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FOREWORD

The following pages document my thesis,
NeuroAesthetic Resonance, produced to fulfil
the graduation requirements of the MSc Design
for Interaction programme.

This project has been an intense, continuously
challenging and ultimately rewarding
experience. The project started with a
deceptively simple goal: to try to understand
the relationship between our brains and minds
in the perception of aesthetics. Having worked
with brain data previously in my work with

Vibe Research Labs (an in-faculty research
collective), | was compelled by its potential

to enrich fundamental aesthetic theory. | had
also been introduced to the world of brain-
computer interfaces and was eager to explore
them as an expressive medium. In this project,
| saw a rare opportunity to fully immerse
myself in a somewhat fringe area of design that
satisfied my dual passions for art and science.
Despite the many highs and lows of graduating
in a global pandemic, | am above all deeply
grateful that | was given the space, support and
resources to do so. This project would not have
been possible without the encouragement of
many people who | am fortunate to have in my
life.

Firstly, my supervisors, Derek and ELif.

Derek: We’ve worked together for most of my
academic career here in Delft, and this work
has shaped my development as a designer.
Our collaborations have shown me that there
is value in taking the road less travelled and
questioning everything — something you

have reminded me of throughout this project.
Thank you for your generosity, enthusiasm and
unwavering belief in the value of this project.
Elif: Although we weren’t well acquainted
before this project, | am so grateful that we
are now! Your knowledge and perspective have
been invaluable. Thank you for always valuing
my opinions, reminding me of my power as

a designer, and encouraging me to embrace
myself through my work.



My friends here in Delft: our friendship has
been a source of great joy in what has been a
difficult year for all of us. Our weekly dinners,
movie marathons and Zoom calls have kept
me sane and reminded me of the many good
things in my life here in the Netherlands that
are all too easy to overlook in the midst of a
thesis! A special thanks to Freddy, who has
accompanied me throughout the graduation
journey. Thank you for listening, understanding,
and brightening every day in StudiolLab.

My family and friends back home in the UK:

| can’t thank you enough for supporting me
through my long and winding journey in higher
education, and for cheering me on from afar.
Knowing that you will always fight my corner
keeps me going, even on my toughest days. My
time as a student is finally over — | promise!
Looking forward to having tea, bourbons and a
pint of Lilley’s with you all as soon as | can.

Finally, a big thank you to Tim Mullen and
the NeuroPype team at Intheon, whose
expertise and feedback have been invaluable
in developing the technical outcomes of this
project.






GLOSSARY

RESONANCE A term with diverse scientific and cultural
meanings. Originates in physics, where it
describes how an oscillatory system increases
in amplitude when a resonant frequency is
applied to it.

RESONANT A freqLi?cncy that is :c:he samior close to a
natural frequency of an oscillatory system.

FREQUENCY Some systems may have more than one
resonant frequency.

EEG Stands for electroencephalography. EEG is
brain wave data, a compound signal that can
be processed to extract information about a
person’s neurological state.

POWER A unit of measurement for the relative power
of a particular frequency within a given

SPECTRAL spectrum. Often used with EEG data to show

DENSITY changes in amplitude.

=1=={[e]»][e] A stimulus that has a specific frequency, such
as a flashing light or an auditory sine wave.

STIMULUS Commonly used in neuroscience experiments.

NEURAL An increase in PSD in EEG data at the same
frequency as that of a periodic stimulus, and

RESONANCE at frequencies relative to it (e.g. double or
half).

AESTHETIC An optimal state in which an aesthetic

RESONANCE experience evokes sensory pleasure and

personal meaning, and imparts self-
transcendental feelings, such as beauty.
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1.1 EXECUTIVE SUMMARY

The brain is the foundation of human
experience. Our sensory and emotional
perceptions of the world around us are all
based in neural activity. But does physical brain
activity correspond with subjective aesthetic
experience? Is it possible to optimise for both?

My project seeks to answer this question

by framing brain response and aesthetic
experience as forms of resonance. The brain
functions through oscillation (commonly
known as ‘brainwaves’) and as such produces
measurable resonance phenomena. Aesthetic
resonance is a far more metaphorical concept,
but has been explored in design literature

as a model of enjoyable and meaningful
aesthetic experiences, in which a person feels
in harmony with the aesthetic properties of
their environment. In my work, | explore how
design might produce experiences that are
optimised for both forms of resonance. In doing
so, | aim to contribute knowledge that furthers
scientifically informed interaction design and
enables the design of effective, enjoyable

and personalised brain-computer interfaces
(BCls) and neurotherapeutics. My findings are
expressed through an audiovisual installation
(Figure 1) that uses a feedback loop between
participant and designer to co-compose a data-
driven resonant experience. The installation
gathers synchronised, labelled EEG and multi-
sensory stimulation data (Figure 2), enabling
future research in the joint optimisation of
neural response and aesthetic experience.

The project draws upon literature on resonance
in the domains of neuroscience and aesthetics,
exploring the role design could play in bridging
these two conceptualisations. Three research
questions were used to shape this exploration:

1. Can neural and aesthetic resonance be
evoked simultaneously by periodic stimuli?

2. Does peak neural resonance correspond
with peak aesthetic resonance?

Figure 1: The final design manifests as an art
installation that gathers live EEG data and calculates
a measure of neural resonance.

Figure 2: The installation also gathers real-time
ratings of aesthetic engagement and pleasure to
measure aesthetic resonance.
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3. How can both forms of resonance be
embodied in an audiovisual design?

To address these questions, metrics of neural
and aesthetic resonance were developed. The
metrics are informed by literature and have
been validated through a series of experimental
protocols that replicate simple neuroscience
experiments. Initial data gathered using the
metrics demonstrates that it is possible to
optimise for neural resonance in real-time, and
that this can be done in an iterative and playful
manner. The metrics were then used in a series
of interactive prototypes (Figure 3). Through
these prototypes, insights were gathered
regarding the embodiment of resonance in
(audiovisual) design and the translation of
traditional periodic stimuli to a designed
experience. The prototypes demonstrate that
more complex, aesthetically resonant stimuli
can also evoke neural resonance.

These insights also informed the final design
concept: a platform for measuring and creating
neural and aesthetic resonance through a
data-driven, immersive audiovisual experience.
The final design therefore offers three main
contributions:

* resonance metrics;
* an audiovisual art installation;

+ aresearch platform.

The metrics of neural and aesthetic resonance
were developed to be generative for design
and supportive of human-centred data
science. They are visualised through a real-
time data display that allows a designer to
optimise an audiovisual design for resonance.
The installation design, consisting of an
algorithmically generated soundscape and

a light source (Figure 4), demonstrates how
the metrics can inform experience design
and facilitates further empirical exploration
of resonance in design. Both the resonance

s

Figure 3: My audiovisual prototypes were able to
evoke neural resonance, shown in my real-time data
display.

Figure 4: The final design includes an audiovisual art
installation that expresses and measures resonance.

12
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metrics and installation are connected by a
digital system that collects labelled neural

and aesthetic data (Figure 5). The system is
envisaged as a platform for research into the
phenomenon of resonance as a driving factor in
experience design.

Although COVID-19 restrictions resulted in a
limited sample size for user testing, the data
collected during this project suggests that

it is indeed possible to embody neural and
aesthetic resonance in design, and to optimise
such a design for both forms of resonance in
an adaptive, iterative manner. This suggests
future potential not only for human-centred
BCI design, but the introduction of algorithmic
decision-making and machine learning
techniques in optimising (bio)data-driven
experiences. Additionally, the test provided
some evidence that peak neural resonance
may correspond with peak aesthetic resonance
(Figure 6), although further data collection is
needed to confirm this.

Questions still remain regarding the precise
relationship between neural and aesthetic
resonance, but the system developed
during this project provides an accessible
and generative platform for exploring this
relationship in future research.

Figure 5: My final design uses real-time neural and
aesthetic data to optimise an audiovisual experience

for resonance.
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Figure 6: Results from my final user test suggest a
potential relationship between neural and aesthetic

resonance.
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including three testing protocols. After the metrics were validated the
design concept was developed through a series of prototypes and a final
design was produced.

CHAPTER 1 - PROJECT OVERVIEW



1.21 DESIGNING WITH THE BRAIN

The human brain is, to most of us, a black box:
complex, opaque and unknowable (Figure 8).
The field of neuroscience seeks to elucidate
its contents. As the brain is connected to

all manner of bodily processes, so too is
neuroscience to other scientific domains.
From computational modelling to psychology,
neuroscience incorporates a wide spectrum
of approaches to and perspectives on human
experience. A number of specialisations within
the field have emerged as a result of this
diversity.

Cognitive neuroscience, for example,
investigates the neurological basis of
cognition and emotion. In doing so, it links
measurable neural phenomena to aspects

of human experience that might otherwise
seem enigmatic. As a discipline, cognitive
neuroscience seeks to demonstrate how

our experience of the world around us is
inherently shaped by our biological capacities

for perceiving it[1]. It also posits that perceptual

and physical responses to our environment
correspond to responses in the brain: “a
representation of information in patterns of
neural activity”[1].

Understanding the science of cognition not only

has implications for scientists and clinicians,

but for other disciplines concerned with human

perception — including those with traditionally
qualitative approaches to the subject, such

as design. In the past few decades, there has
been increasing interest within the design
community regarding the application of
neuroscience principles in designing interactive
products, environments and experiences[2].
The opportunities in neuroscience-informed
design are twofold: an enriched understanding
of how designed artefacts are perceived on

an anatomical basis, and suggestions as to
how this relationship between psychology and
physiology might be leveraged to design for
intended effects. Despite this, there remains a

Figure 8: Modern neuroscience has revolutionised the
way we understand the brain, from a black box to a
network of interconnected systems[39].

CHAPTER 1 - PROJECT OVERVIEW
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tension between scientific rigour and designerly
intuition: conditions for scientific validity are
not always conducive to a holistic design
process, particularly when working with a
subject as intricate as the brain. A combination
of experimental and user-centred approaches is
needed to begin to reconcile the two.

1.2.2 BRAIN-COMPUTER INTERFACES

Brain-computer interfaces (BCls) demonstrate
how principles of neuroscience and design
might be applied simultaneously to facilitate
meaningful interactions (Figure 9). A BCl is
defined as an interface that “measures central
nervous system (CNS) activity and converts it
into artificial output”, which ultimately “changes
the ongoing interaction between the CNS

and its external or internal environment”[3].
Measurement is usually in the form of
electroencephalography (EEG), which measures
the brain’s electrical activity in spectral (wave)
form. As consumer-grade EEG devices have
become increasingly accessible and accurate,
some BClIs have also evolved from controlled
laboratory experiments to vehicles for artistic
expression. According to practitioner Nina
Sobell, BCIs are driven by the “transmutation
of neural signals into realms of sounds and
images that render the internal workings of the
mind perceptible”[4]. As such, BCls are not only
a means for scientifically-informed research,
but a platform for design and exploration of the
boundaries of interaction (Figure 10).

All BCls — whether scientifically or artistically
motivated, or both — require stimuli that can
reliably evoke a recognisable brain response.
Such stimuli are usually periodic in nature; in
other words, they have a specific frequency.
Common examples include flickering LEDs
and auditory sine waves. When an individual is
shown such a stimulus at a given frequency,
it is possible to identify the strength of neural
response to the stimulus by looking at brain
activity in the region of its frequency. For

Figure 9: BCls allow users to directly or indirectly
influence their environment through their neural
activity, using EEG data.

Figure 10: An example of an art installation facilitated
by a BCI (eeg_deer by Dmitry Morozov, 2014). There

is increasing interest in the subjective experience of
BCls — and how to design this.

16
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example, if a BCI system uses 40Hz flickering
LEDs, an increase in brain activity at around
40Hz indicates a response. This mechanism

is used by BCls to detect attention (such as
looking at a flashing letter on a screen, as in
Figure 11), to infer intention, and to translate
this to interface actions (such as constructing
a word). Although this approach enables
relatively consistent interactions between the
user and BCI, these interactions are limited in
terms of experiential value. This is primarily
due to the repetitive and intense nature of
periodic stimuli, which can cause both physical
and mental fatigue[5]. The one-dimensional
nature of these stimuli means that they do not
usually enhance the user experience of BCls,
but are rather a necessary discomfort for such
systems to function. As BCls continue to be
developed for clinical, therapeutic and artistic
applications, the matter of experience design
becomes increasingly important — and yet
remains relatively unexplored in literature.

The system developed during this project
uses live brain data to augment the aesthetic
properties of the user’s environment, according
to principles from both neuroscience and
aesthetics literature. In doing so, it aims to
explore the potential relationship between
neural response and aesthetic experience, and
the extent to which they may be optimised
simultaneously. The results of this exploration
serve as input for future BCl design: by
designing an audiovisual experience that
produces measurable neural responses
alongside positive aesthetic outcomes, this
project suggests that the user experience of
BCls can be improved whilst maintaining their
efficacy.

1.2.3 NEUROTHERAPEUTICS

The use of periodic stimuli to augment
brain activity has also been investigated as
a therapeutic medium. In recent decades,
a number of studies have investigated how

Figure 11: A BCI ‘speller’ that uses EEG response
to visual flicker to detect which letter a person is
looking at[36].

CHAPTER 1 - PROJECT OVERVIEW
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entraining brain activity to the frequencies

of oscillating light and sounds can improve
outcome measures for a variety of physical
and psychological conditions, including anxiety,
fiboromyalgia and Alzheimer’s[6]. Although
clinical trials have often been limited in

scope, the results are promising: audiovisual
entrainment appears to be a fruitful alternative
to existing treatment modalities that merits
further investigation.

