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Abstract

Audio presentation is a holistic term encapsulating all aspects of how sound is designed and delivered to
an audience. In the context of Im viewing, audio presentation is theorised to be profoundly in uential
| capable of greatly enhancing or diminishing positive experiential outcomes. This thesis examines this
in uence, focusing on the relationship between multichannel soundtracks and \immersion" through
the use of psychophysiological methods. Such methods, which use bodily measures to infer mental

states, have seldom been used in this context.

The empirically supported results of this thesis suggest that variations in domestic multichannel audio
systems have a less signi cant e ect on the experience of viewing a Im than commonly theorised.
This result is primarily discussed in terms of two con icting aims associated with media creation. On
one hand, content creators wish to deliver experiences that utilise the best available reproduction
technologies. On the other, they aim to ensure that their artistic vision translates to an ever-growing

ecosystem of playback devices and scenarios.

Another outcome of this project was the development of a novel method which utilises a discreetly
placed camera to obtain psychologically insightful physiological features. This method is highlighted as
a signi cant research contribution. Notably, the conceptualised camera-sourced intersubject heart rate
correlation feature (ISC-HR) was found to be both accurate, compared to ground truth, and sensitive,
compared to the target variable of \immersion". Moreover, the camera-sourced facial action and gaze
location ISC features explored appear to be promising additional means of evaluating audiovisual

experiences.

A dedicated study was also conducted as part of this project, considering the robustness of the
camera-based method, evaluating the camera-sourced data obtained under dark room conditions as
well as two brighter illumination conditions. This led to the nding that bright and stable illumination
is imperative for obtaining reliable data and helped identify speci ¢ characteristic errors which require

consideration when using this camera-based approach.
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Chapter 1

Introduction

1.1 Introduction

The Im industry has long been a major driver of advancements in audio technology. Filmmakers,
advertisers, and audiophiles frequently claim that these innovations can dramatically enhance the
overall Im viewing experience. Despite this, many casual viewers remain reluctant to invest in high-end
sound systems. A 2019 survey of viewing habits in the UK suggests that the majority of households
use built-in speakers when watching their televisions [16]. This thesis aims to investigate the role of
sound in enhancing or altering the Im viewing experience, asking whether it truly has a measurable

impact.

Given the ubiquity of media consumption in today's society, where individuals spend a signi cant
portion of their time engaging with Ims, television shows, and online video content, understanding
the in uence of sound is more relevant than ever. A 2024 report by Ofcom estimated that UK adults
spend an average of 4.5 hours per day engaging with audiovisual media [17]. In such a media-saturated
environment, optimising the quality of these experiences could have widespread implications | not
only for consumers but also for content creators seeking to communicate their often nuanced and

complex creative visions.

However, studying the role of sound in Im presents several signi cant challenges. One key issue is
understanding how to describe and measure how sound a ects audience experience. A great deal of
research has already been done to create a means of describing and assessing sound (e.g. terms such

as loud, harsh, soft, and melodic), but the aforementioned claims of enhancement do not map well to

14



Chapter 1. Introduction 15

these. The most recent audio technologies are purchased on the premise that they glue the viewer's
gaze to the screen, give a sense of unwavering attachment to the storyline, and improve the tangibility
of the Im world etc. These holistic, sometimes anecdotal, descriptions are hard to quantify empirically.
Compounding this semantic issue is huge variability within Im media. Viewers encounter Ims that
vary in genre and production style and each individual's response to a Im is shaped by their own

personal background, preferences, and expectations.

Another challenge lies in determining how to evaluate sound's impact without disrupting the natural
viewing experience. Interrupting a Im for feedback or asking viewers to wear uncomfortable sensors
changes the viewing experience, making it less representative of the real-world conditions being
presented. This raises the question of how to balance the need for accurate measurement with the
desire to maintain a natural viewing environment. Finding ways to mitigate the intrusion of research

tools is crucial in developing reliable methods for understanding real-world experiences.

1.2 Research Question

What is the psychophysiological e ect of audio presentation on Im viewing experiences?

Above is the primary research question for this thesis. The application of the termpsychophysiological
here refers to responses involving both mental and physical reactions. This approach is opted for to
help obtain a clearer picture of the theorised e ect. Hence, in the experimental work presented in this
thesis, both physiological features (e.g. heart rate) and self-report features (e.g. questionnaires and
comments) are always combined. An example of a psychophysiological e ect is an increase in heart

rate and an associated feeling of excitement.

The term audio presentation refers to all aspects of how sound is designed, structured, and delivered to
the audience. Hence, this includes factors such as the acoustic environment, loudspeaker con guration,
audio le format, and soundtrack production style. Together, these elements shape the physical

audio-visual events which are then interpreted by the audience within some playback scenario.
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1.3 Thesis Scope

This thesis aims to achieve ecologically valid results by focusing on playback scenarios that represent
real-world consumer experiences. Eventually, this leads to comparisons of commercial Im clips

accompanied by their multichannel soundtracks, reproduced via loudspeakers.

Achieving high ecological validity with psychophysiological methods requires methodological rigour. In
this thesis, novel experimental work focusing on methodological development is within scope. Later in
this thesis such work, using a non-contact camera-based psychophysiological approach, becomes an

integral part of this research.

1.4 Thesis Structure

This thesis is structured as a chronological report of the project, though much of the content has been
edited, revised, and extended retrospectively. Chapter 2 provides a review of theoretical literature
related to the research question, focusing orspatial sound designand multichannel soundtracks
covering both technical and stylistic perspectives. Chapter 3 then considers how best to de ne and
measureimmersion, a concept that consistently appears in the literature, and describes a series of
relevant empirical studies that apply self-report features. An early iteration of this work, on de ning
immersion, was presented at an Audio Engineering Society (AES) conference in 2022 [18]. Chapter 4
introduces psychophysiological methods and describes existing empirical studies related to the research

qguestion which apply physiological features.

Chapters 5, 6, and 7 present original empirical studies that iteratively develop the camera-based
psychophysiological method. In Chapters 5 and 7, the method is applied to directly address the
research question by comparing Im viewing experiences with varying audio presentations. Write-ups
of these studies have also been published: the Chapter 5 study was presented at an AES conference in
2023 [19] and the Chapter 7 study was published via MDPIApplied Sciences[20]. Chapter 6 focuses
on evaluating the e ectiveness of the method itself, without considering audio presentation. This work,
which looks at characteristic errors in camera-sourced heart rate and facial action coding signals as well
as the impact of room illumination on overall system performance has also been published via MDPI
[21]. Finally, Chapter 8 provides a summary of the ndings and conclusions. A comprehensive overview

of the thesis is available in that nal chapter, describing all research ndings and contributions.
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1.5 Thesis Data

For the Chapter 3 survey of immersion de nitions, each response is recorded in Appendix B. This
helps to ensure transparency, as there is some subjectivity within the associated analysis. The data
from the studies in Chapters 5 and 6 are only shared in visual forms, such as tables and graphs. This
aligns with the agreement made between the participants and researchers within the consent forms
associated with these studies (see Appendix C and D). The raw data from these studies is not shared.
This cautious approach was taken as at the time ethical considerations about managing this data were

still being evaluated.

The data from the study in Chapter 7 is available upon request, alongside code which can be used to
analyse it using the presented analytic techniques. This dataset contains anonymised physiological
features extracted from camera footage as well as associated questionnaire responses. The dataset
must be used solely for non-commercial means and in research which does not consider ascertaining

physiological data from individuals who have not given direct consent. It can be found at [22].

1.6 Key Research Contributions

In this section, the major research contributions associated with this thesis are itemised. This serves
as a means of signposting to sections of interest. A full explanation of the research contributions can

be found at the end of this thesis, in Chapter 8, Section 8.3.

~ Chapter 3 : Contributes a working de nition for the term immersion, a term commonly used to
describe the theorised positive outcomes associated with the delivery of e ective spatial sound

design.

Chapter 5 : Provides the rst formal empirical evidence that sounds emanating from behind the

audience can be distracting during Im viewing.

Chapter 5 : Contributes empirical evidence that the di erence between experiencing a Im with
otherwise equivalent 2.1, 5.1, and 7.1 audio presentatiodscan have a negligible e ect on the

audience experience.

1These numbers denote the loudspeaker con guration and associated audio le format.
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" Chapters 5 & 7 . Contributes a novel method for using camera-sourced physiological data
features to provide experiential insights during Im viewing experiences. This method primarily
applies intersubject correlation (ISC) analysis to Itered gaze, heart rate, and facial action signals,
all captured using a single discreetly placed camera. Notably, the heart rate ISC feature was

found to correlate with immersion questionnaire scores in Chapter 7.

Chapter 6 : Details a novel method for evaluating facial action coding systems (FACS), signi -

cantly reducing the time taken to acquire results.

Chapter 6 : Quanti es the in uence of room illumination on camera-sourced physiological

features, a novel contribution in the context of FACS research.

Chapter 6 : Provides new insights into speci ¢ characteristic errors within camera-sourced heart

rate and facial action coding.

" Chapter 7 : Contributes empirical evidence that the di erence between high-end and basic
consumer audio presentations is negligible, even for a Im clip renowned for its exemplary spatial

sound design.

Chapter 7 : Describes a simple yet novel method for evaluating the accuracy of gaze intersubject

synchronicity features, using an eye-tracking task.



Chapter 2

Multichannel Film Soundtracks:

Theories and Practices

2.1 Introduction

In Chapter 1, audio presentation was introduced as a holistic term encapsulating all aspects of how
sound is designed and delivered to an audience. This chapter explores the relationship between
practitioners and audio presentation technologies. Speci cally, it focuses on the Im industry and
multichannel audio technology. The term multichannel audio is used to describe a mixed and edited
presentation in which various channels of sound have been assigned to locations in a sound eld
[23]. These technologies, which utilise from two to as many as 64 channels [24], are ubiquitous and
understanding them will help lay the theoretical foundation for eventually addressing the research

qguestion: what is the psychophysiological e ect of audio presentation on Im viewing experiences?

In Section 2.2, a historical overview is given, describing the development of multichannel audio systems.
Subsequently, an investigation into the stylistic theories associated with multichannel soundtracks is
made in Section 2.3. Next, technical considerations that in uence the creation and reproduction of
multichannel audio are explored in Section 2.4. This leads to a comparison of how stylistic theories
and technical considerations are balanced in practice in Section 2.5. In Sections 2.6 and 2.7 the results

of this literature review are concluded.

19
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2.2 Brief History of Multichannel Audio and Film Soundtracks

Soon after Ims began to be produced with soundtracks, Alan Blumlein realised a problem. The sense
that the sound emanated from within the narrative world was unrealistic. In the context of Im, in his
1931 patent, Blumlein discusses how the invention documented aspires to \improve the illusion that
sound is coming, and is only coming, from the artist or other sound source presented to the eye" [25].
At the same time, Leopold Stokowski was working on a similar problem, rst with Bell Telephone
Laboratories and later Walt Disney in the creation of Fantasia (1940) [26] and Fantasound [27]. His
team aimed to record and reproduce the sound of the Philidelphia Symphony Orchestra in a way \that
e ectively created the illusion of the orchestra's presence behind the stage curtain” [28], using not
only loudspeakers in front of the audience but also placed behind and to the sides of them. Blumlein's
two-channel solution is commonly referred to asstereo!, the omnipresent way of recreating sound
employed in televisions and headphones. Stokowski's collaborative work is considered highly in uential

to the development of higher channel count technologies, informally referred to asurround sound

In the late 1970s, many Imgoers experienced four and six-channel audio for the rst time. One
example of a Im that used these technologies isStar Wars (1977) [30]. Its soundtrack created the
sensation of starships ying around the audience, extending the Im's world beyond the screen and into
the auditorium [27]. Later, the 70 mm, six-channel, release ofApocalypse Now (1979)[31] made use of

a format which adapted the established single surround channel to something which resembles the
loudspeaker con guration now known as 5.1 [32]. Note that the naming format for these standards (e.g.
2.0, 5.1) places the number of full-range channels, assigned to loudspeakers located along an azimuth
around the audience, ahead of the number of dedicated reduced bandwidth low-frequency channels,
assigned to the dedicatedsubwooferloudspeakers. These subwoofers are capable of delivering tactile
e ects such as earthquake-like rumbles, as well as producing bass from the other channels through the

use of a crossover system.

Over the course of the 1990s digital systems steadily replaced analogue multichannel solutions in
the Im industry. Compared to analogue formats, the new digital systems had the advantages of
allowing for fully discrete channel information and greatly increased dynamic range. During this time
5.1 emerged as the de facto standard for major productions. In 1997 digital 5.1 became available in

the home, with the launch of digital video disc (DVD) [27].

Technically, stereophony is the name of the technique used to realise virtual sound sources along a horizontal plane
between two or more loudspeakers [29].
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In 2010, with the release ofToy Story 3 (2010) [33], Disney Pixar adopted a new solution that added two
more surround channels, delivering sound via seven full-range discrete outputs and one low-frequency
output (7.1) [33]. Later that year, the Im was released on Blu-Ray with the 7.1 soundtrack, as were
several other Disney and Disney Pixar Ims from that period. Despite this adoption of the 7.1 format
by Disney, one of the largest Im publishers in the world, and its compatibility with established physical
disc formats like Blu-Ray, many Immakers have continued to work in 5.1. Regardless of whether a
Im is published with a 5.1 or 7.1 mix, a 2.0 soundtrack is always provided to ensure compatibility

with common systems, such as televisions and headphones.

In the 2010s, the co-existence of various audio solutions for both home and cinema created a new
problem. Film studios were expected to create numerous multichannel versions of the soundtrack, for
each production. For Brave (2012) [34], Disney Pixar adopted Dolby Atmos, which greatly expanded
the maximum number of discrete channels possible for reproduction, whilst also moving towards
addressing this problem. Unlike traditional channel-based audio systems, Dolby Atmos utilises an
object-based approach. In channel-based systems, sound signals are con ned to a xed number of
output channels, with each delivered to a speci ¢ loudspeaker or set of loudspeakers in a prede ned
con guration. In contrast, object-based systems package each sound signal with metadata describing
its position within a three-dimensional virtual environment 2. This aural geometry, embedded within
the format, is visualised within associated production packages such as thBolby Atmos Renderer [1]
shown in Figure 2.1. During playback, object-based systems decode the audio objects to the available
loudspeakers, based on their locations in the con guration. The maximum number of audio objects is
128. It should be noted that Dolby Atmos also has legacy support for channel-based beds, meaning
Dolby Atmos soundtracks can be made up of a combination of channel-based audio tracks and audio

objects.

In a domestic home-cinema context, Dolby has created guidelines for loudspeaker locations associated
with thirty-four di erent con gurations with a minimum of three and a maximum of twenty loudspeakers

[36]. These include standard con gurations such as 2.0, 5.1, 7.1, and expanded con gurations such
as 7.1.4, 9.1.6, and 11.1.8. Note that the third digit represents the number of height channels in
the con guration. In a commercial setting, Dolby Atmos can decode up to 64 discrete speaker feeds,
through a similarly diverse range of con gurations [24]. A screenshot of the ITU recommendation for
multichannel stereophonic-based sound systems is shown in Figure 2.2, alongside the associated similar

Dolby speci cation.

2De nitions for object-based audio dier. A broader de nition is simply sound signals packaged with any metadata
that is utilised in the rendering process [35].
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Figure 2.1: Screenshot taken from Dolby Website [1], of the Dolby Atmos Renderer software, showing
audio objects triggering (left side), channel-based decoding (middle), and perceived object positions
about the listener (bottom right).

Figure 2.2: Screenshots from the ITU recommendation document (a) [2], as well as the Dolby
recommendation (b) [3], for a domestic 5.1 loudspeaker con guration. Note that there are minor
di erences between the two standards.
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Dolby Atmos can also be reproduced with a soundbar, which utilises a varying number of angled
loudspeakers generally encapsulated within a single box, or even using certain built-in TV sound
systems. Using Apple Spatial Audio, or other similar proprietary systems, it is also possible to
experience Dolby Atmos through headphones | using binaural audio systems [37]. Hence, Dolby
Atmos is a format that can be presented in a variety of settings through a variety of di erent systems.
Similarly, companies such as DTS, Auro, and Sony, amongst others, also have competing object-based
audio technologies that allow for a similarly diverse range of presentation modes including headphones
[38{40]. In this thesis, Dolby Atmos is focused on due to its majority market share within the Im
industry. A simple diagram showing the relationship between object-based and channel-based audio

can be found in Figure 2.3.

Figure 2.3: Diagram showing how a variable number of audio objects can be encoded in an object-

based mix. These objects are then decoded to a variable number of channels via a renderer. In

contrast, channel-based systems encode a xed number of pre-rendered channels associated with a
speci ¢ con guration (e.g. 2.0,5.1).

2.3 Sound Design and Multichannel Soundtracks

The development of multichannel audio technologies has enabled sound designers to explore the creation
of virtual aural environments. In his 1996 book, \On Sonic Art" Trevor Wishart describes these
environments as \dreamlike landscapes hovering between musical articulation and “real-world' events"
(page 165 [41]). He rationalises this representationalistic view as an outcome of the inherent ambiguity
of our aural perception. Compared to visual localisation and recognition, the source of sound is often
less clear. This section investigates thestandscapes focusing on the stylistic manipulation of sound
locations, within the context of Im media. Expanding on Roads' description of spatial sound (page
451 [42]), here the sound designer is considered to be part of a team of Immakers who choreograph

sounds and images for cinematic playback.
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Michel Chion's book, \Audio-Vision: Sound on Screen” (originally published in 1993) [43], describes
the technological evolution of audio presentation as a development in storytelling techniques. Amongst
many theories, the idea of asuper eld is introduced. The concept of super eld is that Immakers
sonically surround the audience as a mechanism for setting the scene of the narrative, providing context
akin to an establishing long shot showing a setting. This narrativeambienceis delivered through all

but the front loudspeakers. Discussing the technological developments of the time, Chion states:

\...it has led to the creation of a sort of super eld, a general spatial continuum or tableau.
Which changes the perception of space and thereby the rules of scene construction.” (page

150 [43]).

Mark Kerins, in his 2010 book \Beyond Dolby: Cinema in the Digital Sound Age" [44], discussed
how this super eld style appears to be evolving into anultra eld . Contrasting the scene-by-scene
ambience, which he describes as tting within the speci cation of earlier analogue audio presentations,
the ultra eld is de ned as an emerging style in which Immakers craft digital multichannel soundtracks

that provide a congruent aural perspective for each individual camera shot.

\Where Chion limited the super eld to ambient sounds and noises, the ultra eld encompasses
not just these background sounds but the entire aural world of the Im, including sound

e ects, dialogue, and diegetic music" (page 92 [44])

In his 2021 thesis, Rere Idrovo describes a new emerging style calléoshmersive continuity [45]. Idrovo's
immersive continuity is similar to Kerins' ultra eld style, as both are partly characterised by audiovisual
congruency within an environment that transcends the boundaries of the screen. However, immersive
continuity is di erent as it is characterised by long-duration naturalistic takes. In contrast, Kerins
describes how short synchronous audiovisual cuts are a key feature of the ultra eld style. Idrovo focuses
on the work of Alfonso Cuaion, whom he considers to be the pioneer of immersive continuity [45].
Cuaon's Im Gravity (2013) [46] is studied in depth by Idrovo, as well as by many other researchers

[47{49], and is considered to be exemplary in its use of spatial sound design.

Faithful reproductions of the war Ims, The Thin Red Line (1998) [50] (super eld), Saving Private
Ryan (1998) [51] (ultra eld), and 1917 (2019)[52] (immersive continuity), are worth experiencing for
those interested in the comparison of spatial sound design styles within the same genre. These rst

two suggestions come from Mark Kerins' 2010 book [44]. Bottsaving Private Ryan (1998)and 1917
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(2019) won Academy Awards for Sound Mixing, Sound Editing, and Sound Score. Althoughl917
(2019) is not discussed by Idrovo [45], it meets his criteria for immersive continuity (long-duration
naturalistic takes and congruent audiovisual elements). Notably,1917 (2019)is designed to look as if

there are no cuts, as though it were Imed in one continuous take [53].

A true single-shot Im is exceptionally di cult to execute [53], some modern examples include Victoria
(2015) [54] and Boiling Point (2021) [55]. Visually, these Ims are stylistically similar to Gravity (2013)
and 1917 (2019) as the camera appears to embody an invisible protagonist [53]. As is traditional, at
no point in any of these Ims do the actors acknowledge the camera, leaving the fourth wall unbroken.
Moreover, there is no deliberate stylistic indication that you are experiencing the narrative through
the medium of a lens or microphone; or via eyes and eats However, despite these stylistic similarities
between the Ims, it does not appear that the soundtracks of Victoria (2015) [54] and/or Boiling
Point (2021) [55] exemplify the audiovisual matching Idrovo necessitates for the style to be classed as

immersive continuity [45].

