented than an unlinked scenario, but that an
incongruent link did not. In interviews in both studies, participants also tended to express pref-
erence for a congruent scenario over an incongruent one. Study 5’s Unlinked Game condition
represents a current typical AAR experience, where virtual sounds are introduced or overlaid on
the real world without a clear link between the two. The Congruent condition rating higher for
Augmentation, which was not true for the Incongruent condition, suggests that congruent sonic
links specifically can elevate existing AAR approaches.



CHAPTER 6. SONIC LINKING WITH ENVIRONMENTAL SOUNDS 109

6.3.1 Limitations and Future Work

As Studies 4 and 5 represent the first exploration of environmental sonic linking in AAR, there
are some limitations to acknowledge, as well as opportunities for future work.

For example, the studies presented here only explored environmental sonic links based on
the presence of a sound, the simplest form such a link could take. Future work could integrate
aspects of real sound, such as its position or tonality, into a sonic link and explore how this
influences the overall experience. Similarly, while Studies 4 and 5 deliberately maximised eco-
logical validity by using a real world environment and introducing plausible, phantom sounds to
drive the applications, this still represents a controlled scenario, and sonic linking must also be
evaluated in true real-world scenarios.

While sonic links, particularly congruent ones, demonstrate promise for AAR, it is important
to acknowledge that only two real-world sounds were used, and only three applications were
assessed. These results may not hold true for other real-world sounds or application scenarios
and future work should continue exploring the potential of sonic links. It is also important to
acknowledge that sonic links may not be suitable for all AAR application designs, at least in
the form evaluated here. While a sonic link could be as simple as positioning virtual sounds
so as to not overlap with real sounds, not all AAR apps may have a clear congruent link that
could be deployed, and designing an AAR application to respond to certain sounds could impose
restrictions on the environments where it can be best used. Although these studies represent the
first steps in exploring sonic linking with environmental sounds, these are important limitations
to acknowledge and for AAR designers to consider.

Participants in both studies offered a number of ideas and suggestions for future sonically
linked applications, and participants in Study 4 often mentioned a desire for visual elements
in the Game scenario. While this may have been influenced by the use of a Quest 3 as the
experiment platform, as this was not commonly suggested in Study 5, it does suggest that users
could imagine sonic links being used in multimodal AR scenarios in the future. As sonic links
elevated Augmentation, effectively coupling the real and virtual world more tightly together,
one can imagine that the AR applications of the future could benefit from sonic links and future
work could evaluate sonic linking in a multimodal context also.

6.3.2 Conclusion

With RQs 1 and 2 explored in previous chapters, this chapter took the first step towards an-
swering RQ3, exploring how sonic links can be created between AAR applications and the
environmental sounds in a user’s real-world surroundings. As the first exploration of this con-
cept and its potential application to AAR, these studies provide compelling evidence that such
sonic links can benefit AAR applications. Environmental sonic links result in a more augmented
experience, transforming auditory experiences into audio augmented reality. If these links are
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congruent, they further elevate AAR experiences compared to existing approaches to AAR ap-
plications. Existing sound classification models are capable of creating these links, and the
hardware needed to experience sonically linked AAR applications is already available. As a
new technology, however, these results could be influenced by a novelty effect, and it remains
to be seen how sonic linking functions in the real world, in uncontrolled scenarios, and over a
longer period of time. This provided the motivation for Study 6.



Chapter 7

Sonic Linking In The Real World

Chapter 6 began the process of exploring a sonic link between an AAR system and real-world
environmental sounds, suggesting that that such sonic links have promise and offer tangible
benefits. However, Studies 4 and 5 only evaluated environmental sonic linking in controlled
scenarios and short-term usage.

While efforts were taken with the design of Studies 4 and 5 to maximise ecological validity,
such as by conducting the studies in a real-world public environment and using hidden speakers
to supplement the natural soundscape, real-world environments will present different challenges
for sonically linked AAR. For example, while birdsong was chosen for evaluation as it is present
in many environments, rural environments or highly urbanised spaces may feature significantly
more or less birdsong and either could influence the user experience. Real world environments
will also feature many other types of sound that were not featured in Studies 4 and 5, which
could influence user experience. For instance, heavy construction sounds may register as vehicle
sounds, or target sounds may become masked by crowd noise in busy city streets. It is important
to evaluate environmental sonic links in varied real environments to explore potential findings
that the prior studies may have missed.

As broad, initial explorations of environmental sonic linking, Studies 4 and 5 were also
limited in the length of time participants spent with the applications. Having found strong,
promising initial evidence to motivate the use of sonic linking in AAR, it is important to evaluate
it also over a longer time scale. As the first explorations of environmental sonic linking, it is
possible that the findings from Studies 4 and 5 were influenced by a novelty effect, as this
would have been a new experience for participants. By assessing sonic linking over a longer
time period, any potential novelty effects can be better identified and therefore improve the
interpretation of the results of Studies 4 and 5. Additionally, a longer-term evaluation of sonic
linking, particularly in uncontrolled conditions, could potentially reveal more nuanced findings
by expanding the scenarios in which the applications are used.

This chapter presents a final, longitudinal study on sonic linking with environmental sounds.
The applications from Study 4 and 5 were developed further as representative mobile appli-
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Figure 7.1: The Soundcore C30i acoustically transparent earbuds used in Studies 5 and 6.

cations, and an extended, in-the-wild evaluation was conducted, providing further insights on
RQ3.

RQ3: How can a sonic link between environmental sounds and virtual elements
be created in audio augmented reality?

7.1 Study 6 – Sonic Linking in the Real World

Study 6 was designed to explore environmental sonic linking in uncontrolled, real-world sce-
narios and over extended use, as well as with more developed test applications that better rep-
resented a consumer application. Ten participants were issued with a smartphone pre-installed
with the test applications, illustrated in Figure 7.2, and the same transparent earphones used in
Study 5, illustrated again in Figure 7.1. The participants used both applications twice per day as
part of their everyday routine, returning the device after one week. Experience sampling ques-
tionnaires were presented to the participants while using each application, and qualitative data
were gathered through daily email interviews and a final exit interview.

7.1.1 Application Design

Game

The Game application from Study 5 was further refined for deployment on an Android smart-
phone. To reduce the need for specialist hardware, the smartphone compass was used in place
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of a headtracker, with participants holding the phone and turning on the spot to localise sounds.
While less accurate than a dedicated headtracker, this approach has been found to be sufficient
for achieving AAR in prior work [80].

Expanding on the Study 5 implementation, the Game responded to both birds and cars. As
Studies 4 and 5 had found congruent links to be beneficial, 10 Sonimon were included which
could be caught, five corresponding to birds, and five corresponding to vehicles. To mimic other
creature-catching games, some of these Sonimon were made rarer than others. For each set of
five, two Sonimon were "common" (75% chance to spawn when target sound detected), two
were "rare" (20% chance to spawn), and one was "very rare" (5% chance to spawn). Sonimon
also had a randomly determined ‘power’, which was higher for rarer Sonimon to incentivise col-
lection. Caught Sonimon persisted between game sessions, and a ‘Sonidex’ view was introduced
where players could view their caught Sonimon. The 10 Sonimon in the game were:

• Crowven (Bird): Common Sonimon representing a crow or corvid. The basic Sonimon
loop was overlaid with crow calls.

• Eaglide (Bird): Rare Sonimon representing an eagle or bird of prey. The basic Sonimon
loop was overlaid with bird of prey calls.

• Phoenos (Bird): Very Rare Sonimon representing a phoenix. The basic Sonimon loop
was overlaid with sounds of fire and screeches.

• Pidgeowary (Bird): Common Sonimon representing a pigeon. The basic Sonimon loop
was overlaid with pigeon calls.

• Twittwoo (Bird): Rare Sonimon representing an owl. The basic Sonimon loop was over-
laid with owl sounds.

• Fumigon (Vehicle): Rare Sonimon representing exhaust fumes from a vehicle. The basic
Sonimon loop was overlaid with sounds of an idling engine and fuel pumps.

• Nitroblast (Vehicle): Very Rare Sonimon representing a nitrous oxide booster system.
The basic Sonimon loop was overlaid with idling engine sounds, explosion sounds and
compressed air whooshes, similar to how such systems are portrayed in popular culture.

• Pluggspark (Vehicle): Rare Sonimon representing an internal combustion engine’s spark
plugs. The basic Sonimon loop was overlaid with idling engine sounds and electrical
arcing sounds.

• Tyreon (Vehicle): Common Sonimon representing a vehicle’s tyres. The basic Sonimon
loop was overlaid with idling engine sounds, tyre squeals and air compressors.

• Vroomer (Vehicle): Common Sonimon representing a vehicle’s engine. The basic Soni-
mon loop was overlaid with idling engine sounds, and the sounds of engines being revved.
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The random monsters from previous versions of the game were retained to provide a pur-
pose and incentive to Sonimon collection, but these were refined to be sonically linked also.
Whenever a triggering sound was detected, there was a 10% chance that a monster would spawn
instead of a Sonimon – either a bird or vehicle monster depending on the sound. A player’s most
powerful Sonimon was deployed to battle the monster, with more powerful Sonimon allowing
the monster to be defeated in fewer localisations. If the monster was not defeated, it would eat
the player’s strongest Sonimon, incentivising proper engagement with the game to maintain a
stable of powerful Sonimon. The audio files used in this study are available via Appendix A.2.

Music

Building on the implementation in Study 5, the Music application was expanded to react to both
vehicles and birds, as well as speech (a common request from Study 5). When any of these
sounds were detected, volume of music would be lowered and the music would be filtered to
allow better audibility. As in prior studies, high frequencies were filtered for birds and low
frequencies for vehicles, while for speech the frequency band used for telephone calls (300 Hz
to 4 kHz) was filtered.

The music selection was also expanded from a single test track to a corpus of 10 albums. This
corpus consisted of the top five best-selling albums of all time in the UK Official Albums Chart,
and five of the top albums from Von Appen and Doehring’s meta-analysis of most influential
albums [185]. Only one album per artist was included in the corpus. This created a corpus
which included both critical and commercial successes, and which could appeal to a broad range
of participants. Audio was imported from legitimate CDs. The final corpus of albums consisted
of:

• Queen - Greatest Hits (UK top seller)

• ABBA - Gold (UK top seller)

• Adele - 21 (UK top seller)

• Oasis - What’s The Story Morning Glory (UK top seller)

• Michael Jackson - Thriller (UK top seller)

• The Beatles - Sgt. Pepper’s Lonely Hearts Club Band1 (Critical)

• Nirvana - Nirvana (Critical)

• The Beach Boys - Pet Sounds (Critical)

1Revolver ranked higher on Von Appen and Doehring’s list, but Sgt. Pepper’s was also represented on the UK
top seller list and so was included instead.
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Figure 7.2: The mobile application developed for Study 6, showing the user interface for the
game (L), main menu (C), and user interface for the music player (R).

• Pink Floyd - The Dark Side of the Moon (Critical)

• Velvet Underground - The Velvet Underground and Nico (Critical)

Additionally, functionality for users to load in custom music files was also included, in case
the supplied music was not to participants’ tastes.

Figure 7.2 shows the user interface for the different applications.

7.1.2 Experimental Design and Methodology

Participants were supplied with an Android phone (a Google Pixel 4, Pixel 7, or Pixel 9), and
a pair of the Soundcore C30i earphones. The test app was pre-installed on the devices, and
built using Unity 2022.3. The same spatial audio solution as prior studies was used for game
sounds, and music was presented in stereo format. Sound detection was achieved using the same
YAMNet system as Study 5, utilising the built-in microphone on the device.

Participants were issued the equipment on a Monday, and had the equipment until the fol-
lowing Monday. They took the device home, and used the application in the real world as part
of their normal routine. Participants were required to use both applications at least twice per day
for four consecutive days (Tuesday-Friday), using each application until at least one experience
sampling questionnaire was completed. Participants were able to use the applications beyond
this period if they chose.
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After three minutes of using an application, an experience sampling questionnaire was pre-
sented to the user. The experience sampling questionnaire contained four bespoke questions
designed to assess the detection system’s accuracy, how augmented the experience felt, how
connected the user felt to their environment, and how aware the user felt of their surroundings,
as Studies 4 and 5 suggested sonic linking had an impact on all of these aspects of the experi-
ence. All questions were assessed on 7-step Likert scales, from Strongly Disagree to Strongly
Agree. The experience sampling questions were:

• Accuracy: "The system is responding accurately to sounds."

• Augmentation: "My world feels more augmented than normal"

• Awareness: "I feel more aware of my surroundings than normal"

• Connection: "I feel more connected to my surroundings than normal"

If the participant used the application further, the experience sampling questionnaire was
presented again every five minutes. At the end of each day, participants were emailed a short list
of interview questions to complete:

• Where did you use the apps today?

• How reliable did you find the applications today?

• Did you have any frustrations with the apps?

• How was the experience compared to a normal music player or game?

• Was your experience of your environment different in any way? Did you behave any
differently?

• How was the experience today compared to yesterday? (days 2–4 only)

A final exit interview was also conducted at the conclusion of the study, discussing the
participant’s experience over the week.

7.1.3 Participants

As in prior studies, participants were recruited from University mailing lists. 10 participants took
part, with the only criteria again being that they had unimpaired hearing, and that they had not
participated in Studies 4 and 5 (to ensure their data were not influenced by those experiences).
Study 6’s participants consisted of:

• Gender: 5 men, 5 women.
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• Age: 4 aged 18-25, 5 aged 25-34, 1 aged 35-44.

• AR Familiarity: 2 very familiar, 4 familiar, 1 neutral, 3 unfamiliar.