However, as in the case of BCls, the stimuli
used in neurotherapy trials are often
monotonous in nature, with reliability of brain
response prioritised over patient experience.
This is understandable, as the focus in such
cases is establishing scientific evidence (or at
least strong potential) for measurable health
benefits of neurotherapy. Despite this, it is
important to consider the subjective experience
of neurotherapy stimuli: an unpleasant clinical
experience could deter patients from adhering
to or seeking treatment, and in the case of
entrainment-based therapies, could perhaps be
detrimental to positive health outcomes.

As previously discussed, the core inquiry of
this project concerns the relationship between
neural response and subjective aesthetic
experience. The system created during this
project seeks to optimise for both outcomes,
and in doing so suggests that the experience
of neurotherapy can be as enriching as it is
effective.

18
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13 GOALS

1.31 RESEARCH QUESTIONS

As previously discussed, this project aims
to explore the relationship between neural
activity and aesthetic experience, framing
both using the concept of resonance. The
project hypothesises that it is possible to
simultaneously evoke neural and aesthetic
resonance through a designed experience
— and seeks to explore whether there is

a relationship between the two forms of
resonance.

To investigate this hypothesis, the following
three research questions were defined:

1. Can neural and aesthetic resonance be
evoked simultaneously by periodic stimuli?

2. Does peak neural resonance correspond
with peak aesthetic resonance?

3. How can both forms of resonance be
embodied in an audiovisual design?

1.3.2 DESIGN GOALS

This project seeks to create aesthetically
resonant experiences that are also able to
evoke neural resonance, with a focus on
measurable outcomes and exploration of the
design space. Consequently, the following three
design goals were defined for the project:

1. Create a personalised and engaging multi-
sensory experience that is driven by
resonance;

2. Design audiovisual stimuli that are both
neurally and aesthetically resonant;

3. Create an accessible system for measuring
and producing resonance that is generative
for designers.

CHAPTER 1 - PROJECT OVERVIEW
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14 APPROACH

1.41 RESEARCH THROUGH DESIGN

At the core of this project is an approach known
as Research through Design (RtD) (Figure 12).
Originating from theory developed by Frayling[7],
RtD is an established methodology in various
design disciplines, particularly in human-
computer interaction (HCI). According to HCI
practitioners and researchers Zimmerman,
Forlizzi and Evenson, research through design

is about “making the right thing” — using the
design cycle of ideation, iteration and evaluation
to articulate what should be addressed in a
current state, and what the resulting preferred
state might look like[8]. RtD is especially useful
in situations where there is a gap between
theoretical knowledge and real-world contexts.
As previously discussed, although the body of
research on (neural) resonance and entrainment
is strong, the relationship between this research
and tangible applications is less so. With this

in mind, RtD seems a natural choice for this
project.

The RtD in HCI model, as proposed by
Zimmerman et al.[8], can be approximately
split into three groups. Each of these groups
concerns different members of the HCI
community and corresponding deliverables.

The first group consists of researchers and
knowledge in fields related to, but separate
from, interaction design. Their knowledge — in
the form of technology, data, models and theory
— informs the work of interaction designers. In
this project, | will draw upon the knowledge of
neuroscientists, engineers and design theorists.

The second group consists of interaction
designers, who produce artefacts that allow
them to explore their area of research. This is
the group that | will occupy during this project,
as | produce and iterate upon prototypes in
response to research questions.

The third group consists of HCI practitioners,
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Figure 12: An adapted version of the RtD in HCI model
by Zimmerman et al.[8] for this project and context.
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who are separated in the model by a research/
practice barrier. The artefacts produced by
interaction designers overcome this barrier by
linking the knowledge of the first group to real-
world contexts. In this project, my prototypes
will seek to communicate both background
theory and my own findings to practitioners of
HCI, design and (neuro)science, and hopefully
to the general public as well.

1.4.2 DATA-DRIVEN DESIGN

This project is based on the knowledge of
disciplines whose investigations largely involve
the collection and analysis of data. This data
can be a mixture of quantitative (as in EEG) and
qualitative (as in aesthetics). Both forms of data
will be collected and analysed throughout the
course of this project. Data will also be a key
driver for the prototypes | develop, as the main
goal of these prototypes is to create a closed-
loop system between a participant, their data,
and their environment (audiovisual stimuli).

EEG data is central to the project as it will form
the basis of the metric | will develop for neural
resonance. Additionally, it will serve as both an
input variable for the prototypes | develop and
an indication of their effects on participants.
This data will be gathered using best practices
gathered from literature, including a screening
process to filter out at-risk groups (migraine
sufferers, for example) and a data management
protocol for anonymising and storing
recordings.

In addition to neural resonance, | will also
explore how aesthetic resonance can be
measured. This will involve both qualitative and
quantitative data, such as semantic analysis
and Likert scales. Further to this, | will assess
my prototypes against key criteria developed

in response to the research and design goals
outlined in the previous section. | will refer

to relevant literature and draw upon best
practices according to the goal in question.

CHAPTER 1 - PROJECT OVERVIEW



15 DESIGN OUTCOMES

1.5.1 RESONANCE METRICS

As discussed in the previous section, the final
design uses EEG data and aesthetic ratings
(collected using a custom app, shown in

Figure 15) to calculate measures of neural and
aesthetic resonance. The metrics developed
for both forms of literature draw upon relevant
literature and were tested through a series of
validation protocols.

Throughout the course of the project, focus was
placed on making the metrics accessible and
generative for design. This was done by creating
a real-time data display (Figure 13), which
allows a designer to track the effects of their
design decisions on the degree of resonance
experienced by the participant. This in turn
enables the designer and participant to explore
the design space together and jointly optimise
for the participant’s neural and aesthetic
resonance (Figure 17). Although the metrics of
resonance are simplified by necessity, both

the validation protocols and prototype tests
carried out during this project show them to be
sufficiently robust to be generative for design
and to enable meaningful scientific findings.

1.5.2 INSTALLATION DESIGN

A physical installation, consisting of an
algorithmically generated soundscape and

a light source (Figure 14), was designed and
built to demonstrate how the above described
resonance metrics could inform experience
design. The installation is both an expression of
resonance in design and a vehicle for exploring
this concept empirically.

An art installation was chosen as the most
suitable context for collecting resonance data,
as the abstract and ephemeral nature of the
design fits well with the expectations visitors
may have in a gallery setting. By framing the
installation as art, visitors are expected to be

Figure 13: Live data display showing participant’s
neural and aesthetic resonance data, which is used to
optimise the experience design.

Figure 14: A participant sits in front of the light
installation, which changes according to their EEG
data and aesthetic rating.

22
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more open to exploring the design space, and
more readily able to report on their experience
(as required for my aesthetic resonance metric).

1.5.3 RESEARCH PLATFORM

The resonance metrics and physical installation
are connected by a digital system (Figure 16)
that collects data, interprets it and translates it
to audiovisual designs. This system was created
as an intentionally open-source platform that
uses standardised communication methods,
such as OSC and Lab Streaming Layer. This
means that, in future, any number of audio and
visual sources can be connected to the system,
using a variety of programs. These sources can
then be assessed using the resonance metrics
and real-time data display.

The system is thus envisaged as a research
platform for exploring the phenomenon of
resonance, enabling designers to collect both
neural and aesthetic data in a consistent

way. As more data is collected using diverse
audiovisual sources, generalisable findings can
be produced regarding the relationship between
neural and aesthetic resonance in the context
of design. The platform can consequently
support designers’ understanding of resonance
as an experiential factor and an optimisation
question for interaction design. As the data is
chronologically synchronised and labelled, it
also invites the application of machine learning
techniques to further explore optimisation
possibilities.
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Figure 15: A custom app allows the participant to give
real-time aesthetic feedback, which is shown in the
data display.

Figure 16: The designer uses controls in MAX/MSP to
adjust algorithmically generated ambient music, which
in turn influences the light installation.
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21 WHAT IS RESONANCE?

211 THE CONCEPT OF RESONANCE

Resonance is a term with diverse meanings.
Originating in physics, it is often used to
describe decidedly more emotive phenomena.

Generally, we use “resonance” to describe

the relationship between ourselves and the
experiencing of an “other” — a person, object
or environment — that is characterised by
emotional depth, meaning, and pleasure. When
asked for an opinion of your favourite song, for
example, you might say: “It really resonates
with me.” This song stirs your emotions, imparts
a sense of (personal) significance, and is
particularly enjoyable to listen to. Similarly, you
might resonate with a friend who understands
your feelings and worldview implicitly, and who
puts you at ease in their company.

In our environment, our relationships and the
artefacts we create: where there is expression
and emotion, there may also be resonance.
The cultural nature of this conceptualisation
of resonance differs, however, to the original
context of the term.

2.1.2 ORIGINS OF RESONANCE

Traditionally, the term “resonance” is used in
physics to describe an increase in amplitude
that occurs when an external frequency is
equal (or very close) to a natural frequency

of the physical system to which it is applied
(Figure 18). This external frequency is known as
a resonant frequency, of which some systems
may have multiple. As resonance is inherently
oscillatory, all types of waves can produce it —
acoustic, magnetic and nuclear, to name a few.

As a result, the scientific concept of resonance
is not exclusive to physics, and can be found in
fields such as chemistry, medicine and music.
This version of resonance seems somewhat

at odds with how we use the concept in
conversation. After all, a physics experiment

is hardly comparable in emotional terms to

Resonant
trequency
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amplitude
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Figure 18: A typical resonance curve. When the
system’s resonant frequency is applied, the amplitude
of the system is maximised in response.
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a striking work of art. However, empirical
resonance is far more human than we might
think. As previously mentioned, resonance
occurs in oscillatory systems, which produce
waves. The human brain is one such system.
Our brains constantly produce electrical activity
that is oscillatory in nature, and as such can
demonstrate measurable resonance.

Key takeaways:

* Culturally, resonance has
connotations of unity and
connection.

* The term was originally
used in a scientific context
to describe how oscillatory
systems react to specific
frequencies applied to
them.

* Resonance can occur in any
system where waves exist,
including the human brain.
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22 THE RESONANT BRAIN

2.2.1 NEURAL OSCILLATIONS

The concept of resonance, in both a physical
and psychological sense, is well-established in
neuroscience literature. This is unsurprising,
as brain activity produces oscillations — more
commonly known as ‘brain waves’ — that are
subject to resonance phenomena, as all waves
are. Neural oscillations occur when groups of
neurons act synchronously.

Brain activity (i.e. neural oscillations) can be
measured using electroencephalography, known
as EEG. EEG uses electrodes on the scalp to
pick up electrical signals produced by the brain.
These signals are then analysed to determine
the strength of different frequencies within
them across a given spectrum (usually between
1 and 70H2z).

The spectrum of frequencies observed in EEG
is typically divided into several bands: delta
(01-4Hz), theta (4-8Hz), alpha (8-12Hz), beta
(13-30Hz) and gamma (>30Hz), as shown in
Figure 19. Different frequency bands will exhibit
differing levels of strength (i.e. amplitude),
depending on the individual and the current
state of their brain[9]. The alpha band is,
historically, the most widely-studied in EEG
research, in part due to its prevalence during
states of relaxed wakefulness and calm[9]. This
also means that the alpha band is of interest in
wellbeing applications of EEG data[10].

The spectral content of EEG signals can be
used to infer current neural activity, often in
relation to a stimulus. Neural oscillations have
been linked to processes such as perception,
motor control and information transfer[11].

2.2.2 NEURAL RESONANCE

Neural oscillations are also nonlinear. Nonlinear
oscillations have several universal properties,
one of which being ‘higher-order resonance’.
Higher-order resonance refers to the effects of
a stimulus on the amplitude of an oscillation.

DELTA 0.1 - 4Hz

Va4

ALPHA 8- 12Hz
BETA 12 - 30Hz

GAMMA, 30Hz+

Figure 19: Brainwaves, or neural oscillations, can
be split into five categories depending on their
frequency.
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More specifically, it describes a phenomenon in
which, depending on the frequency of a stimuli,
an increase in amplitude is observed at both
the stimulus frequency and at (sub-)harmonic
frequencies of that stimulus. For example, if a
2Hz stimulus is applied, the greatest increase
in amplitude is observed at 2Hz but smaller
responses can also be seen at 1, 4 and 8Hz.
Response size also increases with stimulus
intensity. We can see from these numbers that
there is a proportional relationship between
them, and can therefore make predictions for
the responses we would expect for stimuli of
various frequencies.

This is equally true for neural oscillations — the
same kind of proportional amplitude responses
can be observed in EEG data. One of the most
commonly-cited studies in this area is that

of Christoph Herrmannn, who investigated

EEG responses to LEDs blinking on and off at
a specific frequency — known as “flicker” —
between 1 and 100 Hz. His findings show that
neural resonance phenomena occur when 10,
20, 40 and 80 Hz flicker is applied, at both
fundamental (equal to stimulus) frequencies
and harmonics [11] (Figure 20). In a similar

way, oscillating audio signals have been found
to produce frequency-related responses

in EEG[12], with detectable resonance
phenomenal13]. Although relatively little is
known about the specifics of this frequency-
following relationship compared to that of
flicker, there appears to be potential for various
types of tonal audio to produce entrainment
effects [14].

Additionally, Herrmannn discusses how neural
resonance within the frequency range known
as alpha — approximately 8-12Hz — has been
observed and is associated with a “variety

of perceptual and cognitive functions”, from
sensory coding to memory. Herrmannn’s study
demonstrates that neural resonance is a
measurable phenomenon with an established
role in perception.

[l fundamental [ first harmonic

Figure 20: Resonance phenomena observed
by Herrmannn[11] at 10, 20, 40 and 80Hz. The
fundamental and first harmonic responses are
highlighted.
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This relationship between neural oscillations
and audiovisual perception can be leveraged
with the intention of modulating brain
activity. Such modulation is known as brain
entrainment.