From an alternative perspective, soundtracks can be examined using the idea diegesis[61]. A diegetic
sound is heard by the audience and the characters within the Im world, whereas a non-diegetic sound
is only heard by the audience. Chion, Kerins, and Idrovo all use this common terminology when
discussing how multichannel soundtracks should aim to enlarge the Im world [4845]. The phrase
enlarging the diegetic space is used in Manolas and Pauletto's 2009 paper, in which they hypothesise
that the multichannel soundtracks of the time do not utilise the full potential of multichannel audio
technologies [62]. This hypothesis is explored through the creation of a Im that communicates
important events in the story using o -screen sound, including sound delivered through the rear
surround speakers. In the publication, a test screening of this Im is generally well received by the

audience.

Moving audio assets of narrative importance o -screen excites many Immakers, but is not common
practice. Some of the participants in Manolas and Pauletto's study commented that they found the
placement of the internal voice of the protagonist behind them confusing [62]. Considering commercial
media, Kevin Bolen, in discussion with other Im sound practitioners such as Juan Peralta in 2021,
describes how screen-centric mixing is still the norm and how Immakers often avoid expanding the
diegetic space [63]. This approach is described as partly relating to stylistic concerns, with Bolen

discussing how some audience members may nd the o -screen sounds distracting. This is related to

%A lens and microphone style can be found in found footage horror Ims like REC (2007) [56] and The Blair Witch
Project (1999) [57]. An eyes and ears stylecan be found in point of view/audition extracts of Enter The Void (2009)
[58], Being John Malkovic (1999) [59], and The Sound of Metal (2020) [60] (only ears).
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the \exit door" e ect, where attention is drawn towards elements of theatre itself (e.g. the exit) and
hence away from the onscreen events. Similarly, within the same book chapter, David Fluhr notes that

in some cases spatial panning of non-diegetic elements can cause distraction and/or annoyance [63].

As well as expanding the space from which sounds may appear to emanate, there has been some
discourse regarding an associated increase in the number of sounds that may be deliverable through the
utilisation of spatial separation. In his 2021 publication, Kerins describes how a background made up of
innumerable individual sounds enriches the storytelling within the Im Joker (2019) [64]. He describes
how this hyper-detailed approach is replacing a legacy style, in which the background is representative
rather than realistic. Moreover, Idrovo describes the addition of rich and realistic detailing within the

soundtrack of Roma (2018) [65] as the consolidation of Cuaon's immersive continuity style [45].

This idea of the spatial separation is exempli ed more dramatically in the experimental Im Timecode
(2000) [66]. The Im splits the screen into quadrants, in which four simultaneous interrelated narratives
play out. When experienced with the 5.1 soundtrack, at times throughout the Im, each visual stream

is paired with its own audio stream played through a speci c loudspeaker in the con guration. This
leads to the situation where the audience sees a moving image in front of them but hears the associated
sound coming from elsewhere. For example, at one point the visual stream in the lower left quadrant
of the screen is associated with the audio stream emanating from the left surround loudspeaker (note

that the pairings change throughout the Im) (page 172 [44]).

In opting for this style, the Immakers demonstrate a preference for distinction and separation over
spatial congruency. By deliberately separating the location of the visual and auditory elements, the Im
disrupts the conventional expectation that sound should align with its corresponding image, instead
emphasising the individuality of each narrative thread. Kerins describes this spatial separation style
within Timecode (2000) as a disunity of sound and image which gives the audience the freedom to
choose where to focus their attention (page 262 [44]). When experienced in 2.0 this style does not
translate, as the concurrent audio streams can no longer be spatially separated in the same way |
drastically changing the audience's experience. Kerins states that the style ofimecode (2000) is only
made possible by the capacity of digital surround sound systems for presenting multiple spaces at once
(page 173 [44]). When moving from 5.1 to 2.0, the audio from each narrative is overlaid rather than
separated. Holman describes a closely related concept in the context of music as trying to cram \too

much sound into too few channels" [27].
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2.4 Technical Considerations for Multichannel Audio Production

and Playback

Understanding how to deliver arti cial soundscapes with spatial properties is an ongoing technical
research topic, with many associated emerging and established technologies and methods. A selection
of these are reviewed in this section, with a focus on the practical trade-o s related to the production
and reproduction of Im soundtracks. To enable this review, a brief overview of the psychoacoustic

principles of spatial hearing is also presented.

In some instances, engineers aim to accurately capture and reconstruct a physical facsimile of a sound
eld, using technologies such as wave eld synthesis (WFS) [67] or Ambisonics [68]. However, the
number of loudspeakers necessary for these approaches means they are rarely used commercially [29].
In other instances, the transfer function between a location in space and the tympanic membrane
(eardrum) is measured or modelled and then applied to the sound signal [69]. This process, which is
foundational to binaural audio systems, can create the illusion that the sound signal is emanating from
a predetermined location. However, binaural audio systems have a key limitation: they are highly
sensitive to acoustic interaural crosstalk during reproduction. In this context, acoustic interaural
crosstalk is where sound from the left channel reaches the right tympanic membrane, and vice versa,
due to the dispersion of the sound waves emitted from the loudspeakers and their interaction with the
acoustic environment. In general, the more acoustic interaural crosstalk experienced when listening to

a binaural recording or rendering, the more degraded the perceived spatial properties of the audio [70].

Binaural audio is primarily reproduced using headphones, due to their negligible acoustic interaural
crosstalk [70]. However, in some instances, binaural over loudspeakers can be implemented e ectively
using acoustic crosstalk cancellation techniques. Acoustic crosstalk cancellation can be implemented
using conventional loudspeaker con gurations. For example, one legacy algorithm is implemented
by mixing in a time-delayed and phase-inverted version of the left channel signal in the right, and
vice versa, to create destructive interference at the opposite (contralateral) ear [71]. More advanced
modern crosstalk cancellation methods are based broadly on the same principle of acoustic interference.
For example, AudioScenic has developed a head-tracked soundbar system that aims to accurately
reproduce a physical facsimile of a binaural signal at the listener's ears through means of acoustic
crosstalk cancellation [72]. The required precise directionality is implemented using a technique called

audio beamforming, also known as beam-steering, which uses a dense array of loudspeakers paired
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with digital signal gain and delay control to create focused regions of sound [73]. Hence, the left and

right channels can reach their corresponding ears with minimal acoustic interaural crosstalk.

Unlike Audioscenic devices, most soundbars do not use audio beamforming or similar acoustic crosstalk
cancellation techniques. The common technique of creating regions of sound in soundbar systems is
through the use of angled loudspeakers, which re ect sounds o nearby surfaces (e.g., walls, ceiling).
The directivity warranted by these techniques aims to allow for the reproduction of audio objects and
audio channels at di erent locations in the room. However, their e ectiveness varies greatly between
acoustic environments and listener positions. Moreover, fundamentally, the process of beamforming,
alternative approaches for crosstalk cancellation, and re ecting sounds o surfaces, can colour the
sound in ways which have detrimental e ects on the perceived audio quality through mechanisms
such as comb ltering [73]. Existing empirical research suggests that the more established means of
delivering multichannel audio, using discrete loudspeakers placed about the audience, is preferable to

the soundbar approach [74, 75].

Rather than focusing on binaural and soundbar systems, the remainder of this section primarily
examines the technologies underpinning established discrete multichannel approaches. Binaural audio
is not typically associated with Im viewing, as headphone use is uncommon in both home and cinema
settings. Soundbar systems, while increasingly popular, often rely on proprietary technologies that
vary signi cantly between manufacturers, making independent assessment and generalisation di cult.
By contrast, discrete multichannel loudspeaker systems are based on well-documented principles and
remain the dominant method for spatial audio reproduction in both commercial cinemas and high-end

home theatres.

In multichannel technologies, one of the primary methods for delivering spatial soundscapes is through
the presentation of spatially separated sounds. A straightforward way to achieve this is by assigning
isolated sound signals to spatially distributed loudspeakers. However, this method has a clear limitation:
it restricts the placement of sounds to the physical positions of the loudspeakers. This issue is addressed
by the stereophonic principles introduced in Blumlein's 1931 patent [25], as discussed in Section 2.2.
These principles allow for the perceptual placement of sounds between the loudspeakers through the
consideration of psychoacoustics. The term virtual source, or phantom source, refers to the auditory

illusion in which a sound appears to originate from a position other than the loudspeaker itself.
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Our ability to perceive where a sound originates depends on di erences in time, intensity, and spectral
content between the two ears. The two primary cues for horizontal localisation are interaural time
di erence (ITD) and interaural level di erence (ILD). In multichannel sound systems, these two cues
are fundamental to the creation of a virtual source. Note that the conceptualisation of the human
hearing system using these two cues is commonly referred to as the Duplex theory and was rst

introduced by Rayleigh in 1907 [76].

ITD refers to the di erence in arrival time at each ear for a pressure wave emanating from a sound
source. The brain interprets these time di erences to determine direction, as the ITD corresponds to
an associated di erence in the distance travelled to each ear from a sound source at a given angular
direction.. At low frequencies, for wavelengths exceeding head diameter, the brain interprets ITD
as interaural phase di erence (IPD) [77]. At higher frequencies, ITD of the sound pressurenvelope
is used | meaning that time di erences between amplitude changes are used. Research has shown
that IPD is a more e ective cue and that localisation from ITD is largely ambiguous for frequency

components above 1500 Hz [77].

ILD refers to the di erence in the level of sound intensity between the ears. This di erence occurs
due to the occluding properties of the head, in an e ect known ashead shadowing70]. This e ect is
frequency-dependent, meaning not all frequency components are attenuated equally. Theoretical and
empirical research suggests that ILD is an e ective means of localising sound for spectral components
above around 1500 Hz. The head shadow e ect is particularly strong around the 3{6 kHz range, which
means that ILD is particularly e ective for localising sounds comprising spectral components within

this range [77].

Both ITD and ILD cues can be the same for di erent positions around the head. Hence, based on
ITD and ILD cues alone, sound locations can be ambiguous. For example, ILD and ITD cues may be
identical for sound sources positioned directly in front of or behind the listener, resulting in what is
known as front{back confusion. This phenomenon is a speci ¢ case of the more general concept known
as the cone of confusion The cone of confusion refers to an imaginary conical surface in space, aligned
with the interaural axis, along which all points produce identical ITD and ILD values [77]. Sounds
originating from any position on the cone's circumference are indistinguishable based on ILD and ITD

alone [70,77].

As well as failing to explain how localisation is possible on the circumference of the cone of confusion,

the duplex model of ILD and ITD fails to e ectively explain the localisation of sounds along the vertical
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plane. Consider a sound source changing elevation without moving further away. In this scenario, ITD
and ILD cues would not change in the same way as a horizontal azimuth angle change. To resolve
the cone of confusion and to localise vertically, the brain must rely on more subtle changes in specic
spectral components [70]. Spectral cues arise from re ections and di ractions caused by the external

ear (pinna), shoulders, and torso [78].

Despite the integration of ITD, ILD, and spectral cues, human localisation ability is not uniform
across all directions. Horizontal localisation accuracy varies with azimuthal position. For example
empirical research has shown that for a white noise burst, localisation uncertainty is approximately
3{4° for frontal sources (azimuth (f), 5{6° for sources behind the listener (azimuth 186€), and around
10° for lateral sources (azimuth 90 or 27C) [77]. This is primarily because changes in ILD and ITD
are smaller, per unit angle, approaching the interaural axis (which passes through azimuths 9Gand
27(). Overall, these results show how humans' ability to accurately localise sound is improved for
sources located in front of us, compared to the sides and behind. In situations where sounds cannot be
immediately localised, head movements are often observed. Head movements dynamically alter ITD,
ILD, and spectral cues, providing the brain with additional information about the direction of a sound
that it can integrate [70]. For a diagram of measured ILD and ITD values about the head, see Figure

2.4,

Sometimes, ITD and ILD cues provide con icting spatial information. For example, a sound may
arrive at the ipsilateral ear earlier than the contralateral ear but at a lower intensity. In this instance,
the brain must decide which cue to prioritise when localising a sound source. This perceptual “decision-
making' process is related to the concept of trading [70]. The term refers to the phenomenon whereby

conicting ITD and ILD cues are perceptually balanced against one another, resulting in a perceived

Figure 2.4: Measurement of ITD and ILD values using microphones placed within the ears of a

subject. These values di er slightly between individuals. The image is sourced from the SADIE

database [4]. Horizontal ILD is calculated using frequency components above 1500 Hz, as ILD is only
an e ective cue for sound localisation at frequencies above this threshold.



Chapter 2. Multichannel Film Soundtracks: Theories and Practices 31

sound location somewhere between the two cues, depending on their relative strength and the listener's

sensitivity.

Cue trading only occurs when the auditory system perceives a single fused event. If a delayed version
of a signal proceeds by approximately 30 ms or more (depending on the sound type), the second arrival
is no longer integrated with the rst, but is instead perceived as a distinct echo. This phenomenon is
known as the precedence e ect or the law of the rst wavefront [79]. At this point, trading no longer
occurs. Instead, localisation is based on the rst-arriving sound and the delayed sound is interpreted

separately.

ITD and ILD cues can be encoded into audio channels using microphone arrays, as interchannel time
di erences and interchannel level di erences. These arrays vary in the number of microphones and their
positional con guration, such as whether they include height channels. Con gurations are typically
classi ed as coincident, spaced, or mixed [80]. Coincident arrays primarily encode ILD cues by placing
microphones at the same point in space, or as close as feasible. Examples include XY (2 channel) and
spherical arrays such as the Eigenmike (up to 64 channel) [81]. Spaced arrays, by contrast, encode both
ITD and ILD through microphone separation. One type of spaced array is the Decca Tree, which is
commonly used to record orchestral ensembles [82]. Mixed arrays combine elements of both approaches,
balancing the clear localisation associated with coincident techniques with the envelopment and di use
sound associated with spaced pairs. Techniques such as ORTF-3D fall into this category [80,83]. Upon
reproduction, the interchannel level and time di erences are decoded to ILD and ITD cues at the
listener's ears. Here, reproduction refers to the process by which each audio channel is converted into

sound by a loudspeaker, with the resulting acoustic waves propagating through the air to the listener.

In addition to capturing audio with spatial properties using microphone arrays, sound is also commonly
captured using monophonic close micing techniques. For example, clospot microphonesare also
used when recording orchestras to capture individual instruments. Close micing is also customary on
Im sets, where it's not always feasible to deploy a microphone array. Commonly, microphones are
hidden during shooting. Moreover, Iming locations can be unfriendly places to record { due to factors
such as wind and background noise. Furthermore, when sounds are captured together they cannot be
easily separated. Hence, isolated dry monophonic sounds, where only the direct target sound can be
heard without reverberation, are the primary type of sound signal used in soundtracks for dialogue
and Foley*. These assets are then spatially distributed over loudspeakers located around the audience

in post-production [84].

“Foley sounds are recorded reproductions of natural sounds such as footsteps.
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Due to the natural role of ILD and ITD cues in sound localisation, manipulating the amplitude and
delay of a monophonic audio asset reproduced by two loudspeakers allows for the creation of a virtual
source. Generally, in postproduction, ILD approaches are used. In practice, this means manipulating
the interchannel level di erence for a given sound signal. To de ne how much of the signal is reproduced
by each loudspeaker, gpanning law is applied [70]. These panning laws are formulas for calculating
an amplitude multiplication factor for each loudspeaker, based on the desired position of the virtual
source along the horizontal azimuth between the speakers. This change in interchannel level di erence
is then translated into an ILD at the listener's ears, upon reproduction. To move a virtual source, a
process known as dynamic panning, the panning law is used to calculate these amplitude multiplication

factors for a time-varying desired virtual source position.

To enable vertical panning, an approach called vector-based amplitude panning (VBAP) can be used
[85]. In the 2D panning solutions described in Figure 2.5, the position of the virtual/phantom source
is limited to an active arc region along the horizontal azimuth bound by the two loudspeaker locations.
With VBAP, this active arc is transformed into an active triangle by delivering a proportion of the audio
asset to a third loudspeaker. The VBAP approach can also be extended to allow for the manipulation
of source width [86]. One such approach is called Multiple-Direction Amplitude Panning (MDAP) [87].
In MDAP audio assets are reproduced via multiple spatially separated virtual sources. Multichannel
systems can also provide some perceptual illusion of depth, allowing for the manipulation of virtual
sources in terms of distance. One approach to enable this is called distance-based amplitude panning
DBAP [88]. DBAP is an extension of VBAP, which considers the distance between all loudspeakers
in an array and the virtual source. All of these common amplitude-based panning methods, which
may be implemented in tools that allow for the spatialisation of sound signals, have some limitations.
Similarly, many of these limitations apply to the reproduction of audio recorded using a microphone

array.

" The listener must be situated in the sweet spot a region that is roughly equidistant from all
loudspeakers [27,79]. Any deviation from this position alters the listener's intended ITD and, to

a lesser extent ILD, thereby deviating from the intended spatial properties of the soundscape.

~ The loudspeakers must be calibrated, especially in terms of amplitude and time alignment.
Poor calibration between speakers can change the ITD and ILD of a reproduced sound signal.
Moreover, spectral matching is also important to ensure that dynamically panned sounds do not

change timbre as they move [27].
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~ The loudspeakers should not be positioned too far apart. The angle subtended at the listener's
position by any two adjacent loudspeakers should ideally be less than 90 degrees to maintain
stable and e ective imaging. This concept is referred to as $patial sampling’. Spors et al. (2013)
note that as this angular separation increases beyond 90 degrees, imaging e ectiveness decreases
signi cantly [29]. Notably, in a 5.1 surround sound setup, the angle between the rear speakers is

typically between 120 to 140 degrees [2].

Fixing audio assets to individual loudspeakers, rather than using virtual sources, circumvents these
issues. Hence, in some instances, practitioners may opt to deliver a single sound signal through a
single loudspeaker | for example, assigning a mono ambience recording to a single surround channel.
However, hard panning other sound signals in this way is often avoided due to stylistic concerns. For
example, delivering the sound of a drum kit through a single speaker was once a common practice
but is no longer fashionable. Moreover, many practitioners avoid using dynamic panning, even when

loudspeakers are calibrated, due to timbre changes that are unavoidable when using ILD panning [27].

Figure 2.5: Diagram of panning laws, used to calculate the distribution of an audio asset amplitude

between two loudspeakers for a given virtual source location. The Linear law may be preferable when

mono compatibility is important. However, it can create a \hole-in-the-middle" e ect where virtual

sources placed directly between the loudspeaker appear quieter. The -3dB law compensates for this
e ect. The -4.5dB law o ers a compromise between these two approaches.
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However, this e ect varies between sound signals. For example, a dynamically panned voice will often
sound unnatural due to these timbre changes, but the same changes will not in uence our spatial
perception of a non-natural sound such as a synthesised sound e ect. Bolen attributes this phenomenon

to how tuned in the human hearing system is to speech [63].

Holman provides a more in-depth analysis of thistuning in e ect, highlighting the human ability to
extract the true timbre of a sound source by lItering out natural timbral changes associated with
localisation, such as those caused by spectral cues and acoustic room interactions [27]. In contrast,
when spectral cues vary unnaturally due to panning across loudspeakers, the listener is more likely to
notice them. In practice, this can mean that when a sound signal is panned dynamically from a front
loudspeaker to a surround loudspeaker it can appear to split in two spectrally [27]. Such complexities
are not accounted for by simple panning laws, hence, nal decisions regarding the spatial placement
and movement of sounds typically rely on the practitioner's subjective assessment. For example, it is
common practice to apply corrective equalisation to sources panned to the surrounds to better match

their timbral balance with frontal presentation [27].

Visual information also in uences auditory perception. For example, a clearly visible visual object will
anchor a sound. In the context of dialogue, this is known as thesentriloquist e ect [89]. In practice,
the ventriloquist e ect means dialogue does not necessarily need to be panned for us to perceive it as
emanating from an on-screen character. This is known as a multisensory integration illusion. Another
relevant illusion is the McGurk illusion [90]. If a person is shown on screen making a consonant sound,
but a di erent consonant sound is dubbed over the top, the observer will often hear the consonant

shown on screen. Hence, in this case, visual information perceptually dominates auditory information.

From an alternative perspective, some researchers explore auditory and visual crossmodal correspon-
dence. Crossmodal correspondence can be described as the extent to which audio and visual information
is deemed to match or be compatible. Hence, methods often ask participants to match sounds with
their most congruent image or video, or vice versa. Some studies in this area suggest that higher
vertical positions are associated with high-pitched tones, whereas lower-pitched tones are associated
with lower vertical positions [91,92]. However, the generalisability of this nding across di erent
cultures has been questioned [93]. Additionally, research on loudness and size indicates that softer
sounds are typically linked to smaller objects, whereas louder sounds are associated with larger ones
[94,95]. Moreover, crossmodal correspondence research has also shown relationships between colours,

shapes, and musical properties such as key and timbre. These ndings demonstrate the extent to



Chapter 2. Multichannel Film Soundtracks: Theories and Practices 35

which the interplay of the soundtrack and moving image in a Im-viewing context can create common

feelings amongst audience members of congruence or contrast.