• AAR Familiarity: 2 familiar, 1 neutral, 6 unfamiliar, 1 very unfamiliar.

• Walking Frequency: 5 walked multiple times per day, 3 walked once per day, 1 walked
multiple times a week, and 1 walked once a week.

• Music Listening While Walking: 5 always listened to music when walking, 2 listened
very often, 1 listened often, and 2 listened sometimes.

• AR Games Experience: 2 played AR games often, 4 played AR games sometimes, 1
played rarely, and 3 had never played an AR game.

Participants were compensated with a £50 Amazon voucher for taking part.

7.2 Results

Experience sampling questionnaires were analysed using cumulative linked mixed effect mod-
els (CLMM), assessing how measures varied over the usage period. CLMMs were used as
some participants completed more sampling questionnaires than others, which other tests such
as Friedman would not properly account for. Each measure was used as a dependent variable,
the day (1, 2, 3, 4) was used as the fixed effect, with a random effect from individual participants.
Full quantitative results are detailed in Table 7.2, and shown in Figure 7.3. The full dataset is
available via Appendix A.1.

The quantitative results suggest that user experience was largely stable across the four day
test period. No evidence was found to suggest that Accuracy, Augmentation, or Connection
changed significantly over the course of the week. Awareness was also stable for the Music
application. For the Game application, Awareness was found to be significantly higher by the
end of the week than at the beginning. For days 2 and 3 of the study, participants also rated
the Game system as having higher Accuracy and Connection than day 1, however there was no
difference detected for these measures between day 4 and day 1.

7.3 Interview Results

Both the daily interview and exit interview results were analysed using the same approach as
Studies 4 and 5 – WhisperX auto-transcription followed by manual correction, then line-by-
line analysis by the author and the same second coder as Studies 4 and 5. Analyses were then
compared, discussed, and merged to form an overall analysis of the data.
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Figure 7.3: Study 6 experience sampling responses, separated by application and measure.
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M (SD)
by Day AIC

Participant
Random Effect Fixed Effects

Var. SD
Day 2 Day 3 Day 4

1 2 3 4 Est. SE p Est. SE p Est. SE p

Accuracy
Game

0.35
(1.33)

1.22
(1.22)

1.03
(1.22)

0.75
(0.79) 293.8 2.05 1.43 1.395 0.563 .013 1.164 0.563 .039 0.637 0.578 .270

Music
1.6

(0.91)
1.3

(1.27)
1.3

(1.08)
1.93

(0.71) 232 0.91 0.95 -0.536 0.648 .408 -0.724 0.599 .227 0.538 0.603 .372

Augment.
Game

0.73
(1.43)

0.83
(1.19)

0.75
(1.16)

0.8
(1.18) 234.1 3.45 1.86 -0.106 0.617 .863 -0.100 0.576 .863 -0.061 0.617 .922

Music
1.23

(1.15)
0.77

(1.12)
0.92

(1.24)
1.23

(1.06) 251.7 2.46 1.57 -0.846 0.600 .159 -0.590 0.601 .326 0.105 0.583 .857

Awareness
Game

0.3
(1.83)

0.83
(1.6)

1.05
(1.28)

1.2
(1.03) 270.1 3.99 2.00 0.992 0.589 .092 1.429 0.589 .015 1.514 0.609 .013

Music
1.45

(1.52)
1.23

(1.54)
1.62

(1.09)
1.38

(1.08) 213.1 7.91 2.81 -0.785 0.655 .231 0.274 0.629 .663 -0.34 0.617 .581

Connection
Game

-0.08
(0.87)

0.7
(1.46)

0.65
(1.26)

0.2
(1.34) 274.2 2.26 1.50 1.406 0.578 .015 1.142 0.565 .043 0.394 0.567 .488

Music
0.98

(1.36)
0.45

(1.42)
0.87

(1.52)
1.17

(1.17) 244.5 5.18 2.28 -0.988 0.615 .108 -0.269 0.576 .641 0.524 0.569 .357

Table 7.1: Overall results for each measure in Study 6. Green denotes statistical significance.
86 observations for Game application, 84 observations for Music application.

7.3.1 Daily Interviews

In daily interviews, participants broadly noted a positive experience using the apps, often de-
scribing the apps as reliable (21/40 days) or free of frustrations (19/40 days). When participants
did mention an issue with the application, it was often a detection error (7/40 days), either
missing or misclassifying a sound. Wind was often mentioned as causing problems with the
detection. Four participants found it frustrating to not be able to lock the music player without
the music stopping (a limitation of Unity). Another common complaint, particularly on day 1
of participation, was that participants found the Sonimon difficult to localise in the game (seven
participants). Often they mentioned this becoming easier in later days (5 participants).

“The only issue I noticed was in the afternoon, since it was more windy, both apps

reacted to that and either generated sonimons when there wasn’t a sound in the envi-

ronment, or lowered the music volume, again with no sound [in] my surroundings.”

– P6, Day 3

“I was finding it difficult to pinpoint the sound, feeling like it was moving around

rather than being in one place, and usually I feel I’m quite good at games!” – P8,

Day 1

“I could realistically pinpoint where the sounds were coming from, much better than

the previous day!” – P4, Day 2

Participants primarily used the applications in urban environments (39/40 days), and often
as part of their commute (17/40 days). Participants occasionally also used the applications in
parks or green space (7/40 days). As in previous studies, some participants also mentioned
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noticing changes in their own behaviour, such as listening for the sound triggers themselves
(three participants), or noticed an increase in their environmental awareness (seven participants).

“I have noticed that especially when I have the game open, now I listen out, espe-

cially for birds, without thinking about it.” – P6, Day 3

“I was more aware of my surroundings and I was noticing if there are any cars

crossing by or birds chirping to see what shows up on the app” – P3, Day 2

“I definitely felt more aware of my surroundings because I could hear more than I

usually can when I am just listening with my headphones on for the music player.”

– P7, Day 4

7.3.2 Exit Interviews

Exit interviews were conducted when participants returned the study equipment, discussing the
overall experience and how participants felt about the individual applications.

After using the applications for the week, the majority of participants expressed interest in
using them, or a refined version, in the future, should similar applications become available or
existing applications be expanded to include sonically linked features. Five of the ten partici-
pants said they were more interested in sonic linking than they had been before taking part in
the study.

“It was a lot more fun than I was expecting it to be, it felt just like a game. I could

really see it actually taking off in the future. I didn’t really have an opinion before,

but obviously I’m positive now.” – P9

“I would actually consider swapping out the music player I have, or at least sup-

plementing it with the alternative, which is a bit more reactive, today.” – P10

As with the daily interviews, five participants reported frustrations with detection errors.
Six participants mentioned having a higher level of environmental awareness when using the
applications, being better attuned to environmental sounds nearby.

“I would say I have mixed feelings on the application after using it. Because I felt

like one particular thing that I noticed was that if is really windy, then it doesn’t

pick up audio as well. I can hear the birds, I can hear the car passing by, but still it

didn’t hear anything.” – P3

“I think it worked well in terms of when there was a car going past or someone

speaking, like, the volume lowering which was interesting. It did make me more

aware of when there was a car because usually I use noise cancelling headphones.”

– P8
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The Music app was well received overall, and participants offered a number of suggestions
for how it could be improved further. The largest frustration was with the player being unable
to run in the background (a Unity limitation as mentioned before). Participants were keen to
customise how the music responded to stimuli, seeking different behaviour in different contexts
like responding to different sounds in certain areas, ignoring cars that have been nearby for an
extended period, or having the music dimming being proportional to the volume of the triggering
sound. Three participants responded positively to the speech-reactive functionality, though one
would prefer it only react to speech directed at the user.

“What I also thought about was like even being able to select parts on a map. You

know that, okay, if I’m there, if I’m in the park, for example, and I’m listening to

music, then I’m not talking to anyone. So then I don’t care if there’s people talking

around.” – P1

“But having a seamless conversation with just music in the background, that would

very accurately quiet down when I’m talking to someone, it was very helpful, es-

pecially with just a very quick interaction at the shop. I didn’t have to take my

headphones off.” – P10

As with the daily interviews, participants noted that the Game experience began quite diffi-
cult, and became easier over the course of the week. Participants often mentioned the experience
as being novel, and enjoyed a game experience that did not require a screen. As with the Music
app, participants often offered suggestions for improvement, including the addition of visual el-
ements, responding to other animal sounds or having more granular sonic links, such as specific
Sonimon for specific car sounds.

“What’s cool is that, especially in the game, is that you don’t have to look at the

screen all the time, so you just walk and then you get the audio cue and then you do

something.” – P1

“It would be fun if it reacted...well, for the game specifically that ‘oh, yeah, this

specific car sound gives you a specific...”’ – P6

7.4 Discussion

The results from Study 6 broadly serve to reinforce those of Studies 4 and 5, suggesting that
those findings hold true both in real-world environments and over extended usage periods. Mean
ratings across quantitative measures were positive, indicating that existing smartphone micro-
phones and machine learning models are sufficiently accurate for facilitating an environmental
sonic link in the real world. The mean ratings also reinforce the earlier findings that sonic link-
ing can improve a user’s sensation of augmentation, environmental awareness, and connection
to their surroundings.
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The quantitative results do not suggest any evidence of a strong novelty effect for sonically
linked AAR applications, with experience sampling ratings for all measures being no lower on
day 4 than on day 1, which suggests a stable experience. Had there been a significant novelty
effect influencing the results from Studies 4 and 5, there would have been an expectation that
ratings would be lower on day 4 than day 1. However, this study only covered a four day period,
and longer evaluations could still reveal a longer-term, or mild, novelty effect. Extended testing
with a larger sample of users may also reveal more nuanced findings. Overall, however, Study 6
lends further credibility to the findings from Studies 4 and 5: environmental sonic linking results
in a more augmented experience, and improves a user’s awareness of and connection with their
surroundings.

While no measures showed a significant decrease in ratings over the course of the week,
a significant increase in Awareness was detected for the Game application on day 4 compared
to day 1. There was no improvement in Awareness for the Music app over the same period,
and in interviews participants often mentioned the game being difficult at the beginning of the
week and becoming easier over time. This suggests then that this change in Awareness reflects
the cognitive demands of the Game becoming lower as participants became more familiar and
skilled with the game, therefore allowing for greater environmental awareness, rather than this
improvement being a function of environmental sonic linking itself.

The interview results also indicate a broadly positive experience, although participants did
identify some frustrations. A common complaint was in the reliability of sound detection, with
some participants complaining of detection errors, particularly with wind. As an early explo-
ration of sonic linking, and with YAMNet being a general purpose sound classification model, it
is to be expected that performance would not be perfect, however it will be important to prioritise
detection accuracy with the sonically linked applications of the future. A number of participants
also noted difficulties in localising Sonimon in the game application. While this improved over
the course of the week, it is likely that this is to do with the use of a phone compass over the
headtracker used in prior studies. Many earbuds and headphones now ship with gyroscopes and
sensors that can track head orientation, as well as high-quality microphones which could assist
with detection accuracy, and as such devices become more widespread and easier to interface
with, these problems may be reduced in the future. Importantly, the issues raised by participants
were to do with the implementation of environmental sonic linking here, and not the concept
itself, and are to be expected as an exploratory study. A majority of participants mentioned an
interest in using sonically linked applications in the future, and when taking into account the
issues identified by participants, the fact that the majority remained interested in sonic linking,
or in many cases more interested in sonic linking than when they began, suggests an appetite for
sonically linked AAR applications.
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7.4.1 Limitations and Future Work

Study 6 was conducted to address limitations in Studies 4 and 5, however it has some limitations
of its own to acknowledge, as well as opportunities for future work to build upon it. While
Study 6 did allow participants to use the applications wherever they wished, it is notable that
the vast majority of participants used them in urban environments, specifically the city of Glas-
gow. While these were often supplemented with parks or green spaces, this does mean that the
results from Study 6 may not generalise to other environments, for example rural settlements,
nature reserves, or metropolitan environments. Exploring environmental sonic linking in such
environments could lead to more nuanced findings in the future, and future work should explore
this. However, as Glasgow does feature aspects of all of these environments to some degree, the
findings from Study 6 provide a good baseline.

As an initial exploration, the findings from this study are also based on 10 participants eval-
uating the applications for a ∼ 4 day period. While no novelty effect was detected in this study,
wider, longer-term evaluations could still reveal novelty effects or other valuable insights.

Many participants also offered suggestions for expanding or improving them. For example,
many participants suggested the ability to customise the Music app’s response to different sounds
– something which could help with tailoring to specific environments, or introducing more ani-
mal sounds into the Game scenario. Once again, participants also mentioned an interest in visual
elements in the Game, suggesting that sonic linking could have applications in multimodal AR.
Future work could explore environmental sonic linking in further developed and more varied
applications to verify whether these findings hold true in other application contexts.

7.5 Conclusion

RQ3 was posed to assess how sonic links can be created between real-world sounds in a user’s
environment, and an AAR experience. By evaluating sonically linked applications over long-
term, uncontrolled usage, Study 6 concludes the evaluation of environmental sonic linking in-
troduced in Chapter 6, providing additional evidence to support the findings from Studies 4 and
5. The results suggest that even over extended, real-world usage, environmental sonic linking
improves a user’s sensation of augmentation, as well as their awareness of, and connection to,
their real world surroundings. Study 6 finds no evidence to suggest these findings are influenced
by a strong novelty effect. Additionally, Study 6 shows that such sonic links can be facilitated
with existing tools, using accessible consumer hardware, today, and that users are enthusiastic
about their potential in AAR and beyond. Alongside the work presented in Chapters 5 and 6,
it provides compelling evidence of the importance and potential benefits of sonic links in AAR
asserted in Chapters 1 and 3. The final chapter will discuss these in more detail.