2.2.3 BRAIN ENTRAINMENT

In neuroscience, resonance is often discussed

in proximity to entrainment. Entrainment is “the
process through which two physical or biological
systems become synchronised by virtue of
interacting with each other”[15]. Where two
systems exhibit rhythmic (oscillatory) behaviour,
entrainment may occur. The distinguishing
factor of entrainment from other rhythmic
processes is its element of autonomy[16]. This
means that the two systems in question should
be able to oscillate outside of their interaction
with each other. In human physiology, many
bodily processes can be framed as such
systems — including brain activity, as previously
discussed, but others such as respiration and
cardiac activity as well. Consequently, it is
possible to entrain these systems to an external
source of oscillation.

Entrainment to an external stimulus is a well-
established topic in neuroscience research,
typically achieved through periodic stimuli
such as flickering lights and drone sounds
(Figure 21). Entrainment is also significant in
the cognition of music. Trost and colleagues
propose that entrainment is a mechanism for
the induction of emotional affect when listening
to music, and that by extension entrainment
is experienced as a pleasant and desirable
state[15].

2.2.4 ENTRAINMENT FOR WELLBEING

Beyond music, neural entrainment — also
known as brainwave entrainment (BWE) —
has been explored more generally as a means
for influencing brain activity, particularly in a

B stimulus neural oscillation

Figure 21: Neural oscillations can be entrained to
those of external stimuli, such as flickering lights or
binaural beats.
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wellbeing context. This exploration originates
(in contemporary science) in Pierre Janet’s
experiments with hysteria patients in late-

19th century France. Janet reported increased
relaxation and alleviation of hysteria (an
antiquated term for psychological stress) in
patients when exposed to flickering light[17].

A number of studies have since investigated
the positive physiological and psychological
effects of entrainment, with findings ranging
from possible treatment for migraines to
reduction in anxiety[17]. Such studies almost
unanimously employ audiovisual stimuli (i.e.
light and sound) as an entrainment mechanism.
These stimuli are designed to elicit the greatest
and most reliable neural response possible,
with a definite ‘substance over style’ ethos —
starkly flickering LEDs and monotonous sine
waves are common examples. Although their
effects on the brain are well-established, there
is comparatively little discussion in literature of
how they are experienced subjectively.

This is significant in a wellbeing context, as

an individual’s wellbeing is influenced by

both qualitative and quantitative factors[18].

If the resonant properties of the brain are

to be leveraged for wellbeing outcomes, it
would follow that subjective experience of
neural resonance is equally as important as
quantitative measures and merits investigation.
For an entrainment experience to contribute
maximally to wellbeing, it should be optimised
both for neural and personal resonance: in
other words, effectiveness and enjoyment.

Again, we can observe a gap between empirical
and subjective conceptualisations of resonance.
The relationship — if any — between what

is neurally resonant and perceived as

resonant remains unclear, but may hold

much significance for the development of
entrainment-based therapies, and for brain-
computer interfaces generally.

Key takeaways:

The brain can be
conceptualised as a
nonlinear oscillator that
exhibits resonance.

Resonance is observed
most strongly at
fundamental (identical to
stimulus) and harmonic
frequencies. Neural
resonance in the alpha
range (8-12Hz) is associated
with perceptual functions.

Neural entrainment
describes the
synchronisation of
brainwaves to the frequency
of an external stimulus. It
has been used to alleviate
various physical and
psychological symptoms.
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23 NEUROAESTHETICS

2.3.1 FROM PROCESS TO EXPERIENCE

The field of neuroaesthetics addresses this
gap between neural phenomena and subjective
experiences, specifically in relation to the
experience of aesthetics.

Neuroaesthetics is an emergent discipline
within cognitive neuroscience that involves

the study of the biological mechanisms
underpinning aesthetic experiences. As a result,
it brings together knowledge and theory from
(empirical) aesthetics and neuroscience to seek
connections between qualitative experiences
and quantitative neural phenomena.

The discipline can take two forms:

descriptive or experimental[19]. In descriptive
neuroaesthetics, qualitative observations

of aesthetic experiences are related to
relevant neural phenomena. In experimental
neuroaesthetics, typical components of

an empirical study are used: hypotheses,
quantitative data, and statistical analysis. Data
is collected according to the neural phenomena
that relate to the perceptual systems involved
in a particular aesthetic experience — for
example, steady-state visual evoked potentials
(SSVEP) can be used to measure visual
response to an artwork.

2.3.2 THE AESTHETIC TRIAD

In both forms, neuroaesthetics defines
aesthetic experience in relation to specific
neural processes. These processes are defined
by neuroaesthetics researchers Chatterjee and
Vartanian as “the aesthetic triad”[19] (Figure
22). The triad consists of three systemic pairs:
emotion-valuation, knowledge-meaning and
sensory-motor[19].

Aesthetic experiences are the result of
interactions between the three systems in the
triad. It is important to note that the three
systems do not always carry equal weight, and
there can be significant individual variability —

4
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Figure 22: The aesthetic triad, adapted from the
model presented by Chatterjee and Vartanian[19].
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especially in the knowledge-meaning system,
where cultural and historic influences play a
major role[19]. Despite this, there are sufficient
consistencies (across both individuals and
studies) such that researchers have been

able to relate specific aspects of aesthetic
experiences to particular neural regions and
properties.

Aesthetic experiences as defined by the triad
are much closer to the conceptualisation

of resonant experiences: one that elicits
emotions, evokes meaning and produces
sensory pleasure. Although not all resonant
experiences concern aesthetics, many of them
do — viewing a painting, for example, is an
aesthetic experience, the specific properties of
which may give rise to resonance.

In this way, neuroaesthetics not only gives
insight into the relationship between neural
activity and subjective experience, but the
aesthetic properties of such experiences that
can contribute to perceived resonance.

Key takeaways:

In neuroaesthetics,
aesthetic experiences are
defined as the result of
three neural systemic pairs:
sensory-motor, emotion-
valuation and knowledge-
meaning.

The three system pairs
interact with each other to
differing extents during an
aesthetic experience.

This definition of aesthetic
experience is similar to how
we describe a resonant
experience - emotionally
impactful, personally
meaningful and pleasurable.
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24 AESTHETIC RESONANCE

2.41 RESONANT INTERACTIONS

Design literature gives further insight into the
connection between aesthetics and resonance,
going so far as to combine the two in the

form of “aesthetic resonance”: an interaction
between an individual and the aesthetic
properties of their environment that results in
perceived resonance.

Aesthetic resonance describes an emotional
response to our environment that “feels like
unity” and can be described as “an instance of
perfect harmony”[20]. It has also been used to
describe a form of environmental feedback loop,
in which our behaviour and our environment’s
response to it feel aesthetically synchronised,
and we feel in harmony with this environment
as a result[21].

Crucially, the effects of one’s behaviour on an
entity and its response must be clear in order
for that entity to elicit aesthetic resonance. In
other words, the feedback loop between an
individual and a designed entity must be made
apparent through interacting with the entity
itself[22] (Figure 23).

2.4.2 RESONANCE IN DESIGN

Resonance is an increasingly established
concept in design literature, with particular
relevance to the fields of human-computer
interaction (HCI), value-driven design, and
interaction design in general[5]. Designers
use the term to describe the experience of
interacting both naturally and meaningfully
with an artefact, system or environment, in
such a way that the said entity feels — on both
physical and emotional levels — as if made
specifically for oneself (Figure 24).

In design terms, resonance can be said to
originate from the theory of direct perception
— also a commonly-cited source of the term
“affordance”[22]. It would then follow that
resonance in design has close ties with our
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Figure 23: Examples of aesthetically resonant
interpersonal environments[22].
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perceptual experience, and with the cognitive
processes that result in this experience.
Consequently, drawing upon the knowledge
and approaches of neuroaesthetics can

enrich designers’ understanding of resonance,
aesthetically resonant experiences, and how to
design (for) them.

According to design literature, aesthetically
resonant experiences can be framed as a
feedback loop between a person and an
artefact or environment, enabled by its
aesthetic properties. In this we can see an
aspirational state for interaction design:
seamless, intelligible and effortless interaction
between user and interface. It is therefore
significant for interaction design in particular to
better understand how aesthetically resonant
experiences come to be, and how to facilitate
them through design.

-

dhcoustish I

Figure 24: Design explorations of resonant
interactions by Hummels, Ross and Overbeeke[37].

Key takeaways:

* Aesthetic resonance
involves a feedback loop
between a person and a
designed entity, where the
effects of their behaviour
are communicated and
responded to by this entity.

* How to elicit aesthetic
resonance is a key question
for design, as it is closely
related to perception and
cognition of designed
artefacts.
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25 DESIGNING RESONANCE

2.51 PROJECT HYPOTHESIS

Having explored the cultural and scientific
context of resonance, it is clear that resonance
can be used as a conceptual frame with which
to investigate the relationship between neural
activity and aesthetic experience. Resonance
occurs in both the brain and psyche as a result
of the self interacting or bearing witness to

an external entity. Whether this entity can
simultaneously evoke neural and aesthetic
(psychological) resonance remains unclear, but
is a pertinent question for designers.

Considering its context, the overarching
hypothesis for this project is defined as follows:

It is possible to design an experience that
simultaneously elicits neural and aesthetic
resonance.

A causal relationship between neural and
aesthetic resonance cannot be assumed in

this hypothesis. However, this project aims to
investigate the possibility of a correlational
relationship between the two, and to contribute
knowledge that furthers understanding of this
relationship.

2.5.2 GENERAL RESEARCH QUESTIONS

To address my project hypothesis, | defined
several overarching research questions that
address the design-centred, technical and
scientific aspects of this project (as discussed
in the first chapter):

1. Can neural and aesthetic resonance be
evoked simultaneously by periodic stimuli?

2. Does peak neural resonance correspond
with peak aesthetic resonance?

3. How can both forms of resonance be
embodied in an audiovisual design?

Throughout the project, my various prototypes
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and evaluations would be constructed with
their own specific research questions, but
designed to contribute to the three overarching
questions shown here.

As with any hypothesis, being able to
consistently and accurately measure both
variables (neural resonance and aesthetic
resonance) is essential. The first step towards
addressing this project’s hypothesis was
therefore to design a measurement system for
neural resonance and to determine its validity.
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3

MEASURING
RESONANCE

3.1 METRICS

3.1.1 KEY VARIABLES
3.1.2 SYSTEM REQUIREMENTS

3.2 SYSTEM DESIGN

3.2.1 BASIC SYSTEM
3.2.2 NEUROPYPE
3.2.3 PYTHON

This chapter details the development of a system to measure neural resonance that forms the
basis of subsequent prototypes. It begins with an explanation of the system metrics and how they
were decided upon, followed by a system overview and detailed explanations of data flows.




3.1 METRICS

311 KEY VARIABLES

The first step to understanding the relationship
between neural and aesthetic resonance was
to determine how | could measure neural
resonance, simply and reliably, in real-time.

Neural resonance, as previously discussed, is

a well-established principle in neuroscience
literature that has been linked to a variety of
perceptual processes. As a result, there are
also established methods and protocols for
measuring it. Christoph Herrmannn’s work
exploring human EEG responses to 1-100Hz
flicker[11] is often cited in this regard. In his
work, he shows how neural resonance can

be shown graphically by plotting stimulus
frequency against response frequency (that

is, response power at each frequency bin in a
person’s EEG) (Figure 25). From this, we can see
two key forms of data to track when measuring
neural resonance: stimulus frequency (or
frequencies) and EEG response, sorted into
frequency bins.

Herrmannn also discusses the significance

of individual variability in detecting neural
resonance. As previously detailed, each person
exhibits peaks in their EEG spectrum —
frequencies at which there is naturally greater
oscillatory activity. This variability has particular
significance in the alpha (8-12Hz) range, where
oscillations are though to play a major role in
perception and sensory coding[11]. It is therefore
suggested that stimuli and experiences
designed to amplify or influence neural activity
should take individual peaks into account[23] to
maximise their intended effects. From this, we
can extract another key variable: individual peak
alpha. This value should be calculated from

a person’s EEG during a baseline state (eyes
closed, no stimuli) for maximum accuracy.

Further to this, the presence of peaks (and
troughs) in individual EEG has implications for
how stimulus responses are measured. If a
person has a peak alpha frequency of 9Hz, for

Figure 25: Neural resonance phenomena as observed
by Herrmannn[11], showing response frequency (X
axis) plotted against stimulus frequency (Y axis).
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example, we would expect to see more activity
around this frequency in general. Activity of the
same magnitude at 9Hz and, say, 10Hz would
therefore not represent the same degree of
resonance, as the baseline activity at 9Hz for
that person is greater regardless. Consequently,
EEG response data should be compared to
baseline EEG activity for each participant, and
expressed as a proportional increase — i.e.
how much greater activity is at each frequency
compared to normal (Figure 26).

This aligns with the approach taken by
Herrmannn[11] and others, in which an initial
baseline recording (eyes closed, no stimuli)
is used to track relative changes in activity
throughout a subsequent experiment. Two
further variables become apparent from this:
individual baseline activity, and proportional
response — both of which can be extracted
from a person’s live EEG data.

In summary, there are four key data types to
track when measuring neural resonance:

stimulus frequency;
individual baseline EEG;

individual peak alpha;

ral S

proportional response to stimuli.

2.21 SYSTEM REQUIREMENTS

Although neural resonance (and the
measurement thereof) is firmly within the
scientific domain, this project is not so. At the
heart of the project is the Research through
Design Method (RtD). This method, as previously
discussed, draws upon relevant techniques

and theory from other domains to enrich the
interaction design process and, ultimately,
translate this theory to design practice. Because
of this, typical methods for measuring neural
resonance must be adapted to the fundamental
requirements of the project, as a (intended)
work of experiential design.
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Figure 26: By comparing current EEG response to a
baseline recording, a proportional response can be
calculated.
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EEG Collection

In laboratory settings, EEG is typically collected
using a wet electrode device. Such devices
generally consist of a fabric cap and (wired)
metal electrodes, each of which filled with
saline gel. The cap must be fitted snugly to

the scalp with a generous amount of gel to
maximise signal quality. Raw EEG is broadcast
from the device to a computer, usually with
device-specific software. This software is often
integrated with a suite known as Lab Streaming
Layer (LSL), a server and recording app
developed for time-synchronised collection of
biosignal data. The raw data is then processed
and manipulated as required for the experiment
in question, depending on what information or
phenomenon is being monitored.