Multichannel audio technologies can also be used to deliver reverberation to enhance the spatial
properties of the soundscape. As discussed earlier in this section, audio captured on a Im/TV set is
often dry. Arti cial reverbs can be added to create the illusion of space. These reverberation systems
generally convolve the sound signal with an impulse response (IR). This creates the impression that
the sound signal is placed in the space where the IR was recorded. In some cases, multichannel IRs
are used. In other cases, the audio engineer may choose to use stereo (2.0) or mono (1.0) IRs. As well
as recorded IRs, reverb software solutions sometimes use synthesised IRs and/or other algorithmic
approaches to deliver a more adaptable reverberation e ect. The process of adding reverberation is
less standardised than panning and the goal of its application is more complex. Hence, it is di cult to
discuss the technological considerations associated with its application. In a Im soundtrack, reverb
may be used incongruently for artistic e ect, congruently to create a sense of realism, or avoided to
improve speech intelligibility [96]. There are many other similar instances of this interplay between
real-world and musical spatial sound design. Adding bass to a sound signal can be used to create
a sense of spatial proximity or artistic viscerality. Similarly, amplitude adjustments can be used to

emulate distance, or to focus the listeners' attention on speci c important sounds (e.g. voice).

Another technical consideration associated with multichannel audio systems relates to bass management.
In many commercial systems, sub-bass frequencies for all channels are redirected to a single channel
that is reproduced by one or sometimes multiple subwoofers. This feature uses an audio crossover
to split incoming signals at a speci ¢ frequency, for example at 80 Hz with 24 dB/octave stop-band
attenuation. Consequently, the full-range channels no longer include signal components below the
crossover frequency. This means that the full-range drivers do not need to be capable of delivering
sub-bass, and can hence be better optimised for reproducing the rest of the audible frequency spectrum.
However, it also means that this low-frequency component of the entire sound eld emanates from a

di erent location to the remaining spectrum.

A subwoofer is often di cult to localise due to the diminished ILD associated with the long wavelengths

it produces and their interactions with the room. However, in some instances, subwoofers can also be
localised. For example, if reproduction artefacts that contain higher frequencies, such as harmonic
distortion or noise, are present [97]. Localising the subwoofer can lead to a distinct deviation from the
intended spatial properties of the soundtrack. Calibrating a subwoofer to allow each channel to deliver

a consistent sound pressure level (SPL) across all frequencies is another technical consideration for
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multichannel audio playback. Bass frequencies can interact with the acoustic environment to create
areas where certain frequencies are much louder or quieter, depending on the listener's position. This
is due to the presence of standing waves. In this context, a standing wave is a sound pressure pattern
formed by interfering wavefronts whose wavelengths align with the room's dimensions, leading to xed
zones of ampli cation (peaks) and cancellation (nulls). By employing careful subwoofer placement, it
is possible to manage these standing waves more e ectively, ensuring a smoother and more consistent
bass response throughout the listening area. This is sometimes referred to atacement equalisation

[98].

Beyond the methods described in this section, numerous alternative techniques exist for delivering
arti cial soundscapes with spatial properties, including proprietary approaches whose speci ¢ methods
may not be fully known or easily discernible. For instance, some software solutions may implement
new approaches such as volumetric audio panning and di usion [99]. Moreover, in many instances,
spatial properties are realised without precise technical consideration but instead through tinkering
and developing perceptually informed work ows on a case-by-case basis. As previously stated, the nal

decision regarding how a mix is made always comes down to the practitioner's subjective assessment.

2.5 Stylistic and Technical Considerations in Practice

The creation of any multichannel mix requires the balancing of stylistic and technical considerations.
This section investigates literature that discusses how these two aspects are balanced in practice.
Although the focus is on the Im industry, some literature associated with more general professional

sound design practices is also reviewed.

In 2021 Turner et al. found that many audio practitioners felt unsatis ed with the spatial mixing
software they had tried [100]. Notably, Turner discovered that many practitioners struggled to
manipulate the perceived sense of depth for sound signals. In many cases, practitioners opted to rely
on their perceptual apparatus (ears, sometimes in combination with eyes) instead of trusting these

tools [100].

\You basically use your own approximations, arbitrary gures that initially make sense,
but then you tweak it to trick your brain. OK, that sounds believable. OK, that works for

me. Even if [...] the gures [on the screen] not correct.” (Participant 3 from [100])
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However, this is not always the case. Natasha Barrett discusses how her musical compositions are
designed and encoded with audio asset objects placed within scenes | e ectively populating a virtual
environment with sound sources [79]. Subsequently, tweaks to spatial parameters or reproduction tools

used to recreate this environment are considered during the reproduction stage.

\Both object-based and scene-based approaches allow us to create spatial music without
needing to specify, nor in fact consider, the loudspeaker con guration at the outset. As
composers, we are liberated from loudspeakers (even if we once again depend on them in

performance!)." [79]

Barrett's approach of rendering on a case-by-case basis, at the concert halls she plays cannot be
applied to commercial media products designed for speci c distribution formats. Filmmakers must try

to quality assurance their soundtrack across a variety of audio presentations. Hence, stylistic vision
must always be compromised, to some extent, to allow for this translatability. Even in the case of
Gravity (2013) [46], a Im soundtrack that appears to be the epitome of e ective spatial sound design

[45,47{49,101], Hirschberg highlights how technical considerations in uence design decisions [63].

\They were able to move the dialog through the room because it moved slowly and locked
into the visual perspective correctly. It was also band-passed and futzed like a radio
transmission, which stands out to the listener's ear, and also helps hide the sonic shift
as the sound moves between di erent speakers that might have a di erent timbre due to

speaker size or tuning." [63]

In the special features of the 2006 Complete Dossier DVD release #fpocalypse Now (1979) Francis
Ford Coppola (Director) and Walter Murch (Re-recording Mixer) describe how they envisioned the
release of the Im being limited to one custom-built cinema [32]. Hence, avoiding the need to consider
the robustness of the theatrical soundtrack across variations in presentation. Coppola says, \They're
going to play the pictures on our terms, with our sound, the way we want to show it" [32]. Subsequently,
the then-head of Dolby, Loan Allen, discusses how many home theatres are poorly calibrated; with
the surrounds and subwoofer being turned up to highlight their presence as a mark of social status.
This is described, by Allen, as \not replicating the intent of the movie maker" [32]. Expanding on this
point, not all cinemas are the same, variations occur in audio ampli ers that may have been adjusted
by untrained sta (page 161-162 [44]), listener positions, and loudspeaker locations - to name a few

major factors. As described in the previous section, these a ect the quality of reproduction.
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This scepticism regarding the feasibility of delivering a robust aural experience across di erent
presentations is evidenced by the style of many multichannel soundtracks. Gibson [102] and Holman
[27] note that most 5.1 mixes are created with direct sounds in the front channels and di use ambience
in the rear channels. Investigating 10 Academy Award-nominated Ims from between 2000 and 2012,
H ier [103] suggests that xing the voice to the centre channel whilst occasionally adding some spatial
de nition using the left and right channels is the best practice for 5.1. This approach utilises the
ventriloquist e ect (see Section 2.4) and builds on a long tradition of delivering dialogue via a single
central channel. H ier also notes that non-diegetic music is almost always presented via the front
channels and that practitioners rarely opt for an \in the band" style. Moreover, he describes how
reverberant ambient soundscapes are the main assets placed in the rear channels, with occasional
sound e ects that describe o -screen events such as objects passing at speed. A rationale for this lack

of more extravagant forms of spatial sound design is also re ected in the following statement [63].

\Everything you mix in 3D, you have to mix down into the other sound formats, and the
more panning you do in 3D, the trickier it is to tin the 5.1 or 7.1 box. We have to keep in
mind that we want everyone to experience the Im in the same way." (This quote originally

appears in [63] and is attributed to Juan Peralta).

In 2023 Bourbon et al. performed analysis on 100 songs from a popular Apple Spatial Music playlist
[104]. The main means of listening to these songs is via headphones, however, in this case, the mixes
were decoded from Dolby Atmos to 7.1.4 for analysis. The results of the study show that many of
these spatial mixes are still forward-focused, with assets primarily being reproduced by the left and
right channels in the con guration. Reminiscent of Hoier's ndings from the previous decade [103], the
rear and height channels are primarily utilised for delivering ambience in the form of subtle layering

and reverberation [104].

The management and organisation of modern Im productions are also in uenced by the relationship
between artistic ambitions and technical limitations. Initially, dialogue, Foley, backgrounds, sound

e ects, and music are all balanced into a exible premix project that contains alternative and additional
assets. The director then checks the premix and provides feedback. This feedback is then used by the
Dubbing Mixer/Re-recording Mixer to create a nal mix in a specialist mixing environment, known as
the dub stage, which aims to replicate the acoustic environment of a cinema. They are then expected
to deliver a theatrical mix, often for multiple con gurations such as 2.0, 5.1, and object-based formats

such as Dolby Atmos. Subsequently, they will then have to create versions of the mix that meet
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varying loudness speci cations associated with online and physical format releases. Hence, the common
procedure in post-production may be described as mixing and remixing while iteratively addressing

creative and technical considerations’

Delivering the stylistic vision for the Im, within the technical limitations of the studio, whilst also
trying to ensure translatability to a range of possible playback scenarios is a di cult task. Resource
limitations add a further layer of complexity, for instance, Kerins describes how short deadlines lead
to the conservative application of spatial sound design (page 157 [44]). Idrovo also describes that
during the creation of Roma (2018), the Im-makers meticulously recorded innumerable individual
conversations with hundreds of voice actors so that they may deliver a detailed ambient soundscape
rather than the conventional blurry ambient \wala" of conversation [45]. Such an undertaking is not
feasible for most Im productions. To remedy these time and resource limitations, tools are developed.
Notably, many Immakers make extensive use of sound libraries. Moreover, rather than investing in
many di erent multichannel playback con gurations, tools such as Virtuoso can be used to virtually

recreate them binaurally [105].

2.6 Discussion

Some Ims implement spatial sound design highly e ectively, receiving widespread critical acclaim.
However, this feat is exceptionally challenging due to various limitations. Firstly, Immakers must
grapple with the constraints of the Iming process, ensuring the shot design aligns with their chosen
style (e.g. planning long shots or considering sound sources that may move on and o screen).
Secondly, the implementation of these spatial styles relies heavily on the resources available in the
sound department, both in terms of the available technologies and time constraints. Lastly, Immakers
must try to confront the daunting task of ensuring that these stylistic choices translate without any
major issues to a variety of playback scenarios. The complexity of balancing these considerations often
leads to compromises in the creative process, deterring many from embracing ambitious sound design

in their Immaking endeavours.

Even if a Immaker commits to being ambitious with their spatial sound design, it will not necessarily
enhance the viewing experience. Adhering closely to styles such as ultra eld or immersive continuity

does not guarantee critical acclaim, as there are inherent issues associated with delivering localisable

51t should be noted that this paragraph details just one general example of a soundtrack production, based on a web
article [84].
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0 -screen sounds. As described in Section 2.3, 0 screen sounds can be distracting or confusing. From
a perceptual perspective, sounds which do not emanate from in front of the listener are harder to
localise and cause us to move our heads to seek more information. Seeking visual information for

multisensory integration when it is not available can lead to frustration.

This frustration can be conceptualised as a narrative mechanism, induced by the forced perspective of
the camera in conjunction with the hidden diegetic space created by the soundtrack. Exemplifying
this use case isThe Zone of Interest (2023) [106], which won multiple awards for its sound design,
including an Academy Award for Best Sound [107]. In the Im, the daily life of a seemingly content
family unfolds beside a Nazi concentration camp, which remains entirely o -screen for much of the
runtime. The camp is rendered almost exclusively through spatialised sound: shouts, machinery, and
gun re heard over the garden wall. This frustration-building is not directly discussed in the literature
but may explain why numerous other unnerving and stressful war and action Ims are introduced
throughout this chapter as examples of innovative spatial sound design (e.gSaving Private Ryan
(1998 [51], Apocalypse Now (1979)[31], Joker (2019) [64]). In these Ims, sound design contributes to

tension by creating an unseen world that is clearly audible but visually withheld.

Many critically acclaimed Ims deliver direct sounds from the front loudspeaker, and only ambience
from all other available loudspeakers (e.g. behind, above) [103]. This style balances many of the
limitations described in the rst section of this chapter. It ts in with traditional shot design practices
and does not require sounds to be perceptually moved sounds about the auditorium. From a stylistic
point of view, the commonality of the approach suggests that the ambience must enrich the experience.
It also re ects the acuity of the auditory system, avoiding the situation in which audience members
become distracted or frustrated when trying to localise o -screen sounds Moreover, for this direct and
ambience style, the optimal listening region is a plane that bisects the screen and extends to the back
of the auditorium | assuming virtual sources are only placed between the front row of loudspeakers. If
virtual sources are distributed across a soundstage with no limitations within the horizontal or vertical
plane, this hypothetically reduces the sweet spot to a spherical region roughly equidistant from all
loudspeakers. Outside this region, the variable ITD cues will change the perceived location of a virtual

source due to trading.

81t should be made clear at this point that the ambience is mixed to be di use and reverberant rather than simply
perceived this way. Turning around in one chair would not suddenly render the ambience as no longer di use.
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In general, a higher channel count presentation appears to be theorised as providing a distinct set of
improvements. However, the magnitude of these improvements is unclear. From a technical perspective,
it allows for dedicated bass and dialogue (centre) channels. Moreover, a higher channel count generally
improves the spatial sampling of loudspeakers around the audience, allowing for more perceptually
precise virtual source placements and the enlargement of the diegetic space. Note that the term
channel countis used to describe the number of discrete channels for a given loudspeaker con guration
and audio le format combination. Hence, the term applies to both object-based and channel-based
audio presentations. For example, Lossless Dolby 7.1 has a higher channel count than Lossless Dolby
Atmos 2.0°. From another perspective, higher output channel counts enable the use of high-input-count
microphone arrays, reducing the need for downmixing and thereby preserving the spatial integrity of

recordings. This is particularly relevant to the recording and reproduction of orchestral Im scores.

2.7 Conclusion

The ongoing development of multichannel audio technologies (Section 2.2) drives the conceptualisation of
new Immaking styles (Section 2.3). These styles are not solely identi able through aural characteristics
but also visual ones. The underlying motivation for these styles is a desire to expand the diegetic space
into the auditorium, breaking the normative style of presenting a story behind the screen. However,
surrounding the audience with many spatially separated and dynamically moving sound sources,
similar to those seen on screen, is a stylistically complex task. Notably, sound presented o -screen
can be distracting. There are also signi cant technical limitations associated with executing spatial
sound design, many of which are inherent to our aural perception (Section 2.4). These limitations are
associated with both production and reproduction and are often compounded by time and resource

restrictions (Section 2.5). As a result, many Immakers do not adopt spatial Immaking styles.

Despite these limitations, the consensus established in this chapter is that audio presentations which
have higher spatial sampling and use dedicated channels for sound signals such as dialogue are generally
advantageous. In combination, these properties enable the e ective use of spatial sound design,
providing an experiential advantage. It should be noted that these are just two ways in which audio
presentation is hypothesised to in uence a Im viewing experience, as it is clear in the literature
that there are many other experientially important factors (e.g., speaker calibration, listener position,

program material).

"The audio le format names have been simpli ed here, for demonstrative purposes.
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In the context of the research question, the work described in this chapter leads us to conclude that the
e ect of variations in audio presentation on Im viewing experiences appears to be highly dependent
on the speci c media and playback context. It also appears that there is some consensus that a higher
channel count audio presentation has a generalisable benet to the audiovisual experience, as long as
the o -screen virtual sound sources are not distracting and the audience is positioned in theweet spot
of a properly calibrated system. In Chapter 3, a key term used to describe this bene t is investigated:

immersion.



Chapter 3

Understanding Immersion

3.1 Introduction

In Chapter 2, the creative and technical capabilities of multichannel soundtracks were considered.
In this chapter, the construct of immersion is explored as a means of conceptualising the impact of
audio presentation on Im viewing experiences. In Section 3.2 the idea of a psychological construct is
introduced and descriptions of cognition and perception are provided. In Section 3.3 the relevance of
immersion to this thesis is highlighted and then varying de nitions and interpretations of immersion
are presented. In Section 3.4 analyses of an immersion de nitions survey are reported, leading to the
synthesis of a working immersion de nition for use in this project. In Section 3.5, means of measuring
immersion using self-report methods are described | with additional prerequisite information describing
how such measures are designed and validated. In Section 3.6, the de nitions, interpretations, and
means of measuring immersion are discussed before the chapter is summarised and concluded in Section
3.8. Additionally, a study that was set aside due to various methodological shortcomings is described

in Section 3.7.

3.2 Understanding Psychological Constructs

Psychological constructs serve as conceptual frameworks through which we attempt to understand the
workings of the mind and various experiential states. These constructs often form the basis of more

complex models that aim to describe mental processes in structured and systematic ways. Within

43
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these models, constructs are frequently divided into subcomponents or subfactors, creating hierarchical
frameworks. Among the most widely accepted and utilised constructs in contemporary psychology are

perception and cognition, which are foundational to many theoretical and empirical inquiries [108].

The American Psychological Association (APA) de nes perception as \the process or result of becoming
aware of objects, relationships, and events by means of the senses..." [109]. It is perception which takes
in sensory information and interprets it to form our immediate understanding of the external world. It

is a well-established term within both historical and modern psychological literature. Note that in

Chapter 2 auditory perception is discussed.

The APA de ne cognition as \All forms of knowing and awareness, such as perceiving, conceiving,
remembering, reasoning, judging, imagining, and problem solving. Along with a ect and conation, it
is one of the three traditionally identi ed components of mind." [110]. Hence, cognition is a much
broader construct. Like perception, cognition is a core psychological idea that has been extensively
theorised and empirically studied. Its subcomponents interact dynamically. Hence, it is often unclear

whether a given phenomenon re ects a perceptual process or some other aspect of cognition.

This blurring of boundaries is particularly evident in models such as predictive coding, which has gained
prominence in both psychological and neuroscienti c literature. Predictive coding posits that the brain

is constantly engaged in generating and updating predictions about incoming sensory input based
on prior experiences. When there is a mismatch, known as a prediction error, between expected and
actual sensory data, the brain adjusts its internal models to better align with the external environment.
This process of continual model updating is not only central to perception but also deeply interwoven

with all other cognitive mechanisms [111].

3.3 De ning Immersion

Immersion is a psychological construct that has been considered by many researchers across a broad
range of domains. Audio researchers, including those already mentioned in Chapter 2, such as Idrovo
[45] and Kerins [44], as well as those working within di erent research domains often use the term
immersion. Notably, both Kerins and Idrovo suggest that creating immersion is the central aesthetic
aim of spatial sound design. However, despite its utility, it can be a confusing word as it is often

conceptualised di erently according to discipline, study or publication.
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Immersion has been used as a term for describing a gurative sense of involvement or absorption in a
task, experience, condition, or interest since the 1640s [112]. Since the 1960s, it has also been used
for conceptualising a pedagogy for learning foreign languages [113,114]. In the 1990s the term also
became associated with new virtual reality technologies [1}BL17]. These technologies may even be
credited with reintroducing the now common term immersive into the English language [11§ 120] (see
Figure 3.1). In a literal sense, immersion is de ned as the plunging of something into water, or some

other liquid [114].

The Iter model, as rst proposed in [6], provides a useful reference for exploring the varying de nitions

of immersion [5]. Conceptualised in this model are three domainsphysical sensory and a ective .
Audiovisual experiences start in the physical domain, with physical characteristics such as sound
pressure level or the number of loudspeakers being measurable objectively. Next, these physical changes
pass through a sensory lIter into the perceptual domain, where they can be described as perceptual
attributes that we sense such as loudness or envelopment. Finally, these perceptual attributes pass
through a cognitive Iter into the a ective domain, where they can be described as global measures
which we feel such as fear or enjoyment. Notably, immersion de nitions exist which frame the concept
in all three domains. A visualisation of this model can be found in Figure 3.2. Note that the Iter
model is a very simple model of the mind, which has solely been applied in the audio engineering

domain [5{7]. It has a limited scope and does not entirely align with the modern interpretation of

Figure 3.1: Usage of the wordsmmersive and immersion within literature archived by Google Books.
The graph shows relatively consistent usage of the term immersion since 1900, but negligible use of the
term immersive before 1990.
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cognition and perception discussed in Section 3.2, as it conceptualises them as two entirely distinct

processes (perceptual Iter and cognitive lter).

Figure 3.2: Diagram of the Iter model, useful for distinguishing experiential concepts. This model

aligns with the interpretation found in Agrawal and Bech's 2022 article discussing immersion in

audiovisual experiences [5], which is itself an adaptation of the model described by Zacharov and Bech
[6], which is based on work by Pedersen and Fog [7].