Chapter 8

Conclusion

The opening pages of this thesis asserted that there has existed a fundamental gap in AAR thus
far – a lack of auditory links between the real world and the virtual sounds used to augment it.
The preceding chapters have set out six studies and additional contributions both to evidence
this, and to explore this missing component of AAR.

Chapter 3 reviewed existing definitions of AAR, their strengths and pitfalls, and synthesised
a new definition. It then set out a case for auditory links in AAR – AAR systems that linked
real and virtual acoustically or sonically. Chapter 3 concluded that “audio augmented reality is
the creation of a virtual world, represented through sound, which is linked to the real world and
allows users to achieve goals in world by interacting with the other.”

Chapter 4 explored the creation of an acoustic link in AAR through Studies 1 and 2. Study 1
explored the perception of various acoustic reproductions in a controlled lab environment with
both traditional and AAR-focused playback devices. Study 2 built on these findings by exploring
the plausibility of different acoustic reproductions in real-world environments, and using more
representative AAR applications. The results from these studies suggest that it may be possible
to create plausible acoustic links with less detailed acoustic reproduction than existing literature
suggests, particularly in real-world AAR scenarios, although further work will be required to
confirm this.

Chapter 5 began exploring the creation of a sonic link in AAR. Study 3 focused on how
AAR applications can use human-produced action sounds as control inputs, assessing three dif-
ferent categories of action sound and comparing them to existing AAR control schemes through
three AAR minigame experiences. The results suggest that a sonic link between action sounds
and an AAR system can be viably created, and particularly identifies sonic gestures as being a
potentially promising control input in the future.

Chapter 6 then focused on sonic links originating from environmental sounds through Stud-
ies 4 and 5. Study 4 explored the creation of an environmental sonic link in a best-case scenario,
evaluating design variations of three different AAR applications. Study 5 then refined these
applications and the evaluation protocol further, and introduced representative AAR hardware
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and sound classification models to create fully functional prototypes of two of these applica-
tions. The results from these studies suggest that environmental sonic links improve a user’s
awareness of and connection to their surroundings, and that they improve a user’s sensation of
augmentation, elevating non-AAR experiences to become AAR. These studies also identified
congruent links, where there is a clear connection between real-world trigger and virtual-world
effect, as being particularly desirable.

Chapter 7 followed up Studies 4 and 5 by evaluating these sonically linked applications over
an extended period of uncontrolled, real-world usage. The applications were further refined for
use on existing smartphones, and issued to participants for a week of usage in their day-to-day
lives. The results suggest that the findings from Studies 4 and 5 hold outside of the controlled
test environment, and are not subject to a strong novelty effect, providing a stable experience
over the period assessed.

The work presented in these chapters provides insight into the three research questions set
out at the beginning of this thesis:

8.1 RQ1: How can an acoustic link between real and virtual
elements be created in audio augmented reality?

RQ1 was addressed in Chapter 4, which explored the most obvious form an acoustic link can take
– applying the real-world acoustics of a space to virtual AAR sounds to improve their plausi-
bility. Existing work suggests 3rd-order reproductions are the perceptual ceiling for plausibility,
with higher spatial resolutions providing no significant improvements to plausibility. However,
plausibility is rarely evaluated in real-world or AAR contexts where acoustic perception may be
different.

Study 1 addressed RQ1 by evaluating a variety of different acoustic reproductions (vary-
ing in spectral bandwidth and resolution) using both professional-grade studio headphones and
acoustically transparent audio glasses which represent potential AAR hardware of the future. It
provided supporting evidence that the inclusion of acoustic cues improve plausibility of virtual
sounds – key to AAR – and that this holds across playback device. However, the Study 1 results
did not provide clear insights on how best to balance accuracy and complexity for plausible
reproductions.

Study 2 went on to evaluate acoustic reproductions in multiple real-world spaces, again with
multiple playback devices, and using both a representative AAR app and a formal listening test
to assess both AAR and critical listening scenarios. The results from Study 2 provide an initial
suggestion that the plausibility differences between 1st- and 3rd-order acoustic reproductions
may be minimal, not demonstrating a significant improvement to plausibility when increasing
spatial resolution above 1st-order. As an initial exploration, and an implication that is contrary to
existing literature, more work will be required to confirm this. It also provided initial evidence
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that the plausibility of acoustic reproductions may also be influenced by application context,
however this will similarly need confirmed through further work. For AAR applications, as
opposed to the critical listening tests usually used to assess auditory perception, it is possible
that simpler acoustic reproductions could be all that is required. Study 2 also investigated the
echoicity of source audio, finding no evidence that moderate echoicity is a factor in virtual sound
plausibility. This suggests that existing sound design practices can be deployed alongside an
acoustic link in AAR without compromising plausibility. Finally, Study 2 found some evidence
that spectral bandwidth contributes to plausibility, suggesting that full-bandwidth RIRs should
be prioritised. However, this only applied in the outdoor space and not in the highly reverberant
test space, meaning that this may not be critical in all AAR scenarios.

Taken together, Studies 1 and 2 suggest that an acoustic link can be created in AAR us-
ing acoustic reproductions of a 1st-order or greater resolution. Including such a link improves
the plausibility of virtual sounds, a boon for AAR applications. As Studies 1 and 2 used mea-
sured RIRs to assess the fundamentals of acoustic reproduction, it is reasonable to expect these
findings to hold regardless of whether an AAR app uses a measured RIR, or an equivalently
accurate simulation, which AAR applications of the future are likely to deploy. Further work
will be needed to explore these findings in greater depth.

8.2 RQ2: How can a sonic link between human-produced
sounds and virtual elements be created in audio augmented
reality?

RQ2 was addressed in Chapter 5, which explored the use of human-produced sounds – action
sounds – as a control input for AAR applications. Study 3 evaluated three different sonic control
schemes, comparing them to existing common control schemes and common scenarios identified
using a systematic review.

The results from Study 3 suggest that a sonic link can be created using any of the three
sonic control schemes – speech, music, and sonic gesture – but that some are better suited than
others. Speech control was found to be viable, however it can lead to self-consciousness in users
which may make it less appealing in public AAR usage. A musical control was also found to
be workable, however it was found to be a polarising control method and likely requires further
evaluation before widespread AAR usage. Most promisingly, Study 3 found that a sonic link can
be created using sonic gesture, which was well-received by participants and the most popular
control, performing competitively with established control schemes. Sonic gesture controls can
likely be deployed as a viable alternative, or supplement, to physical gesture in future AAR
systems.

As a Wizard of Oz methodology was used, these initial findings are presented under a best-
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case scenario, and how these control schemes perform with live detection will need to be as-
sessed. As the first study in this area, more detailed evaluations will also be required, however
the initial insights presented here show promise.

8.3 RQ3: How can a sonic link between environmental sounds
and virtual elements be created in audio augmented real-
ity?

RQ3 was addressed in Chapters 6 and 7, which explored the use of environmental sounds to
drive and inform AAR applications. As this concept has never been evaluated properly before,
three studies were conducted to provide a robust exploration and a strong foundation for future
work.

Study 4 explored sonic linking in a best-case scenario, evaluating the overall concept of envi-
ronmental sonic links across three different AAR applications in a loosely controlled real-world
environment to maximise ecological validity. The results from Study 4 suggest that the use of
environmental sonic links provide a number of benefits in AAR, improving a user’s awareness
of their surroundings, altering their connection to the real world, and creating an improved sense
of augmentation. These findings hold across multiple use-cases, and with multiple environmen-
tal sounds. Additionally, Study 4 finds evidence that congruent sonic links, where there is a
strong thematic relationship between a real-world trigger and a virtual-world effect, feel more
augmented and more responsive to the real world than environmental sonic links without this
clear congruence.

Study 5 followed on by exploring environmental sonic linking using currently available tech-
nology, providing a more representative evaluation of the current potential of environmental
sonic links. It assessed whether the findings from Study 4 can be harnessed with current tech-
nology, and whether they hold when compared to an unlinked control condition. The results
suggest that the benefits identified in Study 4 are clear improvements to unlinked scenarios. The
inclusion of environmental sonic links can elevate a non-AAR application into AAR (reinforc-
ing and supporting the definition of AAR introduced in this thesis, though this should be verified
by other authors), and congruent links offer a more augmented experience than existing AAR
approaches as well as improving the user’s awareness of the real world. Only a small set of real-
world sounds and application scenarios were explored, and these findings should be confirmed
more broadly. These results were found using existing sound classification models and off the
shelf hardware, meaning that these benefits of environmental sonic links can be leveraged today.

Finally, Study 6 explored environmental sonic linking in uncontrolled, real-world scenarios,
over extended usage, and with refined, more representative AAR applications. No evidence of a
novelty effect was found, and the results suggest that the benefits of environmental sonic linking
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found in Studies 4 and 5 hold in real-world usage, however these results are limited to a small
sample size and usage period, as well as being specific to usage in the city of Glasgow. Further
work will be required to corroborate these findings, however by validating the findings from
Studies 4 and 5 in the real world, Study 6 strengthens a set of findings which contribute to a
fundamental gap in AAR.

Overall, Studies 4 through 6 suggest that environmental sonic links offer significant benefits
to AAR, creating more augmented experiences that can alter the way a user experiences their
real-world surroundings. They can be created today, using existing mobile hardware, in uncon-
trolled real-world environments, and using existing sound classification models. As technology
improves, these environmental sonic links will only become more accessible, and more capable.

8.4 Contributions and Recommendations

Across six exploratory, mixed-methods user studies, this thesis has explored both the benefits
and techniques of creating acoustic and sonic links in audio augmented reality. It provides the
following novel contributions and evidence-backed recommendations to the field:

1. A new definition for audio augmented reality which unifies and clarifies prior discussions.
It provides a clear answer as to the difference between ‘listening to audio’ and AAR,
which is supported by the studies presented in this thesis, particularly 4 through 6.

2. Insights on the perceptual differences between headphones and audio glasses: audio glasses
inflate localisation error, however have no notable impact on virtual sound plausibility,
making them a viable platform for future AAR applications when their limitations are
accounted for.

3. Insights on how spectral bandwidth and spatial resolution affect listener perception of
different acoustic reproductions in AAR scenarios. This thesis provides some initial evi-
dence that in real-world usage, virtual sound plausibility may be influenced by application
context, and that 1st-order reproductions may represent a sweet spot for plausible acous-
tic reproduction. This thesis recommends the consideration of 1st-order reproductions
as a balance between perceptual fidelity and computational complexity, and that spectral
bandwidth should be prioritised where possible.

4. The first evaluation of sonic control schemes in AAR contexts. Speech controls have
promise and are usable, though can lead to self-consciousness in some users. Sonic ges-
tures are the best-regarded and most usable and this thesis recommends developers con-
sider deploying them in place of or in addition to physical gestures in AAR contexts.

5. The first evaluation of environmental sonic linking. The use of environmental sonic links
may transform a non-AAR auditory experience into AAR, and can improve users’ aware-
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ness of and connection to real world surroundings. This appears to be true across multiple
use-cases, multiple triggering environmental sounds, as well as extended usage and both
controlled and real-world environments. This thesis recommends the inclusion of envi-
ronmental sonic links into AAR applications going forward.

6. The congruence of a real-virtual link may have an influence on user experience, particu-
larly the sensation of augmentation. Congruent sonic links offer significant improvements
to augmentation compared to incongruent sonic links. This thesis recommends prioritising
congruent sonic links where possible.

8.5 Limitations and Open Questions

While this thesis provides a number of key contributions to the field of audio augmented real-
ity, as exploratory work there remain some limitations of the work presented here, and some
outstanding questions for future work to explore. Firstly, many of the studies presented in this
thesis exposed early insights that were infeasible to fully explore as they were not central to
the research questions. Study 2 provided an initial indication that the plausibility of acoustic
conditions may be influenced by a user’s context, with the same acoustic reproduction being
rated as more plausible in an application scenario than a formal listening test. While Study 2
found this difference significant, there were a number of confounding factors that may also have
impacted these ratings such as application ratings being given retrospectively and for different
sound content, and future work could investigate this potential effect in more detail. Similarly,
Study 4 revealed that in an AAR application which uses naturally occurring sounds as virtual
elements, users can become confused as to whether a virtual sound is real or not. While this can
be desirable and suggests a fully plausible augmentation of reality is possible through sound,
when these sounds are informative as they were in Study 4’s Notification application, this can
result in a reduced user experience. The variations of the Notification application used in Study
4 were designed to explore a potential solution to this problem by using audio effects to make
such sounds clearly virtual. However, the results from Study 4 showed that this was not a vi-
able solution and future work could explore alternative methods for resolving this real-virtual
confusion.

While Studies 4 through 6 provided compelling evidence of the benefits of environmental
sonic linking, they also only explored sonic links as triggers, with applications responding only
to the presence of a sound. There are many other characteristics of a sound, such as its position,
loudness, pitch, or frequency content, and one can imagine future sonic links drawing upon these
aspects of sound to create more nuanced sonic links, something future work could explore. For
example, the Game application explored in those studies could be expanded so that Sonimon
not only appear when a real bird sings, but also originating from the position of that bird. The
Music application could adjust its filtering to more closely match the frequency content of the
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triggering sound, or base the level of volume reduction on the loudness of the real sound. As
discussed in Chapter 5, the same could be done for sonic controls, incorporating the melody of
a spoken phrase or rhythm of a sonic gesture into the control input.