The primary goal of this project is to produce a
personalised and potentially therapeutic multi-
sensory experience, driven by neural resonance.
With this in mind, the hardware required to
facilitate EEG collection should either be
incorporated fully into the narrative of the
experience, or made as unobtrusive as possible.
In either case, the aim is to make the physical
requirements for measuring neural resonance
well-incorporated into the designed experience.
However, there are trade-offs between ease

of use and accuracy when it comes to EEG
hardware. A wet electrode device will often give
a higher-quality signal with greater granularity
of data, but is obviously less convenient and
rather more daunting to participants than some
commercially available alternatives. These
alternatives also have their own drawbacks:
data is often down-sampled or averaged

before broadcasting and electrode placement
is usually fixed. Electrode placement is a
particularly significant issue — especially with
perceptual phenomena, getting signals from the
right parts of the scalp (and therefore brain) is
essential for meaningful data.

Considering these parameters, | decided to use

Figure 27: The Enobio 8-channel cap, a typical lab-
grade wet electrode EEG device. This particular model
was used during this project for all EEG recordings.
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a laboratory-grade wet electrode cap (Figure
27) during the development of my resonance
metric, to ensure that data was as accurate and
detailed as possible. Once my metric had been
developed and validated, it would be possible
in future to test it with more lightweight
hardware.

Signal Processing

EEG data is, by nature, complex and often
contains artefacts (disturbances or noise
caused by unrelated events, such as jaw
movement) (Figure 28). This means that

raw data must undergo pre-processing to
prepare it for analysis and make sure that it

is representative of the neural phenomena
being monitored. This often involves filtering
out unnecessary data (e.g. very high- or low-
frequency EEG responses), re-sampling the
filtered data, and averaging over the various
channels (electrodes) used on the EEG device.
All of these steps should be completed before
the data is used to calculate any key variables.

Pre-processing is not time-intensive, in that it
can be performed on live data in a matter of
milliseconds. However, it is usually necessary
to collect a ‘chunk’ of data — often between
30 and 45 seconds — to calibrate the process.
With this calibration data, pre-processing
algorithms can characterise artefacts and
other types of signal noise, so that they can
be detected and removed from live data.

The neural resonance measurement system
should therefore include a calibration period
during which baseline (no stimuli) data can

be collected and pre-processed, ensuring the
robustness of subsequent live data.

Accessibility

As the developed neural resonance metric is
intended to drive an experiential design, it is
essential that the measurement system can

interface with other programs and hardware.
This includes stimuli control (LEDs and audio

Figure 28: A one-minute sample of raw EEG data, in
this case recorded using 20 channels (electrodes), by
Albert et al[38].
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generators, for example) and other outputs,
such as data storage and visualisation. Although
the native software for EEG devices is generally
standalone, broadcasting data to LSL opens up
opportunities for connections with compatible
interfaces. In terms of experience flow,
centralising data collection and processing as
much as possible is preferable: keeping “messy”
aspects of the measurement pipeline together
ensures that the number and complexity of
variables being sent to other programs is kept
to a minimum. This reduces data backlog

and improves the continuity of the resulting
experience. The measurement system should
also label and store data appropriately for
further interpretation, as a resource both for this
project and for stakeholders.

EEG data is also very difficult to interpret
without some kind of visual representation.

It is therefore important to include a real-
time visualisation of key variables, not only to
monitor the effects of stimuli, but to inform
future design decisions. This visualisation allows
the direct comparison of quantitative data

and qualitative, subjective experience during
user tests, which is needed to understand

the relationship between neural and aesthetic
resonance, and to iterate upon the designed
experience as a result. Plotting key variables
can also serve as an informal test of the
metric’s validity and reliability: the distribution
and shape of live data can be compared with
those established in literature for the neural
phenomenon in question, whilst plots can be
compared between participants to observe the
degree of variability.

In summary, the core design requirements for
my neural resonance measurement system are
as follows:

* Alaboratory-grade EEG device with variable
electrode placement;

* A robust pre-processing protocol with
calibration data;
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* Centralised data handling with good inter-
program connectivity;

* Real-time visualisation of key variables.
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32 SYSTEMDESIGN

3.2.1 BASIC SYSTEM

Drawing upon the key variables and design
requirements outlined in the previous section,

| designed a basic system (Figure 30) for
measuring neural resonance. The system is
represented as a simple flow diagram, with
software, hardware and human system actors
on the same (informational) hierarchical level.
Data flow is represented by arrows, with general
steps for data handling (and the results thereof)
shown as colour-coded states.

At the core of the system is, naturally, EEG
data. As previously mentioned, an 8-channel
wet electrode system was chosen for the
development of my neural resonance metric, to
improve the accuracy of collected data and to
allow for measurements from specific regions
of the brain (Figure 29). A response to photic
(light) stimuli, for example, is often measured in
the occipital region of the brain[24], whereas for
audio responses, focusing on the parietal region
is generally preferred[25].

EEG data is handled in various ways throughout
the system, centred around NeuroPype, a
neural signal processing software (produced

by Intheon). This results in key variables
(discussed in the previous section) and a
number of visual outputs. Together, these
system products give a real-time indication of
the degree of neural resonance a participant is
currently experiencing within a chosen range

of frequencies. As previously discussed, | have
chosen to focus on the alpha (8-12Hz) range
due to its role in perceptual processes and
established resonance phenomena. The system
is therefore tailored to alpha frequencies (and
their harmonics), but can be manually adjusted
to encompass any desired range. All data is
logged via a control script in CSV format for
further analysis.

Stimuli will vary depending on the experimental
protocol and goals, but generally can be split
into visual and audio categories. Information

Decipital Crown
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Figure 29: Regions of the scalp used in EEG
measurement. Each region corresponds to a different
area of the brain, which interact differently depending
on the specific neural process.
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about these stimuli (frequency, for example)
is also logged by the control script to enable
correlational analysis of stimulus and neural
response.
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Figure 30: Basic system diagram for developing and testing my neural
resonance metric. The system is comprised of a participant and their
EEG data, Lab Streaming Layer (LSL), NeuroPype (signal processing
software), a control script, and audiovisual stimuli.

CHAPTER 3 - MEASURING RESONANCE



3.2.2 NEUROPYPE

NeuroPype is a Python-based software suite
for processing biosignals, with a focus on EEG.
It consists of a server, a data pipeline designer,
and various tools for interfacing with hardware.
A pipeline is made by connecting a series of
nodes — self-contained processes with data
inputs and outputs — to pre-process data,
make calculations, and output the results of
these calculations in various formats.

Pre-processing

Figure 31 shows the beginning of the general
pipeline | designed to calculate key variables

for my neural resonance metric (Figure 31).
Streaming data is received via LSL, originating
either directly from the EEG device in real-time,
or from a previous recording (EDF file). The data
is passed through a filter that removes very

low and very high frequencies (often associated
with artefacts or noise). Depending on the
experimental protocol, a range of electrodes
(channels) can be selected if needed. Data is
then averaged across selected electrodes to
produce a mean value. Next, a moving window is
applied to the data, which continuously outputs
the last n seconds of data (in this case, 5). This
means that subsequently calculated variables
will also be continuously updated, but will take
recent ‘events’ in the data into account, giving a
better impression of how the EEG signal changes
over time.

Spectral Analysis

The EEG data is then passed to a Multitaper
Power Spectrum node, which uses the
Multitaper method to calculate the spectral
density of the raw EEG signal (Figure 32). This
means that, for each frequency in a given
range at given intervals (in this case, 0.2Hz),
the ‘power’ of this frequency in the raw signal
is estimated. Each interval is referred to as a
‘frequency bin’. Estimating the spectral density
of the signal in this way gives key information
regarding how the brain is responding in real-
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Figure 31: LSL input and simple pre-processing in
the data pipeline. Here, two examples of electrode
selection are shown - the first for visual response.
and the second for auditory response.
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time to stimuli.

After the spectral density of the raw data has
been calculated, the power spectrum undergoes
frequency normalisation (a corrective process
for natural data sources, i.e. humans). The
pipeline then branches into three paths. In the
first, the power spectrum is constrained to a
suitable range (0-24Hz, to cover the alpha range
and its harmonics) before being plotted in real-
time. This gives a simple visualisation of the live
EEG data and serves as a reference point for
later calculations.

In the second, the power spectrum is
constrained to 3-24Hz, omitting low-frequency
data that is not needed for further calculations.
The constrained data is sent back out to LSL
as an array, with one value per frequency bin
(106 in total). The peak frequency in the first
harmonic range (16-24Hz) is also calculated and
sent to LSL.

In the third, the power spectrum is constrained
to the alpha range (8-12Hz), and the peak
frequency within this range is calculated, i.e.
live peak alpha. This is sent to LSL and plotted
as a bar chart for ease of reference.

This means that, in summary, the pipeline
outputs three streams to LSL (Figure 33),
containing three forms of data:

live peak alpha;
2. live peak first harmonic;

3. spectral density of live data (per
frequency bin).

Figure 32: Multitaper power spectrum and three
calculation pathways to produce three forms of data.

II‘JH type: u_uﬂtrul

shap'ﬁ (106, 1, 1)

INFO: type: u.:u.:.ur|tr ol
data: array([[[23.¢
shape: (1, 1, 1)
INFO: type: control
data: array([[[10.8

Figure 33: Example LSL output from the NeuroPype
pipeline. Highlighted in order: live spectral density,
peak first harmonic and peak alpha frequency.
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3.2.3 CONTROL SCRIPT

EEG is inherently temporal data, meaning it is
important to synchronise this data with other
information in the system, such as stimulus
frequency. To collect all data types in a time-
synchronised and efficient manner, a control
script was developed. Writing a custom script
for data handling also opens up opportunities
for transforming and inspecting data, and
iterating quickly upon these transformations,
depending on the specific research and design
goals being used. The script was written in
Python, chosen for its interoperability with
many programs (including NeuroPype), LSL
compatibility, and efficiency in handling
numerical data.

Data Handling

The script begins by connecting to the three
LSL streams produced by NeuroPype, containing
live spectral density data, live peak alpha and
live peak first harmonic. After this, a connection
is established to the current source of stimulus
data (serial messages, for example). The script
then continuously checks for new data from

all sources, appending each new data point

to a series of arrays, organised by data type
(Figure 34). Current values for all data types

are stored separately as variables and updated
with each new received data point. This means
that the current neural response can be
efficiently tracked and visualised, whilst historic
responses are stored for further analysis.

Calculating Resonance

Making a distinction between historic and
current data becomes especially important
when calculating neural resonance. As
discussed in the previous section, to accurately
represent a resonance response, the current
spectral density of a person’s EEG should be
compared to a baseline recording to find the
percentage increase at frequencies of interest
(namely, the current stimulus frequency and

.
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Figure 34: Data input flow for the control script. Three
LSL streams are stored in various ways. During the
baseline period, spectral data is stored in a separate
array for later comparison to experimental data.
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its harmonics). This means that each recording
session should begin with a short period of EEG
collection under typical baseline conditions
(eyes closed, no stimuli). When the script is
initiated, it stores all incoming spectral data
until a signal (a serial message, for example) is
received to indicate that the baseline period
has concluded. Upon receiving this signal, the
spectral data collected during the baseline
period is averaged per frequency bin to produce
a simple model of an individual’s baseline
neural activity. All EEG data received after this
is then compared to the baseline model (Figure
35). By expressing the current spectral power
at each frequency bin as a percentage of the
corresponding baseline value, an initial metric
of neural resonance is produced.

Visualisation

Of course, it is difficult to conceptualise this
kind of data without some visual equivalent.
To improve the interpretability of the live data,
two graphs are plotted and updated in real-
time (Figure 36). The first graph shows the
calculated resonance at each frequency bin,
whereas the second shows the live spectral
data overlaid on the baseline model. Both
graphs also have a vertical line that indicates
the current stimulus frequency on the x-axis.
Together, these graphs allow whoever is using
the system to visually track neural resonance in
relation to stimuli.

Finally, upon terminating the script, all
collected data is formatted and stored in CSV
files for further analysis — one for the baseline
data, one for the experimental data, and one
for the resonance values calculated from them.
Together, these files enable more detailed
analysis of a person’s response to the stimuli

in question, as well as comparisons between
individuals to look for more general conclusions
about the experimental design.

Easzeline
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Figure 35: For each frequency bin, the corresponding
entry in the baseline and live experiment data are

compared. This value is the resonance score for that
frequency. Each score is then stored in another array.
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Figure 36: Live plots showing current resonance
scores, the baseline model, live spectral data and the
current stimulus frequency.
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This chapter sets out the general aims for validating my neural resonance measurement system. It
then details a series of three experimental protocols, each designed to test different aspects of the
system and address associated research questions. The chapter concludes with general insights
and implications for the aesthetic development of future prototypes.




41 ASSESSMENT

411 RESEARCH QUESTIONS

Once the basic system was complete, | used it
to test a series of protocols, each focusing on
different research questions. My overall goal
was to validate the accuracy and reliability

of my system and to observe the degree of
resonance detection achieved with different
conditions. To this end, for each protocol |
assessed my results with the following three
questions:

1. Do the stimuli produce a noticeable
resonance response?

2. Is there arelationship between stimulus
frequency and the properties of this
response?

3. How does this response relate to a person’s
EEG data as a whole?

The first protocol, Flicker, uses flickering LEDs

to detect visually evoked resonance responses.

