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Abstract
The inner experience of a person comprises various sounds which rather than origi-
nating from sources in their environment, form as a result of internal processes within
the brain. Examples of such sounds are, for instance, verbal thoughts, auditory
hallucinations, and sound in dreams. These sounds have been represented in films
and audiovisual media in numerous ways. Virtual reality environments engage with
human perception in a fundamentally different way compared to traditional films, and
it is therefore sensible to consider whether the conventional approaches are suitable
for VR environments. This thesis approaches the problem through a two-stage study.
The first stage uses a questionnaire to form a baseline understanding of the topic. In
the second stage, a listening test was conducted in VR to apply the findings made
in the first stage in a practical environment. The listening test was implemented
using a short film comprising representations of diegetic sounds and inner-voices
which were evaluated by the test subjects in terms of their realism and entertainment.
Based on the findings of this thesis, when striding for a realistic representation, a
character’s inner voice should be rendered as if originating from inside the spectator’s
head. The voice should contain effects of bone conduction but no clear room-acoustic
characteristics such as reverberation. Auditory hallucinations should be perceptually
similar to sources in the physical environment. In an entertainment context, the
characteristics of inner speech did not change considerably, whereas a more clear
separation from reality was expected for auditory hallucinations.
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Tiivistelmä
Ihmisen sisäiseen kokemukseen lukeutuu monia ääniä, jotka ympäröivien ulkoisten
äänilähteiden sijaan muodostuvat aivojen sisäisten prosessien tuloksena. Tällaisia
sisäisiä ääniä ovat esimerkiksi sanallinen ajattelu, äänihallusinaatiot ja unissa kuulta-
vat äänet. Elokuvissa ja audiovisuaalisessa mediassa sisäisiä ääniä on esitetty lukuisin
tavoin. Näiden totuttujen esitystapojen sopivuutta VR-elokuvien tuotannossa on
kuitenkin syytä tutkia tarkemmin, sillä VR-ympäristöt kytkeytyvät ihmisen aisteihin
perinteisistä audiovisuaalisista medioista poikkeavin tavoin.

Tämä tutkielma perehtyy sisäisten äänien esittämiseen VR-ympäristöissä kaksi-
vaiheisella tutkimuksella. Ensimmäisessä vaiheessa toteutettiin kyselytutkimus, jolla
rakennettiin aiheeseen liittyvää tietopohjaa. Toisessa vaiheessa ensimmäisen vaiheen
tutkimustuloksia sovellettiin käytäntöön VR-kuuntelukokeessa, jossa koehenkilöt
arvioivat sisäisiä- ja diegeettisiä ääniä yhdistelevän lyhytelokuvan todenmukaisuutta
ja viihteellisyyttä.

Tutkimustulosten valossa ihmiset odottavat sisäisen monologin paikallistuvan
heidän päänsä sisälle. Luujohtumisen akustisten vaikutusten koettiin lisäävän sisäisen
monologin todentuntuisuutta, mutta huoneakustisilla ominaisuuksilla ei havaittu
olevan merkittävää painoarvoa. Vastaavia tuloksia huomattiin sisäisen puheen osalta
sekä todenmukaisuutta että viihteellisyyttä tavoittelevissa toteutuksissa. Akustisten
hallusinaatioiden kohdalla ihmiset odottivat yhteneväisyyttä ulkoiseen ympäristöön
todenmukaisuutta tavoiteltaessa. Viihteellisyyttä tavoiteltaessa katsojat puolestaan
painottivat selkeämpää erittelyä todellisten ja epätodellisten lähteiden välillä.
Avainsanat Tilaääni, sisäiset äänet, psykoakustiikka, virtuaalitodellisuus,

äänisuunnittelu
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Finally, I want to thank Miisa, my friends and family, and Teekkarispeksi for
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With the rather experimentation-focused topic of this thesis, I feel I dodged a very
theoretical bullet. To take full advantage of the last two years of rigorous studying,
and not to leave this thesis without the theoretical basis it deserves, one theoretical
problem shall be solved.

Let us consider an empty bottle with a volume of 0.5l, and a neck 2.5cm long with a
radius of 1.1cm. For the annoyance of the family and friends mentioned above, the
bottle is blown into. What is the frequency of the tone heard?

The bottle can be considered a Helmholtz resonator which is essentially a mass-
spring system with the mass formed by the air within the neck of the bottle and the
spring by the closed cavity inside the bottle. The frequency of a mass-spring system
can be calculated with the formula

f = 1
2π

√︄
K

m
(1)

where K is the spring constant. The mass is the mass of the air in the neck of the
bottle and thus, m = ραl, where ρ is the density of air and α is the cross sectional
area of the neck. The spring constant for a Helmholtz resonator then becomes
K = ρα2v2

V
. Substituting the mass and the spring constant to (1) produces

f = v

2π

√︃
α

V l
(2)

At a temperature of 20◦C the speed of sound is 343m/s. The final result becomes

f = 343m/s

2π

√︄
π(1.1cm)2

0.5dm3 · 2.5cm
≈ 301Hz (3)

Otaniemi, 2.11.2022

Kuura K. Parkkola
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1 Introduction
Spatial audio is a set of techniques that provides the means of capturing and portraying
realistic soundscapes with their directional characteristics intact; essentially, the
way real environments are experienced. These techniques are widely utilised, for
example, in various extended reality (XR) applications, such as immersive audio
sound systems. However, some abstract sources that are often best described through
sound, for example, one’s inner voice, do not originate from the physical world
and thus should not necessarily be portrayed that way. In fact, since these sounds
originate from within a person’s own consciousness, getting an accurate impression of
the characteristics of such sounds is a challenge of its own. This challenge, however,
needs to be overcome in order to create representations of inner experiences that are
believable and immersive.

Immersion is a critical component in audiovisual storytelling. It is essentially the
force that connects the viewer to the story. The difficulty in building immersion rises
from the lack of sensory input [35]. Of the five human senses, a film, for example,
only captures two. Realism is therefore not enough to engage a person and needs
to be exaggerated. This concept is often referred to as hyperrealism [63]. Sound
in cinema and video games typically relies on long traditions and well-established
conventions rather than scientific research. For example, dialogue is expected to
sound a certain way, similar sound effects are used for specific events. Virtual reality
(VR) media, however, builds immersion in a fundamentally different way. The viewer
no longer acts as an external spectator but rather takes a more direct role in the
story. Beyond this, VR experiences are more interactive since the spectator’s actions,
such as head movements, have an immediate effect on their perspective making the
experience inherently more immersive.

Considering the possibilities of virtual reality and spatial audio in the reproduction
of existing sound content, as well as the crafting of new immersive audio, a question
arises. How should the sounds like the perceived sound of one’s own thoughts,
auditory hallucinations, and other such sounds originating from within one’s head
be represented? By extension, how should they be rendered in practice leveraging
techniques of spatial audio? Since the reproduction of inner voices in VR is a new
topic in spatial audio research, these two questions do not have existing answers in
previous research; therefore, these research questions are essential for further inquiries
into the topic. To find the answers, it is critical to first understand how people
perceive their inner voices, and whether the perceived qualities enhance viewers’ VR
experience and make it more entertaining.

This thesis explores the realistic and entertaining recreation and rendering of
inner voices through spatial audio techniques. To answer the previously mentioned
research questions, a two-stage study comprising a questionnaire and a listening test
was conducted. The goal is to find patterns between the human perception of inner
voices and experiences of simulated inner voices presented in VR through spatial
audio. The motivation behind the questionnaire is to map out people’s experiences
and expectations regarding inner voices. The purpose of the listening test is to then
present VR recreations of inner experiences derived from the questionnaire results
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to a group of test subjects to answer more specific questions that arise from the
questionnaire and conflicts between its results and the initial hypothesis.

According to an initial hypothesis derived from subjective accounts, the inner
voice is expected to closely resemble one’s own spoken voice including any perceptual
characteristics such as bone conduction. This assumption is made based on the
premise that one learns the sound of their own voice from their own speech as
perceived by themselves. Since hallucinations can for many people be indistinctive
from reality, these sounds should be rendered in VR like any concrete sound source
when seeking realism. In the case of entertainment, a more prominent distinction is
to be expected. Perceptually, the inner speech of the main character should localise
within the head of the spectator, whereas hallucinatory sounds should originate from
the surrounding space.

The rest of this thesis is organised as follows. Chapter 2 covers the topics in
human neurology, psychology and physiology related to thinking and the perception
of one’s own voice. Following the human factors, more technical features of spatial
sound and audio production are introduced. Chapter 3 presents the questionnaire,
progressing from the motivations to the results and finally to the findings. Chapter
4 follows a similar structure focusing on the listening test and its background and
results. Chapter 5 concludes the thesis and proposes potential future research topics
that have emerged along the way.
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2 Background
The reproduction of inner voices is a topic bringing together concepts from acoustics,
psychology and audio production for visual media. This chapter covers these three
themes, starting from the human factors of psychology and anatomy relative to inner
voices. Then, the focus is placed on immersion and inner voices in audiovisual media,
followed by an overview of the tools and techniques used to derive them both in
traditional films and virtual reality environments.

The perception of sound may be divided into two domains, the sound domain
and the auditory domain [12]. Sound events originate from the surroundings of the
observer and get converted into auditory events in the ear and the nervous system.
The question of inner voices, however, considers three layers of auditory activity, the
physiological layer, the neurological layer and the cognitive layer. Similarly to how
auditory events are commonly triggered by sound events but do not depend on them
- tinnitus, for example, originates from the auditory system itself - the cognitive
layer does not require inputs from earlier in the chain, but rather, can form its own
activity. An example of such activity is the inner speech. To follow the naming
conventions of sound events and auditory events, this thesis will refer to events on
the cognitive layer as perceptual events [19, 44].

Another consideration on terminology is that of perceived acoustic features of
sound. The terminology of physical acoustics should not be directly applied to
perceptual characteristics of sound since the perceptual acoustic characteristics
cannot be guaranteed to be equal to their physical counterparts. Considering that
perceptual events may be representations of both, internally and externally generated
events [6], this should also be true for their acoustic characteristics. Essentially, the
characteristics of internally generated perceptual events may only be simulations
learned from real world acoustics and possibly extended within the cognitive domain.
Based on this argument, the acoustics related to internally generated perceptual
events will be referred to in this thesis as pseudo-acoustics since these phenomena
act perceptually like acoustics without being a concrete representations of acoustic
phenomena.

2.1 Elements of Inner Experience
Inner experiences can be defined as groups of stimuli that capture one’s conscious
awareness at a given time. The stimuli may be external sensory inputs and internally
generated impressions or a mixture of these [36]. However, since these experiences are
highly subjective and easily biased, gaining an absolute measure of them is difficult. To
combat this challenge, Heavey et al. came up with Descriptive Experience Sampling
(DES) [41], an approach where the subjects are signaled at random intervals to write
down a description of their inner experience right before being disturbed by the
signal. The motivation is to capture pristine inner experiences, i.e. experiences not
biased by the experiment itself.

Further research into inner experiences via the DES method uncovered several
recurring phenomena and an estimate of their relative frequency among people [36].
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These characteristics comprise the inner speech, inner seeing, unsymbolised thinking,
feelings and sensory awareness. While each of these experiences form a notable part
of conscious thought, the inner speech is the only one with a direct connection to
inner voices. According to the research paper, 25 out of 30 participants reported at
least one sampled moment containing inner speech. The remaining five participants
did not experience inner speech in any of their samples. Overall, 26% of the total
samples from all participants contained inner speech. In fact, inner speech was the
second most common experience, surpassed only by inner seeing. It should be noted,
however, that these experiences can co-exist in any sample.

Since this thesis focuses on the sonic characteristics of the inner experience, the
visual, cognitive and other non-acoustic characteristics will not be covered in detail
unless they are related to some auditory phenomena. The following subchapters will
go over previous research related to the development and perception of the inner
speech and relevant pseudo-acoustic factors. The psychological basis of auditory
hallucinations will also be examined in brief.

2.1.1 Development of Speech and Thought

The development of inner speech is closely tied to the development of language and
thought. Early on in a child’s cognitive development, they learn to conceptualise the
world, i.e. group similar items into broader mental entities. This is an important
device for logical and intelligent thought to form. Over time these concepts become
tied to symbols which are used to communicate ideas to others. The ability to utilise
verbal abstractions of symbols to represent concepts is the very reason why humans
are equipped to hold on to and pass along vast amounts of detailed information over
time and distance. The use of verbal symbols is, in fact, so fundamental to human
behavior, that a lot of human reasoning is believed to be carried over them. This
idea is referred to, among other terms, as verbalised thought or inner speech.