Another key consideration is that the work presented in this thesis has focused only on acous-
tic and sonic links originating from the real world affecting the virtual one. However, one can
also imagine links could originate from the virtual world that could affect the real. An acoustic
link originating from the virtual world could see the acoustics of a real space morphed to match
the current scene in an AAR audiobook, while a sonic link originating from the virtual could
transpose real-world sounds to harmonise with the music a user is listening to, or the real sound-
scape around a user could be morphed to match a specified ‘theme’. As an initial exploration
of acoustic and sonic linking such potential applications are outside the scope of this thesis, but
are conceptually compelling and seen as a key avenue for future work to build on the findings
presented here.

Another key avenue is assessing the potential of acoustic and sonic linking beyond AAR.
Throughout the studies presented here, participants expressed interest in audiovisual applica-
tions, and there is no reason that acoustic and sonic links could not be deployed as part of
multimodal XR applications. The principle findings of this thesis are that acoustic links result in
more plausible virtual sounds, and that sonic links result in more augmented experiences, both
of which would be a boon to wider XR, though this will need confirmed through future work.
Truly multimodal AR could also result in more accessible XR applications. Visual AR is inher-
ently inaccessible for people who are visually impaired or blind, just as audio AR is inherently
inaccessible for people who are deaf or hard of hearing. Combining both modalities could lead
to more accessible XR applications overall.

Finally, there are some current limitations of acoustic and sonic links themselves which will
need overcome in the future. AAR developers cannot reasonably expect users to model their
own acoustic environments, and so a robust solution for reproducing environmental acoustics
while minimising user effort will need identified to ensure high-quality AAR experiences in the
future. Most likely, this will take the form of acoustic modelling simulations which are already
the subject of much research [30, 146, 157] – many XR platforms now use LIDAR scanning or
similar to map a user’s physical surroundings and these models could be used to drive acoustic
simulations in the future. Sonic links, particularly congruent ones, may also limit potential
AAR applications to environments containing specific sounds. This is the primary reason this
thesis suggests prioritising congruent links rather than making them a requirement of future
AAR. However, they have also only been explored in three different application scenarios, and
specifically as triggers for virtual effects. A sonic link could be as simple as analysing the real
soundscape and presenting a virtual sound from the position where it will be most audible, and
links like these need not respond to any specific sounds at all. Continued work on sonic linking
will likely identify other opportunities to more deeply integrate the virtual sound world with the
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real soundscape.

8.6 Concluding Thoughts

Until now, AAR applications have had no awareness or integration with the real-world sound-
scape they are designed to augment, a fundamental gap in AAR as a field that prevents AAR
applications from reaching their full potential. This thesis introduces the concept of acoustic
and sonic links, where AAR applications respond to the acoustic or sonic elements in a user’s
surroundings, as a way to close this gap and elevate the next generation of AAR applications.
Through six mixed-methods user studies, novel acoustic and sonic links have been explored in
controlled lab environments and real-world evaluation, providing a number of key insights that
help to close this fundamental gap. The inclusion of acoustic links elevates the plausibility of
the virtual sounds AAR systems introduce into our surroundings, while sonic links create more
augmented experiences which alter the way we perceive the world around us. These links can
be deployed today, with existing technology, to leverage these benefits. These findings provide a
strong case for including acoustic and sonic links in the AAR applications of the future, as well
as recommendations for how best to do so.



Appendix A

Data and Audio Files

A.1 Raw Datasets

• The raw datasets for Studies 1 and 2 presented in Chapter 4 are available at DOI: 10.5281/zen-
odo.10605358.

• The raw dataset for Study 3 presented in Chapter 5 is available at DOI: 10.5281/zen-
odo.1687852.

• The raw datasets for Studies 4, 5, and 6 presented in Chapters 6 and 7 are available at
DOI: 10.5281/zenodo.19224819.

A.2 Audio Files

Relevant audio files for all six studies presented in this thesis are available at DOI: 10.5281/zen-
odo.19224388.
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Experimental Materials

B.1 Study 1

B.1.1 Experimental Instructions

The following script was used to explain the structure of the study to participants:
Thank you for agreeing to participate in this study.
This study is seeking to evaluate how different reproductions and simulations of real-world

acoustics affect a user’s perception of virtual sounds in an audio augmented reality system.
You’ll be asked to listen to sounds under different reverberation conditions, and answer questions
about your perception of the different acoustic reproductions. At the end of the session, there’ll
be a short interview about the experience which will be recorded for transcription.

Reverberation, what we’re looking at in this study, is the way a sound behaves in a room.
If we were having this exact conversation in a church, for example, you can imagine it would
sound very different, it’d be a lot more ’echo-y’. That quality is reverberation. If you clap your
hands, you’ll hear the clap sound lingers for a brief moment, like a very short echo. That’s
reverberation too. Does that make sense?

Some of the sounds you will hear during the study have been recorded with the direct acous-
tics of this room. Some have not. Part of the experiment is answering whether you think a given
sound was recorded in this room. Before each condition, a reference track will be played over
this loudspeaker to allow you to hear the room’s true acoustic response to the sounds.

The experiment itself takes place over a number of conditions.
Within each condition, you will listen to 3 blocks of 4 sounds. In each block, you will hear a

sound, turn to face the position where you believe the sound to be, and press the spacebar. This
is called ’localising’ a sound. Once you’ve localised all the sounds in a block, you’ll be asked
to rate four acoustic qualities of those sounds, and then the next block will play. Once all three
blocks are finished, there’ll be a short questionnaire about the overall condition.

You’ll be fitted with a head-tracker device which ensures that the sounds have a fixed real-
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world position independent of your head movement, and which will track the direction you are
facing for submitting your localisations.

The headtracker needs to be calibrated at regular intervals. We’ll do this between conditions,
and any time you feel the headtracker has drifted. The calibration process is very simple, you
just need to look at this black circle here, and press the ENTER key on the keyboard.

This is an information sheet and a consent form. Please read them carefully, feel free to ask
me any questions, and if you’d still like to participate, sign the consent form and we can begin.

If you’re ready to start, please put on the headtracker, so that the cable hangs to your right.
Press the ’Demographics’ button on the screen and answer the demographics questions, then we
can begin. Your participant number is —.

If A, headphones, if B, glasses
We’ll be testing using the — first, please put them on, and press the — button. Then face the

loudspeaker, press the ENTER key to calibrate the headtracker, and listen to the reference track
Ok, we’re ready to begin. On the next screen, you’ll hear a training sequence with its posi-

tions marked on the screen, and then the test will begin. You’ll hear a sound, all you have to do
is turn to face where you think that sound is, and press the SPACEBAR. Sounds may appear at
any point around you. After four sounds, you’ll rate some qualities of those sounds, and repeat
until all three blocks are done.

Both your head and the loudspeaker will also be represented on the screen. If at any point
you look at the loudspeaker and the screen doesn’t match, look directly at this black circle and
press the ENTER key to recalibrate things.

Press the button when you’re ready to start.

B.1.2 Qualitative Interview Guide

The following questions were used to structure the qualitative interview:

• How did you find the experience of using these different playback devices? What did you
like or dislike about them?

• We’re conducting this research in part to explore audio augmented reality applications,
those being applications where your real world auditory surroundings are augmented with
virtual sounds. For example, when exploring a museum, you might hear a virtual tour
guide explaining exhibits, you might receive auditory directions when navigating to some-
where new, or you might play an audio-based game, where the soundscape of a virtual
world is overlaid on the real world. If you were using such an audio augmented reality
application, which of the playback devices would you prefer to use to experience it? Why?

• Are there any scenarios in which you’d prefer to use the other playback device?
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• How much did you feel you noticed the reverberation while playing? Did you notice
differences in the reverberation when the conditions changed?

– Did you notice a difference in ‘quality’? Were some better or worse than others or
were they just ’different’?

• How much did you feel you relied on the reverberation to localise the sounds?

• Do you have any other comments on the different conditions you experienced in this
study?
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CONSENT FORM 

Before signing this consent form, you will have been given an information sheet explaining the 
study and what your participation will entail. Do not sign this consent form until you have read 
and fully understood the information on this sheet, and if you have not received this 
information sheet, please inform the researcher to be issued with one. The researcher will 
explain what is required of you throughout the experiment, but if at any point throughout the 
experiment you have a question, something is wrong, or you would like to end your participation 
in the experiment, please let the researcher know immediately. 
 
The information provided in this consent form will be kept fully confidential. In order to qualify 
for participation in this study, you must have unimpaired hearing, and be able to use a 
computer screen without wearing glasses comfortably. 
 
By signing this consent form, you assert that: 

• You are at least 18 years old. 

• You have unimpaired hearing. 

• You can comfortably use a computer screen without wearing glasses. 

• You have been issued with the information sheet for this study, read and understood it, 
and had an opportunity to ask the researcher any further questions. 

• You understand your participation in this study is voluntary, and that your participation 
can be withdrawn at any time. 

• You understand that any personal data recorded over the course of this study will be 
treated confidentially and kept securely (unless there is a legal requirement to disclose it 
to a third party), and that your research data will be anonymised. 

• The researchers have permission to use any research data generated by your participation 
in future publications and research, and have permission to store that research data in 
online repositories, for example Glasgow University’s Enlighten repository. 

Researcher details: Jake Bhattacharyya (j.bhattacharyya.1@research.gla.ac.uk) 

Supervisor details: Professor Stephen Brewster (stephen.brewster.glasgow.ac.uk) 

This study has been approved by the Ethics Committee (Application Number 300220086). 

FULL NAME: _________________________________________________________________________ 

SIGNATURE: _________________________________________________________________________ 

DATE:            _________________________________________________________________________ 

EMAIL (if you would like to be added to the participants mailing list for future experiments):  

___________________________________________________________________________________________ 
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B.1.3 Information Sheet and Consent Form
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Augmented Reality System 

PARTICIPANT INFORMATION SHEET 

Thank you for your interest in participating in this study. This sheet contains further information 
about the study, and what your participation will entail. Please read this sheet carefully, and 
contact the researcher if you have any further questions. 

What is the purpose of this study? 
This study seeks to investigate the simulation of environmental acoustics, and how differing 
levels of fidelity affect the user experience of an audio augmented reality application. A test 
space within the university campus has had its acoustics modelled, to investigate what effect the 
modelling of environmental acoustics has on a user's perception of virtual sounds, and how 
different models can be harnessed for the ‘augmentation’ of a user’s auditory surroundings. 

Do I have to take part? 
No. Your participation in this study is entirely voluntary, and can be withdrawn at any time, and 
without giving a reason. We will ask you to sign a consent form if you choose to participate, but 
this will not affect your ability to withdraw your participation. 

To qualify for participation in this study, you must have unimpaired hearing, and be able to 
use a computer screen comfortably without wearing glasses for approximately 30 minutes. 

What will happen to me if I take part? 
You'll be taken to a test space within the University, and asked to perform a simple listening and 
sound localisation task (indicating where you perceive the location of a sound to be) with 
differing types of reverberation applied. Performance metrics for this task will be recorded, and 
you will be asked to rate other acoustic characteristics of the sounds. You’ll be asked to complete 
this task using headphones and audio glasses. 

At the end of the study, you’ll be asked to participate in a short interview about your experience. 
An audio recording of this interview will be made for transcription and future analysis. 

What are the possible disadvantages and risks of taking part? 
It is possible that the sounds in the listening task could be uncomfortably or dangerously loud, 
although their loudness has been calibrated to safe standards before the experiment.  

You will be afforded the opportunity to set the playback to a comfortable level, and may 
adjust the playback level throughout the experiment. 

What are the possible benefits of taking part? 
By providing data on the effects of environmental acoustic modelling, your participation will help 
the researcher identify possibilities within the field of audio augmented reality, providing a 
perceptual grounding for further work in that space. 

Additionally, you will be compensated for participation with a £10 Amazon voucher. 
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Will my taking part in this study be kept confidential? 
Yes. A small amount of standard demographic information deemed relevant to the study will be 
recorded, and the only other personal information recorded in this study will be your signature 
on your consent form, the audio from your interview (which will be transcribed and the 
recording deleted), and your contact details (for arranging participation, dispensing of voucher, 
and any follow-up communications relevant to your data or participation), which will all be kept 
strictly confidential. Your data within the final results will be identified only with an alphanumeric 
identifier. 

This confidentiality will be strictly maintained according to the GDPR, except under exceptional 
circumstances, for example the prevention of serious harm. 

If you wish, you may opt-in to a mailing list for future experiments conducted within the School 
of Computing Science. If you choose to opt-in, your chosen email address will be recorded and 
added to the mailing list. 

What will happen to the results of the research study? 
The results will be held by the researcher and the University of Glasgow, and they may be used 
for future publication, or shared with other research partners on the SONICOM project. They 
may also be uploaded to an online repository, such as the University of Glasgow's "Enlighten" 
repository.  

Your data will be kept anonymous in any publication. 

Who is organising and funding the research? 
This research is funded by the SONICOM research project. 

Who has reviewed the study? 
The project has been reviewed by the College Ethics Committee (Application Number: 
300220086). 

Contact for Further Information: 
If you have any further questions, you can use the contact emails below: 

Researcher: j.bhattacharyya.1@research.gla.ac.uk 

Supervisor: stephen.brewster@glasgow.ac.uk 

Thank you for your interest in participating in this study. 
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B.2 Study 2

B.2.1 Experimental Instructions

The following script was used to explain the structure of the study to participants:
Thank you for agreeing to participate in this study.
This study is seeking to evaluate how different reproductions and simulations of real-world

acoustics affect a user’s perception of virtual sounds in an audio augmented reality system. To-
day, you’ll be asked to play a short game, answer some questions about the sounds you heard
during the game, and then compare some different acoustic reproductions. At the end of the ses-
sion, there’ll be a short interview about the experience, which will be recorded for transcription.