In most of the literature discussing immersion de nitions, the Iter model is not applied [5]. Instead,
researchers opt to explain interpretations of immersion through comparison with other constructs such
as ow and presence Presence is commonly conceptualised as the sense of feeling \really there" in
a mediated world, or similarly, the experience of being in one location while physically situated in
another [121]. Flow is de ned as a state of optimal experience characterised by complete absorption in
an activity, where individuals lose track of time and self-consciousness while feeling both challenged
and in control. The concept of ow was introduced and extensively studied by Csikszentmihalyi, who
described it as a key component of human happiness and intrinsic motivation. Unlike presence and

immersion, ow is always de ned as a positive \optimal" experience [122].

Immersion, ow, and presence are also regularly compared with other closely related constructs such as
engagementor involvement [123]. Such comparisons often take the form of integrating the constructs
into hierarchical frameworks. For example, Lee describes aimmersive experienceas comprising
physical presencesacial/self presence and involvement Here, physical presence is de ned as the sense
of “really being there' in a virtual environment, social/self presence is de ned as the sense of being
together and interacting with others, and involvement is de ned as being heavily involved (cognitively
absorbed in the story world [124]. Cognitive absorption is a construct that itself is de ned as comprising

subfactors ofdissociation, focused immersion heightened enjoymentcontrol, and curiosity [125]. This
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circular overlapping, where one construct is de ned in terms of others that are themselves de ned in

terms of the original, is common within the literature de ning immersion and related constructs.

It should be clear at this point:; literature associated with de ning, modelling, or comparing immersion

can be hard to navigate. Hence, to limit semantic complexity, immersion is discussed using as few
ambiguously related constructs as possible for the remainder of this thesis. Moreover, instead of
focussing on the nuance of frameworks for immersion, this thesis seeks solely to nd an agreeable
de nition. Following the work of Agrawal and Bech [5], the lter model is applied so that a broad range

of interpretations can be communicated by comparison with three distinct types of construct. As the
work in this thesis pertains almost exclusively to Im viewing experiences, only de nitions associated
with low-agency audiovisual experiences are documented. Immersion de nitions from gaming research
are not considered, as these are considered high-agency experiences, as the user can in uence the

unfolding narrative.

3.3.1 Immersion as a Physical Characteristic

In work describing experiences in virtual, computer-generated environments delivered through head-
mounted displays (HMD), immersion is sometimes applied to describe a property of a system capable of
replacing a subject's environment with a simulated world. In McKenzie's early (1992) and exploratory
work, the term immersion is interpreted as a de ning feature of a virtual reality system (VR),
encapsulating its ability to provide the audience with an inside-out, rather than the traditional
outside-in, perspective [126]. Subsequently, Slater advocated for a similar application of immersion as
a physical characteristic that can be measured objectively [127131]. In 2003, Slater expressed the

following proposition for immersion as a physical characteristic:

\Let's reserve the term \immersion" to stand simply for what the technology delivers
from an objective point of view. The more the system delivers displays (in all sensory
modalities) and tracking that preserves delity in relation to their equivalent real-world

sensory modalities, the more that is \immersive.™ [128]

Throughout Slater's work, presence is the chosen measure for assessing those technologies which he
describes as delivering immersion. In Slater & Wilbur's earlier, 1997 work, immersion is described
similarly as \objective and quanti able" and made up of the following four measurable characteristics

of a \computer display" [127]: inclusive, the extent to which physical reality is shut out; extensive the
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range of sensory modalities accommodatedsurrounding, the extent to which this virtual reality is
panoramic rather than limited to a narrow eld; and vivid, the resolution and delity of each sensory

modality.

Additionally, Slater & Wilbur describe immersion as being dependent on the level of matching between
sensory modalities, as in the extent to which body movement should be matched by appropriate and
low latency changes in the audiovisual display [127]. Kerins also appears to interpret immersion as

relating to the physical domain, based on his use of the worditerally in the following extract.

\The idea is that the audience is literally placed in the dramatic space of the movie,
shifting the conception of cinema from something to be watched from the outside|with
audience members taking in a scene in front of them|to something \to be personally expe-
rienced"|with audience members literally placed in the middle of the diegetic environment

and action." (page 130 [44]).

3.3.2 Immersion as a Perceptual Attribute

Perceptual attributes are used to describe physical changes, in terms of our subjective sensory experience.
When immersion is applied as a perceptual attribute, words such as spatial, perceptual, or sensory, are
often used in conjunction [115,117,132] (e.g. spatial immersion). Lombard & Ditton [133] synthesise an
understanding of immersion from earlier literature as a sensory experience and not solely the property

of a system.

\Perceptual immersion, \the degree to which a virtual environment submerges the perceptual
system of the user" [(Biocca & Delaney, 1995, p. 57)] [134], can be objectively measured
by counting the number of the users' senses that are provided with input and the degree to
which inputs from the physical environment are \shut out" (see [Kim, 1996]) [135]. Not
only immersive virtual reality systems but also simulation rides, IMAX theaters, and even

standard movie theaters can be said to immerse the senses of media users." [133]

Idrovo [45] similarly considers immersion to relate to a sensory experience. He applies immersion as an
attribute related to a higher-level perceptual attribute called spatial presence and a global measure

associated with the idea of narrative engagement.
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\In the context of this thesis, the concept of immersion is understood as the replacement of
\as many real-world sensations as possible with the sensations of a virtual environment"
(Mera, 2016, p. 92) [136]. Acoustically speaking, this means the recreation of the way
we hear in real life, where sounds reach our ears from all directions in accordance to the
position of the sonic sources in space. Immersion can thus enhance the sensation of spatial
presence in the diegetic world and thereby increase the levels of engagement with the Im's

narrative." [45]

Many researchers have explored human spatial perception within the context of audio engineering.
In some cases, the term immersion has been used within this domain. Notably, considering how
people describe auditory experiences, Francombe highlighted the similarity between immersion and
envelopment[137]. Envelopment commonly appears as a self-assessment attribute alongside others
such as localisation, width, and depth, within audio assessment questionnaires [138]. Within the
International Telecommunication Union (ITU) report \Methods for selecting and describing attributes

and terms, in the preparation of subjective tests", a lexicon of audio attributes is de ned. Within this

lexicon, envelopment is de ned as \Degree of being surrounded by a source, scene or ensemble." [139].

3.3.3 Immersion as a Global Measure

Global measures describe the a ective outcomes associated with our cognition of perceived events.
When immersion is applied as a global measure, it is often presented as relating to a sense of emotional,
and/or cognitive involvement in some characteristics of the media (e.g narrative, or challenge in
interactive experiences) [115,117,132,140]. Inlamlet on The Holodeck a book published in 1997
authored by JH Murray, a metaphorically informed interpretation of immersion as a global measure is

presented:

\The experience of being transported to an elaborately simulated place is pleasurable in
itself, regardless of the fantasy content. We refer to this experience as immersion. Immersion
is a metaphorical term derived from the physical experience of being submerged in water.
We seek the same feeling from a psychologically immersive experience that we do from a
plunge in the ocean or swimming pool: the sensation of being surrounded by a completely
other reality, as di erent as water is from air, that takes over all of our attention, our whole

perceptual apparatus” (pages 98 - 99 [141]).
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Within audio research, Agrawal developed an updated de nition for immersion, considering it to be a
global measure [140]. However, unlike Murray, Agrawal considers immersion an appropriate term for

describing experiences that do not start in the physical domain (e.g. dreams).

\Immersion is a phenomenon experienced by an individual when they are in a state of deep
mental involvement in which their cognitive processes (with or without sensory stimulation)
cause a shift in their attentional state such that one may experience dissociation from the

awareness of the physical world." [142]

A simpli ed version of the de nition above is included in two of Agrawal's subsequent publications

[143,144]. For both versions, the termnvolvement appears to be applied synonymously with immersion.

\Immersion, also known as deep mental involvement, can be described as being mentally lost
(absorbed) in the experience. Immersion is encountered when the experience is involving
and absorbs you mentally by capturing your attention. For example, immersion may be

experienced when reading a book, playing video games, watching a movie, etc." [143,144]

Kerins, however, appears to directly disagree with such interpretations of immersion, his view as

mentioned before is that the terms should be applied to describe a physical characteristic [44].

\This \immersion" is not the emotional or narrative involvement in a ctional world that

can happen totally within memory, nor is it a directly personal experience..." (page 130
[44])

3.4 Immersion Survey

The varied and often contradictory de nitions of immersion in the literature make it impossible to
select a single de nition. In response to this issue, a survey was conducted among individuals who fall
within the pool of participants for future studies in this project, aiming to gather their perspectives
on how the term should be de ned. From these responses, a working de nition of immersion for

application in this thesis was synthesised.
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3.4.1 Methodology

An online survey was distributed via email throughout the University of York, and via social media.
This survey was created using Qualtrics [145] and consisted of: an information form, con rmation of
consent based on a described use of data, a series of demographic questions, and the following two

guestions:

" Are you familiar with the concept of immersion, as in being immersed in media not in a liquid?

" How would you describe immersion, in the context of Film?

The immersion description data collected consisted of categorical (yes/no/unsure) answers to the
guestion: \Are you familiar with the concept of immersion, as in being immersed in media not in a
liquid?" and a short written response to the question, \How would you describe immersion, in the

context of Im?"

The second clause of the rst question was added to improve clarity and to avoid false positive responses
from individuals who believed the question referred to the literal form of immersion. Participants were
recruited, data gathered, and results analysed in line with the University of York Ethical approval
processes (Williams291121) (see Appendix A). This survey was part of an online study that has not
been documented in this thesis, testing the questionnaire documented in Chapter 5. In total, the
survey was completed by 36 participants. The survey respondents were all over 18 and prominently
under the age of 40 (75%), with a high proportion of males (64%). Almost all participants spoke
English as their rst language (89%) and 31 (86%) of the subjects were currently in higher education

or were university-educated.

The decision to omit the study was made as its aims do not align with the research question for this thesis,
which emerged after its conception. Speci cally, the study does not consider the psychophysiological
impact of audio presentation on Im viewing experiences. Moreover, the study had signi cant
methodological limitations. Notably, no clear hypothesis was included and the selection of stimuli
lacked proper consideration. The study aimed to deploy the questionnaire and make an exploratory
analysis of the responses. However, the use of repeated measures and the inclusion of only three short

Ims means that proper internal validity tests could not be performed.
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3.4.2 Analysis

Out of the participants, 27 of the 36 (75%) respondents indicated they were familiar with the concept
of being immersed in media, with 3 (8%) participants stating that they were unsure of the concept,
and the remaining 6 (16%) stated they did not understand the concept. The decision was made to
include all subjects' responses in the analysis, as there was a general consensus among all subjects

regardless of their self-assessed familiarity.

To analyse the responses, the text data was rst read through in detail and split into meaning
units: verbatim extracts from the text separated based on the points they communicated, commonly
encapsulated within a sentence or phrase. Once this preparation was complete, an analysis was
performed by the rst author of this study along with two fellow researchers. Initially, these researchers
were asked to familiarise themselves with the data. After this task was completed, a group session
was held to inductively generate codes relating to the meaning units. This was facilitated usingrello
[146], an online interactive list-making application, with lists being labelled with codes and associated

meaning units being placed within all relevant lists.

The researchers aimed to initially create a broad range of codes, often based on reoccurring (e.g.
involved, engaged), or concepts for which descriptions were agreed upon (e.g. transition). After this
process was completed, the codes were categorised creating a broader construct of abstraction. Note
that throughout the process the original text was referred back to so as to ensure the codes were
applied correctly, in the context of the original response, not just the meaning unit. This method was

in uenced by both Elo [147] and Bengtsson's [148] suggestions for familiarisation with data, coding,
creating categories, and then abstracting the categories into some construct. In Table 3.1, examples of
the coding process are presented. The taxonomy of categories and codes developed, descriptions for
each and values representing the number of respondents who were deemed to communicate each idea

are presented in Section 3.4.2 and visualised in Figure 3.3.
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Figure 3.3: Visualisation of the qualitative content analysis of survey responses.

3.4.2.1 Technology

This code was not placed in a category and contains responses associated with speci c technologies,
notably virtual reality and augmented reality. This interpretation was re ected in the responses of 3

(8%) participants.

3.4.2.2 Emotion

This code was not placed in a category and contains responses associated with a sense of emotional
connection to the narrative or characters. This interpretation was re ected in the responses of 4

participants (11%).
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Text Response Meaning Units Codes Categories
Being completely Completely Intensity

\Being completely captivated

captivated and taken Attention Towards | Attention

into the world of the Im" taken into the world
of the Im Transition Placement
The user engages with

\The user engages with the the story mentally Attention Towards

story mentally as if Attention

he/she/they would enter enter that reality Transition

that reality and leave the Placement

physical reality behind them" | leave the physical reality | Dissociation
behind

\the stronger the immersion, The strpnger the Scaled Intensity

. immersion

the more intense these

emotions become” : Emotion Emotion
Intense emotions

Table 3.1: Table showing some of the responses to the question: \How would you describe immersion,
in the context of Im?", split into meaning units, coded, and then placed into categories. All of the
responses can be seen in Appendix B.

3.4.2.3 Intensity

This category contains two codes: Completely Scaled These represent responses that infer that
immersion is an intense, possibly binary, psychological phenomenon, or that immersion is scaled and
varies in intensity, respectively. This interpretation was re ected in the responses of 8 participants
(22%) for the Completely code, and 5 participants (14%) for the Scaled code. As these codes are
independent, a total of 13 participants (36%) were interpreted as referring to thelntensity of immersion

in this analysis.

3.4.2.4 Attention

This category contains two codes:Positive Attention and Dissociation. The rst of these codes is
associated with responses which use words such as “attentive', ‘engaged’, "engrossed’, "captivated'
or “focused' to describe a positive feeling of attention towards the content. It should be noted that
the term positive here is used to mean direction of attention towards the media, as well as some
generalised association between the terms used and a desirable experienBessociation relates to
meaning units associated with a lack of attention toward one's surroundings and real-world concerns.

The Positive Attention code was re ected in the responses of 17 participants (47%), anBissociation
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in 15 participants (42%). In total, 23 participants (64%) were interpreted as conceptualising immersion

in a way related to the Attention category.

3.4.2.5 Placement

This category contains four codes:Involved, Surrounded Inside, & Transition. Involved relates to
responses which use the term involved or close synonyms relating to feeling part of the ImSurrounded
relates to being surrounded by the media in your environment,Inside relates to a feeling of being
surrounded by the mediated world, and Transition relates to responses which re ect the idea of being
transported from the real world into the mediated one. These were categorised together as they relate
to an idea of Placement either being placed within the media, or the media being placed around
you. The Involved code was associated with 8 responses (22%gurrounded was associated with 2
responses (6%),Inside with 4 responses (11%), andTransition with 5 responses (14%). In total,
19 participants (53%) were interpreted as conceptualising immersion in a way related tdPlacement
Putting the Involvement code in this category is based on the interpretation that being “placed within'

is a similar descriptor to being “involved', in the context of Ims due to their low agency nature.

3.4.2.6 Synthesising a De nition

The working de nition “placing one's full attention within the Im world' is synthesised from combining
the labels for the three main categories of description found through the qualitative content analysis:

Placement Attention, and Intensity as shown in Table 3.1.

3.5 Measuring Immersion

As well as trying to de ne immersion, many researchers also aim to measure the construct. The
frameworks associated with immersion de nitions and questions used in immersion questionnaires are
one key way in which these two aims interrelate. In this section, and henceforth in this thesis, the
terms features and models are used to further examine research instruments. The term feature refers
to a speci c measurement that is experimentally obtained (e.g., a quality rating scored out of 5). The
term model refers to the statistical approach used to analyse and evaluate a feature or set of features

(e.g., a t-test or correlation metric). These terms are far from ubiquitous and are more closely aligned
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with the language of computer science rather than social science. This prescriptive use of the terms
“feature’ and "‘model' is motivated by the need for a clear and simple way of breaking down a wide and

variable set of research instruments.

In Section 3.5.1, background is provided regarding types of self-report features, their limitations and
how they are validated. This provides the prerequisite knowledge for understanding Sections 3.5.2
and 3.5.3. These sections describe the research developing immersion self-report features and studies
investigating how changes in audiovisual presentation in uence audiovisual experiences. The scope of
Section 3.5.2 is de ned to help gain an alternative perspective on how to address the research question
at the centre of this thesis, from outside of established audio research. Note that the term audiovisual
presentation is used here to de ne any combination of changes to audio presentation (e.g., di erent

loudspeaker con gurations) or visual presentation (e.g., bigger screens or darker rooms).

3.5.1 Self-Report Features

Self-report features are derived from participants' self-reported feedback. Open-response questions are
one form of self-report feature, which can provide highly detailed experiential descriptions. However,
such data can be hard to quantify into numerical features [149]. Hence, in psychophysiological research,
features derived from questionnaire responses are more common. Questionnaires can have a varying
number of items that can be used to generate a varying number of features, often referred to as factors
or sub-factors. Item responses can be recorded using various scales, including Likert scales (anchored
discrete 5-point or 7-point), continuous scales (high-resolution scales with or without anchors), or

graphical scales (visually anchored discrete or continuous).

An example of a pictorial scale used to assess emotion can be found in Figure 3.4. This particular
technique is called the Self-Assessment Manikin (SAM). The measure captures valence (pleasure
to displeasure), arousal (calm to excited), and dominance (controlled to in control) [8]. The SAM

is especially useful in studies where verbal descriptions might be limiting or where cross-cultural
applicability is important. Note that the SAM is used in one of the studies documented in Section

3.5.3 [150].

Questionnaires are a well-established and hence easy-to-execute approach in terms of both deployment
and analysis [149]. Researchers generally prefer to utilise existing questionnaires, as they provide
self-assessment features that can be compared across studies and can save time and e ort. However,

when no suitable existing questionnaire is available for a speci ¢ research question, a novel questionnaire
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Figure 3.4: Screenshot taken from [8] showing the SAM [8], a means of evaluating emotion using a
pictorial scale.

may be created. The decision to create a new questionnaire involves consideration of the trade-o
between alignment with the speci ¢ research goals and the comparability and validity of the construct
being measured. Hence, in many instances, existing questionnaires are adapted to better t a research

context [149].

Negative aspects associated with some questionnaires include sensitivity to demand characteristics and
social desirability bias [149,151,152]. Demand characteristics are indications of the experimental goals
that in uence the participant's behaviour. Social desirability bias is the tendency for people to present
themselves in a way deemed favourable to the investigators. In some instances, the construct validity
of a questionnaire may be a ected by interpretability or survey length [149]. For example, a long and

complex self-report process may cause participants to respond dishonestly [153].

The validation of self-report features is essential to ensure they reliably and accurately capture the
intended construct. This process often begins with establishing content validity, where the items or
prompts used to generate self-report data are reviewed by experts to con rm they re ect the full scope
of the concept being measured. Construct validity is then assessed to determine whether responses
align with theoretical expectations, commonly through statistical methods such as factor analysis.

Criterion validity may also be considered by comparing the self-report features being developed to
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existing features which are believed to have good validity. In addition, reliability is examined to ensure
that self-report features provide consistent results over time (test-retest reliability) and internally

across items (e.g., via Cronbach's alpha [154]) [155].

3.5.2 Immersion Self Report Features

The Film Immersive Experience Questionnaire (IEQ) [156] is a questionnaire for measuring immersion
in low-agency audiovisual experiences such as viewing Im and TV media. The questionnaire is an
adaptation of Jenett et.al's IEQ [157], a validated and widely used self-assessment survey for gaming
experiences. In the original IEQ, items were sourced and adapted from Brown & Cairn's grounded
theory study [158], as well as a questionnaire for assessing Cognitive Absorption (CA) - de ned as \a
state of deep involvement with software” [159]. The approach taken by Rigby et al. in developing
the Film IEQ was to adapt each question in the IEQ, making them relevant to TV and Im viewing
experiences. The 31-item questionnaire was then completed by 414 participants, based on the last Im
they watched. Analysis revealed good internal validity, once 7 items had been removed [156]. The

guestionnaire uses a continuous scale with word anchors at either end of the scale.

The subfactors of the Film IEQ, made up of groups of questions that participants respond to similarly
as assessed using factor analysis, are given the following labetsptivation, real-world dissociation,
comprehension and transportation. Captivation is assessed using twelve items and is described as
\regarding the viewer's enjoyment, how interested they were, and their motivation to watch" [156].
Real-world dissociation comprises three items, and is described as: \regarding how much the viewer
was aware of their real-world surroundings” [156]. Comprehension comprises four items, \asking about
how well the concepts and themes of the video were understood” [156]. Transportation comprises the
remaining ve items, which aim to capture \now much the user felt like they were experiencing events
for themselves, and how much they felt they were located in the world portrayed in the video" [156].