To gain an understanding of what the inner speech is, it is beneficial to understand
how it comes to be. Some of the most well received theories of the development of
inner speech are those of L. Vygotsky [81]. Vygotsky incorporates works of J. Piaget,
J. B. Watson and W. Stern [58, 83] on the development of language and thought in
children, extending these theories with his own findings.

Piaget suggests in his work that the development of a child’s cognition progresses
from undirected, egocentric thought to directed, communicative, thought. The
former is linked to the phase in development where the child is not yet capable of
acknowledging the perspective of others making their thought, above all, a direct
extension of their subjective experience without a clear understanding of consequence
or logic. Communicative thought, on the other hand, is a more intelligent mode
allowing for more insightful observations of the world. As a child grows older, their
ratio of egocentric speech and thought to communicative, social thought, declines.

Studies done by Vygotsky showed an increase in a young child’s egocentric speech
when an unexpected problem would arise. The children would tend to verbally
explicate the process of resolving the issue they had faced. Older children would
behave much in the same way, but rather than vocally describing their situation, this
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process would occur in silence suggesting the existence of an inner, covert, voice. This
also shows early indications of how people use their inner speech in problem solving
and logical deduction in later phases of cognitive development. Due to the assumed
similarities among the overt, i.e. voiced, and covert speech, the term subvocal speech
is occasionally used as a reference to non-vocalized speech.

The studies conducted by Watson indicate considerable similarities with the
egocentric speech of a young child and the inner speech of an adult, suggesting that
the egocentric component of a child’s speech over time forms a fundamental part
of the inner speech. As with most components of the human cognition, however,
the inner voice or, lack-there-of, is personal and some people do not recognise the
phenomenon.

To better understand how people interact with their inner speech, a study in-
terviewing 380 people was organised [53]. According to the study, the two most
common interactions revolved around the evaluation of one’s self: appearance and
state of affairs, such as finances, stress and future, and the planning of actions and
future conversations, various problem solving tasks and self regulation. Based on
another study [79], inner speech is a critical factor in self-control and ignoring or
disrupting it leads to more impulsive behaviour.

The development of brain imaging technologies has provided tools for more
accurate examination of brain activity. More recent studies have presented partially
conflicting arguments to those of Vygotsky and his peers [3]. This does not mean,
however, that these findings would be obsolete, particularly in the context of research
focusing on practical characteristics of the inner speech. This research from nearly a
century ago still gives a context for observed practical characteristics of inner speech,
both in its communicative and egocentric forms.

2.1.2 Mechanics and Neurology of Inner and Outer Speech

From an evolutionary standpoint, speech is the most prominent form of human com-
munication and the human brain is tuned particularly for perceiving and producing
speech [60]. The physiological features involved in speech and hearing alone employ
complex structures to ensure the precision required to communicate the intricacies of
the human voice. While the neurological components of communication are equally
as important as the physiological ones, they are often omitted since scientifically
accurate data about the brain is difficult to acquire even with modern technology.
This chapter presents the general structure of the neurological components of speech
production and perception and the concepts in cognitive psychology, which are
thought to host the processes related to the perception of speech and inner speech.

The auditory nerve is the primary source of sound information for the brain
[59]. The nerve is composed of around 30,000 nerve fibres that transmit electrical
impulses from the cochlea to the auditory cortex via several mediary stages that
digest the raw sensory data into meaningful information. Each nerve fibre interfaces
with a group of 10-20 hair cells, each corresponding to a different point, and thus, a
different frequency, on the basilar membrane. The brain, therefore, receives impulse
sequences for several frequency ranges and uses this information to make sense of the
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surrounding soundscapes. The ascending path of sound stimuli is shown in Fig. 1a.
The sensory inputs received from the auditory pathways are processed in the

auditory cortex, which extends into both hemispheres in the brain. The left side is
believed to be more prominent in the processing of speech sounds while non-speech
sounds, such as music, typically activate the right hemisphere more strongly [90,
87]. Speech inputs pass through phoneme discretisation in the superior temporal
gyrus (STG) close to the Wernicke’s area, which according to current understanding,
does most word comprehension [24, 11]. The perception of speech is a complex topic
for which several theories have been proposed. A common conclusion seems to be,
however, that the perception and production of speech are closely linked together. It
is even theorised that speech is perceived through the same mechanisms employed
in its production, suggesting a mirroring phenomenon between the speaker and the
recipient [22, 78].

Speech production employs Wernicke’s and Broca’s areas [20]. It is believed that
Wernicke’s region performs the task of producing phonemes, while Broca’s region
encodes the phonetic information for the pre-motor cortex, which further projects
into the motor neurons driving the muscles that produce speech [28, 72]. A stage of
self-monitoring also takes place after the phonetic processing in the Broca’s region.
This stage involves a feed-forward mechanism that constantly compares predicted
and acquired sensory inputs [88, 49]. Essentially, based on evidence acquired from
brain imaging, motor areas in the brain create efferent copies of stimuli that are fed
back to the areas that receive sensory information. This occurs even in the absence
of somatosensory feedback [78]. Speech, regardless of whether it is vocal or subvocal,
is processed in the auditory cortex much the same way the speech of others would.
This feedback is, however, also used for sensory suppression and other functions in
the brain which form a sense of self-agency [49, 64], allowing one to detect their own
speech from the speech of others. The speech feedback processes affect many features
of inner speech and link even to auditory hallucinations. A simplified depiction of
the speech production process is displayed in Fig. 1b.

A theory proposed by A. Baddeley and G. Hitch presents a multi-component
model of working memory. This theory suggests that the working memory is composed
of three segments: the central executive, which orients focus and allocates cognitive
resources; the phonological loop; and the visuospatial sketchpad. The latter two
act under the central executive performing verbal and auditory, and visual and
dimensional tasks respectively [8, 7]. The precise implications of this theory to the
validity of Vygotsky’s research on the development of language and thought have not
been analysed in depth. These two theories are, however, thought not to completely
support nor oppose one another [3].

The phonologic loop comprises two parts, a temporary store and what is called an
articulatory rehearsal process. The store would hold segments of vocalised information
for a brief moment while the vocalising process would produce this information for
either silent or voiced speech, i.e. inner or outer voice. The stored information decays
in roughly 2 seconds, with the rehearsal process refreshing the content that remains
critical [8, 17]. Brain imaging has shown that internal and external speech employ
many of the same brain processes in both the sensory and motor regions of the brain,
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(a) Inward flow of sound information through the auditory system. Complex
structures within the brainstem unpack directional and pitch information from
incoming signals passing the stimuli then into the auditory cortex for further
processing.

(b) Outward flow of speech from the brain. Wernicke’s and Broca’s areas form
phonetic structures based on the intention to speak. The phonetic structures
acquire a motor encoding which are projected to the muscles producing speech.
The signals also loop back into the auditory system regardless of muscle activa-
tion letting, for example, subvocal speech to occur.

Figure 1: Simplified representations of inward and outward flows of
language in the brain. In actuality, the mechanisms are considerably
more complex.

suggesting that these functions behave in fundamentally similar ways. This also
implies that subvocal speech is heard much the same way as external speech would
be [4].

2.1.3 Characteristics of Inner and Outer Speech

People interact with their inner and outer voices constantly. As discussed in the
previous chapters, this can be almost dialogue-like conversational and communicative
speech used to, for example, guide one’s actions. The interaction can also, however,
consider more subtle mechanisms of self-correction in overt speech [62]. The subjective
perception of one’s own voice also plays a role in the perceptual characteristics of
one’s inner voice [80]. People also tend to dislike their voice when heard in a medium
where the tone differs from the subjective perception [39].

Throughout a person’s life, they perceive their voice in a fundamentally different
way than people around them[75]. This is not solely because of sensory suppression
or any other neurological phenomenon, but rather due to bone conduction caused
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Figure 2: An approximation of the transfer function from sound conducted through
air to the sound conducted along the skull to the middle ear. Recording 1, presented
with a solid line, was derived from vocal and singing patterns performed utilizing the
singers chest register, while in recording 2, head register was used. (Image source:
[89])

by the physical structure of the human speech and hearing organs. When vocal
sounds are emitted from the larynx and carried through the various cavities in the
head on their way out, some of the vibrations are captured by the bones in the head
and transmitted along the skull into the middle ear. The sound taking this route is
distorted by the resonances of the skull itself. While a fraction of the sound heard by
the speaker themselves is carried over the air, this path accounts for only about half
of the perceived sound. The ratio between airborne and bone conducted sound differs
considerably over different frequencies [10]. A study working to estimate the transfer
function of one’s singing voice as perceived by oneself [89], derived an equalisation
curve that represents a general approximation of the phenomenon (See Fig. 2). The
findings from the study show a clear boost at low frequencies and a noticeable cut
above 3000 Hz.

More subtle interactions between people and their speech occur in the form of
verbal self-monitoring. It is assumed, that despite the sensory attenuation phe-
nomenon discussed in Chapter 2.1.2, the human brain does perceive sensory inputs,
leveraging these inputs for the monitoring of the correctness of one’s speech. This
forms the basis for, for example why people tend to automatically correct themselves
when incorrect utterances take place [62]. People with speech disfluencies, such as
stuttering, are thought to detect faulty phonetic encoding at a higher sensitivity
making speech production more difficult, although, this has been under debate, with
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some research rather reporting altogether different patterns in speech production
with people who stutter [15]. It has also been reported that the inner speech of people
who stutter does not contain speech defects [42], thus making speech interactions
with one’s inner voice more fluent than with the overt voice.

2.1.4 Imaginary Sounds

Hallucinations are perceptual events with no matching external stimuli [14, 50]. They
may occur within domains of audition, vision or any other sensory modality, or they
may be multimodal, combining any number of senses. While hallucinations are most
commonly associated with schizophrenia and the spectrum of schizoaffective disorders,
hallucinations occur in many forms throughout the population [18]. The most
commonly experienced hallucinations are hypnagogic and hypnopompic hallucinations,
which occur near the transition to and from sleep states [55]. These types of
hallucinations occur frequently in about 37% of people. Many neurophysiological
phenomena, such as tinnitus, are occasionally labelled as hallucinations, although they
are more commonly neurological, rather than cognitive in nature [54]. Hallucinations
are not the only type of internally generated perceptions. For instance, scenes
recalled from memory may contain vivid sensory experiences without an ongoing
physical stimulus, although these scenes produce nearly identical brain activity to
the activity when the scene was originally experienced [23]. This chapter focuses on
auditory hallucinations (AH), auditory verbal hallucinations (AVH) and multimodal
hallucinations (MMH), their potential causes and typical characteristics.

The exact mechanics behind AHs are not completely understood, however, based
on current assumptions, they are considered to be functionally similar to one’s inner
voice, with the exception that the brain does not consider these sounds to be authored
by itself [30]. As briefly mentioned in Chapter 2.1.2, the brain constantly tracks
its actions which in turn gives intentional actions a special sentiment of self [88].
Possible reasons behind the loss of this sensation may arise from the lack of intention
in spontaneous brain activation, disruptions in self-monitoring, and the suppression
of one’s own voice - internal or external - leading to its interpretation as an external
voice [34, 65]. An analysis on the evolutional basis in the formation of hallucinations
and misidentification of agents [85] also notes that false agencies may even originate
from memories.

An inquiry interviewing nearly 200 test subjects, most of whom were diagnosed
with schizophrenia, shed light on how people perceive auditory verbal hallucinations
[51]. According to the study, AHs were equally perceived originating from within
one’s head and from the environment, although the first occurrences were more often
reported to be internal. The voices were perceived as clear and having normal con-
versational loudness; adult male and female voices occurred equally, while children’s
voices were less common. Many of the interviewees identified the voices they heard
as being composed of recollections of past sounds and interactions. About one third
of the participants reported nonverbal auditory hallucinations, including, among
others, music, ringing, nature sounds and various types of noises. Most subjects
reported that verbal hallucinations had a commanding tone. Similar findings were
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also discovered in an earlier study with a somewhat similar approach [37].
The understanding of the causes of multimodal hallucinations (MMH) is limited.