The game is very simple. You are what is called a "sonomancer", a modern day wizard
attuned specially to the world of sound. As a sonomancer, you protect our world from the
monsters lurking in a parallel universe. These monsters occasionally make their way into our
world through a sonic rift, and it just so happens that one of these rifts is here on campus. These
monsters exist only in sound, so sonomancers are our only protection against them, and we need
you to banish these sonic monsters and save our world.

All you’ll have to do is listen carefully for the sounds the monster makes, and turn to face
where you think it is. Then, you’ll pull the right trigger on this controller. If you found the
monster, you’ll banish it! Hooray! If you didn’t find the monster, it will instead attack you.
Your health is shown in the green bar at the top right of the screen. Don’t let it hit zero!

Once there are no more monsters left, you’ll be asked a couple of quick questions about the
sounds you heard during the game. After that, you’ll be asked to compare some different test
stimuli, which each have different acoustics applied to them.

One of the measures we’re looking at in this study is something called **plausibility.**
Some questions will ask you to rate the plausibility of a sound. In this study, when we say
plausibility, we mean how closely a sound matches your expectation of how it should sound in
the environment you’re in. A sound which appears exactly as you’d expect it to, if it were really
in the space with you, would have a high level of plausibility, and a sound which sounds very
different from your expectations would have a low level of plausibility. Does that make sense?

The study takes place over four conditions, two in the Cloisters, and two in the quads. In each
space you’ll also be evaluating two different audio displays – headphones, and audio enabled
sunglasses. In each condition, you’ll play three rounds of the game, followed by the ratings.

Do you have any questions?
This is an information sheet and a consent form. Please read them carefully, feel free to ask

me any questions, and if you’d still like to participate, sign the consent form and we can begin.
If you’re ready to start, please put on the headtracker, so that the cable hangs to your right.

Press the ’Demographics’ button on the screen and answer the demographics questions, then we
can begin. Your participant number is —.
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Ok, we’re ready to begin. If you press the Tutorial button, we’ll give you a short trial run at
the game and the evaluation questions before the study itself. You’ll hear a noise in front of you,
to your right, behind you, and then to your left, to allow you to hear how the spatial position of
a sound affects it. Then wait and listen for the monster, turn to face where you think it is, and
pull the right trigger.

Listening Test Instructions

This is called a MUSHRA test. Each slider here corresponds to a non-game sound stimulus,
which you can listen to by pressing the Play button. Listen to each stimulus, and rate them from
0 to 100 according to the question at the top of the screen. You can switch between stimuli
while they’re playing by pressing play on another stimuli. Press the Submit button once you’ve
listened to and rated all the stimuli.

B.2.2 Qualitative Interview Guide

The following questions were used to structure the qualitative interview:

• How did you find the experience of using these different playback devices? What did you
like or dislike about them?

• If you had to choose, which of the two playback devices would you use for playing an
audio-only game like this in the future? Why?

• Over the course of the study you experienced reverbs that ranged in their complexity. Did
you feel they also ranged in ‘quality’? Do you recall noticing particularly good or bad
conditions?

• How much do you feel the reverberation contributed to your game experience?

– Did that change with different reverberations, or was there not much difference be-
tween reverberations?

• Do you have any other comments on the different conditions you experienced in this
study?
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CONSENT FORM 

Before signing this consent form, you will have been given an information sheet explaining the 
study and what your participation will entail. Do not sign this consent form until you have read 
and fully understood the information on this sheet, and if you have not received this 
information sheet, please inform the researcher to be issued with one. The researcher will 
explain what is required of you throughout the experiment, but if at any point throughout the 
experiment you have a question, something is wrong, or you would like to end your participation 
in the experiment, please let the researcher know immediately. 
 
The information provided in this consent form will be kept fully confidential. In order to qualify 
for participation in this study, you must have unimpaired hearing, and be able to use a 
computer screen without wearing glasses comfortably. 
 
By signing this consent form, you assert that: 

• You are at least 18 years old. 

• You have unimpaired hearing. 

• You can comfortably use a computer screen without wearing glasses. 

• You have been issued with the information sheet for this study, read and understood it, 
and had an opportunity to ask the researcher any further questions. 

• You understand your participation in this study is voluntary, and that your participation 
can be withdrawn at any time. 

• You understand that any personal data recorded over the course of this study will be 
treated confidentially and kept securely (unless there is a legal requirement to disclose it 
to a third party), and that your research data will be anonymised. 

• The researchers have permission to use any research data generated by your participation 
in future publications and research, and have permission to store that research data in 
online repositories, for example Glasgow University’s Enlighten repository. 

Researcher details: Jake Bhattacharyya (j.bhattacharyya.1@research.gla.ac.uk) 

Supervisor details: Professor Stephen Brewster (stephen.brewster.glasgow.ac.uk) 

This study has been approved by the Ethics Committee (Application Number 300220086). 

FULL NAME: _________________________________________________________________________ 

SIGNATURE: _________________________________________________________________________ 

DATE:            _________________________________________________________________________ 

EMAIL (if you would like to be added to the Computer Science participants mailing list for 
future experiments):  

___________________________________________________________________________________________ 
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B.2.3 Information Sheet and Consent Form
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PARTICIPANT INFORMATION SHEET 

Thank you for your interest in participating in this study. This sheet contains further information 

about the study, and what your participation will entail. Please read this sheet carefully, and 

contact the researcher if you have any further questions. 

What is the purpose of this study? 

This study seeks to investigate the simulation of environmental acoustics, and how differing 

levels of fidelity affect the user experience of an audio augmented reality application. Test 

spaces within the university campus have had their acoustics modelled, to investigate what 

effect the modelling of environmental acoustics has on a user's perception of virtual sounds, and 

how different models can be harnessed for the ‘augmentation’ of a user’s auditory surroundings. 

Do I have to take part? 

No. Your participation in this study is entirely voluntary, and can be withdrawn at any time, and 

without giving a reason. We will ask you to sign a consent form if you choose to participate, but 

this will not affect your ability to withdraw your participation. 

To qualify for participation in this study, you must have unimpaired hearing, and be able to 

use a computer screen comfortably without wearing glasses for approximately 30 minutes. 

What will happen to me if I take part? 

You’ll be taken to two test spaces within the University (the Cloisters and the East Quad), and asked 

to play a simple sound localisation game (indicating where you perceive the location of a sound to 

be), with differing types of reverberation applied. Performance metrics for this task will be recorded, 

and you will be asked to rate acoustic characteristics of the game sounds, and other test stimuli. 

You’ll be asked to complete this task using headphones and audio glasses. 

At the end of the study, you’ll be asked to participate in a short interview about your experience. 

An audio recording of this interview will be made for transcription and future analysis. 

What are the possible disadvantages and risks of taking part? 

It is possible that the sounds in the listening task could be uncomfortably or dangerously loud, 

although their loudness has been calibrated to safe standards before the experiment.  

You will be afforded the opportunity to set the playback to a comfortable level, and may 

adjust the playback level throughout the experiment. 

What are the possible benefits of taking part? 

By providing data on the effects of environmental acoustic modelling, your participation will help 

the researcher identify possibilities within the field of audio augmented reality, providing a 

perceptual grounding for further work in that space. 

Additionally, you will be compensated for participation with a £10 Amazon voucher. 
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Will my taking part in this study be kept confidential? 

Yes. A small amount of standard demographic information deemed relevant to the study will be 

recorded, and the only other personal information recorded in this study will be your signature 

on your consent form, the audio from your interview (which will be transcribed and the 

recording deleted), and your contact details (for arranging participation, dispensing of voucher, 

and any follow-up communications relevant to your data or participation), which will all be kept 

strictly confidential. Your data within the final results will be identified only with an alphanumeric 

identifier. 

This confidentiality will be strictly maintained according to the GDPR, except under exceptional 

circumstances, for example the prevention of serious harm. 

If you wish, you may opt-in to a mailing list for future experiments conducted within the School 

of Computing Science. If you choose to opt-in, your chosen email address will be recorded and 

added to the mailing list. 

What will happen to the results of the research study? 

The results will be held by the researcher and the University of Glasgow, and they may be used 

for future publication, or shared with other research partners on the SONICOM project. They 

may also be uploaded to an online repository, such as the University of Glasgow's "Enlighten" 

repository.  

Your data will be kept anonymous in any publication. 

Who is organising and funding the research? 

This research is funded by the SONICOM research project. 

Who has reviewed the study? 

The project has been reviewed by the College Ethics Committee (Application Number: 

300220086). 

Contact for Further Information: 

If you have any further questions, you can use the contact emails below: 

Researcher: j.bhattacharyya.1@research.gla.ac.uk 

Supervisor: stephen.brewster@glasgow.ac.uk 

Thank you for your interest in participating in this study. 
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B.3 Study 3

B.3.1 Experimental Instructions

The following script was used to explain the structure of the study to participants:
First of all, thanks very much for agreeing to come down and participate! Basically, what

we’re looking at today are audio augmented reality games, and specifically, different ways you
could control them, and how that affects the experience. The study itself is very simple: you’re
going to be asked to play three different audio-only games wearing this augmented reality head-
set, and you’ll play four rounds of each game, using a different control mechanism for each.
Between rounds, I’ll ask you to answer some questions about the experience, and at the end I’ll
ask you some informal questions in a recorded interview, if that’s ok.

The premise of all three games is that you are a sonomancer: a sound wizard, and you need
to use your magic to protect our world from the sonic monsters that are threatening it. You’ll
do that by fighting the monsters in one game, finding and reactivating magical protections in
another game, and awakening the ghosts of ancient wizards in the third game. In each game,
we’ll be evaluating a non-sound control method – either moving around, using a gesture, or using
a controller – and three sound-based control methods: playing music on this xylophone, speech
commands, and using ’sonic gestures’, such as clapping your hands, humming, or clicking your
fingers. For all three games we’ll put you in this headset, but you’ll still be able to see your
surroundings through the cameras on the front. Do you have any questions right now?

Great, in that case I’ll give you this information sheet, and this consent form. If you can read
those both over, feel free to ask me any questions, and then sign on the line for a real good time,
we can get going!

Excellent. So as I said we’ll be playing three games today, with four rounds for each game.
Except for one round which I’ll explain when we come to it, your task in each round is to listen
for a specific sound, either a monster in the combat game, the sound of a magical ward in the
search game, and the sound of a wizardly ghost in the story game. You’ll need to turn on the
spot to face the sound, and then use the controls to do...whatever it is you need to do with it! I’ll
give you instructions for each round, though, so don’t worry.

Combat Traditional: In this round you’ll be fighting a monster. You’ll need to listen for
where it is, turn to face it, and then swing your controller in a diagonal motion to banish it. If
you’re accurate, you’ll banish it, if not, it’ll attack you instead!

Combat Musical: In this round you’ll be fighting a monster. You’ll need to listen for where
it is, turn to face it, and then play a C, one of the blue notes on the xylophone, to banish it. If
you’re accurate, you’ll banish it, if not, it’ll attack you instead!

Combat Sonic Gesture: In this round you’ll be fighting a monster. You’ll need to listen
for where it is, turn to face it, and then snap your fingers to banish it. If you’re accurate, you’ll
banish it, if not, it’ll attack you instead!
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Combat Speech: In this round you’ll be fighting a monster. You’ll need to listen for where
it is, turn to face it, and then say ’Alakazam!’ to banish it. If you’re accurate, you’ll banish it, if
not, it’ll attack you instead!

Search Traditional: In this round, you’ll be trying to find a sonomantic ward. This round
is different from the others because we’ll be using movement as our control. The ward will be
hidden at first, but if you stand still you’ll be able to hear it sound briefly. Once you’ve located
it, you’ll need to walk in a circle around where you think it is to reactivate it.

Search Music: In this round, you’ll be trying to find a sonomantic ward. The ward will be
hidden at first, but if you play an F, the orange key, you’ll reveal it temporarily. Then turn to
face where you think it is, and play four notes: CAGE, or blue, purple, red, yellow. That will
reactivate it if you’ve tracked it down correctly.

Search Speech: In this round, you’ll be trying to find a sonomantic ward. The ward will
be hidden at first, but if you say ’Reveal!’, you’ll reveal it temporarily. Then turn to face where
you think it is, and say ’I awaken this ward!’ That will reactivate it if you’ve tracked it down
correctly.

Search Sonic Gesture: In this round, you’ll be trying to find a sonomantic ward. The ward
will be hidden at first, but if you snap your fingers, you’ll reveal it temporarily. Then turn to face
where you think it is, and hum for a few seconds, making sure it’s at a decent volume. That will
reactivate it if you’ve tracked it down correctly.

Story Traditional: In this round, you’ll be trying to find a ghost of an ancient sonomancer.
Listen for where the ghost is, turn to face it, and then hold the trigger on the controller to awaken
them. If you’ve located it correctly, they’ll reawaken and speak to you.

Story Music: In this round, you’ll be trying to find a ghost of an ancient sonomancer. Listen
for where the ghost is, turn to face it, and then play the notes DEAD, or green, yellow, purple,
green. If you’ve located it correctly, they’ll reawaken and speak to you.

Story Speech: In this round, you’ll be trying to find a ghost of an ancient sonomancer.
Listen for where the ghost is, turn to face it, and then say ’Ancient spirit, I call you forth!’. If
you’ve located it correctly, they’ll reawaken and speak to you.