These de nitions do not come from established publications but are instead created by the researchers.

The validation study included in the original Film IEQ publication was a repeated-measures study,
deploying the well-supported hypothesis that bigger display screens lead to a greater sense of presence
[160,161] and attention [162]. Speci cally, the hypothesis stated that the same content viewed on a
larger screen would deliver a greater score within the relevant factors of the developed questionnaire,
as well as a greater overall score. 19 subjects were asked to choose a Im on Net ix that they had not

seen before, and then watch three 10-minute clips sequentially on three devices: a phone (4.5"), laptop
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(13"), and monitor (30") with sound being delivered through headphones for each condition. After
each clip, subjects were asked to Il out the Film IEQ questionnaire. In analysing the results of the
study, the increase in overall immersion score, calculated by adding up the response to each item, was
deemed statistically signi cant between the monitor and phone, laptop and phone, but not monitor
and laptop. However, the only statistically signi cant increase in subfactor between devices was found

in the comprehension factor, when comparing the monitor to the phone condition.

The Independent Television Committee Sense of Presence Inventory (ITC-SOPI) is another question-
naire that allows for the assessment of audiovisual experiences, such as TV and Im viewing [163].
Although the target feature of this self-assessment questionnaire is labelled as presence, there are
clear similarities between the factors of this questionnaire and immersion conceptualisations. This
guestionnaire has been deployed in humerous studies and aims to allow for the assessment of both
interactive and non-interactive experiences. Within the associated 2001 publication outlining the
development of this questionnaire, 63 items are initially sourced from \theoretical and empirical papers"
[163]. These items were agreement statements, responded to using a ve-point Likert scale ranging

from 1. strongly disagree to 5: strongly agree.

The validation study for the ITC-SOPI involved 604 participants and compared experiences across
media such as IMAX Ims, video games, and standard cinema [163]. Analysis revealed good internal
validity and reliability, once nineteen questions were removed. The overall questionnaire is modelled
as four subfactors, sense gbhysical space(19 items), engagement(13 items), ecological validity (5
items), and negative e ect (6 items). Each of these subfactor titles is de ned within the publication,
based on the combined meaning of the associated items. Sense of physical space is de ned as being
closely related to a common interpretation of presence/immersion as a spatial sense of being there. The
engagement subfactor is de ned as a feeling of enjoyment and psychological involvement. Ecological
validity is de ned as the extent to which the mediated environment is perceived as lifelike or realistic.
Negative e ects are de ned as adverse physiological reaction (e.g., hausea). The study concluded that

each subfactor, as well as the overall presence score, was sensitive to media type (e.g., games, Ims).

Alongside questionnaires and some prospective physiological features, immersion has been measured
using a single self-assessment item in some cases. Agrawal used this approach, asking participants to
rate how immersed they felt on a continuous scale | anchored at each end by the words not immersed
and fully immersed. Prior to self-assessment, they were given a de nition of immersion that equated
it to a \deep sense of mental involvement" [143]. No major validation study has been published for

this speci ¢ method. However, Reysen used a similar single-item immersion assessment approach in
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a series of studies, totaling 2363 participants. In this case, no prior de nition was provided. The
self-assessment question prompted participants to what extent they agreed with the statement \I
felt completely immersed" [164]. This research evaluated criterion validity and reliability, suggesting

adequacy in both areas.

Other authors have developed novel immersion questionnaires for their speci c project [132, 165, 166].
Motivating this action is the belief that there is no adequately validated immersion questionnaire that
would be e ective for their project. Note that the ITC-SOPI is technically a presence questionnaire,
the single-item approach has only recently been considered in 2019 [164] and 2022 [5], and the Film
IEQ was only published in 2019 [156].

3.5.3 Self-Report In uence of Changes in Audiovisual Presentation

Numerous studies examining the in uence of audiovisual presentation on audience experience have
explored the impact of technical variations in channel-based sound systems. Lessiter et al. [167]
found that presence, measured using the ITC-SOPI, increased with the addition of a dedicated bass
channel, but not with an increase in the number of full-range channels. Zielinski et al. [168, 169]
demonstrated that downmixing and Itering can signi cantly decrease basic audio quality, assessed
using a single-item assessment method. Lipscomb et al. [166] found no signi cant di erence between
stereo and 5.1 presentation mode for music, but a tentative increase in \immersiveness" for Im clips.
In this case, immersion was assessed using a novel set of items associated with audio-centric attributes

such as arti cial, complex, di use, expansive, full, immersive, intimate, and natural.

Considering object-based formats, Oramus et al. [170] showed that participants did not perceive
Dolby Atmos delivered via a 40 loudspeaker con guration as signi cantly more immersive, dynamic,

or having better localisation or audio quality compared to a 5.1 con guration, using a novel ten-item
questionnaire. Similarly, Agrawal et al. [143] found no signi cant di erence in immersion between
groups experiencing Im clips presented with di erent channel count versions of the soundtrack,
comparing Dolby Atmos 7.1.4 to channel-based 2.1 and 5.1. However, in a separate within-subjects
study reported in the same publication, they found that subjects self-reported as feeling a greater
sense of envelopment when the soundtrack presented had a higher associated channel count, but not
for all the Im/TV clips tested. In these studies, both envelopment and immersion were measured
using a single-item magnitude estimation assessment based on attribute de nitions provided to the

subjects prior to the session.
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In terms of studies using headphone-based playback, Cuadrado et al. [150] assessed the di erence in
audiovisual experiences for the same 3-minute video when presented with either a binaural version
of a 5.1 mix or a two-channel mix. The results of the study showed an improvement in listening
comprehension and suggested a more intense emotional impact for the binaural 5.1 group compared to
the two-channel group, as assessed using a memory recall test and SAM [8] respectively. In this study,
the term immersion is used to describe the di erence in system characteristics between the two audio

presentations.

Using a combination of synchronous headphones and loudspeakers, McGill et al. [171] measured
the e ect of audio presentation scored using the transportation subfactor from the Im immersive
experience questionnaire (Film IEQ) as well as single-item assessments of enjoyment, spatial realism,
clarity/quality, attention to the dialogue, and ranking. All measures were found to be higher when the
TV audio was accompanied by the headphones, which were built into the arms of a pair of glasses.
The top-rated condition played the same stereo audio signal through the headphones and loudspeakers.

Notably, no headphone-only condition was included and object-based formats were not utilised.

Petrea and Lee conducted a study considering how room acoustics in uence Im viewing experiences.
The 20 study participants were divided into either the convergent or divergent group and exposed

to a binauralised 7.1.4 multichannel Im excerpt that contained either matched or unmatched room
acoustic cues [172]. The study took place in a room representative of a domestic living space. The
unmatched acoustic cues were generated using measurements made in a critical listening room. Overall,
these conditions represent a novel playback scenario where the viewer wears headphones while viewing

a screen situated 180 cm away.

For stimuli, Petrea and Lee [172] used a 7-minute excerpt fromDune (2021) [173]. This Im clip was
chosen because it was thought to make good use of the 7.1.4 con guration, in terms of spatial sound
design, and to t within time constraints associated with booking the research facility. The stimuli was
also deemed to have a suitable narrative. The author describes the clip as a \a suspenseful excerpt",
and states that \any potential narrative confusion, due to lack of prior knowledge was addressed
through pre-testing brie ngs" [173]. To evaluate the experience, the Film IEQ was combined with an
additional 14 items associated with auditory attributes. No signi cant di erence between the groups
was found for the total Film IEQ score, or any of the subfactors considered including the auditory

attributes.
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Considering visual presentation, Rooney conducted a related study, assessing the experiences of 225
audience members who had just watched the ImThor (2011) [174] at the cinema, with either 3D or

2D visual presentation [175]. Viewers in the 3D condition reported a higher level of perceptual realism
and lower levels of distraction during the Im compared to those in the 2D condition. Despite this,
there was no signi cant di erence in terms of self-reported emotional arousal or overall satisfaction

with the experience between the two groups.

Bjorner et al. deployed a novel questionnaire in a study which implemented distractions in an attempt
to decrease viewers' involvement while viewing a 15-minute-long 3D animated Im, through employing
visual distraction events [165]. The ndings of the study highlighted the large interpersonal di erences
in how the subjects reacted to the distraction events. This leads the authors to conclude that distraction
may not be the best means for manipulating immersion. The authors also state that the results suggest
subjects can reach full immersion even when external distractions are present. In total, 38 participants

were included in the sample.

Kara et al's conference paperThe Label Knows Better [176], as well as their follow-up journal article
[177], explore the hypothesis that product labels (HD and UHD) in uence viewers' perceived quality

of video content. The experiment used a direct comparison method, presenting 30 participants with

8 combinations of upscaled HD and UHD videos with varying labels, including animated and real
footage. Two rating scales were employed to assess the comparative quality between pairs of clips,
considering if the second clip was better or worse than the rst. The conclusion provides insight into

the signi cant in uence of cognitive bias on the outcome of studies comparing presentation modes.

\We can conclude that { at least in our test { it does not matter if people actually see a
switch from HD to UHD or are just told that there is one: they will rate it in the same

manner." [176]

Considering both audiovisual presentation holistically, studying the di erence between watching feature
Ims at home and in the cinema, F@ber and Thomaschke's research suggests that cinemas lead to
a stronger emotional experience and a more favourable judgement of the media [178]. Emotional
response was assessed using a 42-item questionnaire called the AESTHEMOS (Aesthetic Emotions
Scale) [179], and overall judgement was measured on a 10-point scale anchored at either end with
the phrases “worst Im ever seen' and "best Im ever seen'. These conclusions were drawn from a

study which had a sample of 83 participants and used a single Im:Von Komischen Vegeln (2017)
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[180]. A pilot study was used to select this Im as it had low variance in self report features between
participants, was relatively unknown, meaning it was unfamiliar to audiences, and was suitable for

assessment with the aesthetic emotion scale (AESTHEMOS) questionnaire [181].

Overall, these studies highlight the complex relationship between audio presentation and audiovisual
experience as well as the lack of consistent methods for testing immersion. Kerins argues that the
ability to directly compare di erent audio presentations and the inconsistent choice of stimulus material

used negatively impact the ecological validity and generalisability of the research outcomes [182]. The
only study described in this section that has heeded Kerins's critique, by using longer commercially
available extracts in a relatively naturalistic condition where participants are not made aware of the

multiple audio presentations, led to inconclusive results [143]. Note that this study also considered

immersion as the target variable, measuring it using Agrawal's single-item approach [144].

3.6 Discussion

The term immersion is commonly used to describe audiovisual experiences and spatial sound design,
particularly by Kerins [44] and Idrovo [45]. However, there is no consistent de nition or agreed means
of applying this concept. Within this research, and elsewhere, opinions are divided as to whether it
is a system property, a perceptual attribute, or a global measure. Moreover, many of the de nitions
provided are complex and hence unlikely to align with the opinions of an experimental sample. Hence,

it was decided that there was a clear need for a working de nition of the term for this thesis.

The descriptions provided by this sample of participants appear to re ect an interpretation of immersion
as placing one's full attention within the Im world'. The descriptions also suggest that emotional or
empathetic response is not commonly considered to be a de ning aspect of immersion in Im. Based
upon this consideration, it was conceived that immersion is the process of being, or becoming, involved
in the Im rather than any speci c emotional outcome of experiencing it. However, it is clear that the

term is ambiguous, as 25% of subjects stated that they were “unfamiliar or unsure' of the concept.

A recurring theme in the literature is that technologies which physically surround us are particularly
e ective at enhancing the potential level of narrative engagement experienced by the viewer. Considering
the Iter model interpretation, this theme links the ideas of immersion as a physical characteristic,
perceptual attribute, and global measure. An audiovisual experience may start in the physical domain,

with audio emanating from a set of loudspeakers placed around the audience. These sounds may then
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be perceived as enveloping, and this envelopment may lead to a feeling of immersion. This simpli ed
explanation helps to join the dots between many ideas associated with the term immersion described
in this chapter. However, it is worth noting that a feeling of immersion may increase or decrease in a
variety of alternative ways | for example, based solely on the interest of the viewer in the unfolding

narrative themes.

Considering the synthesised de nitions' compatibility with the self-report features described in 3.5,
there is no clear misalignment. Reysen simply asks if participants are immersed [164], Agrawal asks the
extent to which participants felt deep mental involvement [142], and the subfactors of the ITC-SOPI
[163] and Film IEQ [156] are all well associated with a feeling of “placing one's full attention within the
Im world'. Comprehension (Film IEQ) and negative e ects (ITC-SOPI) are not directly referenced in
the de nition but are interpretable as prerequisites to feeling immersed. Without understanding the
mediated world, it is di cult to maintain attention. When feeling negative e ects, such as nausea or

headaches, attention is naturally drawn back towards the real world.

There are some validity concerns for the self-report immersion features described in Section 3.5.2.
From the work presented in this chapter as a whole, it is clear that the term immersion is not
universally agreeable or understood. With Reysen's method [164], and to a lesser degree, Agrawal's
[144], participants may be assessing their experience based on varying interpretations of the construct.
There are also issues regarding the validity of the Film IEQ and ITC-SOPI for evaluating the feeling

of immersion elicited during Im viewing experiences. The Film IEQ [156] has not been tested for
reliability, and the ITC-SOPI is intended as a measure of presence [163] | which raises construct
validity concerns. Overall, these concerns can be described as a divergence from the best practices
introduced in Section 3.5.1. This shows that there is scope for the development of a new or adapted

immersion questionnaire.

Many of the studies described in Section 3.5.3 focus on assessing hypotheses linking a higher channel
count presentation to either a global measure associated with a preferable experience (e.g. immersion)
and/or a set of desirable spatial perceptual attributes (e.g. envelopment) [143, 150, 167171, 178].
However, overall, the results suggest that any e ect is negligible or not measurable using the applied
method. This may potentially be due to the lack of physiological features used in these studies. Notably,
also, none of the studies hypothesise that a higher channel count may have a detrimental experiential

e ect, despite this being a theme within the discourse presented in Chapter 2 (Section 2.3). Moreover,

none of the studies consider the di erence between a solely object-based and channel-based version of
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a soundtrack. Instead, where considered, object-based formats are used as a means of increasing the

channel count beyond 7.1 [143,170].

3.7 Undocumented Study

As mentioned in Section 3.1, and shown in Appendix A, the immersion survey was packaged with
a proceeding online study. This study distributed the questionnaire documented in Chapter 5, to
participants viewing three short Ims delivered via YouTube. Participants viewed the Ims in a
random order. They were prompted to sit in a quiet space with the screen set to 1080p. The type of
headphones they were using was documented, alongside generic demographic information. After each

Im, they lled out the questionnaire used in Chapter 5.

The outcomes of the study showed that the questionnaire item responses were intercorrelated, a nding
which is also presented in Chapter 5. The study also showed that the responses to the questionnaire
varied between Ims. A major limitation of this study was the lack of a clear hypothesis. All the
analyses conducted were exploratory, which presents issues associated with data dredging (see Chapter
4, Section 4.2.2). Another major limitation of the study was the lack of media selection criteria; the
Ims were all dark comedy/horror genre, but there was no clear rationale for this. Overall, these
shortcomings helped inform subsequent research within the project, highlighting the need for greater

rigour when planning practical work.

3.8 Conclusion

Immersion is a term used by many researchers. For example, Idrovo and Kerins, whose work is
particularly prominent in Chapter 2, use the term to encapsulate the central aesthetic aim of spatial
sound design [44,45] (Section 3.1). However, immersion is not a well-de ned construct | it is often
accompanied by a variety of interpretations and lengthy de nitions (Section 3.3). Within these
interpretations, there are various common themes, such as feeling or being surrounded and feeling
attentive and engaged. However, the disagreement within the literature means there is no existing

agreeable de nition.

To obtain a de nition for use in this thesis, an immersion de nition was synthesised using data from a

survey (Section 3.4). This de nition, "placing one's full attention within the Im world', is considered
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to be a global measure that combines a feeling of spatial and cognitive involvement. Applying the Iter
model, audio presentation sits within the physical domain and the feeling of immersion may hence be

described as being a ected by the audience's cognitive Iter as well as their perceptual lter.

There are some established means of measuring immersion using self-report features (Section 3.5.2).
However, there are concerns regarding the validity of these approaches. This may help to describe
the lack of consistent support for the hypotheses tested in the empirical work documented in Section
3.5.3. Hence, whenever immersion self-report methods are considered, the suggestion is presented
here to explore validity analysis whenever feasible. Despite variations in immersion de nition, the
approaches for measuring immersion documented in Section 3.5.1 do not conceptualise immersion in a
way incompatible with the de nition and understanding of immersion as a global established using
the survey. Hence, returning to the research question, this de nition helps discuss the e ect of audio
presentation on Im viewing experiences, both in original and existing empirical work. Therefore,
throughout the remainder of this thesis, whenever the word immersion appears without a specic

de nition, it can be considered to mean placing one's full attention within the Im/mediated world.

Chapter 4 introduces psychophysiological methods. These methods are considered a viable means
for improving the sensitivity of research instruments, to allow for greater insight into any true e ect

of audio presentation on Im viewing experiences. This allows the comparison of practical ndings
with the primarily theoretical literature described here. It also provides a foundation for the further

methodological developments described in chapters 6 and 7.



Chapter 4

Playback Scenarios and Immersion:

Psychophysiological Investigations

4.1 Introduction

In Chapter 3, the concept of immersion was considered in depth. This included a review of empirical
research associated with measuring immersion, using self-report features. This chapter builds on
this review by introducing psychophysiological methods and highlighting relevant psychophysiological
studies associated with the research question. In Section 4.2, prerequisite information describing
psychophysiological research methods is presented. Section 4.3 reviews empirical studies associated
with measuring immersion and related constructs. In Section 4.3, studies considering the in uence
of variations in audiovisual presentation on audiovisual experiences are described. Sections 4.4 and
4.5 provide discussion and conclusions, which are foundational to the practical work described in

subsequent chapters.

4.2 Psychophysiological Methods

Psychophysiological methods is a term used to describe a broad range of research techniques that
consider the interrelation between psychological phenomena and physiological activity. Within this
thesis, the term is used to describe hypothesis-testing methodologies that capture and analyse phys-

iological data as a means of gaining insight into a subject's experience. Such methods build upon
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existing research techniques, and hence, understanding psychophysiological instruments requires an
understanding of more established instruments. The term “instrument' is used here, as in research
instrument, to encompass the tools and techniques used within some associated study design (e.qg.,

within-subjects, between-subjects).

A variety of criteria should be considered when choosing a study design and research instrument so
that the study hypothesis may be e ectively addressed. These criteria are partly introduced in Chapter

3: construct validity, criterion validity, internal reliability, test-retest reliability. Examples of other
criteria include ecological validity and power. Ecological validity describes how well ndings generalise
to real-world settings. This concept is highly relevant when considering data acquisition using sensors.
Power refers to the probability that a study will detect an e ect when there is an actual e ect to be
detected. If a research instrument has low statistical power, an alternative study design with a larger
sample size may be required, or manipulation of the independent variable may be necessary to create
a conclusive e ect. Alternatively, additional data may be captured to quantify confounding variables.
This relates to a common feature design practice, where di erence scores are generated using baseline
comparators [152]. For example, change in reaction time, mood, or heart rate may be considered as a

feature to reduce interpersonal confounding factors (e.g. health).

4.2.1 Physiological Features

Common types of sensors used in psychophysiological research include: electroencephalograms (EEGS)
for monitoring the brain; electrocardiograms (ECGs) for monitoring the heart; galvanic skin response
(GSR) sensors for monitoring sweat production; and cameras for monitoring face, eye, and body
movements [152,183,184]. Generally, these inputs are used to record data that is then Itered and
truncated to remove unwanted aspects | commonly described as cleaning the data [183]. Features
extracted from these cleaned signals include brain waves, heart rate, skin conductance, and gaze
location. Complexity is sometimes added by considering more nuanced characteristics of physiological
signals and encapsulating these into summarising statistics, such as the number of gaze xations or
heart rate variability. Many of these features are well-established means of measuring associated

psychological constructs. In Table 4.1 some such features are described.
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Table 4.1: A non-exhaustive list of physiological features used in psychophysiological methods
research.

Feature Association with Psychological Construct

Galvanic Skin Response (GSR) Increases with emotional arousal and stress. [183]

Heart Rate (HR) Increases with excitement and stress [183]. Decreases with atten-
tion, especially during "orientation' within 10 seconds after the
onset of attention-drawing stimuli. [185]

Heart Rate Variability (HRV)  Decreases with stress and increases with relaxation. [186]

Pupil Dilation Enlarges with emotional arousal and cognitive load. Increases with
attention, especially during “orientation'. [185]

Blink Rate Decreases with increased concentration and focus. [183]

Saccade Rate Varies with cognitive load and information processing. Increases
during visual scanning of new stimuli. [185]

Movement Decreases with increased engagement or attention. [183]

Respiration Rate Increases with stress and emotional arousal. [186]

Facial Expressions Certain facial expressions or actions communicate emotions (e.g.
smiling happiness).