People most prone to MMHs have been shown to possess closer interconnectivity
between language and vision areas in the hippocampal complex in the brain, however,
the exact mechanics are largely unknown [5]. A recent study has also identified
looping behaviours in the brain, proposing these as possible causes of MMHs [46].
While not well understood, MMHs are common among people with schizophrenia
spectrum disorders [47]. Up to 60% of people suffering from these symptoms have
reported experiencing audiovisual hallucinations. First-hand accounts of MMHs are
difficult to come by. They have, however, been reported to be nearly indiscernible
from reality [25].

2.2 Inner Voices in Audiovisual Media
Where inner voices, verbal thought in particular, are a fundamental component of
the human experience, the same is true for film sound. In cinema, the inner speech
is even given its own category in sound design, called internal diegetic sound [84].
Diegetic sound refers to sounds that have a source within the world of the story,
contrary to non-diegetic sounds which refer to sounds mainly added for dramatic
effect, such as much of the music.

Beyond inner voices, sound carries considerable weight in film experiences. Much
like the visual side, the audio side also carries form and function, i.e. creates
representations of objects and events, while also conveying a wider context within
the story [57]. Historically, the revolution of sound in moving pictures started with
music, nowadays the sounds span over dialogue, narration, effects and ambient
sound [21]. Dialogue carries a special purpose in cinema. Spoken voice is capable
of representing, not only a character themselves but their feelings and state of
mind, through expression, as well as direct meaning through language. Many sound
designers actually consider dialogue as the most important part of a film soundtrack
[57].

This chapter discusses audio production and sound design in audiovisual media.
Inner voices are composed primarily of spoken voice, and therefore the focus in this
chapter is placed on dialogue. The points of interest cover realism and hyperrealism
and their implications on immersion, the representation of internal diegetic sound in
existing audiovisual works and, the depiction of inner experience in virtual reality
(VR). This chapter discusses sound design only, while the more technical details of
audio production are covered in Chapter 2.4. The practices involved in the fields
of sound design and audio production are primarily based on industry tradition,
professional experience, and artistic processes; therefore, scientific research on these
topics is limited, and as a consequence, much of the reference material is based
on interviews and analysis presented in non-scientific sources rather than scientific
papers.
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2.2.1 Immersion, Realism and Hyperrealism

Immersion is a term often used to refer to the state of captivation with the world
of a story. The term is also used in conjunction with modern multichannel and
object-based audio technologies such as Dolby Atmos, which aim to generate three-
dimensional more directionally rich soundscapes. In the context of spatial audio and
VR research, immersion refers to the feeling of actually being a part of a virtual
environment [86].

One of the key characteristics of immersion is the perceptual realism of an
experience. Perceptual realism describes the believability of an audiovisually told story.
The concept differs from true realism in that it does not imply the story is inherently
realistic but rather that the perceptual characteristics, such as movement, and other
interactions with the world of the story, seem natural. The connection between true
realism and perceptual realism unintuitively is not strong. Rather, in cinematic sound,
a common practice is to replace a large part of character-environment interactions
with completely different sounds to emphasise the actions. These simulated sounds
may even seem more realistic than their true-to-life counterparts. The interactions
sound natural because human perception tends to form causal connections from visual
cues to plausible sounds occurring in close succession. This practice of exaggeration in
cinematic storytelling is referred to as hyperrealism. Although hyperrealism usually
aims to heighten realism and immersion in cinematic sound, on occasion, the practice
is also used to create division between sounds in different domains, for example, the
inner and outer experience [45].

Inner voices have been presented in various ways in films. Patterns do emerge,
however. A character’s inner speech is often represented by a dry non-reverberant
tone which separates the sound from the physical world through the lack of an acoustic
space, creating an intimate feeling of proximity. One example of this approach can be
observed in scenes like the business card scene in the film American Psycho (2000),
where the dialogue is mixed very dry overall. The inner speech of the protagonist
can be told apart by how the sound surrounds the listener more strongly and the fact
that the character’s mouth does not move on the screen. Another implementation of
similar sound design is presented, for example, in the final scene of Memento (2000),
where the protagonist’s inner speech is captured separately with close micing, while
the overt speech has been captured on-site.

Hallucination-like sounds such as ghosts and visions, open more avenues for
sound design. The design choices may have to do, for example, with whether the
viewer should be made aware of the realness of the vision or, how they should feel
about it. Examples of visions that are not audibly segregated from visible characters
can be seen in The Sixth Sense (1999) where important parts in the plot revolve
around the audience not knowing what is real and what is not. Opposite approaches
are presented in, for example, Star Wars: A New Hope (1977) where the voice of
Obi-Wan Kenobi is rendered with prominent reverberation in his voice; or The Lion
King (1994) where a vision of Mufasa in the clouds was rendered with a very boomy
and reverberant tone.
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2.2.2 Inner Experience in Virtual Reality

Virtual Reality (VR) provides a closer representation of the inner experience compared
to traditional media [16]. Instead of being placed on a track that leads the spectator
through the story, VR places the observer directly into the environment in a way
that resembles more of a video game. This enables the spectator to interact with the
experience in a way which has not traditionally been possible. 360°videos, videos in
VR, are viewed on a spherical surface through a head-mounted display (HMD). The
medium allows the spectator to look around in the environment within the video but
does not enable further interaction with the environment. VR games, on the other
hand, allow the player to freely interact with the environment providing an improved
motor interface. Running on a game engine also makes it possible to represent the
observer’s body in a way that is difficult to achieve in a 360°video player.

A particularly good example of immersive storytelling in a VR video game is Half
Life: Alyx (2020) by Valve Corporation [82]. The game allows the observer to interact
with nearly any object within the environment including a playable piano placed as
a prop in one of the levels. The most important voices present in the experience are
that of the main character and a guiding voice heard through a walkie-talkie. The
tone of the former is a dry and natural voice that could as well belong to another
character had it not been rendered as a head-locked mono sound without directional
information. The other voice, heard by the lead character presumably through
headphones, is also head-locked but rendered with a clear low-quality filter that helps
to segregate between the two voices, despite them being rendered similarly.

Although VR games can craft more complex representations of the inner experi-
ence, methods exist for creating a sense of presence and immersion in 360°video as
well. Moving localised sound sources make a VR scene sound dynamic and interesting,
interactivity through head and movement tracking can also help to create a similar
effect. Humans are good at detecting repetitions, thus using long, generative or
otherwise varying loops in soundscapes keeps the environment feeling alive. There
should also be enough sound information to keep the spectator occupied. The sounds
in the scene should, however, have a logical source not to confuse the viewers. Exag-
geration and hyperrealism are also techniques familiar from more traditional cinema,
these tools can also be used to enhance immersion in VR [73].

2.3 Spatial Audio
Monophonic audio is a rare encounter in modern applications. The first occurrence
of multichannel audio was back at the end of the 19th century when theatre and
opera recordings could be heard with stereophonic receivers [77]. Stereo recording
began in the 1930s as an engineer at EMI invented the required technologies [13,
69]. One of the key inspirations for the innovation of stereo recording was the will
to have the voice of an actor in a film follow their position on the screen. While
stereo sound has remained the dominant film experience in the average household,
sound in cinema has evolved further. Surround sound brought a second dimension
to film soundtracks by adding loudspeakers behind the spectators, whereas, more
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recent 3D audio systems are capable of producing localised sound sources that seem
to originate from any direction [69].

Mono, stereo and surround are channel-based sound systems. This means that
audio streams played on such systems, contain one channel for each loudspeaker or,
loudspeaker group in the case of large movie theatre setups. In 3D sound, the audio
is object-based. This means that the audio is encoded in a way where audio channels
relate to objects which may be freely positioned in the soundscape. Before playback,
the audio objects are decoded dynamically for the sound system of any specific room,
allowing different sound systems with varying loudspeaker configurations to play the
same audio accurately [69].

Sound in VR works in a fundamentally different way compared to traditional
sound systems. Much the same way, a head-mounted display (HMD) takes over the
sense of vision by providing a stereoscopic image for the two eyes of the user, the
user’s two ears are fed stereophonic information through headphones. However, as
with vision, turning one’s head does not make visual objects move with the head, the
audible objects in a VR scene should not be locked to the orientation of the head
either. To create realistic VR experiences, the audio must match the dynamics of
human movement. [91]

Spatial audio provides tools for the simulation of direction dynamically in binaural
VR applications as well as speaker-based 3D sound configurations. These technologies
are essential in the crafting of directionally accurate VR content. This chapter covers
relevant topics in psychoacoustics and spatial audio encoding that help to understand
how the human perception of sound can be simulated in VR environments.

2.3.1 Localisation of Sound

Much like vision, audition is an important sense for humans for making observations
about their surroundings. One key difference between these two senses is that vision
is limited to the field of view of an individual, whereas hearing receives stimuli from
any direction, oftentimes even without any direct line of sight. Through binaural
hearing, humans can also near instantly detect the approximate direction from which
the sound stimulus arrives.

The primary reason why humans can localise sound sources is that the ears of
a human are positioned at a distance from each other and on the opposite sides
of the head. The former causes sound to arrive in each ear at slightly different
times. By tracking this interaural time difference (ITD) the human brain can find
the direction of arrival (DOA) of the sound source. The positioning of ears also
creates shadowing effects that result in interaural level differences (ILD) and alter
the frequency response perceived by each ear. This information can be leveraged to
further improve sound localisation. [71]

Binaural hearing provides accurate information about the DOA on the lateral
plane, however, this information does not account for the horizontal axis, nor can
it definitively place sound sources in front of or behind the observer. This missing
information is produced by monaural cues, i.e. the filtering effects caused by reflections
of sound in the folds of the external ears, which cause changes in the frequency
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(a) Head-related impulse response.
HRIR represents the time domain re-
sponse of the ear to an impulse. ITD
and ILD are visible as a time and a peak
amplitude offset between the two ears.

(b) Head-related transfer function.
HRTF represents the frequency-
dependent differences between the left
and the right ear. For example, the
shadowing effects of the head are visible
in the HRTF.

Figure 3: HRTF and HRIR of a Kemar dummy head at 25°azimuth
and 0°elevation.

content picked up by the ear. This information is not as accurate as ITD and ILD,
however, leaving more localisation confusions.

The binaural and monaural cues can be bound together to create a head-related
transfer function (HRTF). An HRTF holds information about how a sound source
gets distorted as it arrives into the ear canal from a number of sampled directions.
The function is unique for everyone since the shape of the external ear changes
from one person to the next. The head-related filtering also changes throughout the
lifetime of an individual as the shape of the ears slightly changes over time, as do
other features of the head, such as hairstyle. In commercial applications generalised
HRTFs are often used since the human brain quickly adapts to changes in hearing.

2.3.2 Ambisonics

Media and VR media applications rely on recorded sounds that should be replayable,
thus simply being able to simulate the direction of sound sources does not suffice.
Ambisonics enables directional information of a sound scene to be captured along
with the audio content and later decoded for playback. Ambisonics also provides tools
for computationally efficient transformations for directional audio content. Since this
thesis employs ambisonics in a practical setting, this chapter covers the basics of the
topic while remaining light on theory.

The basic idea of ambisonics comes from a few special features of microphones.
Polar pickup patterns refer to the directional sensitivity of a microphone. An
omnidirectional microphone with a nearly circular polar pattern captures sounds
equally from all directions, whereas microphones with more narrow cardioid, hyper-
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(a) Omnidirectional (b) Cardioid (c) Figure of Eight

Figure 4: Typical microphone polar patterns.

cardioid or lobar patterns are used to capture sound from a specific direction [9, 66].
The figure of eight microphone has a special pattern that captures sounds equally
from two directions, but with opposite polarity [91]. Three common polar patterns
are shown in Fig. 4. A feature leveraged in ambisonics is that the summation of an
omnidirectional and a figure-eight microphone (mid-side pair, MS) makes it possible
to retain directional information in one dimension in a recording. By extension, using
an omnidirectional microphone and three orthogonal figure-eight microphones makes
it possible to record audio that contains directional information in three dimensions.
Each microphone defines one channel of audio each referred to with a letter: The
omnidirectional channel is labelled W while the three orthogonal microphones are
labelled X, Y and Z according to the axis they represent.

The equal summation of an MS pair forms a cardioid pickup pattern, therefore
two cardioid microphones may be used to create the same behaviour as that of an
MS pair. The effects of two and three-dimensional MS recording systems can also be
created with three and four cardioid microphones respectively when appropriately
positioned. Three-dimensional audio can be recorded with an array of four cardioids
placed on a tetrahedron. While the end result is the same, the tetrahedral microphone
array does not form the W, X, Y and Z signals on its own, rather, its signal needs to
be processed through a transformation matrix. The unprocessed stream is referred
to as A-format ambisonics and the transformation turns the stream into B-format.
The directional information contained in the B-format ambisonic signals is stored
within the weighting that a single sound source has on each channel.