Story Sonic Gesture: In this round, you’ll be trying to find a ghost of an ancient sono-
mancer. Listen for where the ghost is, turn to face it, and then hum for a few seconds at a good
volume. If you’ve located it correctly, they’ll reawaken and speak to you.

B.3.2 Full Quantitative Measures

The following questionnaire was presented to participants after each evaluation scenario:
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Question Low Anchor High Anchor # Scale Steps

PXI
"Playing the game was meaningful to me." Strongly Disagree Strongly Agree 7

"The game felt relevant to me." Strongly Disagree Strongly Agree 7
"Playing this game was valuable to me." Strongly Disagree Strongly Agree 7

"I was no longer aware of my surroundings while I was playing." Strongly Disagree Strongly Agree 7
"I was immersed in the game." Strongly Disagree Strongly Agree 7

"I was fully focused on the game." Strongly Disagree Strongly Agree 7
"The game was not too easy and not too hard to play." Strongly Disagree Strongly Agree 7
"The game was challenging but not too challenging." Strongly Disagree Strongly Agree 7

"The challenges in the game were at the right level of difficulty for me." Strongly Disagree Strongly Agree 7
"It was easy to know how to perform actions in the game." Strongly Disagree Strongly Agree 7

"The actions to control the game were clear to me." Strongly Disagree Strongly Agree 7
"I thought the game was easy to control." Strongly Disagree Strongly Agree 7

"I liked playing the game." Strongly Disagree Strongly Agree 7
"The game was entertaining." Strongly Disagree Strongly Agree 7

"I had a good time playing this game." Strongly Disagree Strongly Agree 7
NASA TLX

How mentally demanding was the task? Very Low Very High 21
How physically demanding was the task? Very Low Very High 21

How hurried or rushed was the pace of the task? Very Low Very High 21
How successful were you in accomplishing what you were asked to do? Perfect Failure 21

How hard did you have to work to accomplish your level of performance? Very Low Very High 21
How insecure, discouraged, irritated, stressed, and annoyed were you? Very Low Very High 21

B.3.3 Qualitative Interview Guide

The following questions were used to structure the qualitative interview:

• First of all, do you have any questions for me about the study?

• Overall, what were your impressions of the different games you played? Were there any
games that particularly stood out, either for good reasons or bad reasons?

• We’re particularly focused on the input methods for controlling and interacting with an
audio AR game. You used a few today - movement, controls, physical gesture, music,
speech, and sonic gesture. What were your impressions of those different input methods?
What did you like or dislike about them? Were any better or worse than others?

• Today we were playing the games in a public space. Do you think your opinions on the
games or the controls you used would be different if you were playing in other places, for
example at home or in a private space?

• Imagine you were playing an audio augmented reality game in the future, where you’re
able to hear virtual sounds blended in with your real auditory surroundings. How do you
imagine playing it? Would you want to use one of the control schemes you used today, or
something else? What does your ideal control scheme look like?
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CONSENT FORM 

Before signing this consent form, you will have been given an information sheet explaining the 
study and what your participation will entail. Do not sign this consent form until you have read 
and fully understood the information on this sheet, and if you have not received this 
information sheet, please inform the researcher to be issued with one. The researcher will 
explain what is required of you throughout the experiment, but if at any point throughout the 
experiment you have a question, something is wrong, or you would like to end your participation 
in the experiment, please let the researcher know immediately. 
 
The information provided in this consent form will be kept fully confidential. In order to qualify 
for participation in this study, you must have a normal level of hearing. 
 
By signing this consent form, you assert that: 

• You are at least 18 years old. 

• You have a normal level of hearing. 

• You have been issued with the information sheet for this study, read and understood it, 
and had an opportunity to ask the researcher any further questions. 

• You understand your participation in this study is voluntary, and that your participation 
can be withdrawn at any time. 

• You understand that any personal data recorded over the course of this study will be 
treated confidentially and kept securely (unless there is a legal requirement to disclose it 
to a third party), and that your research data will be anonymised. 

• The researchers have permission to use any research data generated by your participation 
in future publications and research, and have permission to store that research data in 
online repositories, for example Glasgow University’s Enlighten repository. 

Researcher details: Jake Bhattacharyya (j.bhattacharyya.1@research.gla.ac.uk) 

Supervisor details: Professor Stephen Brewster (stephen.brewster.glasgow.ac.uk) 

This study has been approved by the Ethics Committee (300230087). 

FULL NAME: _________________________________________________________________________ 

SIGNATURE: _________________________________________________________________________ 

DATE:            _________________________________________________________________________ 

EMAIL (if you would like to be added to the participants mailing list for future experiments):  

___________________________________________________________________________________________ 
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B.3.4 Information Sheet and Consent Form



 
Evaluating Gameplay Control Methods for Audio Augmented 

Reality Games 

PARTICIPANT INFORMATION SHEET 

Thank you for your interest in participating in this study. This sheet contains further information 
about the study, and what your participation will entail. Please read this sheet carefully, and 
contact the researcher if you have any further questions. 

What is the purpose of this study? 
This study seeks to evaluate different gameplay control methods for audio augmented reality games, 

how they affect the user experience of an audio augmented reality game, and for what forms of 

audio augmented reality game they might be best-suited for. In particular, this study investigates 

control methods which are inherently sonic, such as voice control, musical control, and sonic 

gesture, and how these compare to control methods which are not sound-based. 

Do I have to take part? 
No. Your participation in this study is entirely voluntary, and can be withdrawn at any time, and 
without giving a reason. We will ask you to sign a consent form if you choose to participate, but 
this will not affect your ability to withdraw your participation. 

What will happen to me if I take part? 
You’ll be asked to play multiple rounds of a simple audio augmented reality game. The games you 

play during this study will ask you to use different methods to play and control them. Performance 

metrics for these games will be recorded, and you will be presented with a set of questions to 

evaluate your experience with the given control method for each game. 

What are the possible disadvantages and risks of taking part? 
It is possible that the sounds in the game could be uncomfortably or dangerously loud, although 
their loudness has been calibrated to safe standards before the experiment.  

You will be afforded the opportunity to set the playback to a comfortable level ahead of time, 
and may adjust the playback level throughout the experiment.  
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Reality Games 

What are the possible benefits of taking part? 
By providing data to evaluate these different control methods, your participation will help 
provide guidance for development of improved audio augmented reality games. 

Additionally, you will be compensated for participation with a £10 Amazon voucher. 

Will my taking part in this study be kept confidential? 
Yes. A small amount of standard demographic information deemed relevant to the study will be 
recorded, and the only other personal information recorded in this study will be your signature 
on your consent form, and your contact details (for arranging participation and dispensing of 
voucher), which will both be kept strictly confidential. Your data within the final results will be 
identified only with a numeric identifier. 

This confidentiality will be strictly maintained according to the GDPR, except under exceptional 
circumstances, for example the prevention of serious harm. 

If you wish, you may opt in to a mailing list for future experiments conducted within the School 
of Computing Science. If you choose to opt in, your chosen email address will be recorded and 
added to the mailing list. 

What will happen to the results of the research study? 
The results will be held by the researcher and the University of Glasgow, and they may be used 
for future publication, or shared with other research partners on the SONICOM project. They 
may also be uploaded to an online repository, such as the University of Glasgow's "Enlighten" 
repository.  

Your data will be kept anonymous in any publication. 

Who is organising and funding the research? 
This research is funded by the SONICOM research project. 

Who has reviewed the study? 
The project has been reviewed by the College Ethics Committee (Application Number: 
300230087). 

Contact for Further Information: 
If you have any further questions, you can use the contact emails below: 

Researcher: j.bhattacharyya.1@research.gla.ac.uk 

Supervisor: stephen.brewster@glasgow.ac.uk 

Thank you for your interest in participating in this study. 
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B.4 Study 4

B.4.1 Experimental Instructions

The following script was used to explain the structure of the study to participants:
First of all, thanks very much for agreeing to come and participate! Today, what we’re

looking at are audio augmented reality applications, so applications that augment your reality
with sound. Specifically, the applications we’re looking at today are applications that are also
aware of the sounds around you, so the application might behave differently if there are birds
nearby, or it hears a car go past, something like that.

The study itself is very simple. We have three different applications – a game, a music
player, and a notification system – and each reacts to real sounds around you, most commonly
birds. You’re going to use each application twice, as we have some variations on each which
we’re interested in. You’ll use the application for five minutes, just walking about this area
we’re in now and listening to the applications react to any birdsong nearby, and then fill out
a questionnaire. I’ll also be asking you some informal questions between applications to get
your opinion on the design of the applications, and how you might change them or design new
applications like these to use in your own life. At the end of the session we’ll have an overall
interview, during which I’ll also ask you what sort of sound-aware audio AR application you
might want if you were to design one for your own use, so have a think about that throughout
the session.

Does that all make sense so far? Do you have any questions right now?
Great, in that case I’ll give you this information sheet, and this consent form. If you can read

those both over, feel free to ask me any questions, and then sign on the line for a real good time,
we can get going!

Game Instructions

The game scenario is similar to Pokemon Go – when the system detects birdsong, a ’sonimon’
will appear nearby. You just have to turn to face where you think it is, and pull the trigger on
your controller. If you miss, it might run away. Occasionally, a *monster* will appear too.
You’ll need to do the same thing, just turn on the spot until you’re facing it and pull your trigger.
The number of sonimon you’ve captured will affect how quickly you can destroy the monster.

Music Instructions

In the music scenario, you’re going to listen to a Michael Jackson song, and it’ll filter some of
the music out if the system detects birdsong, or in the second mode if it detects a car nearby.
You don’t have to do anything but listen.
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Notification Instructions

In the notification scenario, the system is going to listen for birdsong and supplement any it
detects with additional virtual birds. These virtual birds will indicate information about your
hypothetical Twitter feed. You’ll see some sliders in front of you which you can adjust to change
that hypothetical Twitter feed, to see how the system reacts to the number of direct messages
you have waiting, the level of activity from people you follow, and the level of activity in the
nearby area, which will each be indicated by different kinds of additional birds.

B.4.2 Full Quantitative Measures

The following questionnaire was presented to participants after each evaluation scenario:

Question Low Anchor High Anchor # Scale Steps

UEQ
This application was... Obstructive Supportive 7

Complicated Easy 7
Inefficient Efficient 7
Confusing Clear 7

Boring Exciting 7
Not Interesting Interesting 7
Conventional Inventive 7

Usual Leading Edge 7
Real Sound Response

The application responded to real world sounds around me. Strongly Disagree Strongly Agree 7
ARI - Engagement

I liked the activity because it was novel. Strongly Disagree Strongly Agree 7
I liked the type of activity. Strongly Disagree Strongly Agree 7

I wanted to spend the time to complete the activity successfully. Strongly Disagree Strongly Agree 7
I wanted to spend time to participate in the activity. Strongly Disagree Strongly Agree 7

It was easy for me to use the AR application. Strongly Disagree Strongly Agree 7
I found the AR application confusing. Strongly Disagree Strongly Agree 7

The AR application was unnecessarily complex. Strongly Disagree Strongly Agree 7
I did not have difficulties in controlling the AR application. Strongly Disagree Strongly Agree 7

ARI - Engrossment
I was curious about how the activity would progress. Strongly Disagree Strongly Agree 7

I was often excited since I felt as being part of the activity. Strongly Disagree Strongly Agree 7
I often felt suspense by the activity. Strongly Disagree Strongly Agree 7

If interrupted, I looked forward to returning to the activity. Strongly Disagree Strongly Agree 7
Everyday thoughts and concerns faded out during the activity. Strongly Disagree Strongly Agree 7

I was more focused on the activity rather than on any external distraction. Strongly Disagree Strongly Agree 7
Augmentation

My world felt augmented. Strongly Disagree Strongly Agree 7
The virtual elements felt connected to the real world. Strongly Disagree Strongly Agree 7

If I used the application in a different environment, the application would have behaved differently. Strongly Disagree Strongly Agree 7
The virtual elements felt like they were part of the same world as the real elements. Strongly Disagree Strongly Agree 7

The application was ___ than the real or virtual elements would have been on their own. Much Worse Much Better 7

B.4.3 Qualitative Interview Guide

The following questions were used to structure the qualitative interviews:
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Post-Application Interviews

• What did you think of the application? What did you like or dislike about it?

• We tried two different variations of the application. Did you have a preference for one of
the variations? Why?

• What is the perfect version of this application for you? How would you change it to be
something you would use in your own life?

Final Interview

• First of all, do you have any questions for me about the study?

• You used three applications today - a way of receiving notifications, a game, and a music
player. Overall, what did you think about them?

• Of the three applications, which was your favourite? Which would you be most inclined
to use?

• All the applications you used today were designed to respond to sounds in your real world
surroundings, which is what we’re focused on today. What are your thoughts on applica-
tions doing that? Does anything excite or concern you about that idea?

– Would there be any circumstances in which you would seek out or avoid an applica-
tion that did that?

• You experienced three different applications today, all of which were aware of sounds
around you, and were audio-only. If you were designing a similar application for using
in your own day-to-day life, one that presented audio to you and was aware of the sounds
in your environment, what would you want it to do? Take some time to think about it, if
you’d like.



 
Evaluating Real-Virtual Links for Audio Augmented Reality 

Applications 

  

CONSENT FORM 

Before signing this consent form, you will have been given an information sheet explaining the 

study and what your participation will entail. Do not sign this consent form until you have read 

and fully understood the information on this sheet, and if you have not received this 

information sheet, please inform the researcher to be issued with one. The researcher will 

explain what is required of you throughout the experiment, but if at any point throughout the 

experiment you have a question, something is wrong, or you would like to end your participation 

in the experiment, please let the researcher know immediately. 