The second, Play, explores a more free-
form method of producing neural resonance.
The third, Waves, combines sound and light
to investigate the effect of layering on my
resonance metric.
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4.2 PROTOCOL 1: FLICKER

4.21 EXPERIMENTAL SETUP

My first protocol draws upon the methods
used in simple neuroscience experiments.

In this protocol, | used flickering LEDs,

known as ‘flicker’, as my stimulus. Flicker is

a well-established method for evoking visual
responses known as steady-state visually
evoked potentials (SSVEPs). An SSVEP is the
brain’s response to changing characteristics of
a visual stimulus — in this case, LEDs flashing
on and off.

Goals

My goals for this test were as follows:

+ Test basic system for real-time
responsiveness and accuracy.

* Identify resonance responses numerically
and graphically.

Stimuli

For this protocol, LEDs were used as the

single (visual) stimulus. 22 addressable LEDs,
mounted on a conductive strip, were fitted
inside an empty VR headset Figure 38). The
LEDs were set to 0% saturation and 100%
brightness throughout (i.e. bright, neutral white
light).

The LED strip was then connected to an
Arduino Uno microcontroller, which was
programmed with a simple script to control
the frequency at which the LEDs flickered
(Figure 37). The script used a state machine
structure to perform what is known as a
‘frequency sweep’: a timed routine in which
the LEDs flickered at a specific frequency for a
fixed period, followed by a short pause without
flicker, and then followed by the next flicker
period at a different frequency. Continuing with
the focus on alpha range frequencies, the LEDs
were set to flicker at frequencies from 8-12Hz
in THz intervals, resulting in 5 total flicker
periods. The current flicker frequency was

Flicker
script

Arduino
P Uno

:q_| Hardwsrs ' Sofoware — Physica .. Digite

Figure 37: Information flow between the hardware and
software used to control the stimulus (LEDs).
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logged throughout in the main control script via
serial messages. Finally, a physical button was

connected to the Arduino as a power switch, to
toggle the LEDs (and serial messages) on or off.

Method
1.

Participants (n=2, both male) were recruited
by convenience sampling. Both participants
had been screened for pre-existing health
conditions that could introduce risk in
relation to flashing lights (e.g. photosensitive
epilepsy or migraines), or that could affect
their neurological activity.

Each recording session began by briefly
explaining the purpose and structure of the
protocol to the participant, including a typical
verbal consent agreement. The participant
was then fitted with an Enobio 8-channel
wet electrode EEG device. Electrodes were
focused around the occipital and parietal
regions, placed on channels PO7, O1, Oz, 02,
P08, PO3, PO4 and Pz.

Once the EEG device had been connected
to LSL, NeuroPype and the control script
were initiated. For the first 30 seconds of
recording the participant sat undisturbed
with their eyes closed whilst their baseline
EEG data was collected (Figure 39). After
30 seconds, the LED headset was switched
on automatically, with a serial message
sent simultaneously to the control script to
trigger the production of the participant’s
average baseline model and the collection of
experimental data.

The LEDs flickered at a given frequency
(8-12Hz, in 1Hz intervals, ascending) for

30 seconds, followed by 5 seconds with

the LEDs switched off. The post-baseline
routine was therefore approximately 3
minutes long. This approach is adapted from
Herrmannn[11]. The current flicker frequency
was continuously logged by the control script
via serial messages.

During the post-baseline routine, resonance

f‘%
‘. ::i
O\

Figure 38: Stimulus hardware setup used in the
Flicker protocol.

Figure 39: Example raw EEG data collected in NIC2,
the EEG device’s native software.
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scores were continuously calculated and
plotted, along with the participant’s baseline s e e i
model and live spectral data. s

Peak at 9.6Hz

4.2.2 RESULTS & ANALYSIS

At the end of each recording session, the
CSV files produced by the control script
were imported into JMP, a statistical analysis
software. Figure 40 shows a summary graph
of the baseline EEG collected from the first Figure 40: Graph of the first participant’s baseline EEG
participant. Looking at the shape of the data, data, showing a peak alpha of approximately 9.6Hz.
we see a pronounced peak in the alpha range at
approximately 9.6Hz (Figure 40). This value can
be considered as the participant’s peak alpha
frequency (or at least for the duration of the
trials following the baseline measurement).

Confusion Matrix

An ordinal logistic fit model was produced Training

using the first participant’s experimental Actual Predicted Count

data, to assess the predictability of stimulus StimulusHz 8 9 10

frequency based on their EEG — in other g '315;‘ q;g ,_15’

words, the strength of the relationship between 0 21 574

the two variables. The confusion matrix of 11 0 0 M

this model (Figure 41) indicates a high level 12 o o o

of predictability, as demonstrated by the

confusion matrix, which shows a good accuracy Figure 41: Confusion matrix of the fit model produced
rate (i.e. few false predictions). This indicates from the first participant’s experimental data.

that the EEG data collected is indeed reflective
of the stimuli presented, and that changes in
this data relating to the stimuli are reasonably
consistent.

Figure 42 shows a graph of the first
participant’s experimental data. In the graph,
we see clear resonance phenomena during

the 9Hz and 10Hz stimuli periods. Resonance
phenomena are characterised by a peak at the
fundamental (same as stimulus) frequency and
an additional peak at the first harmonic (double
the stimulus) frequency. This would suggest
that the participant experiences greatest neural
resonance at stimulus frequencies between 9
and 10Hz, which also appears to correspond

with their baseline peak alpha (9.6HZ). Figure 42: Graph of the first participant’s experimental
EEG data, showing resonance during 9Hz and 10Hz

stimulus periods.
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The second participant’s baseline data showed
a clear peak at approximately 8Hz, in addition
to significant activity between 8 and 9.6Hz.
From this, the second participant’s baseline
peak alpha can be estimated as in the region of
8-8.4Hz. This participant’s responses differed
somewhat in terms of distribution compared
to the first participant’s. However, resonance
responses were also visible, particularly during
the 8Hz and 9Hz stimulus periods. In both
cases there were pronounced peaks at the
fundamental frequency, with smaller peaks

at the harmonic frequency (around 16Hz and
18Hz respectively). Again, there appears to be a
relationship between the participant’s baseline
peak alpha and the stimulus frequency(ies) at
which they experience most neural resonance.

4.2.3 CONCLUSIONS

In response to my three general assessment
goals:

* The stimulus successfully produced
noticeable resonance responses at certain
frequencies. This was characterised
numerically by greater resonance scores
at the fundamental (stimulus) frequency
and first harmonic, and was also visually
apparent in graphs of the experimental data.

* There appeared to be a relationship between
the participant’s baseline peak alpha and
the range of frequencies that evoked the
greatest resonance response. This should be
investigated further, however, before drawing
concrete conclusions.

* All presented stimuli produced some form of
response at the stimulus frequency, but the
presence of harmonic peaks differentiated
more and less resonant frequencies.

In relation to my protocol-specific goals:

« The ordinal fit model and its confusion
matrix, as detailed above, show that the
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basic system was able to collect data

with sufficient accuracy such that it was
representative of the expected neural
phenomena. This means that the basic
system can be used in similar protocols with
a good degree of confidence.

Resonance responses were clearly visible in
the experimental data of both participants.
This means that the stimulus was delivered
correctly, i.e. frequencies were translated
accurately and were perceptible.
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43 PROTOCOL 2: PLAY

4.31 EXPERIMENTAL SETUP

My second protocol builds upon the conclusions
of the first, moving from a predefined frequency
sweep to a more free-form approach. Now

that | had confirmed the accuracy of the basic
system and gained a better understanding of
how neural resonance was represented in it, |
wanted to consider the participant’s experience
of the session. A traditional frequency sweep

is advantageous scientifically in that it is
clearly defined and thus makes it easier to
establish a relationship between stimuli and
data. However, its rigidity and repetitiveness are
not conducive to an aesthetically meaningful

or enjoyable experience. To begin to address
this, my second protocol focused on finding an
individual’s neural resonance peaks with a trial
and error approach informed by their baseline
data — essentially a human-controlled hill-
climbing algorithm, in which a person’s baseline
peak alpha was used as the starting point. This
starting point was chosen to further investigate
the potential relationship between peak alpha
and resonance seen in the previous protocol.

Goals

My goals for this test were as follows:

* Investigate the potential relationship
between baseline peak alpha and resonant
alpha frequencies;

* Determine the efficacy of a more playful,
free-form approach to resonance peak-
finding.

Stimuli

This protocol used the same stimulus set-up

as before, with 22 addressable LEDs mounted
in a VR headset, connected to an Arduino

Uno. However, the script used to control

the LEDs differed in that, instead of a finite
state machine, the current value of a physical
slider was mapped to the current LED flicker
frequency (Figure 43). This approach meant that

Figure 43: The LED headset and EEG device were
used as before, with the addition of sliders to control
the frequency and brightness of the LEDs.
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the frequency could be set at smaller intervals
— 8-12Hz, as before, but with steps of 01Hz.
This also allowed me to target a participant’s
peak alpha more specifically with the stimulus.
A button was used to control LED power as
before, with all LEDs again set to white (Figure
44),

Method

1.

62

The test was carried out with the first
participant from the previous protocol. This
was done to allow comparison between their
data from both protocols, which would help
to assess the effects of the Play approach.

The recording session began by briefly
explaining the purpose and structure of the
protocol to the participant, including a typical
verbal consent agreement. The participant
was then fitted with an Enobio 8-channel
wet electrode EEG device. Electrodes were
focused around the occipital and parietal
regions, with the same channels used as
before.

For the first 30 seconds of recording the
participant sat undisturbed with their eyes
closed whilst their baseline EEG data was
collected. After 30 seconds, the LED headset
was switched on automatically, with a

serial message sent simultaneously to the
control script to trigger the production of the
participant’s average baseline model and the
collection of experimental data.

The LEDs were manually set with the slider
to flicker first at the participant’s baseline
peak alpha (9.6Hz). Using my live data and
resonance score graphs, | watched for a
resonance response at this frequency to
establish the effect of the LEDs.

| then looked for local peaks in the alpha
range on my live graphs. | followed these
peaks to explore if, and for how long, a
resonance response could be evoked at
these peaks. This was repeated until a stable
resonance response was found in the alpha

.
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Figure 44: Information flow between the hardware
and software used to control the stimulus (LEDs).
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range, including a peak at the first harmonic.

4.3.2 RESULTS & ANALYSIS

Figure 45 shows live graphs from the beginning
of the experimental period, where the stimulus
frequency was set to 9.6Hz to match the
participant’s baseline peak alpha. After a

short period of time (about 15 seconds), a
clear resonance response was visible in the
graphs. Crucially, the increase in EEG activity
at the fundamental (stimulus) frequency

is accompanied by an increase at the first
harmonic. As shown in the previous protocol,
this differentiates a resonance response from
entrainment, where usually there is only a
discernible peak at the fundamental frequency.

As the stimulus frequency was changed in

a more responsive manner, the number of
datapoints per stimulus frequency was not
consistent, nor were all frequencies selected.
This meant that the data analysis techniques
from the previous protocol would not be as
conclusive. However, looking at the live graphs
(Figure 45) in conjunction with the raw data

gave clear indications of resonance in real-time.

Figure 46 shows the spectrogram in NIC2 (the
native software for the Enobio EEG device),
captured whilst the resonance response at
9.6Hz shown in Figure 45 was occurring. We
can clearly see areas of strong response at
around 9.6Hz and 19Hz respectively. However,
it is important to note that the response is not
bound strictly to these singular frequencies,
but rather there is a small range of response
centred around them. We see this in Figure Y
with red and orange regions at 9.6Hz, but blue
in a range of 8-10Hz.

If there is a local range of frequencies at
which resonance is detected, centred around
the stimulus frequency, then the question
arises as to whether the inverse is true — i.e.
if there is a similar local range of frequencies
that can produce resonance, centred around a

Figure 45: Live graphs showing a resonance response
to the initial stimulus frequency of 9.6Hz, set to
match the participant’s baseline peak alpha.

Figure 46: Live spectrogram confirming the resonance
response at 9.6Hz. In this we can see how the
response is not strictly bound to the stimulus
frequency, but rather a small range around it.
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particular frequency. To explore this, | set the
stimulus frequency to various points within the
range of 8-10Hz. | found that it was possible

to elicit a resonance response at several of
them, particularly at 9Hz (Figure 47). This
would suggest that if a stimulus frequency is
close enough to an individual’s peak resonant
frequency (in this case, hypothesised as their
baseline peak alpha), then it has a good chance
of producing neural resonance.

4.3.3 CONCLUSIONS

Referring to my three general assessment goals:

* The stimulus again produced noticeable
resonance responses at a number of
frequencies.

» Setting the stimulus frequency to match the
participant’s baseline peak alpha produced a
sizeable resonance response.

» Although traditional numerical analysis was
not conclusive, there was clear evidence of
resonance in the live EEG data.

In response to my protocol-specific goals:

* There appears to be a local range around
the baseline peak alpha at which resonance
responses can be achieved and maintained.

* The playful approach to stimulus control
was able to produce resonance at a number
of frequencies, suggesting possibilities for
a more complex and engaging resonance
experience.

Resonance

€3 Q= B

Figure 47: Live graphs showing a resonance response
to 9Hz flicker. Clear peaks are visible at the
fundamental and harmonic frequencies (9Hz and 18Hz
respectively).
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44 PROTOCOL 3: SOUND

4.41 EXPERIMENTAL SETUP

My third protocol introduced a different
stimulus: audio. Having investigated various
ways of delivering light flicker, | wanted to
consider other aspects of an audiovisual
experience and confirm their suitability for
evoking neural resonance. As | was introducing
a new factor into the experiment, | decided to
return to the more regimented frequency sweep
performed in the first protocol, to maximise
interpretability of the experimental data. This
protocol used an amplitude-modulated carrier
tone as an audio input; more specifically, a
400Hz tone modulated between 8 and 12Hz

in 1THz intervals. This essentially created a
translation of the first protocol into the audio
space.