What has been discussed thus far is first-order ambisonics (FOA). The idea
of orthogonal MS microphone pairs can be generalised into higher orders through
something called spherical harmonics. These are essentially the modes that present
themselves in a sphere. The omnidirectional channel W is the zeroth mode of a
sphere while the figure-eight channels X, Y and Z represent the first-order modes.
The four channels in FOA are enough to record audio in three dimensions, however,
summing higher-order harmonics with these lower-order ones creates more narrow
directional beams thus improving the accuracy of the encoding. In higher-order
ambisonics (HOA) the number of channels grows rapidly with the number of spherical
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Figure 5: The spherical harmonics of third order ambisonics. For each additional
order, the channel count increases by one layer. (Image source: [91])

harmonics, creating a choice between accuracy and efficiency. Spherical harmonics
and, by extension, the increasing number of ambisonics channels, are displayed in
Fig. 5.

Encoding a sound field into spherical harmonics enables various spatial trans-
formations, most importantly, computationally efficient rotations. Changing the
weightings of the ambisonics channels makes it possible to freely rotate the sound
field around the spectator. These rotations can, for example, be keyed by the viewer’s
head movements tracked with a head tracker to keep the soundfield correctly oriented
regardless of the head position.

Encoded ambisonic signals can be decoded onto speaker systems, or binaurally for
headphones. In both cases, the decoding is done for a speaker array, since binaural
hearing relies on dynamic cues as discussed in Chapter 2.3.1, which cannot be directly
provided by head-locked earphones, in the case of binaural decoding the speaker
array is virtual. What this means in practice, is that the decoder allocates a number
of simulated sound sources which are given a position via an HRTF. Rotations in
the spherical domain are more efficient than HRTF interpolation and therefore, the
simulated speakers are fixed to the orientation of the head and compensation for
the head movements is done prior to decoding leveraging ambisonics. These extra
steps are not necessary for reproducing ambisonic signals in speaker systems since
physical loudspeakers already produce the dynamic cues by remaining stationary in
the listening space as the listener moves their head.
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(a) Shotgun microphone on a
boom pole.

(b) Ambisonic microphone. (c) Lavalier microphone hidden on
a coffee mug.

Figure 6: Microphones often used in film sets. Shotgun and lavalier microphones are
common for traditional films, ambisonic microphones are used with 360°videos.

2.4 Audio and Spatial Audio Production
The creation of audiovisual experiences, be it traditional cinema, 360°video, video
games or any other domain, requires a specialised set of tools. The pipeline from the
storyboard all the way to the big - or head-mounted - screen, progresses through
many stages, including recording, editing, mixing and playback, with numerous steps
involving design and manual labour. Virtual reality (VR) also adds its own flavour
since spatial audio requires specific tools every step of the way.

This chapter covers topics related to audio production and playback, and the
technologies used throughout the process. First, an introduction to the equipment
and technology will be made followed by an overview of the full process from recording
to mixing and mastering. Finally, the equipment required for the playback of VR
media will be covered in brief.

2.4.1 Recording Equipment and Techniques

In most audiovisual media experiences, the process of creating the soundtrack begins
with sound recording. The methods employed differ according to the circumstances:
different recording techniques are used indoors, outdoors, and in studio environments
[57]. While the recording techniques mainly aim at capturing speech sounds as
clearly as possible, sound design may also play a role that calls for more specialised
approaches.

The most critical component in the recording process is the microphones that
convert physical sound into recordable electrical potentials. Microphones come in a
wide variety with diverse uses, Fig. 6. A combination of several microphones is also
often used to improve the probability of catching usable audio. The captured audio
passes through a preamplifier and usually analogue-to-digital conversion while being
recorded. With modern equipment, however, the distortions introduced by these
stages can be considered insignificant [38].

In a typical film production setting, small microphones can be hidden within the
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view of the camera, for example on props or actors’ clothes. Higher quality sound
is captured with larger, for example, shotgun microphones, positioned just outside
the frame [66, 70]. The recording setup in a typical film set is static and relies on
predefined camera angles. This assumption cannot be made for 360°video, since the
camera angle spans over all directions and the field of view is dynamic. This creates
two problems: recording equipment cannot be hidden behind the camera and, a
dynamic soundscape cannot be achieved with static, directed, microphones.

In the recording of 360°audio, a typical approach is to use special ambisonic
microphone arrays, which were introduced in Chapter 2.3.2. These microphones can
be considered analogous to 360°cameras. While a directional microphone captures a
narrow sound field, an ambisonic microphone takes advantage of multiple microphone
capsules to record an entire sound field in a single take. Binaural recording with
dummy head microphones and other head-locked sound sources are also occasionally
used, these techniques do not capture dynamic sound fields, however [56].

Lavalier microphones are extremely small microphone capsules that can be ef-
fortlessly concealed in the view of a camera. Such devices are often used to capture
dialogue in films and television shows, but they are also useful in 360°audio applica-
tions to enhance the directivity and intelligibility of a sound source.

Some sounds cannot be recorded with production-ready quality on location and
therefore have to be created in a controlled studio environment during audio post-
production. Voice-overs don’t have an anchor in the film and can be recorded directly.
On the other hand, character dialogue that could not be recorded during the shoot
needs to be synchronised to the movements of the character’s mouth on screen,
requiring a special technique called automatic dialogue replacement (ADR) [57, 43].
In ADR, the actor speaks their lines over the original recordings or some other
synchronised reference, repeatedly in a studio until the perfect timing is achieved.
Another synchronised sound source is foley sound effects. the sounds are often
over-excited audio replacements for visible interactions, such as footsteps or punches,
occurring on screen. Much like in ADR, foley is recorded typically in specialised
studios by professional foley artists who make the required sound effects with various
tool into a microphone using the video as a reference. These recording techniques
are universal and can be applied in both traditional film and 360°video.

2.4.2 The Editing and Mixing Processes

The purpose of the sound editing stage is to piece together the raw recorded audio,
ADR content, foley, and ambient sounds into continuous audio sources, polish the
raw audio up to meet the quality standards of the production, and prepare the audio
content for post-production. The first stage in audio post-production is mixing. At
this stage, the edited audio is polished and fit together to form a well balanced and
appropriate sounding soundtrack.

The first step in editing is the selection of dialogue clips [70]. In this step, audio
from different sources is gathered and composed into continuous audio tracks. The
complete scenes are cleaned up to remove all the unwanted noises, such as the
sounds made by the filming and recording equipment and crew. The recordings are
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also blended to form a smooth listening experience. These preparations form the
foundations for the dialogue track, allowing the more creative stage of the sound
design to begin [57]. In the sound design stage, the voices are given the features
that tie them to the characters they portray. These edits may be subtle changes
in the characteristics of an actor’s voice or they may fundamentally change the
representation of the voice, for example through otherworldly reverberations or other
sound effects.

The primary goal in film dialogue editing is continuity. The dialogue track should
follow the flow of the scene without introducing sudden tonal changes posing a risk of
breaking immersion. Typically, the sound of dialogue should be smooth and natural
and not sound edited, however, the professionalism of a dialogue mixer arises from
being able to identify problems in the sound that don’t fit the image, even in case
fixing these problems would require diverging from the common practices [70, 57].

After the dialogue is in place, the music, effects and ambiences are added [70].
All sound sources should be positioned on the film timeline and processed to fit their
purpose. Once the timeline is finished, the mixing stage begins. The most critical
purpose of the mix is to balance the sound sources. Setting the levels and tones
of the different tracks helps to glue them together. Controlled dynamics improve
the flow of the scene keeping noticeable changes in sound levels from becoming a
distraction. The mixing stage can also involve more specialised processing, such as
reverberation, that helps blend the sound sources into the environment of the story.

A notable difference in the audio production for traditional films and virtual
reality experiences is that in traditional media, the focus of the spectator follows the
focus of the film, i.e. the camera. Therefore, the soundtrack should focalise events on
the screen [76]. In VR, the spectator may focus on anything and look anywhere they
wish, requiring the film to call their attention to the critical details. The soundtrack
should also envelop the viewer such that the direction of sound sources remains
consistent. This means that some traditions, such as locking dialogue to the centre
audio channel, need to be dismissed since these sounds need to now be localised
according to their positions in the visual environment. Due to the young age of
VR media, the requirements for naturalness and smoothness of VR audio are not
entirely clear and in many areas of VR audio production, the best practices cannot
be borrowed from traditional cinema since the paradigm is not the same [33].

3-dimensional sound fields are crafted with ambisonics in the spherical domain (see
Chapter 2.3.2). In ambisonic soundtracks, recordings from ambisonic microphones
are mixed together with other signals into full ambisonic mixes [29]. Ambisonic
recordings are often used to capture room sounds for 360°video. Dialogue can then be
enhanced by layering recordings from other microphones over the ambisonic recording.
Ambisonic panning allows these additional sources to be positioned perceptually
to the same direction as they are in the ambisonic recording. Sound effects, ADR
recordings and other audio content can be embedded into the sound field by similar
means.
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Figure 7: The processing stages along an audio channel in a DAW.

2.4.3 Tools and Concepts in Audio Production

The tool in the centre of modern audio work is the digital audio workstation (DAW)
[40]. In essence, a DAW is a sophisticated software mixer that routes audio from
sources to destinations with processing applied along the way. A DAW also processes
sound non-linearly making it possible to quickly scrub around the audio timeline,
move and realign clips and quickly perform other complicated processing. The
functionality of modern audio editing tools can also be expanded with countless
plug-in components.

In a DAW, the audio sources pass through channels and busses that apply
processing to them. Channels represent single audio sources, while busses typically
sum audio channels together into groups to process multiple sources identically.
Bus processing is particularly useful for applying coherent reverberation to different
sources, and for gathering sources into thematic groups, for example, background,
dialogue, effects and so on. Functionally, channels and busses are equivalent; both
receive a stream of audio and process it through a similar chain. The master bus
is a special entity that performs the final mixdown of all the audio content into a
single stream which can then be rendered into a file.

Spatial audio production requires tools that work in the spherical domain. Am-
bisonics versions exist for most audio processors, the fundamentals of the processors
are also similar to their channel-based counterparts with the addition of directional
controls. Two commonly used open-source audio plugin suites are SPARTA plugins
developed at Aalto University and the IEM Plug-in Suite maintained by the Institute
for Electronic Music and Acoustics [52, 27]. Working with ambisonics also requires
special features from the DAW because of the channel layout of ambisonic signals.
Most DAWs focus primarily on monophonic, stereophonic, and sometimes surround
signals. This is sufficient for most traditional media. Ambisonics, however, requires
four channels at minimum, with channel count going all the way up to 16 channels
for the third order, higher orders requiring even more channels. Many commercial
DAWs, such as Pro Tools by Avid Technology and Cubase, or its more advanced
version Nuendo, by Steinberg Media Technologies natively support ambisonics up to
third order. Reaper, an inexpensive community-oriented DAW option by Cockos,
supports ambisonics up to the seventh order.

Ambisonic audio productions often combine ambisonic and traditional sources.
Ambisonic recordings are already in the spherical domain and can thus be summed
directly onto ambisonic buses. However, channel-based signals, such as mono and
stereo, must be encoded with an ambisonic encoder before the summation. Ambisonic
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encoders and panners allow the user to modify the parameters, such as the direction,
distance and size of a sound source. This enables the user to freely move the sound
source in the sound field. With all sources in the spherical domain, the ambisonic
channels can be mixed as one would for in traditional channel layout, leveraging
insert and send effects, bus processing and other features of the DAW.

The last stage of audio production is mastering. This stage ensures the required
quality standards are met. Audiovisual media is mastered to satisfy the requirements
of European Broadcast Union (EBU) or International Telecommunications Union
(ITU) recommendations depending on the region [26, 68, 67]. The recommendations
set by EBU define a maximum peak amplitude of -1 dBTP and integrated loudness
of -23 LUFS while ITU proposes values of -2 dBTP and -24 LKFS respectively.
The maximum peak amplitude refers to the loudest peak of the signal after digital-
to-analogue conversion and is measured in True Peak. The loudness is measured
in loudness units, i.e. K-weighted signal levels integrated over the full duration of
the signal. According to the Society of Motion Picture and Television Engineers
(SMPTE), the reference loudness for playback levels should be such that the signal
loudness of -20dBFS is equal to the sound pressure level (SPL) of 83dBA [74].
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3 Mapping Inner Voice Experiences and Expecta-
tions

This chapter covers the first phase of the two-part inquiry. The aim of the first stage
is to acquire relevant and practical background information regarding people’s expe-
riences of their own inner voices through an online questionnaire. This background
will be used to both, gain an understanding of the topic, as well as find baseline
parameters for audio renders that will be utilised in the second phase of the study.