 

The information provided in this consent form will be kept fully confidential. In order to qualify 

for participation in this study, you must have a normal level of hearing. 

 

By signing this consent form, you assert that: 

• You are at least 18 years old. 

• You have a normal level of hearing. 

• You have been issued with the information sheet for this study, read and understood it, 

and had an opportunity to ask the researcher any further questions. 

• You understand your participation in this study is voluntary, and that your participation 

can be withdrawn at any time. 

• You understand that any personal data recorded over the course of this study will be 

treated confidentially and kept securely (unless there is a legal requirement to disclose it 

to a third party), and that your research data will be anonymised. 

• The researchers have permission to use any research data generated by your participation 

in future publications and research, and have permission to store that research data in 

online repositories, for example Glasgow University’s Enlighten repository. 

Researcher details: Jake Bhattacharyya (j.bhattacharyya.1@research.gla.ac.uk) 

Supervisor details: Professor Stephen Brewster (stephen.brewster.glasgow.ac.uk) 

This study has been approved by the Ethics Committee (Reference Number Pending). 

FULL NAME: _________________________________________________________________________ 

SIGNATURE: _________________________________________________________________________ 

DATE:            _________________________________________________________________________ 

EMAIL (if you would like to be added to the participants mailing list for future experiments):  

___________________________________________________________________________________________ 
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B.4.4 Information Sheet and Consent Form



 
Evaluating Real-Virtual Links for Audio Augmented Reality 

Applications 

PARTICIPANT INFORMATION SHEET 

Thank you for your interest in participating in this study. This sheet contains further information 
about the study, and what your participation will entail. Please read this sheet carefully, and 
contact the researcher if you have any further questions. 

What is the purpose of this study? 
This study seeks to evaluate different ways an audio augmented reality application can be linked to 

the user’s real world surroundings, and how that affects the user experience of the application. In 

particular, this study investigates sonic links, where the output of the application changes and reacts 

to the sounds in the user’s environment. 

This study is investigating these applications in a controlled environment, but we are also planning to 

run a follow-up study investigating how they work in the wider world. When that study is running, 

we will send you another email asking if you'd be interested in participating in that also. As in this 

study, participation is not mandatory, but would be very helpful for our data collection. 

Do I have to take part? 
No. Your participation in this study is entirely voluntary, and can be withdrawn at any time, and 
without giving a reason. We will ask you to sign a consent form if you choose to participate, but 
this will not affect your ability to withdraw your participation. 

What will happen to me if I take part? 
You’ll be asked to experience a variety of different audio augmented reality applications, which draw 

on the sounds in your environment in some way. You’ll experience an audio game, a notification 

system, and a system for listening to augmented music. You’ll use these applications in a small park 

environment on University grounds for approximately one hour. 

After experiencing each application, you’ll be presented with a set of questions to evaluate your 

experience. At the conclusion of the study, you’ll be asked to participate in a short interview with 

the researcher about your experience using each application. 

The study will last approximately one hour. 

What are the possible disadvantages and risks of taking part? 
It is possible that the sounds in the game could be uncomfortably or dangerously loud, although 
their loudness has been calibrated to safe standards before the experiment.  

You will be afforded the opportunity to set the playback to a comfortable level ahead of time, 
and may adjust the playback level throughout the experiment.  
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Applications 

What are the possible benefits of taking part? 
By providing data to evaluate these different applications, your participation will help provide 
guidance for how these sonic connections can be used to develop improved audio augmented 
reality applications. 

Additionally, you will be compensated for participation with a £10 Amazon voucher. 

Will my taking part in this study be kept confidential? 
Yes. A small amount of standard demographic information deemed relevant to the study will be 
recorded, and the only other personal information recorded in this study will be your signature 
on your consent form, and your contact details (for arranging participation and dispensing of 
voucher), which will both be kept strictly confidential. Your data within the final results will be 
identified only with a numeric identifier. 

This confidentiality will be strictly maintained according to the GDPR, except under exceptional 
circumstances, for example the prevention of serious harm. 

If you wish, you may opt in to a mailing list for future experiments conducted within the School 
of Computing Science. If you choose to opt in, your chosen email address will be recorded and 
added to the mailing list. 

What will happen to the results of the research study? 
The results will be held by the researcher and the University of Glasgow, and they may be used 
for future publication, or shared with other research partners on the SONICOM project. They 
may also be uploaded to an online repository, such as the University of Glasgow's "Enlighten" 
repository.  

Your data will be kept anonymous in any publication. 

Who is organising and funding the research? 
This research is funded by the SONICOM research project. 

Who has reviewed the study? 
The project has been reviewed by the College Ethics Committee (Application Number: xxxxxxx). 

Contact for Further Information: 
If you have any further questions, you can use the contact emails below: 

Researcher: j.bhattacharyya.1@research.gla.ac.uk 

Supervisor: stephen.brewster@glasgow.ac.uk 

Thank you for your interest in participating in this study. 
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B.5 Study 5

B.5.1 Experimental Instructions

The following script was used to explain the structure of the study to participants:
First of all, thanks very much for agreeing to come and participate! Today, what we’re

looking at are audio augmented reality applications, so applications that augment your reality
with sound. Specifically, the applications we’re looking at today are applications that are also
aware of the sounds around you, so the application might behave differently if there are birds
nearby, or it hears a car go past, something like that.

The study itself is very simple. We have two different applications – a game, and a music
player – and each reacts to real sounds around you, most commonly birds. You’re going to
use each application three times, as we have some variations on each which we’re interested
in. You’ll use each application for five minutes, just walking about this area we’re in now and
playing the game or listening to the music while the applications react to any sounds nearby,
and then I’ll ask you to fill out a questionnaire. At the end of the session we’ll have an overall
interview.

Does that all make sense so far? Do you have any questions right now?
Great, in that case I’ll give you this information sheet, and this consent form. If you can read

those both over, feel free to ask me any questions, and then sign on the line for a real good time,
we can get going!

Game Instructions

The game scenario is similar to Pokemon Go – some of the birds in the area indicate ’sonimon’,
powerful sonic creatures that you can catch. When the system detects one of these birds, a
’sonimon’ will appear nearby. You just have to turn to face where you think it is, and pull the
trigger on your controller. If you miss, it might run away. Occasionally, a *monster* will appear
too. You’ll need to do the same thing, just turn on the spot until you’re facing it and pull your
trigger. The number of sonimon you’ve captured will affect how quickly you can destroy the
monster, so you want to catch as many as possible.

• A: In this variation, birdsong will result in a bird sonimon.

• B: In this variation, birdsong will result in a dog sonimon.

• C: In this variation, you’ll get a cat sonimon, but it won’t be tied to any of the sounds in
the environment.
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Music Instructions

In the music scenario, you’re going to listen to a Michael Jackson song, and it’ll filter some of
the music out if the system detects certain sounds. You don’t have to do anything but listen.

• A: In this variation, the music will react to birdsong.

• B: In this variation, the music will react to car sounds.

• C: In this variation, the music won’t react to anything.

B.5.2 Full Quantitative Measures

The following questionnaire was presented to participants after each evaluation scenario:

Question Low Anchor High Anchor # Scale Steps

UEQ
This application was... Obstructive Supportive 7

Complicated Easy 7
Inefficient Efficient 7
Confusing Clear 7

Boring Exciting 7
Not Interesting Interesting 7
Conventional Inventive 7

Usual Leading Edge 7
Real Sound Response

The application responded to real world sounds around me. Strongly Disagree Strongly Agree 7
Real Sound Response Accuracy

The application accurately detected the real world sounds around me Strongly Disagree Strongly Agree 7
ARI - Engagement

I liked the activity because it was novel. Strongly Disagree Strongly Agree 7
I liked the type of activity. Strongly Disagree Strongly Agree 7

I wanted to spend the time to complete the activity successfully. Strongly Disagree Strongly Agree 7
I wanted to spend time to participate in the activity. Strongly Disagree Strongly Agree 7

It was easy for me to use the AR application. Strongly Disagree Strongly Agree 7
I found the AR application confusing. Strongly Disagree Strongly Agree 7

The AR application was unnecessarily complex. Strongly Disagree Strongly Agree 7
I did not have difficulties in controlling the AR application. Strongly Disagree Strongly Agree 7

ARI - Engrossment
I was curious about how the activity would progress. Strongly Disagree Strongly Agree 7

I was often excited since I felt as being part of the activity. Strongly Disagree Strongly Agree 7
I often felt suspense by the activity. Strongly Disagree Strongly Agree 7

If interrupted, I looked forward to returning to the activity. Strongly Disagree Strongly Agree 7
Everyday thoughts and concerns faded out during the activity. Strongly Disagree Strongly Agree 7

I was more focused on the activity rather than on any external distraction. Strongly Disagree Strongly Agree 7
Augmentation

My world felt augmented. Strongly Disagree Strongly Agree 7
The virtual elements felt connected to the real world. Strongly Disagree Strongly Agree 7

If I used the application in a different environment, the application would have behaved differently. Strongly Disagree Strongly Agree 7
The virtual elements felt like they were part of the same world as the real elements. Strongly Disagree Strongly Agree 7

The application was ___ than the real or virtual elements would have been on their own. Much Worse Much Better 7
Awareness

How aware were you of the real world surroundings while navigating in the virtual world? Extremely Aware Not Aware At All 7
I was not aware of my real environment Fully Disagree Fully Agree 7

I still paid attention to the real environment Fully Disagree Fully Agree 7
I was completely captivated by the virtual world Fully Disagree Fully Agree 7

Real World Connection
I felt connected to my real world surroundings Strongly Disagree Strongly Agree 7
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B.5.3 Qualitative Interview Guide

The following questions were used to structure the qualitative interview:

• First of all, do you have any questions for me?

• You used two applications today: a game and a music player. Overall, what did you think
of the applications you used today? What did you like or dislike about them?

• Of the applications you used, did you have a preferred application?

• The applications you used today often responded to real world sounds around you. How
reliable did you feel they were at that?

• What are your thoughts on applications doing that? Do you like that idea or would you
prefer they didn’t?

• For both the game and the music, we tested some variations of the apps. The music
responded to birds or cars, and the game gave you a bird sonimon or a not-bird sonimon.
Did you prefer any of those variations?

– Why?

• Are there any other sounds you’d like these applications to respond to that they don’t
currently?

• And we also tested variations that didn’t respond to sounds. How did you like them
compared to the sound-responsive ones?

• Are there any applications you can think of which aren’t sound-reactive, but which you’d
like to be?

• Any final comments? Any thoughts you’d like to add that we haven’t already covered?
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CONSENT FORM 

Before signing this consent form, you will have been given an information sheet explaining the 

study and what your participation will entail. Do not sign this consent form until you have read 

and fully understood the information on this sheet, and if you have not received this 

information sheet, please inform the researcher to be issued with one. The researcher will 

explain what is required of you throughout the experiment, but if at any point throughout the 

experiment you have a question, something is wrong, or you would like to end your participation 

in the experiment, please let the researcher know immediately. 

 

The information provided in this consent form will be kept fully confidential. In order to qualify 

for participation in this study, you must have a normal level of hearing. 

 

By signing this consent form, you assert that: 

• You are at least 18 years old. 

• You have a normal level of hearing. 

• You have been issued with the information sheet for this study, read and understood it, 

and had an opportunity to ask the researcher any further questions. 

• You understand your participation in this study is voluntary, and that your participation 

can be withdrawn at any time. 

• You understand that any personal data recorded over the course of this study will be 

treated confidentially and kept securely (unless there is a legal requirement to disclose it 

to a third party), and that your research data will be anonymised. 

• The researchers have permission to use any research data generated by your participation 

in future publications and research, and have permission to store that research data in 

online repositories, for example Glasgow University’s Enlighten repository. 

Researcher details: Jake Bhattacharyya (j.bhattacharyya.1@research.gla.ac.uk) 

Supervisor details: Professor Stephen Brewster (stephen.brewster.glasgow.ac.uk) 

This study has been approved by the Ethics Committee (Reference Number Pending). 

FULL NAME: _________________________________________________________________________ 

SIGNATURE: _________________________________________________________________________ 

DATE:            _________________________________________________________________________ 

EMAIL (if you would like to be added to the participants mailing list for future experiments):  

___________________________________________________________________________________________ 
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B.5.4 Information Sheet and Consent Form
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PARTICIPANT INFORMATION SHEET 

Thank you for your interest in participating in this study. This sheet contains further information 
about the study, and what your participation will entail. Please read this sheet carefully, and 
contact the researcher if you have any further questions. 

What is the purpose of this study? 
This study seeks to evaluate different ways an audio augmented reality application can be linked to 

the user’s real world surroundings, and how that affects the user experience of the application. In 

particular, this study investigates sonic links, where the output of the application changes and reacts 

to the sounds in the user’s environment. 

This study is investigating these applications in a controlled environment, but we are also planning to 

run a follow-up study investigating how they work in the wider world. When that study is running, 

we will send you another email asking if you'd be interested in participating in that also. As in this 

study, participation is not mandatory, but would be very helpful for our data collection. 

Do I have to take part? 
No. Your participation in this study is entirely voluntary, and can be withdrawn at any time, and 
without giving a reason. We will ask you to sign a consent form if you choose to participate, but 
this will not affect your ability to withdraw your participation. 

What will happen to me if I take part? 
You’ll be asked to experience a variety of different audio augmented reality applications, which draw 

on the sounds in your environment in some way. You’ll experience an audio game, and a system for 

listening to augmented music. You’ll experience three variations on each application, for a total of 

six applications. You’ll use these applications in a small park environment on University grounds for 

approximately one hour. 