Goals

My specific goals for this protocol were as
follows:

* Evoke resonance response(s) to an auditory,
oscillatory stimulus;

* Compare neural responses between the
auditory stimulus and flicker, as in the first
protocol.

Stimuli

A sine carrier wave of 400Hz was generated
using Processing (a Java-based creative coding
environment) (Figure 48). The amplitude of
this sine wave was modulated at frequencies
between 8 and 12Hz in 1Hz steps, giving 5
distinct sounds in total. Amplitude modulation
involves ‘fitting’ a carrier wave to the amplitude
of the modulating wave, meaning that the
carrier wave sounds like it is oscillating at the
modulation frequency. 400Hz is a mid- pitch
frequency, roughly comparable to the middle G
key on a piano.

A state machine structure was again used to
control the timing of each stimulus period

Figure 48: The audio stimulus is controlled using an
interactive sketch made in Processing. The blue slider
sets the modulation frequency of the carrier wave.
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(Figure 49). The audio was presented in stereo.
Earphones were used (as opposed to over-

ear headphones) so that the EEG device and
electrodes would not be disturbed.

Method

1. The test was carried out with the first
participant from the previous protocol. This
was done to allow comparison between their
data from both protocols, which would help
to assess the effects of the Sound approach.

2. The recording session began by briefly
explaining the purpose and structure of the
protocol to the participant, including a typical
verbal consent agreement. The participant
was then fitted with an Enobio 8-channel
wet electrode EEG device. Electrodes were
spread across the scalp, with electrodes in
parietal, crown and frontal regions (channels
PO7, PO8, Cz, FC5, FC6, Fz, AF3 and AF4).

3. For the first 30 seconds of recording the
participant sat undisturbed with their eyes
closed whilst their baseline EEG data was
collected. After 30 seconds, the audio
was initiated, with a serial message sent
simultaneously to the control script to
trigger the production of the participant’s
average baseline model and the collection of
experimental data.

4. As in the first protocol, each audio frequency
was presented for 30 seconds, followed by
a 5-second pause. The current modulation
frequency was continuously recorded and
logged with experimental EEG data.

5. During the post-baseline routine, resonance
scores were continuously calculated and
plotted, along with the participant’s baseline
model and live spectral data.

4.4.2 RESULTS & ANALYSIS

The participant’s baseline data (Figure 50) is
consistent with previous protocols. Most of their
alpha-range activity is in the range of 9-10Hz,

Modulated Prncesslngi
audio : : script
| i
: script
C. Hardwars | Softwara — Physical ... Digital

Figure 49: Information flow between the hardware
and software used to control the stimulus (audio).
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with an approximate peak around 9.6Hz (Figure
50). Based on the findings of my previous two
protocols, this means we would expect to see
the greatest neural response (and, hopefully,
resonance phenomena) to 9Hz and 10Hz stimuli.

The results of the protocol are less clear-cut

in terms of stimulus response compared to
previous protocols. Figure 51 shows neural
response, organised by frequency bin as before,
plotted against stimulus frequency. There is

a relatively high level of low-frequency neural
activity across all stimuli, which is quite typical.
This can result from a number of factors —
signal noise or movement, for example. Although
stimulus responses are less pronounced than
in previous protocols, we are still able to see
some hierarchy in terms of which stimulus
frequencies elicited the strongest responses,
and whether these responses bore relation to
the stimulus frequency.

Looking at the experimental data in more
detail, it appears that the strongest responses
generally were a result of 10Hz and 12Hz
stimulation (Figure 52). 10Hz in particular shows
the most coherent response, with a small

but pronounced peak around the stimulus
frequency, although first harmonic (20Hz)
activity is not apparent. 12Hz also shows a
similar peak around the stimulus frequency,
accompanied by smaller peaks at the first
harmonic (24Hz) and, interestingly, halfway
between the two (18Hz). The significance of this
is unclear, but could merit further investigation.

Based on the findings of previous protocols, we
would indeed expect to see greater response
around the frequency of a person’s baseline
peak alpha. In this case the baseline peak

was 9.6Hz, so the resonance response at 10Hz
is in line with this expectation. However, the
responses at 10Hz and 12Hz both demonstrate
heightened activity around the baseline peak
(9.6Hz), which then raises the question as to
whether this was the result of the stimuli or

Peak at 9.6Hz

Figure 50: The participant’s baseline EEG data,
showing a peak alpha of around 9.6Hz, as in previous
protocols.

Dt edH ve. Freq Bin

Figure 51: The participant’s experimental data,
showing responses to audio stimuli between 8 and 12
Hz.
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simply passive brain activity.

Dariacd H wa. Frog Bln

Looking at the resonance scores produced

by my system sheds some light on this issue.
Comparing 10Hz and 12Hz stimulus responses
again (Figure 53), the 10Hz response seems

to be stronger overall. This is because the
resonance scores — i.e. increase in neural
activity compared to the participant’s baseline
— clearly peak around 10Hz during the 10Hz
stimulus period. In comparison, there is a small
peak around 12Hz during the 12Hz stimulus
period, but this is accompanied by several other
comparable peaks across the spectrum, which
suggests a less coherent response.

Figure 52: Highlighting the responses at 10Hz and
12Hz, we can see they are more typical of neural
resonance than the other stimulus responses.

As a final check, | ran an ordinal fit model on
the experimental data. The confusion matrix
of this model (Figure 54) shows a relatively :
good level of predictability, meaning the data s Largest peak
can be taken as representative of the neural : around 10Hz
responses described above. Some of the overlap
in predictions between neighbouring frequencies
could be attributed to a more distributed neural
response, i.e. in a range centred around the
stimulus frequency.

Smaller peak
around 12Hz

4.4.3 CONCLUSIONS

Referring to my assessment goals:

Figure 53: The peak in resonance score at the

+ Overall, the character of the response e e
data was more complex than in previous than the 12Hz period (bottom).

protocols. Resonance phenomena were

not as pronounced as before, with neural
activity more evenly spread across a range of

frequencies.

Training

Actual

« However, some form of response at the Stimulus Predicted Count
stimulus frequency was visible during 10Hz esquency fHx) SR8 IS0 W
and 12Hz stimulus periods. After examining g B4 424 137
the data more closely and comparing 10 0 120 394
resonance scores, it was found that the 1 1 713
resonance response to the 10Hz stimulus i 0 0 2
was stronger overall.

8 81 9% 9

Figure 54: Confusion matrix of the response data,
showing a good level of predictability.
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* This is in line with previous protocols, where
frequencies close to the participant’s peak
baseline alpha (in this case, 9.6Hz) produced
stronger resonance responses.

Despite some apparent evidence of resonance
in my results, | was intrigued by the very
different nature of experimental data | had
gathered compared to my experiments with
flicker. Returning to neuroscience literature on
the topic of music cognition helped to clarify
this difference.

Although neural responses to simple audio
stimuli (such as those used in this protocol)
are documented in literature, researchers
have also observed variability in the strength
and nature of these responses, depending on
the way they are measured and the analysis
techniques applied to the experimental data.
In particular, the placement of electrodes
and spatio-temporal analysis of data, as
opposed to averaging over electrodes, are key
considerations for future experiments.

According to music cognition researchers

Will and Makeig, EEG responses to audio
signals (such as music) are far more spatially
distributed across the brain than other
oscillatory stimuli, such as flicker[26]. Although
averaging neural response over a recording

— such as aggregating data by frequency bin,
as in my system — is ideal for simple auditory
responses, it becomes less meaningful as
audio signals and brain response alike become
more complex and three-dimensional[26]. This
suggests that, although my system is indeed
able to detect neural resonance produced

by simple audio stimuli, changes may need

to be made as these stimuli are developed
aesthetically.
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45 CONCLUSIONS

4.51 GENERAL CONCLUSIONS

Carrying out the three protocols — Flicker, Play
and Sound — gave me valuable insights into the
accuracy and reliability of my resonance metric,
and the efficacy of different stimuli. My main
conclusions were as follows:

« My system is able to detect and measure
neural resonance with a good degree of
accuracy. It gives reasonably reliable results
across different protocols and stimuli.

* The chosen resonance metric — proportional
increase in spectral density represents the
equivalent neural phenomena, as shown in
comparisons between the live plots of this
metric and live spectrograms of the raw EEG.

* The system enables me to elicit
resonance responses in a more organic
and personalised manner through its live
visualisations, which are sufficiently accurate
and responsive to changing stimuli. This can
be conceptualised as a human-controlled
version of a typical hill-climbing algorithm.

4.5.2 FROM DATA TO DESIGN

Producing resonance through a hill-climbing
approach is particularly significant in terms

of experiential design. This approach showed
me that | could infer a probable resonant
frequency from a person’s baseline peak alpha,
and that | could elicit resonance at a number of
frequencies in a range centred around it.

This means that, in future experiential
prototypes using my system, it may be possible
to compose a neurally resonant experience
around a person’s peak alpha and generate
audiovisual components using frequencies
around this peak alpha. Such an experience
would be inherently temporal, evolving over
time but unified structurally through the central
peak — much like music, where structure gives
intelligibility, whilst variation creates space
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for emotional expression and sensory delight.
Emotion, meaning and sensory pleasure: all
essential components of aesthetic resonance.

A key question then arose:

how might neurally resonant stimuli be
transformed into an aesthetically resonant
experience?
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5.2.2 DESIGN PARAMETERS
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5.3.1 PROPERTIES & GOALS
5.3.2 USER TESTING
5.3.3 NEXT STEPS

This chapter translates the findings of the previous chapter into design requirements for an
aesthetic experience driven by my neural resonance system. It defines a general concept for this
experience, alongside specific design parameters, and details exploration of the concept through

an interactive prototype.




o.1

DESIGN VISION

511 DESIGN REQUIREMENTS

By carrying out various tests with my resonance
metric, as detailed in the previous chapter, |
was able to validate my approach for measuring
and representing neural resonance. The next
step was to consider the experiential aspects
of neurally resonant stimuli in more detail —
and how to move from traditional stimuli, such
as flickering light and sine waves — to a more
aesthetically meaningful experience.

Referring back to my initial literature review,

| discussed a model of aesthetic experience

in neuroaesthetics literature known as the
aesthetic triad[19]. The triad consists of three
system pairs: emotion-valuation, meaning-
understanding, and sensory-motor. Each system
underpins the cognition and perception of

an aesthetic experience; when all three are
fulfilled, aesthetic resonance can occur. These
three system pairs therefore formed the basis of
my experiential design requirements, as follows.

The experience should:

* hold emotional value, either directly or
indirectly, for the participant;

+ give interpretable cues about the
relationship between the designed
environment and the participant(’s data);

» provide sensory interest and pleasure.

51.2 INTERACTION VISION

An interaction vision is a technique for
representing the intended interaction qualities
of a design[27] in a metaphorical way, giving a
reference point for the assessment of concepts
and prototypes. The first step is to (re-)state
the overarching design goal:

to create a personalised, engaging, multi-
sensory experience that is driven by
resonance.
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The next step is to construct a vision that
encapsulates the intended qualities of the
design. A common way of building an interaction
vision is through the pairing of intended
qualities and related affordances Considering
the above general design requirements

and design goal, my intended qualities and
affordances are shown below. From these pairs,
a vision is produced: being on the front row at a
concert (Figure 55).

Quality Affordance

Immersive Proximity to performers

Personal Connection to music and
culture

Ephemeral A unique, one-off event

Dynamic Changing sounds and
environment

Table 1: Qualities and affordances of my interaction
vision.

Figure 55: My interaction vision: being on the front
row at a concert. (This particular image shows a
Talking Heads gig — a personal favourite.)
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9.2 CONCEPT

5.21 CONCEPT DEFINITION

As explored in the previous chapters, audio-
visual stimuli are commonly used when
investigating neural responses, due to the
relative predictability of response (at least
with simple stimuli). Because of this, the
design concept is envisaged as an audio-visual
experience. Constraining the experience gives
greater scope for exploration and meaningful
personalisation. Considering my design goal,
interaction vision and design parameters, |
defined my general design concept as follows:

a platform for measuring and creating neural
and aesthetic resonance through a data-
driven, audiovisual experience.

This platform should include not only
controllable audiovisual components, but
interpretable, real-time information about the
degree of neural and aesthetic resonance a
participant is experiencing. This will allow the
designer to iteratively optimise the audiovisual
experience, checking for changes in the
resonance data as they adjust the audiovisual
parameters (Figure 56).

5.2.2 DESIGN PARAMETERS

Both light and sound have numerous properties
that can be manipulated to create any number
of unique audiovisual experiences, each with

a particular atmosphere. To give shape to the
design space, | defined the main properties of
light and sound | wanted to investigate in my
experiential prototypes, along with questions to
incorporate into user tests.

LIGHT
Property Question
Brightness What is the trade-

off between comfort
and strength of neural
response?

Figure 56: An initial concept sketch: the participant
is completely enveloped by light and sound, which
morphs and evolves with their EEG to optimise
resonance.
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Property

Question

Colour How do associations
with colour affect
experience?

Saturation Does saturation

have psychological
associations?

Abstraction

How do abstract vs.
figurative forms affect
experience?

No. of instances

Does layering affect
neural and aesthetic
response? How?

SOUND

Property Question

Volume What is the trade-
off between comfort
and strength of neural
response?

Pitch How do associations
with pitch affect
experience?

Timbre How do associations
with timbre affect
experience?

Tempo What is the trade-off

between frequency
representation and
aesthetic pleasure?

No. of instances

Does layering affect
neural and aesthetic
response? How?

Abstraction

How melodic and
structured should
the sound be, vs. how
abstract and organic?