Voice Pitch Variability Increases with emotional intensity and stress. [186]

Speech Rate Increases with anxiety, and decreases with depression. [183]

Voice Loudness Increases with anger or joy, decreases with sadness. [183]

One of the less intuitive feature names listed in Table 4.1 isaccades Saccades are rapid eye movements
between xation points, typically obtained using a specialised eye tracking system [187]. The table
also referencedacial actions, which should not be confused with broader emotional expressions like
smiling or frowning. The most widely used method for measuring facial actions is Ekman's Facial
Action Coding System (FACS), which de nes 46 anatomically based muscle movements to objectively
guantify facial behaviour [188]. FACS uses a ve-level intensity scale, where 1 (or A) denotes a barely
perceptible movement, and 5 (or E) represents a highly intense and easily recognisable facial movement.
To identify speci c expressions, FACS relies on Action Units (AUs): individual or grouped muscle
actions that correspond to distinct facial behaviours. A selection of AUs can be seen in Table 4.2. To
measure AUs, an automatic FACS can be used or the AUs can be transcribed manually | this latter

approach is known as manual coding.
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Table 4.2: Facial Action Units (AUs) and associated images, courtesy of iMotions [10] and the
Extended Cohn-Kanade Dataset (CK+) (AUO2 only) [15].

AU Description Image

AUO1 { Inner brow raiser

AUO02 { Outer brow raiser

AUO4 { Brow lowerer

AUO5 { Upper lid raiser

AUO06 { Cheek raiser

AU12 { Lip corner puller

AU15 { Lip corner depressor

Sometimes researchers opt to extract generic features that are not based on domain-speci ¢ knowledge.
For example, electrodes may be attached to a participant, and the standard deviation, mean, median,
and power of predetermined spectral bands may be extracted from each input signal [189]. These
generic features are often used in conjunction with multivariate machine learning models [184,18292].
This e ectively moves the task of nding the psychologically indicative parts of a signal from being
part of the study design to a computationally automated task. In such applications, the machine
learning model is often trained to predict complex constructs such as speci ¢ emotions or emotional

intensity (arousal) [184,189{192].
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Intersubject correlation (ISC) features are also emerging as a means of negating the need for a prede ned
response model [193]. Rather than predicting feature changes based on established relationships such
as those in Table 4.1, researchers instead base their analysis on the hypothesis that media experiences
elicit synchronous and similar responses across individuals [194]. This approach is particularly well
suited to dynamic stimuli such as Ims, which induce continuous psychological states over time. Rather
than focusing on isolated changes or summary statistics, ISC captures the evolving structure of a time

series and identi es the extent to which participant responses align.

ISC is commonly calculated, for each participanti within a set of length N, as the mean of all pairwise
Pearson correlation coe cients (PCC's) [195]. Hence, in the equation below (3.1) variablg is used to

index all other participants in the set, excluding participant i.

1 X
ISCi = 3  PCC(HRi;HR)) 4.1)
i8i

Physiological features o er several advantages over more traditional self-report features. Physiological
responses such as heart rate, skin conductance, and brain activity can be measured accurately and are
considered to be less in uenced by subject factors [152]. Another advantage of physiological features
is that they can provide insight into psychological states during the experience, rather than before
or after | as is often the case with self-report and performance features. This allows researchers to
identify speci c moments or events that may be critical in assessing psychological responses, such as

the “orientation' period mentioned in Table 4.1.

Physiological features also have disadvantages. One such issue is that applying physiological sensors
can make the experience being assessed less naturalistic, participants may become xated on the fact
they are being closely observed and nd the psychophysiological lab setting novel and distracting [152].
This a ects the ecological validity and generalisability of the research outcomes, as the unfamiliar and
possibly uncomfortable sensors change how the subject would normally act. Hence, in some instances
less invasive sensors are favoured despite creating a trade-o with the accuracy or hypothetical
insightfulness of the data captured, such as non-contact camera-sourced features [196]. Another
disadvantage of the psychophysiological approach is that it generally requires specialised equipment.
This equipment can be expensive and sometimes temperamental. Again, this can create a trade-o
where cheaper or more user-friendly sensors are used rather than alternative sensors that may provide

greater insight [185].
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When the relationship between a physiological feature and its associated psychological phenomena lacks
robustness, it can complicate the validity of research ndings [152]. For example, objectively, HRV is
not a direct measure of stress | it is a measure of variation in heart rate. There are many conditions in
which HRV may not e ectively index stress, for example during the orientation response to audiovisual
stimuli (see Table 4.1). Moreover, there are interpersonal biological di erences which means that the
relationship between HRV and stress may be stronger for some people rather than others [183]. These
issues of construct validity and reliability, between subjects of inherently varying physiology, health,
and mental predisposition, are also re ected in many other types of features (e.g. EEG and GSR) [152].
To better understand how physiological features relate to psychological constructs, such as emotions,

researchers often consider the underlying processes of the human autonomic nervous system [197].

4.2.2 Models for Testing Physiological Features

Statistical testing approaches that are used for evaluating self-report features can also be used to
evaluate physiological features. Examples of these models include Analysis of Variance (ANOVA)
[198,199] and t-tests [200]. Commonly, these allow for signi cance testing and e ect size evaluation.
Signi cance testing creates a p-value that measures the probability of obtaining the observed results,
assuming that the null hypothesis is true. Using these models within a psychophysiological research
instrument is advantageous as the approach is well-established, developed, and understood. This leads

to results that are easy to interpret across research domains.

One disadvantage associated with signi cance testing is the multiple comparisons problem, which
relates to the concept ofdata dredging[201]. Researchers must be cautious when performing multiple
tests for statistical signi cance to avoid in ating the Type | error rate, which is the probability of
incorrectly rejecting the null hypothesis. This is particularly important within psychophysiological
research, as often numerous physiological features are obtained. Planning signi cance tests prior to
analysis and applying signi cance adjustment to any unplanned tests is a commonly used approach
[202]. Other sources suggest applying signi cance adjustment to all tests; however, this process,
designed to reduce the Type | error rate, can have the unwanted e ect of increasing the chance of
a Type Il error, which is the probability of incorrectly failing to reject the null hypothesis [202].
This becomes more extreme when a greater number of comparisons are made. This consideration is

particularly relevant in studies where many features are recorded and tested.
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Some statistical testing techniques allow for the comparison of many input features using a single test,
hence avoiding the issues of multiple comparisons. However, these multivariate approaches often have
more assumptions and/or assumptions that are more di cult to evaluate. If these assumptions are not
met, there may be no viable alternatives other than performing multiple univariate comparisons. For
example, a MANOVA (Multivariate Analysis of Variance) [203] is one such multivariate statistical
modelling approach that provides a single p-value. One assumption of the MANOVA is that the
dependent variables have a multivariate normal distribution. If this assumption is not met, there is no
established non-parametric equivalent to the MANOVA available in common statistical packages such
as SPSS and MATLAB. Dimensionality reduction techniques, such as Principal Component Analysis
(PCA) [204], can also be employed to address the multiple comparisons problem. These methods
reduce the number of input features to a smaller set of uncorrelated components, reducing the number

of signi cance tests required.

Machine learning (ML) models can be applied in psychophysiological research. ML provides evaluatory
results by producing performance values that indicate how well the model ts the data [184]. Classi -
cation models, such as support vector machines (SVMs) [205] and k-nearest neighbour algorithms [206],
are sometimes used in psychophysiological research when working with categorical target variables
(e.g., evaluating between-group di erences). In other cases, regression models, such as linear regression

[207], are applied when working with continuous target variables (e.g., evaluating correlations).

An advantage of many ML models is the ability to identify complex patterns in multivariate data.
This has led to the success of ML models in domains such as emotion recognition [184,1902]. They
are also constantly evolving and improving. However, many of the advantages of ML models are also
disadvantages in the context of psychophysiological research. As the pattern recognised can be complex
and the speci ¢ models novel, it can be di cult to discern if the performance is due to the ML model,
spurious patterns in the dataset, or the underlying di erences in experience that the researchers are
trying to understand. This means that the performance results are often harder to interpret than
p-values and e ect sizes. This is a problem within machine learning research generally, which is often
referred to as the “black box problem' [208]. However, this issue is not ubiquitous. Regression analysis
is more established, simplistic, and methodologically consistent than approaches that use deep learning
[209]. As mentioned later in Section 4.3.1, Hammond [185] used linear regression analysis to explore

how physiological features relate to immersion.

Commonly used statistical tests such as the t-test [200] and Pearson correlation require that observations

are independent of one another [195]. Calculating an ISC-HR value for a given participant breaks this
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rule of independence, as each other participant in the dataset in uences the value's magnitude. Hence,
forms of permutation testing are often applied [193]. Alternative methods for analysing ISC features

include Hammond's approach, which primarily focuses on the use of regression analysis [185].

4.3 Physiological Features for Indexing Immersion

Hammond investigated physiological features that index immersion, using linear regression models.
His research concludes that heart rate intersubject correlation (ISC-HR), extracted from ECG data,

is a reliable index of immersion. This conclusion was drawn from the ndings of 6 original studies

in which participants experienced a variety of Im and TV clips or varying duration [185]. Similarly,
assessing both audiovisual and audio-only stimulus across a set of experiments, Perez et al. showed
that ISC-HR is reduced when subjects are distracted from the narrative, and higher ISC-HR predicts

better recall of the narrative [210].

ISC features associated with other physiological signals have also been shown to index other constructs
which relate to immersion, such as engagement. For example, Liu et al. found that audience members
who were given a concurrent mental arithmetic task had reduced intersubject correlation of gaze
direction (ISC-Gaze) and pupil size (ISC-Pupil) during an audiovisual experience compared to those
who weren't [211]. Oakes et al. found that participants' expressions synchronised in accordance with
how engaging a scene was during a theatrical show [212]. Moreover, Song et al. showed how neural
activity synchronised with existing features associated with sustained attention and that ISC was

greater during salient narrative events [213].

Using a multi-modal approach, Madsen et al. showed that a viewer's level of attentional engagement,
de ned as the combination of attracting the attention of the eye and the cognitive processing of the
target of this attention, correlates with ISC-Gaze, ISC-Pupil, and ISC-HR features [194]. Notably,
in this study, each participant viewed the media individually, showing these physiological modalities
synchronise even when participants are not co-present. However, it should be noted that Hammond's
results suggest ISC-HR is a more sensitive index of immersion than 1ISC-Gaze and a feature capturing

the ISC of galvanic skin response (ISC-GSR) [185].

How physiological signals are processed when generating ISC features varies in terms of sample rate
and ltering that may be applied. For example, Madsen calculated ISC-HR from instantaneous heart

rate data with a sample rate of 128 Hz [194] but Hammond consistently used an equivalent 1 Hz signal
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[185]. Moreover, Gibbs et al. [214], when assessing the relationship between ISC-HR and ow during
musical performance, applied a low pass lter to the instantaneous heart rate signals with a cuto of
0.05 Hz. These di erences are important as research has shown that ISC is frequency-dependent. For
example, Perez et al. suggest that the di erence between distracted and non-distracted participants
is greatest when ISC is calculated using an ECG-sourced HR signal bandpass ltered between 0.08
Hz to 0.153 Hz [210]. Similarly, Madsen et al. found that \ISC and its modulation with attention
are dominant in the low-frequency range from 0.10Hz to 0.15Hz" [194]. Regarding the frequency
dependency of ISC-Gaze, Madsen et al. also suggest that the spectrum below 10 Hz is most indicative
of attention [194]. This suggests that the somewhat established 500 Hz gaze position input signal, used

in [194,211], may be much higher than necessary for ISC analysis.

Kodra et al. used a novel precursor to ISC analysis to demonstrate that certain facial AUs correlate
with data recorded using a media preference dial [215]. To capture facial actions, a novel software
solution was developed, which analyses image data using Ekman's FACS. This software was then
deployed for the automatic coding of 21 participants, viewing either a sitcom or a crime drama
show. Kodra's results showed that AUO2 (outer brow raiser) and AU12 (lip corner puller) correlated
with experts' real-time assessments of participants' feelings of interest. The results also indicated
that downsampling the facial action data to 1 Hz and applying spline interpolation enhanced this
correlation. In this context, spline smoothing serves to reduce noise and capture the underlying trend
in facial movement over time. Unlike a low-pass lter, which attenuates high-frequency components
via convolution, spline smoothing preserves more of the data's temporal structure. Speci cally, spline
smoothing is a non-causal process [215], meaning it uses information from both past and future data

points, and thus does not introduce a time shift in the signal [216].

Choi et al. looked at classifying if viewers felt immersed whilst watching 14 di erent videos from
YouTube (3 - 11 minutes) using 49 features extracted from gaze tracking data, obtained from a sample
of 30 participants [217]. The results showed that, using a Random Forest algorithm and 10 selected
features, the non-immersed and immersed labels could be predicted with an accuracy of 75.48%. Based
on this result, the authors conclude that gaze behaviour is highly indicative of a person's feeling
of immersion. However, the non-immersed and immersed labels were generated by assessing which
recordings were associated with Film IEQ scores above and below the mean score. Hence, the results
of the study are di cult to interpret due to potential over tting issues. Over tting refers to when a
machine learning model performs well on the training data but fails to generalise to unseen data, often

because it has learned noise or patterns speci c to the training set rather than the underlying trend
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[218]. In this case, it may be that many of the data entries labelled as immersed came from the same
person, or many people viewing the same YouTube video. This means that the machine learning model
may have learnt features that were associated with YouTube video content, or certain demographics,

rather than “immersion'. This exempli es the black box problem described in Section 4.2.2.

4.4 Psychophysiological In uence of Changes in Audiovisual

Presentation

Considering the in uence of audio presentation on audience experience, Langiulli et al. [219] found
that an increase in channel count correlated with higher scores on questions related to realism,
emotional involvement, and physical immersion, and some indication of neural correlates associated
with di erences in audio presentation. The clips used as stimuli in the study were 10 seconds long and
the participants had 128 electrodes connected to their heads. The presentations were channel-based

mono, stereo (2.0), and 5.1.

Naal-Ruiz et al. [220] explored the relationship between brain, cardiac, and immersion self-report
features for 24 subjects. These features were obtained using a reduced form of the igroup Presence
Questionnaire [221], and the SAM [8]. The subjects were split into two groups, receiving either

a reproduction of the original audio clips, which were recorded with a 3D microphone array, or a
two-channel downmix. In both conditions, Genelec loudspeakers were used for reproduction within a
critical listening room. There were two audio clips used, one capturing a park and the other a piece of
classical music in a concert hall. Participants were prompted to close their eyes for the duration of
each clip, which played for 2 minutes. A greater median spatial presence score is observed in 3D for
both audio clips. There were also some indications of neural features which correlated with responses

to the spatial presence items within the questionnaire.

Perrin et al. applied ECG, EEG and respiration sensors in a study evaluating the psychophysiological

in uence of audiovisual presentation [222]. In the study, each of the 20 participants were exposed to

a series of 27 1-minute clips via three di erent presentations | meaning each participant saw the
same clip via three di erent presentations during a two-hour session. These presentations varied in
screen size, resolution, video compression, and audio channel count, fronigh-specto low-spec A
novel questionnaire was also used to assess the experience after each video clip. The results showed

a clear di erence between the low-spec and high-spec presentation, in terms of both the subjective
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assessment and a support vector machine's ability to classify which group a participant's physiological
feature set belonged to. However, analysis of both the physiological and self-report features suggested
that the mid-spec presentation provided a similar experience to the high-spec. Overall, the SVM was
able to predict the correct presentation mode (3 in total) associated with the input features with 55%

accuracy.

Hammond compared the experience of 60 participants watching Episode 1, Season 1Tdfe Tourist
(2022) [223], in full, with only audio or only visual content [185]. The ndings of the study suggested
that video-only (with subtitles) creates a stronger feeling of immersion than audio-only, based on
responses to the Film IEQ. However, ISC-HR analysis suggests that the audio-only condition created
a stronger sense of immersion, as it was higher for participants in this condition compared to the
visual-only condition. This suggests a lack of robustness or validity for ISC-HR as a physiological
analogue for immersion. Hammond partly attributes this unexpected result to the split in attention
between the video and the subtitles associated with the video-only condition. The results of the study
also show a signi cantly higher average HR for participants in the audio-only conditions, but no such

di erence in skin conductance, movement, or HRV, compared to the participants in the video-only

group.

Exploring the in uence of visual presentation, speci cally the di erence between 2D and 3D Im
viewing experiences, Rooney et al. present a study comparing psychological and physiological responses
to short Im clips, between 13 and 101 seconds long [224]. Between the two groups, comprising a total
of 39 subjects, no signi cant di erence was found between conditions in terms of self-reported feelings
of emotion, skin conductance (SC) or skin temperature (ST). However, a signi cant di erence was
found in heart rate between conditions with the 3D condition inducing a larger increase in HR during
emotive periods in the Im. Notably, this study chose horror Ims as stimuli speculatively due to the

validity of HR, SC, and ST as validated indices of emotional arousal.

In a separate study, using four short Ims, Rooney et al. considered how removing the distraction of the
viewing environment, by turning o the lights, in uenced audiovisual experiences [225]. Participants
watching the Ims in the lights-o condition had a signi cantly bigger drop in HR from the initial
baseline measurement. Moreover, the participants in this group reported greater engagement and
appreciation, as assessed using part of the ITC-SOPI and a questionnaire developed by the authors
for a previous publication. As part of this study, they also explored how instructing participants to
either watch with an involved or detached stance in uenced the experience. The associated results

showed a signi cant di erence in engagement and emotional arousal (measured using the SAM [8]).
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This between-subjects study used four short Ims, chosen as they represented four distinct genres

(Comedy, Drama, Horror, Action), with a total of 106 participants.

Again, considering visual presentation, Reeves found that the greater the screen size the greater the
initial decrease in heart rate, within the 10 seconds after the stimuli were displayed [162]. Moreover, a
positive correlation was found between screen size and increased change in skin conductance. This
interaction between skin conductance and screen size was confounded by the emotional message of the
content, with highly arousing media (e.g. sex and violence) causing a signi cantly larger change than
calming images. This conclusion was drawn based on a between-subjects multiple treatment design

with 38 participants.

Exploring more holistic changes in audiovisual presentation, responses to thengagementand physical
spacesubfactors of the ITC-SOPI were captured in a 2017 study by Chirico et al. [226]. The study also
collected three physiological features related to GSR, HR, and facial muscle movements using contact
sensors. The study employed a repeated measures approach, in which 42 participants were shown video
clips in two conditions: virtual reality (VR) and standard 2D display. The inherent di erences in audio
presentation are not described. The result showed that the engagement and physical space scores,
as well as the GSR-related features (Very Low-Frequency Total Power, and Skin Conductance), and
heartbeat-related features (blood volume pulse total power), were greater for the VR media compared
to the standard 2D display media. The exact methods used to obtain these named features are not
made clear in the publication. The facial movement features, which are captured muscles commonly

used in smiling and frowning, were not statistically di erent between groups.

4.5 Discussion

Many hurdles prevent researchers from e ectively applying psychophysiological methods. Underpinning
any empirical study is the goal of attaining a valid result. Adding physiological sensors can often make
the experience of a subject less ecologically valid, as it does not re ect common consumer habits. For
example, watching a Im with numerous medical sensors attached to oneself will inevitably lead to
distraction. In essence, this means that the results of such studies may not be generalisable to the
more natural and realistic viewing experiences. As well as this consideration, physiological features
can also su er from construct validity complexity. If a researcher wishes to index stress using a heart
rate increase feature, they must consider how the subject's feelings of excitement and attention may

a ect their results. Moreover, they must consider how inherent di erences in people's physiology may
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confound their results. This leads to many psychophysiological studies applying repeated measures
methods, in which participants are exposed to multiple conditions. However, for this thesis this is
problematic. It appears that perceptual responses to stimuli can be tested and retested with little
variance, whereas one's responses in terms of global measures (e.g. immersion) can be impacted

signi cantly by novelty and order [5,182].

Psychophysiological methods strive to provide greater insight than self-report features alone. One
major advantage is that physiological data can be recorded continuously throughout an experience,
without having to interrupt the subject. However, as discussed in the previous paragraph, physiological
features can be less powerful in many ways and are more limited in terms of the scope of constructs
they can measure (see Table 4.1). Using more than one feature is one option, however, it can lead
to concerns regarding the use of multiple comparisons if the assumptions of a MANOVA (or some
alternative) are not met. Machine learning can allow for multiple features to be combined or for more
nuanced features to be discerned from sensors. For example, systems exist which are designed for
emotional valence and arousal recognition, which may prove e ective as a more direct alternative
to a questionnaire. However, best practices for the design of these systems are heavily in uenced
by the ongoing development of machine learning systems such as neural networks, and there is no

well-established approach at this moment in time [190{192].