The following sub-chapters cover first, the methods and motivations shaping this
phase in the study. Having gained a context for the data, Chapter 3.2 presents the
results of the questionnaire followed by a more detailed analysis in Chapter 3.3.

3.1 Methods
As discussed in Chapter 2.1, thinking is a subjective experience. Not only are the
characteristics of human thought different, but even the modalities differ from one
individual to another. To gain an understanding of people’s inner experiences, a
three-part questionnaire was created. The questionnaire focused on three discrete
areas of inner voices: inner speech, auditory hallucinations, and finally, the sound
in dreams. The motivation behind studying the characteristics of sound in dreams
arose from assumed similarities between the mechanics behind hallucinations and
dreams.

The questionnaire is structured to minimise bias imposed by the questions them-
selves by progressing from more open questions towards tighter framing. The objective
is to promote participants’ thinking and curiosity before steering them towards more
specific topics. The questionnaire opens with questions on the participants’ back-
grounds and ends with feedback with three topical sections in between. The main
sections start with open text fields, followed by a page of multiple-choice questions
with the option of providing a short open text response, and finally, the questionnaire
concludes with three sets of scaled rating questions. A comprehensive breakdown of
the questionnaire is presented in Appendix A.

Although mainly focusing on details to help with the classification of the response
data, such as the age, professional background, and the medium through which the
participant discovered the questionnaire; the background page presents one topical
question on how the participant usually thinks: verbally, graphically or by some
other means. The options were based on research made by C. Heavey, and R.
Hurlburt [36]. The question gives information about the group of people to whom
the research on the acoustics of inner voice applies. It also primes people to focus
on their thinking from the get-go. The last page, besides gathering feedback, asks
whether the participant considers realism or entertainment to carry more weight in
VR experiences. This question provides a context for the third section of topical
questions.

The motivation behind the first section of the questionnaire is to acquire a context
for the topic and to paint a picture of what people consider inner voices to be and what
they use them for. The section focuses on two types of inner voices, inner speech, and
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imaginary hallucination-like sounds. While the former is covered trivially by asking
the participant to describe their inner monologue, the latter topic is more abstract
since most people have not or, do not recall having had auditory hallucinations. For
wider comprehension, the topic was divided into two questions, the first asking about
hallucinations and the second focusing on sounds in dreams to make the topic more
approachable. The questions are listed below.

• If inner monologue is a part of your thinking, how would you describe your
inner monologue?

• Have you ever experienced any form of an auditory hallucination? If so, how
would you describe it?

• Can you recall any dreams you have recently had, can you describe how different
things sounded like in your dream?

What is particularly valuable about open questions, is their ability to provide
answers to questions that were not thought to consider when making a questionnaire.
Where these questions fall short, however, is in that they produce qualitative data
that is particularly difficult to analyse. Since qualitative data is challenging to
represent graphically, quantitative values must be derived. This is accomplished
through attribute analysis where the responses to each question are first scanned to
extract recurring attributes. Then the results are looked over again to associate each
response with corresponding attributes. The labelled data is presented according to
the weight of each attribute.

The second section has the objective of providing validation to several specific
assumptions. The page comprises three questions: where the sound of the inner
speech is considered to originate from; are imaginary or recalled sounds tied to a
specific person, and are recalled sounds tied to the environment where they were
originally heard? Each question has a selection predefined choices assumed to be
the most common responses, but the questions also employ an ’other’ field for
open responses. The questions are presented below as they were written in the
questionnaire.

• Is your inner voice located... In the centre of your head? / In front of you? /
Above you? / Other (specify).

• When you think about something someone else has said or might say, do you
sense the voice as... Your own voice? / Their voice? / Other (specify).

• When you think about something you have heard, do you sense the sound... In
the ambience of the space you were in? / In the ambience of the space you are
currently in? / Without any ambience? / Other (specify).

Similarly to the first section, the semi-open questions in the second part do not
produce directly quantifiable data; rather, the open responses need to be looked
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through to define new options or classify responses to the existing options where
applicable. Once the responses are classified, they may be presented numerically.

The data collected in the first and second sections are difficult to leverage in the
creation of soundtracks for VR experiences. While these questions provide valuable
insights, they mostly do not specify concrete parameters for sound design. The first
step to producing parameter values is to specify the parameters themselves. The
parameter selection is mainly based on introspection done while designing the survey.
The parameters that were settled for were: loudness - is the voice louder than normal
speech; depth - is the sound thinner or stronger than regular; spatial characteristics
- is the voice reverberant; tonality - does the voice sound more like a whisper or
similar to regular speech; and location - does the sound localise within one’s head or
outside of it. The values for the previously defined parameters were collected with
sliders ranging from zero to ten, each end corresponding to one of the edge cases for
the parameter. The parameters and the end points of the axis are listed below.

• Loudness - quiet to loud.

• Depth - boomy to thin.

• Spatial characteristics - dry to reverberant.

• Tonality - tonal to whispery.

• Location - inside to outside.

The same parameters and axes were applied in three contexts: The inner speech
as experienced by the subject, how the subject expects to hear their inner speech in
a VR setting, and how people expect to hear the voices of imaginary characters.

The rating inputs in the third section produce numeric values for the parameters.
These results can be directly adopted by leveraging their statistic key values, namely,
the mean and the median. The data is also applicable for statistical analysis to
determine whether the responses from different groups of participants follow similar
distributions.

3.2 Results
This chapter presents the data acquired from the questionnaire discussed in Chapter
3.1. The three sections of the questionnaire are covered in the following order:
background questions for building a context for the responses; open and semi-open
questions for gaining an understanding of people’s experiences in their own words;
and evaluation questions for getting concrete quantitative parameter data. Responses
were gathered over two months, during which the questionnaire was completed by
70 people from diverse backgrounds and age groups. While a relatively wide group
posted responses, some entries did not have responses for all the questions and some
answers did not contain relevant or useful information. The number of valid responses
is disclosed alongside the data. Parts of the data had to be grouped or otherwise
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(a) Channels used for the distribution of the questionnaire.

(b) Professional background of the people who completed the
questionnaire.

Figure 8: Breakdowns of the backgrounds of the participants.

processed to draw sensible conclusions, the steps taken are also discussed in the
analysis.

The questionnaire was distributed over several channels, most notably, industry
mailing lists and peer-to-peer online chat groups. A breakdown of the sources is
presented in Fig. 8a. The ages of the contributors ranged from 22 years to 76 years
of age, with a median of 32 years. The professional backgrounds were gathered via
an open text field and classified for easier analysis. The division was made such that
one group would be formed of people with little experience in the topics related to
this thesis, while the other groups comprised people with more relevant experience.
The groups and their relative sizes are displayed in Fig. 8b.

As discussed in Chapter 2.1, the inner experience of a human can take many forms,
verbally symbolised thinking, i.e. inner speech, being only one of them. An experience
of verbally symbolised thinking is, however, critical for evaluating the characteristics
of realistic inner monologue. Nearly two thirds of the participants reported verbally
symbolised thinking as their most common mode of thought, granting that at least
this many people have had experiences with verbal thought (see Fig. 9). People
from other primary modalities may or may not also have these experiences, just
not as regularly. This data suggests, most people do experience an inner speech.
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Figure 9: A breakdown of people’s typical modes of thought. The question was
answered by 70 people.

Words were the most common modality for all professional backgrounds, although,
the fraction of visual thinkers compared to the verbal ones was higher among people
working in unrelated fields.

To gain an unbiased overview of the participants’ experience, the first topical
questions were open. The responses were quantified through labelling: First, the
responses were inspected for recurring experiences which were used to define a set of
labels. Then, the responses were then gone over again and each response was marked
with each relevant label. The labels and their relative frequencies are displayed
in a word cloud in Fig. 10. These results give an estimate of the frequency of
certain phenomena. The number of responses is not sufficient to make conclusive
observations, however; rather, the data shows how many people came to think of a
specific characteristic while writing their response.

The first among the three open questions sought descriptions of the participants’
inner speech. Many contributors characterised their inner speech as a voice similar
to their own voiced speech. It was noted by some of the subjects, however, that their
thoughts, though verbal for a large part, also contained visual and unsymbolised
elements. Only a few people described the qualities of their inner speech, but the
ones who did, mentioned features such as lacking any speech defects, being formed
of broken sentences, and causing physical movements of the mouth, much like when
speaking out loud. A handful of people were as specific as to describe the voice as
relaxed and low-pitched.

The most commonly reported uses for one’s inner speech were imagined dialogues
in preparation for social interactions, self-control, and self-reflection. Many subjects
also reported using their inner monologue for problem-solving and explaining complex
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(a) Inner speech.
65 valid responses.

(b) Auditory hallucinations.
39 valid responses.

(c) Sound in dreams.
46 valid responses.

Figure 10: Wordcloud diagrams representing recurring characteristics in the subjects
inner voice experiences.

concepts for themselves.
Auditory hallucinations were reported by far fewer people compared to the inner

speech. A vast number of responses described various neurophysiological phenomena,
such as tinnitus and other similar experiences which have little relevance to imaginary
sounds. Environmental sounds, such as door creaks, footsteps, and police sirens
were commonly reported. Intentional sounds, including, for example, speech, music,
and calls to one’s own name, were less frequent but not rare. Speech and music
were usually experienced in lowered states of awareness and high-stress situations
where environmental sounds more commonly appeared paired with anxiety or as
’deja vu’-type phenomena.

Many participants reported not remembering their dreams or the sound in them.
The ones who did, characterised these sounds as similar to any sound heard while
awake. On some accounts, the sound would be extremely focused such that only the
focal sound would be perceived with little to no background ambience. The most
common sounds heard in dreams were spoken words and musical tones. Whether the
spoken words were communicated through the spectators, the speakers, or no-ones
voice, is a question left unanswered.

Semi-open fields were used to get answers to three more specific questions regarding
the location of one’s inner voice and the recollection of voices and ambiences. Each
question provided a set of options, the last being an open field for more detailed
answers. The open answers were analysed and grouped to form new categories.

The majority of subjects considered their inner speech to originate from the centre
of their head. Notable other locations mentioned, are the neck, or the back of the
head, and either above the head or inside the head, but towards its crown. A heat
map of the locations with a reference to the human head is shown in Fig. 11.

When thinking back to past conversations, most people had the experience of the
other person in the conversation speaking in that person’s voice. Some people did,
however, report that the context and the topic of conversation play a role. According
to some responses, for example, if a person had contributed to an idea originally
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Figure 11: Locations from which
the participants sensed their inner
speech to originate from. The size
of the colored region represents
the frequency of the finding. The
figure ignores the positions above
the head and defined by bone con-
duction for the difficulty of their
graphical representation. 70 re-
sponses.

Table 1: The frequencies of re-
ported experiences of the origin
of the inner speech.

Table 2: The frequencies of the experi-
enced voice agency when recalling past
conversations.

Figure 12: The voice perceived in mem-
ories of previously had conversations. 67
valid responses.

introduced by someone else, the voice would be different. Some people also felt the
voice of the interlocutor to be their own voice, or the voice of no one in particular,
but rather an impersonal generic voice.

The topic of room acoustic phenomena such as reverberations and other elements
of ambience turned out to be rather divisive. While the largest group of participants
recalled no ambiences, the number of people who could sense the ambience in spaces
where recalled events took place, did not fall far behind. Some of the participants
also felt that their recollection was stronger if either the acoustic phenomena were
very noticeable or otherwise had significance in the memory.
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Table 3: The frequencies of reported ex-
periences of the ambience characteristics
in memories.

Figure 13: The presence of acoustical
characteristic and other ambience features
in memories of past events. 67 valid re-
sponses.

While open questions work well for getting a general understanding of people’s
perceptions of their inner voices, these findings are difficult to leverage when choosing
parameters for a spatial audio soundtrack. For this purpose, the subjects were asked
three sets of questions to evaluate the experience they have of their inner speech
and their expectations of how their inner speech and auditory hallucinations should
sound in the context of VR media. The questions for each topic were identical, the
only difference being the framing of the question. For each question, the participant
was presented with a slider ranging from zero to ten, and a description of the features
at the ends of the slider. The results are displayed as a violin plot in Fig. 14,
this representation shows both the distribution of the responses, as well as, the key
statistics of the data set.