Tables 2+3: Possible audiovisual properties of the
design concept and related questions to explore.
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Figure 57: Sketches exploring different possible spatial
configurations. In some, the experience is entirely

secluded and visible only to the participant, whereas in
others, partial visibility turns it into an exhibition piece.
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Figure 58: Conceptual storyboard showing the
participant’s journey from approach to immersion. The
approach is particularly important: building interest
and priming the participant to be open and inquisitive.
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9.3 PROTOTYPE 1: MOLTEN

5.31 PROPERTIES & GOALS

Prototype Design

My first prototype, Molten, focuses on
establishing a relationship between live neural
resonance and a visualisation.

A dynamic visualisation (Figure 59) was made
using WebGL shaders in p5, a browser-based
JavaScript library. The visualisation was kept
purposely simple and abstract, focusing mainly
on changes in colour, saturation and movement.
It was projected on a plain, white wall using a
standard LED projector.

The visualisation was paired with audio in the
form of an amplitude-modulated sine oscillator.
Using Processing, the oscillator (a 400Hz carrier
wave) was modulated between 8-12Hz with a
digital slider. Participants’ live EEG data was
processed, logged and plotted as in the previous
chapter, with audio being adjusted in real-

time (as in Protocol 2) to optimise for neural
resonance. The current peak resonance score

in the alpha range was then mapped to the
saturation of the visualisation via OSC (Figure
60).

Testing Goals

The questions | wanted to answer with this
prototype were as follows:

Light

+ How does colour affect subjective
experience?

* Do changes in saturation convey changes in
the participant’s EEG?

Sound

* How do participants experience an auditory
sine wave?

* Are changes in frequency perceptible?

Figure 59: p5 sketch used as the visual component
of my first prototype. The colours become more
saturated as neural resonance increases, whilst the
“blob” forms gently morph over time.

Modulated Prncmsing;
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Figure 60: Information flow between the hardware
and software used to control the stimuli.
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5.2.2 USER TESTING
Method

1.

80

Participants (n=4, 3 female) were recruited
using convenience sampling. All participants
were students at TU Delft’s Industrial Design
Engineering faculty. This demographic

was also advantageous in that, as fellow
designers, they would be more likely than
average to feel comfortable reporting their
subjective experience. All participants were
screened for any health conditions that
could make exposure to oscillatory stimuli
problematic for them.

Participants were fitted with an Enobio
8-channel device (channels P7, PO3, Oz, PO4,
P8, Pz, C3 and C4).

Participants were seated in front of the
projection, wearing earphones connected to
a nearby PC.

For the first 30 seconds of the experience,
baseline EEG was collected and processed
as before. This was followed by a 5-minute
session in which | changed the audio
modulation frequency.

Using the live plot and Processing interface,

| performed an approximate hill-climbing
approach, starting the stimulus frequency at
around the participant’s baseline peak alpha
and exploring the space around it to optimise
for resonance response.

. Each participant was asked to verbally

report their experience, remarking on

the three components of the aesthetic
triad: understanding and meaning of the
experience (i.e. what they were seeing

and hearing represented), emotions and
valuation (i.e. if any feelings arose in relation
to the experience), and sensory aspects

(i.e. whether the experience was sensorially
pleasurable or not, and why).
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Results & Analysis

| began by organising the qualitative data
collected from each participant into statement
cards (Figure 61). Statement cards consist of

a quote from a participant and an abstraction
of that quote, i.e. a statement that expresses
the underlying meaning of the quote[28].

Once statement cards had been made for
each participant, | clustered these cards into
thematic groups. Six themes emerged in total:

visual form;
colour;
meaning;
purpose;

feeling;

oo pw NP

sensing.

Each statement card was also tagged with

one of the three components of the aesthetic
triad[19] — emotion/valuation, meaning/
understanding and sensory/motor (Figure 62).
Although there was some semantic overlap
between these components and the six
clusters, | found that for most clusters, multiple
components were represented. This suggests
that different aspects of the prototyped
experience have differing significance in terms
of the three components. It would also then
follow that a form of balance is required across
these aspects to in turn create balance between
the aesthetic components, and therefore evoke
aesthetic resonance. (For an overview of the
statement card clusters, see Appendix B.)

Considering the statement cards and aesthetic
component distribution in each thematic
cluster, | drew a series of conclusions regarding
my first prototype. Notably, there was significant
overlap and interplay between different clusters
in terms of emotions, senses and meaning-
making. This is in line with the aesthetic
triad[19], which models how the cognitive

Figure 61: Statement cards produced from the
gathered qualitative data, organised by participant.

Colour

Figure 62: An example of thematic clustering. This
cluster contains statement cards pertaining to the
perception of colour.
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systems behind these three dimensions all
influence each other during an aesthetic
experience. The clusters helped me to tie this
theory to tangible aspects of my audiovisual
design:

1. Visual form has strong influence over the
emotional perception of the experience, with
some impact on sensory perception and
understanding.

2. Colour also has strong influence over the
emotional perception of the experience,
in addition to strong influence over
sensory perception and some impact on
understanding.

3. Meaning is a significant factor in the overall
subjective experience. Participants look
for and expect some kind of symbolic
representation, even in abstract forms.

4. The purpose of the experience, and the
framing thereof, is crucial to how the
experience is subsequently perceived.

5. The feelings evoked by the experience are
complex and influenced by both the senses
and the perceived meaning of what is seen or
heard.

6. Likewise, the sensory dimension of the
experience involves both perceptual and
emotional processes.

| also drew some more general conclusions in
relation to the questions | posed prior to testing
regarding light and sound:

Light

* Colour influences subjective experience
greatly, with some trends between
participants but also a good degree of
individual variability. Colour is seen as
symbolic and changes in colour provoke
interest.

* Changes in saturation evoke emotional
responses, but did not convey the intended
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meaning in this prototype. Saturation was
sometimes perceived as a form of feedback,
however.

Sound

* The amplitude-modulated sine wave
was often perceived as interesting, even
“mesmerising”, but not especially pleasant.
It evoked urgency to some, a trance state to
others.

* The character of the audio significantly
influenced participants’ overall attitude
towards the experience; it commanded their
attention.

* Small steps in frequency change (e.g. 0.5Hz)
were not perceptible, but larger ones (e.g.
3Hz) were.

5.2.3 NEXT STEPS

In light of the conclusions drawn from my user
testing, | formulated recommendations for the
development of my next prototype.

Firstly, the next prototype should aim to convey
a more complete narrative of the experience,
so that participants’ expectations are in line
with the intended effects. The experience is not
necessarily meant to be calming or soothing;
rather, it should be engaging and dynamic.
Intensity is a natural part of this, but needs to
be carefully managed so that the experience is
still positive.

Secondly, the repetitive and high-contrast
nature of simple oscillatory stimuli (such

as the audio used in this prototype) can
negatively influence the overall perception of
the experience. However, audio is clearly a
powerful way to shape the aesthetic perception
of an experience and can capture participants’
attention well. The next prototype should
explore ways of delivering oscillatory audio in

a more nuanced and changeable way to deliver
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aesthetic value.

Thirdly, visualisations carry expectations of
symbolic meaning. This can be leveraged

to convey the relationship between the
participant’s neural activity and their
environment, but the next prototype should
investigate whether visualisation is the best
format for expressing this relationship and
if doing so meaningfully contributes to the
aesthetic value of the experience.

A final and particularly important point that

arose through testing was that of measurement.

Although the verbal feedback participants
gave was certainly useful for investigating

the aesthetic properties of the audiovisual
design, it was not “real-time” in the way my
neural resonance metric was. This meant

that it was more difficult to associate the
participants’ aesthetic experience with changes
in the stimuli and would make optimising for
aesthetic resonance challenging. Additionally,
the fact that the participants were describing
their experience verbally meant that there was
significant variation in terms of the language
used to report their aesthetic response. As
previously detailed, post-experience semantic
analysis was needed to properly understand
and compare the participants’ subjective
experiences.

Considering the limitations described above,

| concluded that before developing and
testing further prototypes, | needed to create
a consistent, real-time metric of aesthetic
experience with which to assess and optimise
them.
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METRICS OF
EXPERIENCE

6.1 QUANTIFYING
EXPERIENCE

6.1.1 EMPIRICAL AESTHETICS
6.1.2 AESTHETIC EMOTIONS

6.2 MEASURING
EMOTIONS

6.2.1 AESTHEMOS
6.2.2 REAL-TIME REPORTING

This chapter reviews literature on aesthetic emotions and their measurement, then details the
development of two assessment protocols for aesthetic emotions during and after an aesthetic
experience.




6.1 QUANTIFYING EXPERIENCE

611 EMPIRICAL AESTHETICS

My first prototyping cycle provided me with

a range of insights relating to audiovisual
experience design. However, a key observation
was that a consistent, real-time measure of
aesthetic experience was needed to properly
compare neural and aesthetic response, and to
optimise for both in a responsive manner.

Aesthetic experiences are inherently personal
and subjective, which may make them seem
difficult to measure in a quantifiable way.

The field of empirical aesthetics explores this
tension between subjectivity and measurability.
According to the International Association

of Empirical Aesthetics (IAEA), the field’s
primary aim is to “use scientific methods to
investigate aesthetic experience and aesthetic
behaviour”[29]. Psychologists, neuroscientists,
artists and many others contribute to this
investigation.

A contemporary challenge in empirical
aesthetics is the understanding and modelling
of aesthetic emotions[30]. It is an obvious
thought that aesthetic objects or experiences
inspire emotion, but defining and measuring
these emotions is another matter entirely. There
has been much debate as to whether and how
aesthetic emotions may differ from the typical
emotions felt in everyday life, but it is generally
agreed upon that aesthetic emotions are the
result of the cognitive appraisal our minds

carry out when confronted with an aesthetic
entity[31]. In this way, aesthetic emotions are an
expression of subjective aesthetic experience.
Measuring aesthetic emotions can therefore
provide empirical insight into aesthetic
experiences.

6.1.2 AESTHETIC EMOTIONS

Aesthetic emotions are described as such
because they are evoked by an object or
environment with aesthetic qualities. They differ
from utilitarian emotions (i.e. emotions related
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to goal achievement) in that they arise purely as

a result of the aesthetic appraisal of an artefact.

Importantly, aesthetic emotions are felt by

the beholder as opposed to “represented,
expressed or alluded to in the respective
stimuli” [32]. This means that, for example, a
painting causes us to feel joy, as opposed to us
recognising a joyous scene represented in its
image.

Aesthetic emotions can be split into
three categories: pleasing, epistemic and
prototypical[32].

Pleasing emotions relate to emotional valence,
i.e. how liked or disliked an artefact is. This is
usually linked to some form of pleasing sensory
stimulation. They can be broadly categorised
into the following themes: joy, humour, vitality,
relaxation and energy[32]. It is important to
note that arousal — typically partnered with
valence in assessing emotional responses

— is part of these emotions, but does not
necessarily correspond to valence, in that

an emotion can be low arousal and positive
valence (e.g. relaxation).

Epistemic emotions, on the other hand, relate
to the search for meaning in an artefact. They
can be categorised with the following themes:
surprise, interest, intellectual challenge and
insight[32].

Prototypical emotions are those that are
associated with aesthetic evaluation[32], such
as captivation, awe, attraction and a feeling of
beauty. These emotions describe appreciation
for an artefact irrespective of any emotional
valence it may elicit. For example, a painting
can evoke sadness (negative emotional valence)
but be simultaneously perceived as beautiful.
Such emotions are often complex, which can
make them difficult to express — as Kant puts
it, beauty is felt rather than known[33].

Considering the aesthetic triad of cognitive
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processes that underlie aesthetic experience —
emotion, meaning and the senses[19] — we can
see some overlap with the types of aesthetic
emotions described above.

All aesthetic emotions naturally relate to
emotional cognitive processes, but pleasing and
epistemic emotions appear to correspond more
strongly with sensory and meaning processes
respectively. Pleasing emotions, according to
Schindler et al., are evoked in response to
sensory input (for example, feeling energised by
bright colours or loud music), whereas epistemic
emotions are evoked in response to perceived
meaning and understanding[32]. Prototypical
emotions are more abstract — described in
literature as self-transcendental[32] — and as
such may involve all three triad components in
some form (Figure 63).

If all three triad components are required to
elicit aesthetic resonance, then all three types
of aesthetic emotion can contribute to this
resonance. Measuring the presence of these
aesthetic emotions can therefore act as a
metric of whether aesthetic resonance is being
achieved, and to what extent.

RESTHETIG
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Figure 63: The three categories of aesthetic emotions,
according to Schindler et al[32], overlaid on the
aesthetic triad from Chatterjee and Vartanian[19].

Key takeaways:

» Aesthetic emotions are an
expression of subjective
aesthetic experience. They
are evoked by a stimulus, as
opposed to represented by
it.

* Aesthetic emotions can be
categorised as pleasing,
epistemic or prototypical.

* The three categories of
aesthetic emotions can be
related to the aesthetic
triad from neuroaesthetics
literature.

* Measuring aesthetic
emotions can therefore
also measure aesthetic
resonance.
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6.2 MEASURING EMOTIONS

6.21 AESTHEMOS

Understanding the emotional component

of aesthetic experiences is of importance

to design, as this understanding can inform
designers in creating artefacts that evoke a
specific emotional response. There are a great
number of different emotions that might be felt
in response to an artefact — and an equally
great number of theories seeking to classify
them. This is compounded by the fact that,
across relevant domains such as music, art
and design, the context and characterisation of
aesthetic emotions can vary significantly[30].

To tackle this lack of consensus, researchers
Schindler et al. assessed a number of existing
models of aesthetic emotions to synthesise

a unified system of assessment. They noted
that, typically, researchers have focused on
general dimensions of emotion (such as valence
or arousal) as opposed to emotions that are
specific to aesthetic experiences[32]. This can
be problematic in that aesthetic emotions are
often complex and occur in combinations that
contradict such general scales — for example,
a sad song might feel both melancholy and
cathartic.