ISC features provide a middle ground between established physiological features (see Table 4.1) and
abstracted constructs measured using machine learning models. Using permutation testing, p-value
results can be obtained that allow for analytic approaches that mirror established methods. Moreover,
the method has seen some validation as a measure of immersion [185], or the related constructs such
as engagement [193,194,24014] in audiovisual experiences. The measure has not been used to assess

the in uence of audio presentation on Im viewing experiences before, representing a research gap.

Ahead of applying ISC analysis, it is important to consider why ISC features have been shown to index
immersion and a range of related psychological constructs. As described in Section 4.2.1, ISC quanti es
the degree to which media elicits similar time-locked responses across di erent individuals. Individuals
whose responses do not align with the changing themes or structure of the media typically exhibit
lower ISC values. Often, ISC is described as an index of synchrony. Describing a more generalisable
way of understanding ISC, Madsen attributes ISC as a metric of shared cognitive processing of the
same stimulus [194]. Hence, in the context of this thesis, ISC features may be theoretically related to
the working de nition for immersion as it can distinguish those who are attentively reacting to the Im

narrative and those who aren't. Prospectively, this applies to both emotional narrative themes and
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more objective audiovisual themes. For example, considering multiple physiological features, ISC could

model trends such as a gaze shift and smile in response to a comedic character walking into a scene.

ISC quanti es the extent to which the media commands a common synchronous response amongst
participants. As well as having an empirical and theoretical connection to immersion, ISC is also
likely in uenced by various factors. For example, individual di erences (e.g., neurodivergence) and the
nature of the stimulus itself. Calming or meditative content may not evoke measurable changes in facial
expressions, rendering FACS-based ISC features less informative for understanding immersion in this
context. However, overall, physiological ISC features appear to be a promising means of supplementing

the self-report features described in Chapter 3, within this project.

Within the empirical studies reviewed, ve between-subject design studies were found that report
signi cant di erences in physiological features as in uenced by audiovisual presentation [135, 162,
185, 224,225]. Notably, in each case, HR features were among those found to exhibit this di erence.
However, in all but one case [224], a di erence in a self-report feature was also found. Similarly, in all
but one case, patrticipants were shown multiple stimuli within the same condition [185]. In this one
study [185], the di erences in physiological and self-report features were not in agreement. Overall,
these ndings suggest that variations in audiovisual presentation can reliably elicit measurable changes
in HR. However, the use of repeated measures designs and deployment of multiple physiological sensors
may compromise the ecological validity of these ndings. This underscores the need for methodological

approaches that better balance experimental control with naturalistic viewing conditions.

4.6 Conclusion

Psychophysiological methods can provide alternative insight by considering physiological features
(Section 4.2.1) alongside, or instead of, more established self-report features. However, deciding which
physiological feature to assess is non-trivial and, if not properly addressed, can have a major e ect on
the validity of results. Moreover, considering which model to apply within a research instrument adds
further complexity. When using established statistical models, care must be taken to avoid the multiple
comparisons problem, and when using machine learning models, researchers must consider how easy
their ndings are to interpret (Section 4.2.2). These considerations are applied in the practical work
presented, particularly in Chapters 5 and 7. Speci cally, statistical testing models are used to evaluate

a small set of prede ned physiological features.
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Based on studies investigating physiological features for indexing immersion, ISC analysis appears to
be a promising and novel approach for evaluating immersion in Im viewing experiences. However,
further methodological development is hecessary when using this approach. There is considerable
variability in how ISC features are generated, particularly in terms of preprocessing, and limited
research directly evaluating their validity. Therefore, any physiological feature should be supplemented
with additional forms of data acquisition capable of providing validation (e.g., questionnaires), which
can be used to establish criterion validity where feasible. Furthermore, participant comfort and the
ecological validity of the Im-viewing experience must also be considered. The use of multiple sensors,
as well as multiple breaks within the study design, may have an unmeasured in uence on participants'
responses in several of the studies discussed in Section 4.4. However, overall, their results suggest
that it is feasible to nd a di erence in physiological features as in uenced by audio presentation |

especially when considering HR. Hence, HR features should be considered moving forward.

Chapter 5 documents the rst empirical study for this project, in which the in uence of varying
channel counts on the experience of viewing a short Im is evaluated. This work is exploratory and
considers the initial development of media selection criteria, a non-invasive physiological ISC feature
capture technique, and a self-report questionnaire. Due to the focus on methodological development,
the well-established hypothesis linking increased channel count to increased immersion is chosen to aid

comparison with the results and the literature presented both in this chapter and Chapter 3.



Chapter 5

Channel Count and Camera-Sourced

Intersubject Correlation Features

5.1 Introduction

Chapters 2, 3, and 4 have reviewed theoretical and empirical literature associated with the research
guestion (\What is the psychophysiological e ect of audio presentation on Im viewing experiences?").

In this chapter, the rst of three original studies is conducted. In Section 5.2, the hypothesis and
motivations for the study are introduced. In Section 5.3, background is given regarding the sensor
and software used in the study. In Section 5.4 the methodology is presented. Within this section, the
stimuli selection process and audiovisual setup are described. Subsequently, the development of a
guestionnaire and series of camera-sourced physiological features is documented. The analysis of the
data collected is presented in Section 5.5, these results are then discussed in Section 5.6. Finally, this

chapter is summarised and concluded in Section 5.7.

5.2 Motivation and Hypothesis

As highlighted in the conclusions of Chapter 2 and Chapter 4, as well as the discussion in Chapter 3, a
common theory is that an accurate reproduction of a higher channel count version of a soundtrack
generally leads to a more enriched audiovisual experience. Many researchers have explored this

positive in uence using a variety of methods. However, only two studies assessing the in uence of audio
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presentation on Im-viewing experiences, found during the literature review, applied psychophysiological
methods [219, 220]. Hence, this is considered to be a research gap. In essence, the study presented in
this chapter applies a new method to an established hypothesis. The speci ¢ hypothesis evaluated in
this study is that a higher channel count soundtrack in uences a greater feeling of immersion. The
term immersion is applied as it is identi ed in Chapter 3 as a viable way of describing the positive

feeling associated with e ective spatial sound design.

In Chapter 4 the complexities associated with designing a psychophysiological study. Features must be
chosen carefully, to gain insight into an experience without disturbance. Moreover, in the context of
this study the guidance for avoiding proximity and contact associated with preventing the spread of
COVID-19, in place at the time the data collection took place, adds further methodological di culty.
Hence, the development of an e ective psychophysiological method for this study will also be a

prospective research contribution.

To test this hypothesis a novel questionnaire is deployed alongside a series of physiological intersubject
correlation (ISC) features. The application of a novel questionnaire was motivated by the lack of
uptake in other immersion self-report methods at the time of the study. Notably, both the Film IEQ
[156] was much less established at the time the study took place (December 2021) than it is now, at
the end of this project (April 2025). According to Google Scholar, the Film IEQ was cited 21 times
before the end of 2021 and 66 times between the start of 2022 and 2025. Moreover, as discussed in
Section 3.5.3 there are still some ongoing concerns regarding the validity of all available immersion

self-report methods

ISC features are applied in this study as they emerged in Chapter 4 as an e ective way of indexing
immersion. To avoid physical contact, a camera is used to source input signals to generate the ISC
features. As this study is exploratory in nature and the majority of statistical tests are planned,
signi cance adjustment is not applied [202]. This means that any p-value below the constant threshold

of 0.05 is considered signi cant.

5.3 Background: Camera-Sourced Physiological Features

A camera is a sensor from which various physiological data can be extracted. Subsequently, this
physiological data can be applied to gain psychological insight. As mentioned in Chapter 4, a study

by Oakes et al. found that participants' expressions synchronised in accordance with how engaging a
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scene was during a theatrical show [212]. To obtain the facial action code data, up to 20 participants
were recorded simultaneously using either a Panasonic HDC-TM900 (released 2010 [227]) or Panasonic
HDC-SD90 recording (released 2011 [228]) at a resolution of 1920 1080 pixels and frame rate of

50 FPS. This video footage was then processed using a piece of software called FaceReader, which
assesses expression based on seven emotions (happiness, surprise, contempt, sadness, fear, disgust,
and anger) [229]. Notably, happiness/smiling synchronisation was shown to be the most indicative of
audience engagement in this study. Many other researchers have used cameras in similar ways. Leong

et al.'s review on the use of visual data in a ective computing provides a further 30 quality-screened

studies associated with facial expression and/or body gesture-based features [230].

A camera can also be used to obtain heart rate data. Camera-source heart rate features have been
shown to be e ective at providing psychological insight, by researchers investigating emotional responses
to playing games [196] and viewing pictures [231]. Notably, both of these studies used webcams rather
than specialised imaging systems. Similarly, researchers have explored the use of webcams for capturing
gaze data in a psychophysiological context. In such a study, Yang and Krajbich [232] conclude that
webcam-based gaze location tracking usingVebGazer (2016/17) [233] is viable for behavioural research
into attention and decision making. Gaze data from a webcam is recorded at a much lower frequency
than specialised systems, such as those used in existing gaze ISC studies. However, research by Madsen
et al. suggests that gaze data captured at a sample rate of 20 Hz would be a better index of attentional
engagement than one captured at 500 Hz, as the indicative spectral components are at 10 Hz and
below [194].

There is limited guidance regarding how accurate sensor data needs to be for use in psychophysiological
research and there is no standard benchmark for acceptable error [234, 235]. However, several
recommendations have been put forward for evaluating if a signal is viable. A common approach is to
assess criterion validity, comparing the new sensor to a gold-standard device. Kleckner et al. suggest
that these comparisons should include both quantitative measures, such as mean absolute error or
correlation, and qualitative considerations like participant comfort and usability [234]. The nature of
the error is also important. For example, when considering ISC, the alignment of a signal with the

gold standard in terms of timing and trend (e.g. correlation) may matter more than absolute accuracy.

Where possible, physiological feature validation e orts should focus on the speci c features of interest
and reproduce the context in which the sensor will be used. As such, many researchers recommend
testing sensors using tasks that reliably elicit strong and well-characterised psychophysiological

responses, such as physical activity or stress-inducing protocols [234,235]. In this chapter, accuracy
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metrics are reported to provide context. This re ects a broader theme in the thesis, which considers
the viability of camera-sourced features for evaluating Im-viewing experiences. This theme is explored

in greater depth in Chapters 6 and 7.

In the sections below, two software solutions for obtaining physiological data from video footage are

described. These are later applied in the study.

5.3.1 OpenFace 2

Originally released in 2018,0penFace 2is a piece of software that allows for the measurement of
multi-modal physiological data from a video signal [236]. The version ofOpenFace 2 evaluated in
this chapter is version 2.2.0, this can be accessed via the releases page on @genFace 2 GitHub
repository [237]. The framework allows for facial landmark detection: the prediction of where parts

of the face are located (e.g. nose, mouth, eyebrows); and facial action coding: the assessment of the
expression of a subject using Ekman's standardised FACS notation [188]. Moreover, it is also capable
of gaze and head rotation estimation. Example use cases f@penFace 2which have been researched
include utilising the multiple physiological modalities that can be estimated to allow robot teachers to
adapt and react to students' levels of engagement [238], and making continuous predictions of emotion

[239].

There are two ways of usingOpenFace 2 via the command line interface (CLI) and the GUI. The
rst a ords the user a series of high-level functions, capable of performing each task individually or
together (e.g. head pose estimation, gaze estimation, automatic FACS) with a single line of code.
The second approach encapsulates a series of graphical applications which allow for the con guration
and use ofOpenFace 2 either o ine or in real-time through interfacing with a local camera (e.g. a
webcam), without the need to write any code at all. Both approaches allow for the same functionality
and control in terms of available parameters. OpenFace 2comes pre-trained and does not require any

supplementary software, or parameter tuning, to extract physiological data from a video signal.

OpenFace 2 packages together solutions from existing publications, for each respective task, con guring
them into a pipeline with an easy-to-use interface. In terms of the FACS, the face is initially recognised
based on [240], landmarks are detected and tracked as in [241], and then these landmark locations are
turned into a set of AU intensities [242]. For gaze prediction, the eyelids iris and pupil are obtained as
in [243], and subsequently used to render a 3D model of the eye leveraged for gaze direction estimation

as in [244].
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In terms of speed of execution, the most computationally expensive task, facial landmark detection
and tracking, is capable of running at \30-40 Hz frame rates on a quad-core 3.5G Hz Intel i7-2700K
processor, and 20 Hz frame rates on a Surface Pro 3 laptop with a 1.7 GHz dual-core Intel core i7
4650U processor, without any GPU support when processing 641480 pixel videos" [236]. Hence,
considering the low resolution and frame rate of the input video in this example, real-time processing

may be implausible in some scenarios.

In the publication associated with the software, it is stated that AU12 is the facial action that is
detected with the highest level of accuracy [236]. AU12 is described as the lip corner puller action
which occurs during a smile, hence it is relevant to ISC analysis. As previously mentioned, research by
Oakes et al. showed that the synchronicity of happy expressions was more indicative of engagement
than any others. The AU12 feature extracted from the Denver Intensity of Spontaneous Facial Action
(DISFA) [245] video dataset by OpenFace 2had a Pearson correlation coe cient of 0.85, compared to
the datasets accompanying the ground truth AU12 feature. This dataset is made up of spontaneous

reactions to audiovisual media, in a similar playback scenario to the one being applied in this study.

In OpenFace 2 the gaze-angle-x and gaze-angle-y features can be used to describe the gaze direction
of the participant, across the horizontal and vertical planes respectively. The associated publication
states that the gaze tracking system achieved a mean absolute error of 9.1 degrees on the MPIIGaze
dataset [246]. This dataset contains 213,659 ground-truth labelled images of 15 participants, captured
using a variety of built-in laptop webcams in a variety of environmental conditions. Hence, these
results indicate some robustness to variations in room illumination and camera speci cation. Unlike
many other gaze tracking systemsOpenFace 2is described as not requiring any manual calibration

steps [236].

5.3.2 MTTS-CAN

Heart rate can also be extracted from video footage. One method which accommodates this, developed
by research at the University of Washington in collaboration with Microsoft and OctoML, is using
a multi-task temporal shift convolutional attention network (MTTS-CAN) [247]. The associated
publication states that the mean absolute error for estimating heart rate from video, as assessed across
two datasets, is 1.45 beats per minute [247]. The rst of these contains videos which include head
motion as well as footage from a variety of orientations relative to the head [248]. The second dataset

videos include spontaneous facial movements, elicited by audiovisual experiences [249].



Chapter 5. Channel Count and Camera-Sourced Intersubject Correlation Features 87

This analysis was based on the default settings for the system, which calculates one heart rate value for
each distinct 30-second window. The rationale for this speci ¢ window length is not described within
the MTTS-CAN publication [247]. However, using alternative algorithms, studies indicate a strong
correlation between increased window length and improved performance [250]. This recommended
window length is viable for capturing ISC during audiovisual experiences, in which participants will
likely move their faces and heads. Notably, the attention indexing spectral components for heart rate
synchronisation, 0.153 Hz and below [194,210].

The inference speed for the software is reported to be 6 ms per frame when running on an open-source
embedded system called the Fire y-RK3399 [251]. This corresponds to a frame rate of 166.67 Hz,
hence running MTTS-CAN in real time appears feasible. The software can be downloaded from the

associated GitHub code repository. A live demo of the software can be accessed via the Washington

University Computer Science department webspace [252].

5.4 Methodology

In this section, the methodology applied in the presented study is described. This includes descriptions
of the procedure (5.4.1) as well as the media selection (5.4.2) and audiovisual set up (5.4.3). It also
introduces the speci ¢ features used to evaluate the participants' experience (5.4.4 and 5.4.5), as well
as the ethical considerations (5.4.6) associated with the study and demographic information of the

participants (5.4.7).

5.4.1 Experimental Procedure

The experiment was performed using three groups: one for each of the multichannel soundtracks
available for the chosen stimuli. In each instance, the most accurate reproduction feasible using
the facilities available was implemented. A mono condition was not included, as the focus was on
comparing presentations that are more commonly encountered in domestic playback scenarios. While
mono playback can occur in certain situations (e.g., through a single Bluetooth speaker), it represents a
relatively limited and less typical listening context for Im consumption. Stereo was instead considered

a more ecologically valid lower-bound condition, given its ubiquity and listener familiarity. Furthermore,

the mixes used in this study were speci cally created for stereo, 5.1, and 7.1 playback, and are therefore

treated as distinct in their design. A mono summation would not constitute a deliberately authored
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mix. Finally, as this was a between-subjects study, adding a mono condition would have necessitated
the recruitment of additional participants to ensure statistical power. Note that this approach is
advocated for by Kerins [182] and applied by Agrawal et al. in a similar study evaluating the in uence
of channel count of immersion [143]. Nonetheless, mono playback could be included in future research

as an insightful comparator.

Upon entering the room the participant is asked to scan a QR code which leads to the Qualtrics
form, which prompts them to read an information form and decide if they consent to participate

in the study.
The participant is then prompted to Il out a series of demographic questions.
The investigator starts the camera recording and the Im playing.

The investigator leaves the room and the participant watchesBao [253], a 7-minute animated
short Im with either the 2.1, 5.1 or 7.1 version of the Im soundtrack. The participant is

unaware of which version they are receiving.

The investigator re-enters and stops the camera recording, before asking the participant to

complete the questionnaire on the next page of the Qualtrics form.

The form then asks the participant if they have seen the Im before and if they have any

comments or feedback relating to the study.

The investigator then asks the participant if they have any nal comments, before allowing them

to leave the study. Cake and biscuits were made available upon exit.

Methodological considerations had to be made to ensure that the only di erence between participants'
experiences of the study was the version of the soundtrack they received. Hence, care was taken when
recruiting and interacting with participants to ensure that none of them had any knowledge of the
hypothesis being tested. There was also a concern that if subjects were able to see various loudspeakers,
but only hear sound emanating from some of them, they might appreciate that the study related to
the comparison of multichannel loudspeaker con gurations. Therefore, the decision was made to hide
all but the front two speakers and low-frequency loudspeaker, which would deliver audio for all three
versions of the soundtrack and would be impractical to cover. Notably, if all the loudspeakers were

covered then the attention of the participants would immediately be drawn to the curtain, encroaching
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their eld of view, and the possibility of loudspeakers behind them. With the two front speakers visible,
participants' aural expectations were anchored towards the front of the room, providing a plausible
visual source for the audio and thereby reducing the likelihood that they would actively search for

alternative hidden sound sources.

5.4.2 Audiovisual Media: Bao

Suggestions for choosing stimuli for assessing the in uence of di erent multichannel soundtracks on Im
viewing experiences are limited. However, Petrea and Lee also suggest that prerequisite knowledge of
the media should be accounted for [172]. Similarly, Agrawal et al. do provide some recommendations:
to procure content that does not require prerequisite knowledge and to consider if participants have
seen the Im before [143]. Considering why these suggestions are made, failing to control these variables
may lead to confounding factors associated with di erences in participants' narrative familiarity and
comprehension. For example, if all the participants within the sample who had seen the stimuli before
were placed within one experimental group, this could hypothetically lead to the false conclusion that

the treatment for this group induced a less intense feeling of immersion than for any other group.

Building upon these suggestions from the literature, media selection may be considered as relating
to limiting interindividual response variability : \the di erent responses of humans to an apparently
equivalent stimulus” [254]. This expansion helps to describe the idea that if a controversial Im is
used as stimuli the interindividual variability within groups for the questionnaire item responses would
likely mask any between-group e ect of the version of the soundtrack on the Im viewing experience.
This concept of limiting interindividual response variability is de ned as the rst criterion for choosing
content. Consequently, short uncontroversial Ims, that hypothetically would be unfamiliar to the

participants, are explored.

The other criterion for selecting content for the presented study is that the stimuli should be presentable
with multichannel soundtracks of varying channel count. These soundtracks should be similar, with
the di erence between them being characteristic of the number of channels and con guration of
loudspeakers. This led to the exploration of reputable production companies with the resources to

deliver numerous quality-assured multichannel mixes for one Im, as part of a physical format release.

The Pixar short Im Bao (2018) [253] was deemed to meet the rst criterion, as it can be considered
non-controversial due to its PG rating. It is a standalone Im which means participants do not need

prior knowledge of the narrative and are unlikely to have any knowledge of the story unless they had
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seen it before [253].Bao also has no dialogue which means that the narrative should be comprehensible
regardless of the language spoken by the viewer, reducing another possible cause of interindividual
response variability. Bao was also considered to meet the second criterion as it is available on Blu-ray
with Dolby Digital 2.0 (320 kbps), DTS-HD HR 5.1 (48 kHz, 24-bit) and DTS-HD Master Audio 7.1
(48 kHz, 24-bit) audio le format options [255].

Bao is an academy award-winning Im described by reviewers on IMDB using language such as
\emotional", and \heart warming" [256]. The following extract is a short synopsis from the Pixar

website.