Based on the data, people consider their inner speech not to be particularly loud
or quiet. The character of the inner speech is not experienced as particularly boomy
nor thin, suggesting that people do not consider the effects of bone conduction present
in their vocal speech to be a part of their inner speech. The voice is felt containing
very little reverberation or such spatial cues, and the voice should originate from
within the head. The voice should resemble a normal speaking voice with a clear
fundamental in favour of a more whisper-like tone. Nearly identical results were also
reported for the expectations regarding the reproduction of the inner speech in a VR
experience.

The participants’ expectations for the characteristics of imaginary characters
follow, for a large part, the parameters estimated for the inner speech. The spatial
characteristics are defined contrarily, however, with an emphasis placed on reverber-
ation and the auralisation of the characters. The pseudo-acoustic space in which the
character is located is expected to be reverberant, and the character should not be
localised inside the head.

The heat map shown in Fig. 15 gives an overview of which people consider more
important in VR media, realism or entertainment. The results show that for the
most part, more weight is placed on the entertainment aspect. Essentially, this points
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(a) Experience of inner speech. 70, 69, 69, 68, and 68 responses respectively.

(b) Expectations for inner speech reproduction in VR experiences. 65 responses for each category.

(c) Expectations for the reproduction of imaginary characters in VR experiences. 63, 62, 62, 63,
and 63 responses respectively.

Figure 14: Experienced and expected parameters of two types of inner voices, one’s
inner speech, and imagined characters. The outline displays the distribution of
responses while the box plot communicates the interquartile range, median and mean
of the responses.

Figure 15: The subjects’ sentiment towards which is preferred in VR experiences,
realism or entertainment. Zero stands for full realism and ten stands for full enter-
tainment. 68 responses.

towards people expecting to experience a mostly film-like sonic experience when
watching VR films and games, despite immersion being potentially easier to achieve
in the VR medium.
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3.3 Findings
This chapter presents analysis and observations based on the results displayed in the
previous chapter. The findings are also examined against existing related research,
and outputs are formulated for the next part of the study. The key findings are listed
below and elaborated on further in the chapter.

• The most common interactions between people and their inner speech are
conversations among themselves, comprising: evaluating one’s own actions,
making observations, and preparing for upcoming conversations and challenges.

• Auditory hallucinations are not an approachable topic for most people. Sound in
dreams was usually described as very realistic, although, difficult to accurately
recall.

• Recollection of other people’s speech was reported most commonly as their
voice, suggesting that an element of agency is encoded into memories.

• The acoustic features of spaces seemed to not be encoded within memories
unless they possessed a distinct relevance in the memory. This suggests that
symbolic memories omit many characteristics that do not convey meaning in
social interaction.

• People experience their inner speech as a tonally neutral dry voice that originates
from inside the head and should not follow similar directional cues as real sound
sources in the external environment do.

• People expect their inner speech in VR experiences to resemble their realistic
experience.

• Imaginary characters are expected to sound tonally similar to one’s inner speech
with the exception that spatial characteristics are expected to be present. A
conclusive argument regarding whether the voices should originate from inside
or outside one’s head is difficult to make.

• The most notable conflicts between the results and the initial hypothesis are
that an indication of the existence of bone conduction in the inner speech
was expected and, a preference for the externalised rendering of the imaginary
characters was presumed.

The professional background of the test subjects did not play a significant role
beyond the terminology they used, and the detail of the responses they provided.
The answers were more to the point for participants working with acoustics and
audio-related fields. On one occasion in the evaluation questions, statistical analysis
uncovered minor but statistically notable differences among groups. The details are
discussed further in conjunction with the other findings of the third questionnaire
segment. With the wide range of ages among the participants, slight age-related bias
may be present in the results, particularly in the third stage of the questionnaire,
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which involves relatively recent technological advancements. The first two stages are
not expected to contain significant demographic bias.

The ways people use their inner voices were discussed in Chapters 2.1.3 and 2.1.1.
The previous research mentioned in those chapters displays many similarities to the
results gathered in the first stage of the questionnaire. Of the five most frequent
responses, four were mentioned as commonly reported experiences in earlier studies.
The most frequent label verbal symbols is also in line with the research previously
done by Hurlburt and Heavey [36]. These results suggest that a natural experience
for people is to have conversations with themselves, and between themselves and
inner simulations of others. Another recurring theme observed by many was the
multimodal and stream-like flow of thought, which comprises visual, verbal, and
unsymbolised thought, which might not be complete on their own, but become
meaningful in a wider context.

The number of responses in the case of auditory hallucinations decreased radically.
The 50% decrease suggests that the topic is considerably less familiar to people
compared to inner speech. In the responses, a common occurrence was tinnitus and
other neurophysical phenomena, which are not generally considered hallucinations.
Often, but not exclusively, musical sounds were usually reported near the threshold
of sleep, i.e. hypnagogic and hypnopompic hallucinations (see Chapter 2.1.4), which
are not considered psychotic hallucinations. Actual psychotic hallucinations were
reported in only two responses, and in both cases, as a result of high stress. The most
regularly reported hallucinatory sounds were reported at times of anticipation, such
as hearing a non-existent siren when driving, or a door creak in an empty apartment.

A large portion of the questionnaire participants reported not remembering, or
being only able to barely recall, specifics about their dreams. Two thirds of the
responses did provide some insight, however. The overall sentiment turned out to
be, that the sounds in dreams seem to be realistic enough not to break the illusion
of reality dreams seem to possess. Musical sounds seemed to also be one of the
sounds people most commonly recalled having heard. Several subjects discussed the
hyperreality of dreams and how the environmental sounds would fade, leaving focal
sounds as the only ones that could be remembered. This observation suggests that
the brain might not simulate all the details in a complex soundscape, but rather the
ones it generally pays attention to. The evidence does not suffice to make definitive
claims, however.

The most common experience for the location of inner speech is non-directionally
in the middle of the head or inside it. This gives a clear indication that the inner
speech is positioned relative to the head rather than the environment, and thus,
should follow the movements of the head, not the environment. A small number of
participants reported the sound originating from above them. It was not specified,
however, whether the sound would be above the spectator regardless of the orientation
of the head or locked to the direction of the crown of the head relative to the ears.

In the recollection of past sound experiences, it is imminent that characteristics of
speakers are more often retained than for example, room acoustic characteristics. The
participants reported that the speech of others and, in the case of very familiar people,
in particular, even text written by them, would be linked to the person in question.
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Accurate features of environmental characteristics were, however, only recalled in
case they were in some way relevant or demanded attention. Combined with the
hyper-focused nature of dreams, the recollection of environmental sounds indicates
that memory-like flashbacks and dreams could likely be recreated in audiovisual
media through similar hyper-realistic approaches applied in cinematic sound.

In the third stage of the questionnaire, the reported characteristics of inner speech,
and the expected characteristics of said sounds in VR turned out to be nearly identical.
The close mirroring of the responses points to people expecting inner voices in VR
to be realistic rather than heavily sound-designed. In the question regarding the
expected reverberation of the inner speech in VR, a two-sample Kolmogorov-Smirnov
test [61] uncovered differences surpassing the threshold of significance between people
working in the fields of acoustics and audiology, and the people working on unrelated
fields. It thus seems like acoustics-oriented people expect sounds originating from a
source with no particular acoustic features not to contain simulated pseudo-acoustic
features, whereas other people expect a more traditional cinematic rendering.

The parameters gathered regarding the expectations for imaginary characters,
or hallucinations, in VR environments closely resemble the results of the other two
evaluation questions previously discussed. The parameters that did change were
related to room reverberations and the localization of the sources. The participants
expected the sounds of the imaginary characters to be externalised more often than
not, however, the results have a wide interquartile range and a spread-out distribution
making them not perfectly trustworthy. The room acoustic features were expected to
be considerably more prominent in the case of imaginary characters compared to the
inner speech. This suggests that the hallucinated characters should have a spatial
dimension to them, which is not expected of the inner speech, which is preferred
rendered without any particular space.

Regarding the entertainment aspect of VR media, people reported having a
slight skew towards entertaining content with no expectation of sensory realism.
The accuracy of the experiences in terms of realism was, however, not completely
discounted suggesting that while people expect entertainment, despite being virtual,
the reality presented should still be believable.
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Figure 16: A VR experiment was conducted where participants were placed in a
scene with characters in their external and internal environments, and their inner
speech.

4 Experimenting With Simulated Inner Experi-
ences

This chapter discusses the second phase of the study: a listening test leveraging
the findings from the previous phase to design soundtracks for a VR short film.
The objective of the second part is to get further validation for the results of the
questionnaire and elaborate on ambiguous results and cases where conflicts between
the initial hypothesis and the questionnaire findings occurred.

The coverage of the topic starts from the methods, motivations and preparations
for the listening test. The results and further analysis are then covered in Chapters
4.2 and 4.3 respectively.

4.1 Methods
The findings presented in Chapter 3.3 identified several disagreements between the
questionnaire results and the initial hypothesis (see Chapter 1). For some parameters,
the results also had wide deviations, making them difficult to draw conclusions on.
The primary goal in the second phase is to resolve the aforementioned uncertainties.
The listening test approaches the problem by deriving rendering parameters based on
the median values displayed in fig. 14 to create a default soundtrack. The integral
questions are then tested with a number of slightly varied substitute soundtracks to
find which parameters best match the test subjects’ experiences and expectations.

The source material for the listening test is a VR short film produced by YLE
and the Aalto University Department of Signal Processing and Acoustics as a part
of the Human Optimised Extended Reality (HUMOR) project. The video features a
possibly innocent prisoner presented with an opportunity for escape. The characters
in the story include two other prisoners who exist in the real world, an angel and a



35

Figure 17: For each scene, three options are compared in pairs in a
randomized order.

demon character that exist only in the inner experience of the lead character, and
the lead character himself using his vocal and subvocal speech to communicate with
the other characters and himself. The film is viewed from the perspective of the lead
character. The setting is best described with a frame from the film shown in Fig. 16.

For clarity, this chapter is divided into two sub-chapters, the first covering the
derivation of the questions that need to be answered, and the motivations for the
sound design and test methodology choices; while the second concentrates on the
test preparations, which include the creation of the soundtracks, and the design,
implementation, and setup of the testing environment.

4.1.1 Motivations

Three pivotal questions were left unanswered in the first phase of the study. Firstly,
the subjects did not report experiencing nor expecting their inner speech to carry
over the effects of bone conduction. Secondly, the participants did not have a clear
consensus on whether imaginary characters should be experienced internally or
externally. Finally, in either the case of inner speech or the imaginary characters,
the participants did not unambiguously agree on whether the sources should be
reverberant.

To test the observed inconsistencies, four test scenes were planned, the two former
focusing on the inner speech, and the two latter on imaginary characters. Each
scene would compare a baseline render to two variations with different parameters.
The first scene evaluates the preferred amount of simulated bone conduction, the
second scene applies two different types of reverberation to see whether realistic
or synthetic reverberation is preferred, the third tests internal, external and close
proximity renders of the imaginary characters and, the last scene tests the two types
of reverberation previously mentioned for the imaginary characters.

For each scene, the three soundtracks are compared over three steps as shown in
Fig. 17. This way, every combination of the soundtracks is presented. Each step
in a scene plays the same video with only the audio changing, the video clip for
each scene is chosen such that relevant audio sources are present in the majority of
the clip; for example, in a scene testing parameters for the inner speech, a video
clip containing a large amount of inner speech is selected. In each step, the test
subject is asked two questions: which of the two soundtracks sounds more realistic in
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the context of being in the situation presented; and which soundtrack sounds more
entertaining in the context of watching VR media. With both queries, each scene
should produce two selections, or points, for the best match and one point for the
comparison where the best match is not present. The results are drawn by counting
together the points for each render.

Several areas were identified with potential for bias. The order of the comparisons
could affect the choices made by the participants; to combat this, soundtracks
are assigned to tracks A, B and C at random. Another issue might appear due to
inconsistent or obscure instructions. As mitigation, a comprehensive instruction script
is written and rehearsed. The test subjects are also allowed to ask for clarification
before or during the test.