After experiencing each application, you’ll be presented with a set of questions to evaluate your 

experience. At the conclusion of the study, you’ll be asked to participate in a short interview with 

the researcher about your experience using each application. 

The study will last approximately one hour. 

What are the possible disadvantages and risks of taking part? 
It is possible that the sounds in the game could be uncomfortably or dangerously loud, although 
their loudness has been calibrated to safe standards before the experiment.  

You will be afforded the opportunity to set the playback to a comfortable level ahead of time, 
and may adjust the playback level throughout the experiment.  
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What are the possible benefits of taking part? 
By providing data to evaluate these different applications, your participation will help provide 
guidance for how these sonic connections can be used to develop improved audio augmented 
reality applications. 

Additionally, you will be compensated for participation with a £10 Amazon voucher. 

Will my taking part in this study be kept confidential? 
Yes. A small amount of standard demographic information deemed relevant to the study will be 
recorded, and the only other personal information recorded in this study will be your details on 
your consent form, and your contact details (for arranging participation and dispensing of 
voucher), which will both be kept strictly confidential. Your data within the final results will be 
identified only with a numeric identifier. 

This confidentiality will be strictly maintained according to the GDPR, except under exceptional 
circumstances, for example the prevention of serious harm. 

If you wish, you may opt in to a mailing list for future experiments conducted within the School 
of Computing Science. If you choose to opt in, your chosen email address will be recorded and 
added to the mailing list. 

What will happen to the results of the research study? 
The results will be held by the researcher and the University of Glasgow, and they may be used 
for future publication, or shared with other research partners on the SONICOM project. They 
may also be uploaded to an online repository, such as the University of Glasgow's "Enlighten" 
repository.  

Your data will be kept anonymous in any publication. 

Who is organising and funding the research? 
This research is funded by the SONICOM research project. 

Who has reviewed the study? 
The project has been reviewed by the College Ethics Committee (Application Number: xxxxxxx). 

Contact for Further Information: 
If you have any further questions, you can use the contact emails below: 

Researcher: j.bhattacharyya.1@research.gla.ac.uk 

Supervisor: stephen.brewster@glasgow.ac.uk 

Thank you for your interest in participating in this study. 
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B.6 Study 6



AAR Sonic Linking Study – Participant Handout 
Thank you for agreeing to participate in our longitudinal AAR study. This document contains an 
overview of what we're asking of you over the course of the study. 

• We are testing two applications: a game and a music player.  
• These applications respond to real-world sounds, and so you must use them outdoors. 
• You will test both applications for a week, using both applications on Tuesday, 

Wednesday, Thursday, and Friday. 
• On these days, we need you to complete a session with each application in the 

morning, and with each application later in the day (afternoon/evening). 
• Use each application at least until it gives you a questionnaire. You can use the 

applications for as long as you like, but you must complete at least one questionnaire 
for each application in the morning, and at least one questionnaire for each 
application later in the day. 

• If you'd like, you may also use the applications on Saturday and Sunday. You are not 
required to. 

• You'll also be emailed a short set of questions each day to answer. 

If you don’t complete the minimum usage and email interview each day, we won’t be able 
to give you the £50 voucher. 

You have been issued with a smartphone and a set of open-ear wireless earbuds. The 
smartphone comes pre-installed with the test application. The test application opens to a main 
menu where you can open the music player or Pokemon game. 

Music Player 
The music player functions like a standard music player. It comes presupplied with a selection 
of 10 albums. While listening to music through the player, the music will respond to birds, cars 
and speech, adjusting volume when it detects these sounds so you can hear them better. 

Controls along the bottom of the player allow you to play, pause, and skip, as well as setting 
tracks and albums to loop, or to shuffle the music queue. These should be familiar from other 
music player applications like Spotify. 

At the top right, there is a button to toggle between viewing a list of all tracks in the library, or 
viewing a list of albums which can be opened. 

The player comes with music already, but you may also add your own music if you have digital 
music files (like MP3s). Connect the supplied device to a computer, and place your custom 
music into the 'Music' folder on the device. It should then be loaded into the app. 

Pokemon Game 
The supplied game is a Pokemon-style creature catching game, where you are able to catch 
audio-only pokemon, or "sonimon". These sonimon will appear when the phone detects the 
sound of birds or cars, with the type of sonimon that appears depending on the real world 
sound. There are 10 sonimon to collect, some rarer than others: 5 for birds, and 5 for cars. 

Sometimes, these real sounds will result in a monster appearing instead. The monster needs to 
be defeated, or else it will eat your strongest sonimon! 
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B.6.1 Experimental Instructions



When a sound is detected and a sonimon appears, it will sound as if it's coming from a specific 
direction around you. Hold the phone in front of you, and turn on the spot until you feel you are 
facing the sonimon. Then press the "Catch" button on the screen. If you find it successfully, the 
sonimon will be caught. If you don't, you get a few more attempts before the sonimon runs 
away. Remember, the sonimon are audio-only, so you won't see them. 

The "Sonidex" button at the top of the screen allows you to view the list of sonimon you've 
caught over the course of the study, and their power. See how strong a sonimon you can catch! 

Earbuds 
It's very important that you only use the applications with the supplied earbuds. These earbuds 
clip on the edge of your ear, rather than sit inside it. This allows you to still hear the sounds 
around you. 

The side with the big gold dot should go behind your ear. 

Checklist 

Tuesday 

• [ ] Morning: Game at least until one questionnaire completed 
• [ ] Morning: Music at least until one questionnaire completed 
• [ ] Evening: Game at least until one questionnaire completed 
• [ ] Evening: Music at least until one questionnaire completed 
• [ ] Email interview 

Wednesday 

• [ ] Morning: Game at least until one questionnaire completed 
• [ ] Morning: Music at least until one questionnaire completed 
• [ ] Evening: Game at least until one questionnaire completed 
• [ ] Evening: Music at least until one questionnaire completed 
• [ ] Email interview 

Thursday 

• [ ] Morning: Game at least until one questionnaire completed 
• [ ] Morning: Music at least until one questionnaire completed 
• [ ] Evening: Game at least until one questionnaire completed 
• [ ] Evening: Music at least until one questionnaire completed 
• [ ] Email interview 

Friday 

• [ ] Morning: Game at least until one questionnaire completed 
• [ ] Morning: Music at least until one questionnaire completed 
• [ ] Evening: Game at least until one questionnaire completed 
• [ ] Evening: Music at least until one questionnaire completed 
• [ ] Email interview 

Following Monday 

• [ ] Return hardware 
• [ ] Final interview 
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B.6.2 Qualitative Interview Guide

The following questions were used to structure the qualitative interviews:

Daily Email Interview

Hi!
You’re receiving this email as a daily reminder to try out both the music and game AAR

applications. Once you’ve used each for the day, please reply to this email and jot down a
couple of quick reflections on these questions. Thanks!

• Where did you use the apps today?

• How reliable did you find the applications today?

• Did you have any frustrations with the apps?

• How was the experience compared to a normal music player or game?

• Was your experience of your environment different in any way? Did you behave any
differently?

• How was the experience today compared to yesterday?

Thanks! You’ll receive another reminder email like this tomorrow.
– Jake

Final Interview

• Overall, what did you think of the music app? Anything particularly positive or negative?

• And the game? Anything that stood out as positive or negative?

• How did the experience change over the week?

• Did you use the apps over the weekend? Why / why not?

• Having now used sonic linking apps for an extended period, how do you feel about them?
Any change in opinion?

• Are there any other sounds you’d like the apps to react to?

• Is there anything about the music app that you would like to change? Are there any
features you would like it to have?

• And what about the game? Anything you would change? Any features you would like it
to have?
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• If these apps were available on your phone tomorrow, would you use them? Why / why
not?



 
Evaluating Real-Virtual Links for Audio Augmented Reality 

Applications 

  

CONSENT FORM 

Before signing this consent form, you will have been given an information sheet explaining the 

study and what your participation will entail. Do not sign this consent form until you have read 

and fully understood the information on this sheet, and if you have not received this 

information sheet, please inform the researcher to be issued with one. The researcher will 

explain what is required of you throughout the experiment, but if at any point throughout the 

experiment you have a question, something is wrong, or you would like to end your participation 

in the experiment, please let the researcher know immediately. 

 

The information provided in this consent form will be kept fully confidential. In order to qualify 

for participation in this study, you must have a normal level of hearing. 

 

By signing this consent form, you assert that: 

• You are at least 18 years old. 

• You have a normal level of hearing. 

• You have been issued with the information sheet for this study, read and understood it, 

and had an opportunity to ask the researcher any further questions. 

• You understand your participation in this study is voluntary, and that your participation 

can be withdrawn at any time. 

• You understand that any personal data recorded over the course of this study will be 

treated confidentially and kept securely (unless there is a legal requirement to disclose it 

to a third party), and that your research data will be anonymised. 

• The researchers have permission to use any research data generated by your participation 

in future publications and research, and have permission to store that research data in 

online repositories, for example Glasgow University’s Enlighten repository. 

Researcher details: Jake Bhattacharyya (j.bhattacharyya.1@research.gla.ac.uk) 

Supervisor details: Professor Stephen Brewster (stephen.brewster.glasgow.ac.uk) 

This study has been approved by the Ethics Committee (Reference Number Pending). 

FULL NAME: _________________________________________________________________________ 

SIGNATURE: _________________________________________________________________________ 

DATE:            _________________________________________________________________________ 

EMAIL (if you would like to be added to the participants mailing list for future experiments):  

___________________________________________________________________________________________ 
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B.6.3 Information Sheet and Consent Form
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PARTICIPANT INFORMATION SHEET 

Thank you for your interest in participating in this study. This sheet contains further information 

about the study, and what your participation will entail. Please read this sheet carefully, and 

contact the researcher if you have any further questions. 

What is the purpose of this study? 

This study seeks to evaluate different ways an audio augmented reality application can be linked to 

the user’s real world surroundings, and how that affects the user experience of the application. In 

particular, this study investigates sonic links, where the output of the application changes and reacts 

to the sounds in the user’s environment. 

This study is investigating these applications “in-the-wild”, evaluating how they work in the real 

world and as part of day-to-day life. 

Do I have to take part? 

No. Your participation in this study is entirely voluntary, and can be withdrawn at any time, and 

without giving a reason. We will ask you to sign a consent form if you choose to participate, but 

this will not affect your ability to withdraw your participation. 

What will happen to me if I take part? 

You’ll be supplied with two audio AR applications – a music player and a game - and the necessary 

equipment to use them, for one week. Both applications will listen to the sounds in your 

environment, and respond to specific sounds they detect, such as vehicles, speech and birdsong. 

You’ll be issued the equipment on a Monday, and asked to use each application morning and 

afternoon on Tuesday, Wednesday, Thursday, and Friday, in the circumstances you would normally 

consider using them, for example when commuting to work or walking. You’ll return the equipment 

the following Monday. There is no requirement to use the applications on Saturday and Sunday, 

though you are welcome to if you would like. 

It is important to only use the application when it is safe to do so. Always pay attention to your 

surroundings when using the applications. 

At regular intervals, the application will present you with a short questionnaire about your 

experience and how the application is performing. On any given day, you only have to use the 

applications until you’ve completed one of these questionnaires for the game, and one for the music 

player in the morning, and the same again in the afternoon/evening. You are welcome to use either 

application beyond that if you would like. Each day, you’ll be emailed a further short set of questions 

to answer freely about the experience. 

At the conclusion of the study, you’ll be asked to participate in an interview with the researcher 

about your experience using the application. 

When in use, the application will also record information about your context when it responds to 

nearby sounds. This information consists of the music currently playing, the sounds nearby, and 
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your geographical location. The application only records this information when it is running and 

responding to nearby sounds. 

What are the possible disadvantages and risks of taking part? 

It is possible that the sounds you hear could be uncomfortably or dangerously loud, although 

their loudness has been calibrated to safe standards before the experiment.  

You may adjust the playback level freely when using the application. 

What are the possible benefits of taking part? 

By providing data to evaluate the application your participation will help provide guidance for 

how these sonic connections can be used to develop improved audio augmented reality 

applications. 

Additionally, you will be compensated for participation with an Amazon voucher. 

Will my taking part in this study be kept confidential? 

Yes. A small amount of standard demographic information deemed relevant to the study will be 

recorded, and the only other personal information recorded in this study will be your contact 

details (for arranging participation and dispensing of voucher), which will be kept strictly 

confidential. Your data within the final results will be identified only with a numeric identifier. 

This confidentiality will be strictly maintained according to the GDPR, except under exceptional 

circumstances, for example the prevention of serious harm. 

If you wish, you may opt in to a mailing list for future experiments conducted within the School 

of Computing Science. If you choose to opt in, your chosen email address will be recorded and 

added to the mailing list. 

What will happen to the results of the research study? 

The results will be held by the researcher and the University of Glasgow, and they may be used 

for future publication, or shared with other research partners on the SONICOM project. They 

may also be uploaded to an online repository, such as the University of Glasgow's "Enlighten" 

repository.  

Your data will be kept anonymous in any publication. 

Who is organising and funding the research? 

This research is funded by the SONICOM research project. 

Who has reviewed the study? 

The project has been reviewed by the College Ethics Committee (Application Number: xxxxxxx). 
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Contact for Further Information: 

If you have any further questions, you can use the contact emails below: 

Researcher: j.bhattacharyya.1@research.gla.ac.uk 

Supervisor: stephen.brewster@glasgow.ac.uk 

Thank you for your interest in participating in this study. 
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