\In Bao, an aging Chinese mom su ering from empty nest syndrome gets another chance
at motherhood when one of her dumplings springs to life as a lively, giggly dumpling
boy. Mom excitedly welcomes this new bundle of joy into her life, but Dumpling starts
growing up fast, and Mom must come to the bittersweet revelation that nothing stays cute
and small forever. This short Im from Pixar Animation Studios and director Domee Shi
explores the ups and downs of the parent-child relationship through the colorful, rich, and

tasty lens of the Chinese immigrant community in Canada." [257].

When listening to each soundtrack, it was evident that the two-channel version exhibited reduced
low-frequency spectral energy compared to the 5.1 and 7.1 versions. Notably, in a similar study,
Freeman et al. found that a soundtrack with more bass created a stronger sense of presence [258].
Hence, the decision was made to deliver the two-channel mix via a 2.1 loudspeaker con guration
using a crossover, so that the study could focus on the in uence of the number of discrete channel
loudspeakers placed around the viewer rather than added low-frequency energy. Furthermore, it was
clear that the versions were di erent in loudness. Hence, this di erence would need to be mitigated
before data collection began. For information regarding the implementation of the crossover and

execution of the loudness matching, see Section 5.4.3.

Analysis using a digital audio workstation revealed that for each version of the soundtrack, a di erent
mix had been produced for the music. As the channel count increases, the balance of instruments in
each channel changes. In the 5.1 mix, many percussive elements are moved to the surround channels.
The music in the 7.1 mix is similar to the 5.1 mix, but with some softer layers of strings and horns
being allocated to the rear surround channels. Based on an individual critical listening session, the

additional channels provide a sense of envelopment as well as better perceived separation between
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instruments. Note that this observation is purely the opinion of one person, and should not be taken
as a conclusive or in place of an academic investigation with multiple listeners. Within the Im, there
is a key plot point at the 5-minute mark, this is also the loudest point in the Im where the music

crescendos across all available loudspeakers.

In terms of diegetic sound, the central channel (or phantom centre for the case of the 2.1 version),
delivers the majority of the audio assets, with the left and right channels providing the width needed

to localise the audio to the images on the screen when sound sources are not centrally located. The
diegetic space is expanded in both the 5.1 and 7.1 versions of the soundtrack on two occasions, with the
surround channels providing accompaniments to characters entering and leaving the scene from beyond
the visual frame of reference. In the 7.1 mix, the rear surround channels contain quiet reverberated
diegetic sounds at the times 1:08 (baby crying), 5:15 (mother crying), and 6:01 (door slamming). The

door-slamming is the loudest and least di use of these sounds.

5.4.3 Audiovisual Set-Up

To ensure the study was reproducible and results valid, the technical set-up of the audiovisual equipment
was completed in accordance with the guidelines on the Dolby website [36]. It was not possible to
place all loudspeakers equidistant from the listener, due to the geometry of the room. Hence, the
angle of the speakers was prioritised. Due to the di erence in distances between the listener and the

loudspeakers, time alignment was critical to ensure that the intended ITD cues were reproduced.

All speakers were placed at a height of 1.3 m on individual stands, except for the centre channel and
subwoofer which were placed on the ground below the television screen, angled towards the listener,
and in the front left corner of the room, respectively. To adhere to Dolby's suggested angles for
loudspeaker locations for all three con gurations at once: the centre speaker was placed at 0 degrees,
the front speakers were placed at 30 degrees, the surround speakers were placed atl10 degrees, and
the surround back speakers were placed at 140 degrees [36]. All angles described are subtended from
an origin line between the viewing position and the television screen. This multi-use con guration

is shown in Figure 5.1. To set the speaker angles, a protractor was used in conjunction with a laser
measure (see Figure 5.2). All loudspeakers wermed-in, meaning they were pointed towards the
listener. The loudspeaker setup consisted of seven Genelec 8340A full-range speakers and one Genelec
7380A subwoofer. The study was conducted in an IEC 60268-13 standardised room that has the

acoustic properties of a typical living room [259].
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Figure 5.1: Loudspeaker con guration used for the reproduction of the three multichannel versions
of the soundtrack.

Figure 5.2: Laser measure and protractor set up used to establish the loudspeaker locations. By
breaking the laser beam the angle subtended between the beam and the origin can be measured. Based
on these measurements, the location of the loudspeaker stands were established.
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For a multichannel sound system accompanying a 1920 1080 pixel moving image, the resolution
of the chosen Blu-ray disk, the International Telecommunication Union (ITU) recommends that the
viewer should be situated 3H away from the screen, where H is the height of the television [260]. Hence
the viewer was placed at a distance of 195 cm, as a 65 cm tall (46-inch corner-to-corner) television
screen was being used. To play the Blu-ray discKixar Shorts Film Collection, Volume 3 [255]), an
Oppo BDP-105D Blu-ray Player was used [261]. This player has a built-in decoder, meaning there are

analogue outputs for each audio channel.

A thin opaque curtain was used to cover all but those speakers sounding in each of the three conditions,
as well as to hide cables running to these speakers. Once the curtains had been hung, and the room
set up as it would be during the experiment, the GLM4 system was used to calibrate the loudspeakers
for the listening position [262]. This calibration included delay compensation for time alignment, level
adjustments, and equalisation. Within GLM4 the crossover was set for 80 Hz, this meant that all
frequencies below this threshold were reproduced with the subwoofer. This allowed the two-channel
soundtrack to be reproduced using the subwoofer creating a pseudo 2.1 version. A true 2.1 mix would
have a discrete low-frequency e ect channel, which would also be reproduced by the subwoofer. Figure

5.3 shows the room where the experiment took place, once the audiovisual set-up was complete.

Figure 5.3: A view from behind the participant's chair in the room where the study took place. The
camera can be seen, mounted on a tripod under the television.
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Initially, the volume was adjusted on the Blu-ray player so that the peak pressure level was 85 dB
SPL for all three soundtracks during the loudest point in the Im. Subsequently, the loudness of each
soundtrack was perceptually compared by two expert listeners. The procedure for the two listeners was
an A/B/C comparison, where one listener changed between soundtracks on the Blu-ray player whilst
the Im played, and the other listener assessed if they could perceive any di erence in loudness. The
listeners then switched roles, and the comparison was made again. No perceptual loudness di erence
was noted between the three 2.1, 5.1, and 7.1 versions of the soundtrack by the listeners. Hence, the
volume settings on the GLM software remained the same as initially set using the peak SPL matching

method.

5.4.4 Self-Report Features

In Chapter 3, a working de nition of immersion as \placing one's full attention within the Im world"

was developed. Moreover, the suggestion was made to consider immersion as a global measure, that
requires cognition and is in uenced by the system and perception of the sensory stimulation it delivers.
As discussed in Section 5.2, the decision was made to make a novel questionnaire for this study to

evaluate this construct.

Some common characteristics of immersion in non-participatory narrative audiovisual media (e.qg.
Ims) suggested by other researchers include a: shift in attention away from one's environment and
towards the media [132,142,156]; sense of enjoyment [132,156, 165]; sense of emotional attachment
[132,156,165]; desire to know what will happen next [156, 165]; and sense of spectating from inside the
narrative world rather than outside of it [44,132,156, 165].

In de ning aspects of immersion as a system property, Slater and Wilbur discuss the idea of immersion
relating to the level of matching between sensory modalities (e.g. audio and visual) [263]. In research
into narrative immersion in short Ims, Bjorner et al. also describe a sense of matching between audio

and visual information as a prerequisite for experiencing immersion [165].

Based on these common characteristics, a short questionnaire was developed. A short-form questionnaire
was considered advantageous as it allows for an in-depth investigation into each item, rather than
having to base the outcomes of the study solely on factors with questionable validity and reliability
(e.g. immersion). Moreover, short questionnaires are preferable, in many cases, as they avoid the

adverse e ects associated with an extended time of completion [153].
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All but two items were adapted from existing publications. The rst novel agreement statement (Item

6) addresses interpretations of immersion which encapsulates the idea of spectating from inside the
narrative world rather than outside of it, from an auditory perspective. This relates to the Placement
factor described in Chapter 3. The second novel agreement statement (Item 8) relates to a physiological
reaction, hypothetically representative of a visceral response to evocative narrative events in the Im.
Evaluating responses to this item (The Im made me inch or jump ') may help to provide insight into
how physiological assessment may be used to evaluate immersion. Hypothetically, for someone who
feels more immersed, all of these items would score higher, apart from Item 7 which would score lower.
However, as discussed in the previous paragraph the approach of testing each question is opted for in
this exploratory work. The full questionnaire can be seen in Figure 5.4, with the citations denoting

the publications from which each item was sourced.

When implementing the questionnaire, a verbal-anchored continuous scale was developed and deployed
using Qualtrics [145]. This approach allows for continuous scores associated with each item, from O to
100 with a precision of one, hence facilitating a broader array of analytical techniques compared to

those compatible with a discrete Likert scale [264]. A screenshot from Qualtrics can be seen in Figure

5.5.

Please assess your Im viewing experience using the agreement scale below:

. The Im held my attention [156]
. | felt emotionally attached to the Im [156]

. | enjoyed the Im [156]

. | felt that the visuals and sound matched each other [165]
. The audio gave me a sense of being inside the Im

1
2
3
4. While viewing, | wanted to know how the events would unfold [165]
5
6
7. | was aware of my surroundings during the Im [156]

8

. The Im made me inch or jump

Figure 5.4: Items associated with immersion, used to assess the Im viewing experience.
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Figure 5.5: Screenshot of the verbal-anchored continuous scale created in Qualtrics.

5.4.5 Physiological Features

For the videoing of the participants, a Panasonic LUMIX FZ2500 [265] camera set to 1920 1080, 50
FPS, 200 Mbps, MOV, H.264, Linear PCM. This digital single-lens re ex (DSLR) camera was chosen
due to availability. These settings were chosen to maximise the quality and number of pixels captured.
The camera was mounted underneath the screen on a tripod, and the light level in the room was set
to represent a bright domestic setting, measured at 250 lux with the screen turned o. Following
standard portrait photographic practices, the shutter speed was set to double the frame rate (1/100).
The aperture was set to /4.5, the focus was manually set, and the ISO sensitivity to 1600. The high
ISO was necessary to counteract the fast shutter speed and relatively low room illumination. The
video data was truncated to the duration of the Im using FFMPEG [266] interfaced usingLosslessCut
[267], timelocking all the videos and the extracted physiological data.LosslessCut[267] was chosen
as, unlike traditional video editing software, it allows for splitting and truncating of audio and video

without re-rendering.

In the planned analysis, three ISC features are considered. These are labelled ISC-HR, ISC-AU12, and
ISC-Gaze. The HR data is to be captured usingMTTS-CAN [247,268] for the default 30-second sliding
window with a 1-second stride length, meaning the signal has a sample rate of 1 Hz. Subsequently, it
is to be processed using the ISC function (equation 4.1), in alignment with [185], to obtain the feature
ISC-HR. ISC-AU12 is calculated using the AU12 feature fromOpenFace 2[236,237], downsampled by

a factor of 3 to 16.67 Hz, from the original 50 Hz signal from the 50 FPS video. This downsampling is
applied using the SciPy [269] signal decimate function, applying the zero-phase r Iter options, to
remove frequencies that represent impossibly fast facial movements of less than 65 ms [11], and are

therefore noisé.

1The design of this feature was informed by ndings presented in the next chapter.
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ISC-Gaze is calculated by summing the output of the ISC function for the gaze-angle-x and gaze-angle-y
features from OpenFace 2 which again have a sample rate of 50 Hz. It is expected that these ISC
feature values increase with higher channel count, between the three group presentation groups. This
is due to existing research associating ISC-Gaze [211], ISC-HR [185], and ISC-AU12 (related to the
ISC-Smile feature in [212]) with immersion-related constructs (e.g. engagement) during audiovisual

experiences.

To test the signi cance of any observed di erence in the average ISC value between groups a permutation
test was implemented [270]. The test works by initially calculating the observed di erence in the
median and then randomising the group labels and comparing the di erence in the median for this
new permutated version of the dataset. This process of randomisation and comparison is repeated
100,000 times to generate a consistently reproducible likelihood value, which serves as an alternative
to the p-value obtained from a Mann-Whitney U test [271]. Median is used, rather than assessing the

di erence in mean, as it is a way of generating an average which is more robust to outliers.

To process the video data usingDpenFace 2and MTTS-CAN , Google Colabwas used [272]. This remote
computing platform connects users to personal, private, and temporary high-spec Linux runtimes
with optimised Google Drive integration. The ISC analysis, including permutation testing, was also
performed in Google Colab An updated version of this code, associated with the study in Chapter 7,
can be found partially on GitHub [273] or in full within the project dataset which is available upon

request [22].

5.4.6 Ethical Considerations

Participants were recruited, consent was obtained, and data was handled in a way approved by the
University of York School of Physics, Engineering and Technology ethics committee (Williams060721).
The associated consent form can be found in Appendix C. This form states that the facial video footage

must be deleted once processed and that the full study dataset will not be shared in any publication.

5.4.7 Recruitment and Experimental Sample

In total 39 participants took part in the study, 13 in each group. All individuals who took part in the

study were between the ages of 18 and 60. Within the sample, there was a high proportion of males
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(31 out of 39) and non-native English speakers (34 out of 39). All participants were employees at Bang

& Olufsen in Struer, Denmark.

The results of the study showed that only four participants, two subjects in the 2.1 group and one in
each of the other two groups (5.1 and 7.1) had seeBao before. Moreover, no one had seen the Im in

the past year. Hence, the in uence of this factor is not explored in this thesis.

5.5 Analysis

In this section, the data collected in the presented study is considered. This includes both planned
and exploratory analysis of the questionnaire (Section 5.5.1), physiological (Section 5.5.2), and open

response comment data (Section 5.5.3).

5.5.1 Questionnaire Analysis

The questionnaire response distribution, for each item and group combination, can be seen in Figure 5.6.
Only the responses to Items 4 and 7 were deemed to be normally distributed using the Shapiro-Wilk

test [274]. Items 1, 2, 3, 5, and 6 all appear to have a negative skew, due to many subjects strongly
agreeing with the corresponding statements. Most subjects gave a very low score for Item 8. For the

group receiving the 7.1 version, it appears that two clusters of responses are present for Iltem 8, one at
the lower end and one between 60 and 80 made up of 5 participants. For items 1, 2, 3, 4, and 7 the
group receiving the 5.1 version had the highest median score. However, overall a visual inspection of

Figure 5.6 suggests that all three groups had a similar experience when viewing the Im.

Due to the lack of normality, non-parametric tests were necessary for comparing item distributions

in this dataset. Hence, Kruskal-Wallis H tests were used for testing the signi cance of di erences in
median item scores between the three groups [275], the outcomes of which can be seen in Table 5.1.
These results suggest that there is a small but signi cant di erence for Item 1 (The Im held my

attention' ) between groups.
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Figure 5.6: Questionnaire item response distribution histograms for each of the 3 independent groups,

for the 39 participants in the study. The scale on the x-axis for each subplot shows the score for each

item accumulated in bins. A consistent width of 10 was chosen for each bin as this was deemed optimal

for data interpretability, allowing for visual comparison of distribution shape between subplots. The

dotted line shows the median value for each distribution. The y-axis of each subplot shows the number
of participants who gave a score corresponding to each bin.

Median Score K-W Test

21 51 7.1 H p
1.) The Im held my attention 89 92 77 7.595 0.022
2.) | felt emotionally attached to the Im 76 81 79 0.415 0.813
3.) | enjoyed the Im 79 92 82 2.068 0.356
4.) While viewing, | wanted to know how the events would unfold 65 77 70 0.912 0.634
5.) I felt that the visuals and sound matched each other 95 90 83 5.184 0.075
6.) The audio gave me a sense of being inside the Im 84 73 65 0.747 0.688
7.) | was aware of my surroundings during the Im 25 35 33 0.416 0.812
8.) The Im made me inch or jump 10 8 26 1.593 0.451

Table 5.1: Result of statistical tests comparing median scores, out of 100, for each item between the
conditions. H denotes the Kruskal-Wallis H statistic, whilst p denotes the signi cance. The single
signi cance value below the threshold of 0.05 is shown in bold.
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As a post-hoc test to further investigate the responses to Item 1, the Mann-Whitney U test was
applied for the pairwise comparison of median item scores between groups. This analysis suggests a
signi cantly lower median response to Item 1 for the group receiving the 7.1 version compared to the
5.1 version (p = 0.012), and for the 7.1 group compared to the 2.1 group (p = 0.034), but not the 5.1
group compared to the 2.1 (p = 0.579). The di erence between the median value for the 7.1 and 5.1
groups is 15. Referring back to the verbal anchoring above the scale, as shown in Figure 5.6, 33 of the
39 participants assessed that the Im held their attention with a response somewhere between “agree'

and “strongly agree'. Hence, this is considered to be a small e ect size.

5.5.2 Physiological Features Analysis

While processing the video data withMTTS-CAN [268], the software would often crash. Although,
after repeated attempts, all the video footage was successfully processed. However, the extracted HR
data revealed that for each participant the same HR (73 BPM) had been estimated. As part of the
ethical agreement established in Appendix C, the video data had to be deleted once processed. In the
consent form, also Appendix C, this is described as \after the end of the study”. Although this is
somewhat ambiguous, it was deemed inappropriate to store the footage whilst an alternative means
of extracting HR from video footage was implemented. Hence, this HR data was discarded and no

further analysis was made using this approach.

The video data was processed usin@penFace 2[237] without any issues. Initial analysis of the data
suggested that many participants did not smile during the Im-viewing experience. The AU12 signal
for 16 out of the 39 participants did not exceed 1, which indicated a just visible upper lip raiser facial
action [188]. Unplanned analysis was performed to assess if the participants in each group had di erent
Mean-AU12 values, a feature designed to indicate how much participants smiled in total. This mean
was calculated by summing the intensity of the AU12 signal at each frame, which ranges from 0 to 5,
and dividing it by the number of frames. The distribution of this Mean-AU12 feature was found to be
non-normally distributed within each group using the Shapiro-Wilk test [274]. Hence, to align with
the succeeding ISC analysis, pairwise permutation tests were applied to assess the di erence between

groups.
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The di erence in Mean-AU12 median values for the 2.1 group compared to the 5.1 was assessed as p =
0.029, for the 2.1 group compared to the 7.1 group it was p = 1.0, for the 5.1 compared to the 7.1
group it was p = 0.012. The results of these tests show that the participants in the 5.1 group had
a statistically signi cant higher AU12-mean value compared to those in the other two groups. The

distribution of AU12-mean values between groups is shown in Figure 5.7.

Figure 5.7: Box-swarm of Mean-AU12 feature between groups. This feature represents how much
each participant smiled during the Im-viewing experience.

The ISC-AU12 values were calculated for each participant. A series of pairwise permutation tests were
then performed to assess if the participants in each group had a higher median 1ISC-AU12 value. The
di erence in ISC-AU12 median values for the 2.1 group compared to the 5.1 group was assessed as p
= 0.038; for the 2.1 group compared to the 7.1 group it was p = 0.556; for the 5.1 compared to the
7.1 group it was p = 0.026. The results of these tests show that the participants in the 5.1 group
had a statistically signi cant higher ISC-AU12 value compared to those in the other two groups. The

distribution of ISC-AU12 values between groups is shown in Figure 5.8.
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Figure 5.8: Box-swarm of ISC-AU12 feature between groups. This feature represents how syn-
chronously, with the rest of the cohort, each participant smiled during the Im-viewing experience.

Familiarisation with the gaze data showed signi cant and unexpected variations in magnitude between
participants. This is shown, via the comparison of two heatmaps, in Figure 5.9. The di erence in
ISC-Gaze median values for the 2.1 group compared to the 5.1 group was assessed as p = 1.0; for the
2.1 group compared to the 7.1 group it was p = 0.834; for the 5.1 compared to the 7.1 group it was p

= 1.0. This shows that the feature was not signi cantly di erent between groups as shown in Figure

5.10.

Figure 5.9: Heat map of gaze angle data for two participants. This demonstrates unexpected variation
in gaze angle range, possibly due to poor system performance.
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Figure 5.10: Box-swarm of ISC-Gaze feature between groups. This feature represents the extent to
which each participant's eyes moved synchronously, compared to the rest of the cohort, during the
Im-viewing experience.

To aid discussion regarding the validity of the features, a correlation matrix was created (Figure 5.11).
Spearman's rank correlation [9] was used, as many of the features are non-normally distributed. This
shows that many of the questionnaire item features and physiological features correlated. Note that
Iltem 7 (\ was aware of my surroundings during the Im"), the only negatively worded item, had a

lower magnitude average correlation with the other features. Although the responses to this item are
also the most strongly correlated feature with ISC-Gaze. This suggests participants who were more

aware of their surroundings had more idiosyncratic gaze patterns, diverging from the common trend of

xating on the screen.
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