In the end, the reasoning people make when participating in an experiment is
difficult to control. To promote intuitiveness and reduce the risk of test subjects over-
analysing their responses, the test subjects are not told what they should be listening
for in each scene. This leaves room for ambiguity, however, since an untrained ear
might have difficulty in hearing differences between the soundtracks. Since the focus
of the test is on the subjective and partially subconscious experience of the test
subject, however, this ambiguity can be considered a part of the experiment; thus,
the test subjects are further instructed to answer based on their intuition. To get
statistics on the analysis and possible doubts regarding their responses, the operator
briefly discusses the different scenes with the participants after they have finished
the test.

Three points of ambiguity or bias do not have a viable mitigation. Firstly, in
some cases, the results for a scene may be ambiguous since the test subject might
select each of the renders once, thus not electing a best match. The voice of the
lead character might also be more difficult to identify with for people with vastly
dissimilar voices. There is also a possibility of invalid results due to test operator or
test subject error. Since these issues are difficult to account for, they will rather be
disclosed in the test results.

4.1.2 The Test Environment

The test environment has two dependencies. First, the audio and video material
must be created, and then, the test program needs to be implemented. This chapter
walks through the process starting from sound design and the tools used, continuing
then to the test system and its components.

The soundtracks were created with the digital audio workstation (DAW) Cubase
(version 12.0.0) [32]. The software features native support for ambisonics up to
third order allowing for easier routing. The decoding and monitoring of the signals
leveraged the Waves NX system [48] with the related head tracker, and the audio
processing was performed with the SPARTA and IEM plugin suites [52, 27].

The soundtracks were compiled from three different types of audio material:
A background ambience of the room and the external voice of the lead character
were captured with a Sennheiser Ambeo VR Microphone (see Fig. 6b), which
produces first-order A-format ambisonic audio; The dialogue was enhanced with
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Figure 18: Routing layout of the ambisonic soundtrack mixes. External sounds
are mixed onto an ambience bus, the characters within the internal experience are
summed to directional dialogue bus as is the inner speech. The main character’s
internal and external voice are given bone conduction, for the former, a dry dialogue
sound was extracted through deverberation.

lavalier microphones providing additional mono tracks; The inner voices were recorded
in a dry studio environment onto mono tracks. The room sounds, dialogue, and the
external voice of the protagonist remained unchanged throughout the test, and thus,
these sources were mixed down into a room sub-mix onto which the varying audio
sources were layered. The routing structure used in the creation of the audio tracks
is presented in Fig. 18.

The inner voices are processed through three primary processing chains, the bone
conduction bus and the two identical reverberation busses, one for the imaginary
characters and one for the inner speech. The reverberation effects can be bypassed
when they are not in use. The bone conduction bus performs equalisation and
compression to simulate the effects of bone conduction. The phenomenon is discussed
in Chapter 2.1.3. The starting point for processing was based on [89]. The parameters
were then refined by ear to derive a more detailed effect. The external speech of
the lead character was recorded in a reverberant space and therefore, a specialised
transient shaper [31] was used to reduce the room effects.

The reverberation busses employed convolution-based and algorithmic reverbera-
tion effects in series, although only one effect was enabled at a time. The impulse
responses (IR) for the convolution effects were captured with an ambisonic micro-
phone on set. For the lead character the IR was taken from a sound source positioned
just above their head and for the angel and demon, the source was at the approxi-
mate location of their mouths. The processing chain for the imaginary characters
is simplified slightly in Fig. 18: in practice, the angel and demon were given an



38

Figure 19: The imaginary demon character positioned in close proximity utilising
the Cubase MultiPanner.

individual proxy bus since their convolution effects were based on different impulse
responses, the outputs of these busses were then fed into a shared bus hosting the
algorithmic reverberation effect.

The four test scenes correspond to four variables in the audio renders respectively.
The first scene examines the level of the inner voice in the signal; this is accomplished
by altering the volume of the inner speech in the bone conduction bus. The level of
the signal through the inner speech reverberation bus, in which the effect is bypassed
in this scene, is reduced to compensate for the volume change. The second scene
tests the reverberation effects. The baseline render has no reverberation enabled,
while the alternative versions each have one of the reverberation effects enabled.
The third scene focuses on the localisation of the imaginary characters. The effect
is achieved with ambisonic panoration, which controls the ratio of signals in the
zeroth and first-order ambisonics channels (see Fig. 19). Feeding the signal onto
the omnidirectional channel only removes all directional cues while promoting the
first-order channels increases directivity. Similarly to the second scene, the fourth
scene tests reverberation effects on the imaginary characters’ voices. The baseline
render has no reverberation, while the variations apply convolution and algorithmic
reverberation.

To improve the listener experience and to promote an overall sound familiar to
the test subjects, all the audio renders were mastered in compliance with the EBU
loudness standard [26]. This standard sets the audio levels at -23dB LUFS with a
true peak ceiling of -1dB. Since loudness standards for ambisonic audio have not
been defined, the levels were measured from a binaurally decoded output with no
head tracking.

The listening test environment itself was created with Max, a graphical signal
processing programming environment [2]. The integration with a VR head-mounted
display was done with the VR object package [1].

The implementation of the test environment is presented graphically in Fig. 20.
The test operator starts the test by selecting the first scene. On scene load, the
audio and video resources are loaded into file containers, and a random sequence is
generated containing all two-digit combinations from the range from one to three.
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Figure 20: Structure of the test environment. The test operator controls
the scene selection and stepping through the test cases, the test subject has
control over the selected soundtrack.

This random sequence is fed into the track selector one combination at a time each
time the next step button is pressed. The track selector uses the number pairs as
mappings to select two of the three input audio tracks as options for the test subject
to select from. The test subject has control over selector buttons A and B that
switch between the two options presented. Once the participant has chosen an audio
track, the operator progresses to the next step or the next scene by pressing the
corresponding button.

Since the order of comparisons is randomised, for each test subject, a test case
is created. This test case records each scene load, the random mappings, and the
selections made by the participant. An identifier and the test subject’s age are also
recorded in the test record. Once the test has been finished, the case record is stored
for analysis. An estimate of the participant’s spoken pitch is added to the record
after it has been saved to show the approximate difference between the participant’s
voice and the inner speech presented in the test.

The test setup comprises a laptop computer hosting the test environment and
the required files, a head-mounted display, and a keyboard for user input. The tests
were performed in a peaceful and quiet conference room, where only the test subject
and the test operator were present.

The test procedure begins with an introduction and instruction talk after which
the participant is given time to ask for clarification. Once the test procedure has
been understood, the test subject writes an identifier of their choosing and their age
into the test system and wears the headset. Now the operator steps through the
test scenes, and the participant answers the questions according to their experience.
Finally, the operator saves the test case, makes a record of the participant’s vocal
range, the test subject removes the headset, and the operator briefly discusses the
choices made by the subject and collects feedback.
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4.2 Results
This chapter covers the results of the listening test introduced in Chapter 4.1.
Seventeen participants with backgrounds in engineering attended the listening test.
The ages of the participants range from 19 to 32 years of age, with a mean and
median of 25 and 24 years, respectively.

The test was composed of four scenes, each comparing three versions of the same
soundtrack through three steps of selections. While most responses did give a clear
answer where one of the soundtracks for the given scene was selected more times
than the others, on some occasions, a participant may have chosen each of the three
soundtracks an equal number of times, thus not affecting the distribution of the
responses. The ratio between conclusive and inconclusive results may be used to
judge uncertainty in the data since these responses display either indecisiveness or
an inability to hear differences in the audio material.

The first scene considered the amount of simulated bone conduction expected by
the listener in the inner speech of themselves as a character in a VR experience. The
results are presented in Fig. 21. Many subjects reported that the differences in the
audio tracks were difficult to notice. The test subjects were instructed to make the
selection based on their intuition. The similarity between the three options increases
the uncertainty of the results. This is noticeable in the fraction of inconclusive
responses. The responses show a slight skew towards the soundtrack having a small
amount of simulated bone conduction when looking for realism and an expectation
for light to notable bone conduction in the entertainment context.

In the second scene, the focus was placed on the room acoustic features, namely
the reverberation applied to the inner speech of the main character. The results
displayed in Fig. 22 show that people expect, in the case of realism, their inner
speech to be different from the acoustics of the actual room. The sentiment in the
case of entertainment is similar, although the differences are not as pronounced. It
should be noted that in the second scene, some people had difficulty discerning the
synthetic reverberation from the baseline, which had no such effect. It was also
pointed out by some that from the perspective of the spectator, the VR space seemed
larger than it was in reality, causing the room reverberation derived from the space
to sound unnatural.

The results for the third scene are presented in Fig. 23. This scene seeks the
spectators’ opinion on whether the voices of imaginary characters residing within a
character’s head should be rendered inside or outside their head. Most participants
considered a render with the voices placed in their natural position within the room
as the most realistic and entertaining. The voices placed inside the listener’s head
were not considered realistic, however, in the context of entertainment, the ratio
between the internalised voices and the voices rendered very close became equal.

The final scene in the listening test examined the effect of reverberation in the
voices of imaginary characters. In terms of realism, the question turned out to be
opinionated, with the results showing near-equal frequencies for all three options.
Based on discussions with the test subjects, just as in the second scene, the room
reverberation did not precisely match the perspective of the spectator causing a
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(a) Realistic (b) Entertaining

Figure 21: Scene 1 focusing on the level on simulated bone conduction.

(a) Realistic (b) Entertaining

Figure 22: Scene 2 focusing on the reverberation in the inner speech.

sensory conflict. Imaginary characters, or hallucinations, were not familiar to many
of the participants either. The expectations towards VR media showed considerably
more explicit results. In this context, the synthetic reverberation was voted the best
match to people’s expectations.

4.3 Findings
For the most part, the results of the listening test align with the findings of the
questionnaire, the background research, and the initial assumptions. The two critical
questions that were left unanswered in the questionnaire stage were whether the
hallucinatory characters should be rendered internally or externally, and whether the
inner speech of the main character should be rendered with bone conduction. Both
questions were further clarified in the listening test. Most test subjects expected the
imaginary characters to be localized to their natural positions. Bone conduction was
slightly preferred both, when seeking entertainment and realism. The magnitude
of the effect did, however, obtain conflicting views. What should be noted is that
since the differences between the bone conduction renders were difficult for many to
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(a) Realistic (b) Entertaining

Figure 23: Scene 3 focusing on the positioning of imaginary characters.

(a) Realistic (b) Entertaining

Figure 24: Scene 4 focusing on the reverberation in the imaginary characters.

discern from one another and the participants being guided to choose based on their
intuition, the results are less certain compared to the other cases. The headphones
used and how they fit each participant can also affect the results. In future testing,
a sensible topic could be finding the optimal amount of bone conduction.

The application of reverberation in the inner voices is above all, a sound design
topic. The listening test results show notable variation in both reverberation-related
questions, which also points to the questions being those of preference, rather than
experience. Both questions also had clear differences from each other in the contexts
of realism and entertainment. In the case of the inner speech, a rather dry, non-
reverberated sound gained the most popularity both, in the case of realism and
entertainment. In the latter case, the uncertainty within the responses was lower
and the gained additional information accumulated onto room reverberation. Some
of this behaviour could be explained by the fact that the synthetic reverberation
was considerably more subtle compared to the room reverberation. Some of the test
subjects mentioned after the test that they had not chosen the room reverberation
as a realistic render because, although the reverberation was derived from impulse
responses of the actual room, from the spectator’s perspective the space seems larger
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than it is in reality, making the room reverberation sound too small.
The fourth scene showed a noticeable similarity to the first stage of the ques-

tionnaire. Much in the same way the number of responses decreased on the topic of
hallucinations, the question of realistic reverberation of imaginary characters turned
out to hold a clear uncertainty. On the other hand, the participants were able to give
more conclusive data on the entertainment characteristics of hallucinations. This
points to people not being familiar with realistic hallucinations, but having a clear
idea regarding how they should be perceived in a film setting. The clear peak on
the synthetic reverberation suggests that the test subjects expect the voices of the
imaginary characters to be rendered in some space, but the space should be easily
discernible from the actual room. Many of the participants also confirmed this idea
after the test had been concluded.
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5 Conclusions and Discussion
This thesis presented a two-stage study intending to seek patterns in people’s per-
ception of their inner voices, namely, inner speech and auditory hallucinations. The
aim was to find out how these sounds could be recreated in virtual reality (VR) in
a realistic way and in an entertaining way by leveraging spatial audio techniques.
Where applicable, the results of the two stages in the study were also reflected against
existing scientific research and references in popular culture.

The first stage focused on gathering an overview of people’s experiences and
expectations via a questionnaire. The questionnaire was composed of three primary
segments: the first collected experiences of inner speech, auditory hallucinations, and
sound in dreams in the participants’ own words, the second segment concentrated
on specific phenomena, the perceived location of the inner speech and recollection
of sounds, and finally, the last stage mapped specific rendering parameters of inner
speech and auditory hallucinations for the use in the second stage.

The first stage uncovered several recurring patterns in people’s experiences with
their inner speech, most of which have also been noted in psychology and neuro-
science research. Compared to the inner speech, auditory hallucinations and dream
sounds were less approachable for people. The former could seemingly be attributed
to hallucinations being an unfamiliar phenomenon to most, while the latter was
troublesome due to people’s difficulty recalling details in dreams. The recollection
of sounds in dreams and other sound memories featured an element of hyper-focus,
leading to sound content being recalled only in case it was critical for the memory.
Background sounds with no significance would thus be difficult to recall.

The rendering parameters acquired from the questionnaire showed that people
mostly expect inner speech in VR to closely resemble their experience of reality.
The expectation people had was that the inner speech should sound like regular
speech without spectral colouration or added reverberation, and it should originate
from inside the head. The voices of imaginary characters were expected to mostly
sound similar to the inner speech, with the two exceptions that some reverberation
was desired, and the voices were expected to be rendered to positions outside the
head. The results showed a large variation between fully externalised and mostly
externalized rendering, however, leaving room for speculation.

The objective in the second stage was to apply the parameters yielded by the
questionnaire in a listening test. The key questions were whether the subjects would
prefer the sound of inner speech without the effects of bone conduction, whether a
listener would expect imaginary characters to localise inside or outside their head, and
what type of reverberation the participants expected in both, the case of inner speech
and imaginary characters. For each point, a test scene was created comprising three
soundtracks, two with modified sound parameters and one baseline render common
among scenes. In each test scene, the subjects were asked to pick the soundtracks
that best matched their experience in terms of realism and entertainment. It should
be noted, however, that the inner speech heard by the test subjects was not their
own, but rather that of an actor which may be considerably more difficult to identify
with.
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The second stage faintly indicated that people likely expect their inner speech in
VR to include the effects of bone conduction. They also expect imaginary characters
to localise to their visible positions outside the head. The inner speech was expected
to either have no reverberation or a large synthetic one. The subjects did not
agree on what type of reverberation was expected for imaginary characters to be
realistic. For the case of entertainment, the consensus was, however, that a synthetic
reverberation that gives the characters space but isolates them acoustically from the
actual environment sounded better.

5.1 Author’s Remarks
Since sound design is a field relying primarily on the vision and professional experience
of the people working in the industry rather than on scientific research, research
on the topic is largely lacking. Throughout the background research for this thesis,
comments, interviews, and other similar sources describing techniques and approaches
related to existing media works were easy to come by. These methods were, however,
based on trial and error and matching a filmmaker’s vision to a post-production
practice. The psychological basis of sound design was not covered. What makes
the topic of subjective immersive media production immensely interesting is that
it has links to many themes in psychological research. While there is not enough
research to prove many of these connections, and thus they cannot be stated as facts,
hypotheses can still be made.

A fascinating consideration regarding immersion in traditional media is that a
two-dimensional film may capture a spectator’s focus in a way that can almost make
them feel like they were playing a part in the story. This is essentially extreme
immersion induced by only two sensory inputs: vision and audition. Yet, people
do in their inner experience consider more than just these two sensory domains.
Through special effects, a film can produce physical sensations: loud low-frequency
content makes a spectator physically feel explosions and earthquakes, and sharp
sounds cause sensations of pain and discomfort. The examples do not need to be this
extreme, however. More subtle hyper-real sound design, Indiana Jones’ whip lashes,
for example, produce a nearly tactile sensation although not using anything but
visual and audible cues. The use of hyper-realism seems to therefore feel immersive
by augmenting existing sensory channels to cover for the missing ones.

Considering the hyper-focused nature of memories, which has been discussed on
several occasions in this thesis, another connection may be drawn between audiovisual
media and memory. Chapter 2.1.2 introduced the multi-component model of working
memory. According to the model, the working memory recalls visual and sonic
information from memories, thus utilising the same sensory channels that films do. It
has also been established that auditory and visual regions in the brain are activated
by internal and external stimuli. On this account, one can argue that films could act
as memories projected from external input to the inner experience. Films also mimic
the structure of memories by introducing strong focal events that the spectator is
expected to place their attention on, much like the hyper-focus, which was noted
during this research project.



46

Media in VR creates a paradigm change by making the spectator’s focus dynamic.
Where a film representation may be considered as a memory or, as a story that has
already taken place, VR places the spectator in the present. A clear distinction is that
in a memory one recalls the experience as it was perceived, the memory is therefore
tied to the visual field as it was. In VR, the visual field is driven by actions currently
taking place. By extension, emphasised sound interactions represent important events
and motifs in two-dimensional films, while in VR they should primarily steer focus
towards something relevant in the moment. This notion also came up in the listening
test where people chose the most realistic option except in case they felt it was
relevant at that moment to discern a sound in the external experience from those
present only in the inner experience.

Where this consideration of memory and present concludes is that in VR, the
representation of reality is more important since a VR film is a direct projection
of a character’s inner experience, while a traditional film is a visually told story
resembling a memory. At this point, spatial audio also comes into play. Unlike
traditional films, VR media presents dynamic first-person experiences which require
spatial audio tools for their realistic portrayal. Since the spectator is allowed to freely
move their head, audio produces the critical directional cues that govern the viewer’s
attention and ensures that the viewer can feel immersed in the VR experience.

5.2 Future Research
Along the way, this thesis raised as many new questions as it answered existing ones.
Some of the experimental ideas that came up during the work got all the way to
the planning board but had to be ruled out of the scope of this thesis. Some of the
ideas were also written down purely as future topics. Since the research in subjective
spatial audio is few and far between, numerous research topics may be identified.
Whether the field of sound design would be ready to accept scientific research as
design input is another question altogether. Virtual reality and subjective spatial
audio might, however, prove useful as a tool in research on psychoacoustics and the
perception of sound.

One noteworthy topic, which was planned but not executed, is the use of special
effects to improve the realism or entertainment of VR video. The questionnaire gave
inspiration for a selection of commonly mentioned specific events, such as the sound
in dreams fading away as one wakes up. Through a listening test, it could be tested
whether given effects used in films or inspired by the inner experiences of actual
people improve immersion, the feeling of realism, or the entertainment of VR media.

A problem with inner speech representation in VR is that the voice actor heard
by the spectator is not the voice of the viewer themselves. Since the experience of
inner speech is closely tied to one’s own voice identity, an unfamiliar voice is difficult
to identify with. A research topic considered at an early stage of the study presented
the idea of leveraging recent deep fake technologies to render the inner speech of a
character with their own voice simulated by artificial intelligence.

Realistic audio cues and acoustic characteristics as a tool for storytelling is a topic
that does not seem to have been investigated in VR media. Since audio can play a
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role in various subconscious processes, spatial audio could potentially be utilized to
induce subtle cues to affect the viewer’s position towards a character. For example,
a hallucination could be presented as a perceptually real character but be presented
as non-real through barely noticeable subconscious cues. Another area would be
to experiment with rendering body sounds such as heartbeat, breathing, and blood
circulation, and their effect on storytelling and immersion.
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A The Questionnaire Questions
Questionnaire title: The Characteristics of the Inner Voices
Introduction:
Hi, and thank you for your time! This questionnaire is tied to research done at
the Aalto University Acoustics Lab. The purpose of this form is to gather infor-
mation for research into the inner voice experience and its reproduction. If you
have questions regarding this study, please contact Kuura Parkkola via email at
kuura.parkkola@aalto.fi.

What is referred to here as inner voices, are sensations of sound originating from
within one’s mind. This comprises the inner monologue and imaginary sounds. The
former refers to the mode of thinking possessed by many, where they go through a
monologue within their head as a part of their thinking process; the latter to sounds
such as auditory hallucinations or dreams.

The form can be filled with a mobile device or a computer, the latter is recom-
mended to answer a few open questions in the questionnaire.

Page 1 - Background information
In this first section we’ll gather some basic information to aid our statistical analysis.

Question Type Options
Subject identifier Open short text
What is your age? Open short text
What is your primary mode of
thinking?

Multiple choice (drop-
down)

Words

Images
Intuition
Feelings
Other (Specify)

What is your background? Open short text
Where did you find this question-
naire?

Open short text

Permission to use provided infor-
mation for academic purposes

Tick box

Table A1: Questions on the first page

Page 2 - Initial Questions
In this section we ask you to answer to some open questions to get a sense of your
experience about your inner voices in your own words.
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Question Type
If inner monologue is a part of your thinking, how
would you describe your inner monologue?

Open long text

Have you ever experienced any form of an auditory
hallucination? If so, how would you describe it?

Open long text

Can you recall any dreams you have recently had,
can you describe how different things sounded like
in your dream?

Open long text

Table A2: Questions on the second page

Page 3 - Personal experience
In this section we ask you about your personal experience. The questions have some
pre-defined questions or you can specify your own sensation if none of the choices
match. If the questions below don’t match your experience exactly, you can use the
last field of this section to explain your experience.

Question Type Option
Is your inner voice located... Multiple choice

(radio)
In the centre of your
head?
In front of you?
Above you?
Other (Specify)

When you think about something
someone else has said or might say,
do you sense the voice as...

Multiple choice
(radio)

In the centre of your
head?

Your own voice?
Their voice?
Other (Specify)

When you think about something
you have heard, do you sense the
sound...

Multiple choice
(radio)

In the ambience of the
space you were in?

In the ambience of the
space you are currently
in?
Without any ambience?
Other (Specify)

Do you have anything you want
to specify further?

Open long text

Table A3: Questions on the third page
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Page 4 - Your Experience
In this section you will be asked to rate your inner voice according to a few pre-
determined scales. If the questions below don’t match your experience exactly, you
can use the last field of this section to explain your experience.

Question Type Axis
Is your inner voice quiet or loud? Evaluate Quiet to loud
Is your inner voice boomy or thin? Evaluate Boomy to thin
Is your inner voice dry or reverberant? Evaluate Dry to reverberant
Is your inner voice tonal or whispery? Evaluate Tonal to whispery
Is your inner voice inside or outside
your head?

Evaluate Inside to outside

Do you have anything you want to
specify further?

Open long
text

Table A4: Questions on the fourth page

Page 5 - Your Expectation in a VR Experience
In this section you will be asked to define how you would expect to hear the thoughts
(inner monologue) of a character in a first person virtual reality experience where you
observe the world through the characters eyes. If the questions below don’t match
your experience exactly, you can use the last field of this section to explain your
experience.

Question Type Axis
Should the inner monologue be quiet
or loud?

Evaluate Quiet to loud

Should the inner monologue be boomy
or thin?

Evaluate Boomy to thin

Should the inner monologue be rever-
berant?

Evaluate Dry to reverberant

Should the inner monologue be tonal
or whispery?

Evaluate Tonal to whispery

Should the inner monologue be inside
or outside your head?

Evaluate Inside to outside

Do you have anything you want to
specify further?

Open long
text

Table A5: Questions on the fifth page
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Page 6 - Imaginary Characters in a VR Experience
In this section you will be asked to define how you would expect to hear the voices of
imaginary characters in a first person VR experience where the imaginary characters
are talking to you. Imaginary characters in this scenario are characters originating
from the mind of the character through whose perspective you experience the story.
If the questions below don’t match your experience exactly, you can use the last field
of this section to explain your experience.

Question Type Axis
Should the characters be quiet or loud? Evaluate Quiet to loud
Should their voice be boomy or thin? Evaluate Boomy to thin
Should their voice be dry or reverber-
ant?

Evaluate Dry to reverberant

Should their voice be tonal or whis-
pery?

Evaluate Tonal to whispery

Should their voice be heard inside or
outside your head?

Evaluate Inside to outside

Do you have anything you want to
specify further?

Open long
text

Table A6: Questions on the sixth page

Page 7 - Inputs for this study
In this last section we ask for your opinions on some thematics of our study. You
can also leave feedback for us in the last question.

Question Type Axis
Which do you rate more important in
a virtual reality experience, realism or
entertainment?

Evaluate Realism to entertainment

Feedback Open long
text

Table A7: Questions on the seventh page
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