Through their analysis, Schindler et al. produced
AESTHEMOS (Aesthetic Emotions Scale), a
comprehensive self-report questionnaire with a
number of items relating to 21 subscales. Each
subscale represents an emotional dimension

— for example, relaxation or nostalgia —

that together cover a wide range of pleasing,
epistemic and prototypical aesthetic emotions.
Each questionnaire item is formulated as a
statement with which the participant can

agree or disagree to a varying extent, using a
typical Likert scale construction. In this way,
AESTHEMOS gives quantifiable and nuanced
insight into the emotional component of
aesthetic experiences. | therefore reproduced
the AESTHEMOS questionnaire in the form of
an online survey (Figure 64), slightly adapting
language to make it more accessible to non-
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native speakers of English (in response to initial
user testing). The AESTHEMOS could then be
administered after testing a designed experience
with a participant, to get a retrospective
impression of its emotional impact, and
therefore the degree of aesthetic resonance
achieved as a whole. (The adapted survey in full
can be viewed in Appendix C.) This information
would help me to compare emotional responses
across participants and iterate upon my design
accordingly.

6.2.2 REAL-TIME REPORTING

Although AESTHEMOS could give me

valuable retrospective information about the
aesthetic emotions evoked by my design, it
was not suitable for providing the real-time,
interpretable participant feedback needed to
optimise the experience dynamically. However,
as previously discussed, aesthetic emotions
are varied and often happen simultaneously.
This meant that | needed to construct a multi-
dimensional metric of aesthetic emotion:
simplified enough to aid interpretability and
comparison between participants, but nuanced
enough to guide optimisation meaningfully.

As previously discussed, aesthetic emotions

can be split into three categories: pleasing,
epistemic and prototypical. Pleasing emotions
relate to (sensory) pleasure, whilst epistemic
emotions relate to meaning-finding. Prototypical
emotions relate to a more general aesthetic
appraisal[32]. As a result, they can be seen as
less event-oriented than pleasing and epistemic
emotions, and more tied to an experience as

a whole (where “event” refers to a change in

the aesthetic properties of an artefact) (Figure
65). The real-time metric would be used to
adjust aesthetic properties of the experience
throughout its duration, with each change
producing a perceptual event. This meant that
pleasing and epistemic emotions would be
more helpful for optimising the experience for
aesthetic resonance through these changes,

Aesthetic Experience Evaluation

Thic (TILY:

toune noozmah ] ”

tchy lsnged me imelscive b

1

tadlignzd me

Figure 64: An excerpt from the adapted version of
AESTHEMOS | produced for retrospective analysis

of my designed experience. The introduction to the
survey highlights the distinction between represented
and evoked emotions.
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Figure 65: Pleasing and epistemic emotions are
event-based (left), whereas prototypical emotions are
reflective of a whole experience (right).
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whilst prototypical emotions could be assessed
using AESTHEMOS to inform future iterations of
the overall experience design.

To construct the metric, | abstracted pleasing
emotions to a scale of pleasantness (i.e.

from unpleasant to pleasant), and epistemic
emotions to a scale of engagement (i.e.
unappealing to engaging). These two scales
were combined to form a response grid with
four quadrants. Although the grid does not
allow for the expression of specific emotions,
it enables a participant to indicate the strength
of pleasing and epistemic emotions currently
being felt. By using this metric to optimise for
both, in addition to AESTHEMOS responses, it
would then be possible to optimise for all three
categories of aesthetic emotions and achieve
aesthetic resonance as a result.

The metric was constructed using TouchOSC,

a design platform for simple touchscreen
interfaces with OSC (open sound protocol)
communication. The TouchOSC interface (Figure
66) allows the participant to indicate their
current aesthetic emotional state by moving a
cursor around a grid space, with X and Y axes
representing pleasantness and engagement, as
explained above. The interface is designed to
be operable without looking at the screen, so
that a participant can focus on their audiovisual
experience and thus report their response more
accurately and responsively.

The current cursor position is reported with two
coordinates from a range of -1 to 1, representing
arbitrary scores for pleasing (X axis) and
epistemic (Y axis) emotions. These coordinates
are sent via OSC to my system control script,
allowing them to be logged alongside other
significant data — namely, properties of the
audiovisual experience and metrics of neural
resonance.

[ festhetic Experience ]

Brigaing

iueseadun
uB=ES|d

Excorinig

Figure 66: The TouchOSC interface created for simple,
real-time measurement of participants’ aesthetic
emotions. The cursor position shown indicates
presence of epistemic and pleasing emotions.
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7.1 ITERATION GOALS
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7.1.2 AESTHETIC ATTENTION
7.1.3 DESIGN FOCUS

7.2 PROTOTYPE 2:

DRONE
7.2.1 PROPERTIES & GOALS
7.2.2 USER TESTING
7.2.3 NEXT STEPS

This chapter recaps the insights gained from the previous chapter, setting out goals for the next
design iteration. Some further literature is reviewed to guide the development of the second
prototype, which is then described. User testing of the prototype is reported, with results and
conclusions to carry forward into the final design.




7.1 ITERATION GOALS

711 INSIGHTS FROM PROTOTYPE 1

Having solidified my metrics of aesthetic
experience, | returned to the insights gained
from my first audiovisual prototype to guide my
direction for the next major design iteration.

In my first prototype, | found that the narrative
and framing of the experience greatly affected
participants’ perceptions and enjoyment of it.
Both audio and visual components contributed
to this narrative. As the complexity of a
component increased, participants expected
and looked for a greater degree of symbolism
or meaning in the component. This presented a
challenge in that (personal) meaning is essential
to achieve aesthetic resonance, but what is
meaningful can vary significantly between
individuals. | therefore needed to develop an
audiovisual experience that was considered

in its degree and presence of symbolism,

yet ambiguous enough to allow individual
interpretations.

Participant feedback also showed that there
was a tension of sorts between the audio

and visual components of the experience.
Participants noticed changes in the visualisation
and reported emotional responses to these
changes, but noted that the drone-like
character of the audio made it quite demanding
of their attention. They thus found themselves
switching their attention between the two. This
switching also seemed to be event-related, in
that a change of the aesthetic properties of
either the visual or audio prompted participants
to transfer the majority of their attention to

it. If the two were perceived as in competition
with each other — that is, equally demanding of
attention — some participants reported a feeling
of overstimulation, which was described as a
negative state.

This is significant in terms of experience

design — should the audio or visual component
be dominant? How does this influence the
aesthetic experience of the design?
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71.2 AESTHETIC ATTENTION

Research in perceptual psychology shows us
that attention plays a major role in aesthetic
experiences[34]. In particular, the complex
nature of an aesthetic experience means that
our attention is often distributed across its
many properties, judging and weighing them to
appraise the experience as a whole[34].

Aesthetics scholar Nanay posits that aesthetic
attention may be either focused or distributed.
Moreover, attention can be applied on an
object or property level; that is, attention to

a specific object compared to other objects,

or attention to the aesthetic properties of any
number of objects[34]. For example, looking at a
meadow of flowers and noticing they are all the
same colour demonstrates distributed object-
level and focused property-level attention.

In contrast, noticing the colour, texture and
number of petals of a single flower shows
focused object-level and distributed property-
level attention. Nanay argues that this second
example can be considered an aesthetic
experience: a minimal number of aesthetic
artefacts with rich and diverse aesthetic
properties (Figure 67).

My first prototype showed that oscillatory
audio captured the attention of participants
and had significant impacts on their subjective
experience. Sound — particularly ambient
sound — can be at once highly symbolic

and open to interpretation: an important
characteristic for achieving aesthetic resonance,
as discussed in the previous section. With

this in mind and considering the insights
gained from my first prototype, | decided to
prioritise the audio component of my designed
experience.

PF

OF + PD = aesthetic attention

Figure 67: When attention is focused at the object
level (OF) and distributed at the property level (PD), it
can be considered aesthetic[34].
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71.3 DESIGN FOCUS

As a result of my findings from my first
prototype and from literature, | defined the
scope of my second prototype as follows:

an ambient soundscape with an adjustable
oscillatory component that aims to produce
both neural and aesthetic resonance.

To achieve this, the soundscape needed to have
the following three features:

1. Layered, changeable properties, to produce
aesthetic attention;

2. controllable sound dimensions, to optimise
for aesthetic resonance;

3. a controllable frequency component, to
optimise for neural resonance.
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72 PROTOTYPE 2: DRONE

7.21 PROPERTIES AND GOALS
Prototype Design

My second prototype, Drone, is a generative
ambient soundscape that is designed to
explore the possibilities of neural and aesthetic
resonance.

The soundscape is constructed in MAX/MSP,
using a number of sine wave synthesisers

and various audio effects to create a layered,
textural sound quality (Figure 68). The input
frequencies for the synthesisers are conversions
of musical notes, organised in 3-note chords by
key. When controlling the sound, one can select
a key (for example, E minor) that triggers the
system to randomly select a chord to feed to
the synthesisers. Each synthesiser then selects
a note from this chord to play as a frequency.
By adjusting the volume of the synthesisers
individually and in groups, the tone and texture
of the soundscape can be controlled. This
combination of multiple synthesisers is known
in music as an “additive synth”.

The additive synth is accompanied by an
abstract melody, composed of randomly
selected notes from the current musical key.
Each note is played for a random number

of seconds, but with equal attack, sustain
and decay periods. This mean that each note
fades in and out smoothly regardless of its
duration. Other background effects can also
be controlled, such as white and pink noise,
to adjust the character of the sound. The
soundscape is thus designed to have a layered,
changeable and controllable character, as
outlined in the previous section.

Overlaid on these musical elements is an
amplitude modulated tone, as used in my first
prototype. The tone consists of a sine wave
carrier tone (at 400Hz), modulated in a range
of 5-40Hz. The current modulation frequency
can be controlled using a slider. The modulated
tone acts as an entrainment stimulus and
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Figure 68: A simplified control diagram of my
generative ambient soundscape.
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can be adjusted according to the participant’s
neural activity to evoke neural resonance. The
tone also pans from left to right as it fades

in and out, giving the soundscape a sense of
movement and dimension.

As in my first prototype, my neural resonance
system would be used to optimise for neural
response in real-time. | adjusted this system
and the data display to include a live plot of
the aesthetic emotion metric | had developed
(Figure 69), to give an overview of both the
neural and aesthetic impact of the soundscape,
and to help me optimise both (Figure 70).

Testing Goals

My primary goal for this user test was to explore
whether it was possible to evoke neural and
aesthetic resonance with my soundscape. More
specifically, my research questions were:

1.

Does a simple oscillatory audio stimulus still
produce neural resonance when embedded
in a soundscape?

Can the designed soundscape be optimised
for aesthetic resonance?

Can the soundscape evoke neural and
aesthetic resonance simultaneously?

7.2.2 USER TESTING
Method

4. Participants (n=5, 5 female) were recruited

using convenience sampling. All participants
were students at TU Delft’s Industrial Design
Engineering faculty. All participants were
screened for any health conditions that
could make exposure to oscillatory stimuli
problematic for them.

Participants were fitted with an Enobio
8-channel device (channels P7, PO3, Oz, PO4,
P8, Pz, C3 and C4).

Participants were seated, wearing earphones
connected to a nearby PC. They were
familiarised with the purpose of the test and
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Figure 69: The updated data display for my resonance
measurement system, including my new metric of
aesthetic experience (the bottom graph).
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Figure 70: Information flow between the hardware
and software used to control the stimuli and log
resonance data (both neural and aesthetic).
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the TouchOSC interface.

7. For the first minute of the experience,
baseline EEG was collected and processed
as before. No sound was played during this
time and participants’ eyes were closed.

8. A 3 minute listening session was conducted.
Using the live plot and Processing interface,
| performed an approximate hill-climbing
approach for both neural and aesthetic
resonance, adjusting the amplitude
modulation frequency and sound properties
respectively.

9. Participants listened to the soundscape for
one minute without providing aesthetic data
to familiarise themselves.

10. For the following two minutes, each
participant was asked to continuously
report their aesthetic experience using the
TouchOSC interface, keeping their eyes
closed as much as possible.

11. After the listening session had concluded,
each participant completed my adapted
version of AESTHEMOS. We then briefly
discussed their experience.

Results & Analysis

As there were several data types to explore in
my results, | structured my analysis around the
three research questions | composed for this
test.

1. Does the amplitude modulated tone produce
an entrainment effect?

To investigate this, | compared baseline and
experimental data for each participant, looking
firstly for the participant’s baseline peak alpha,
and then examining a range around this in

the experimental data. Some participants’

data was broadly inconclusive in this respect,
whilst others’ appeared to show entrainment
effects when the modulation frequency was
close to their baseline peak alpha. For example,

Baseline peak
around 9Hz

Possible entrainment
to 9Hz

Possible harmonic
response

Figure 71: Baseline (top) and experimental (bottom)
neural response for one participant.
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Figure 71 shows one participant’s baseline and
experimental data (top and bottom graphs
respectively). In the top graph, we can see

a clear baseline peak in the region of 9Hz.

In the bottom graph, we also see a peak in

this region when a modulation frequency of
approximately 9Hz is applied. There is also

the greatest number of datapoints at this
modulation frequency, with the datapoints
themselves showing increased neural activity
across all frequency bins. This is reflective of
the hill-climbing approach | took to optimising
for neural resonance: | explored a range around
9Hz and found a peak response within this, then
kept the modulation frequency the same for the
rest of the session to maintain the resonance
response. Similar results can be seen in Figure
72, showing the baseline and experimental data
of a second participant.

Overall, the participants’ neural data suggested
that:

* The entrainment stimulus embedded in the
soundscape could induce an entrainment
effect, and additionally that optimising its
frequency to baseline peak alpha could
produce neural resonance.

However, the limited number of participants
and presence of inconclusive data meant that
further testing would be needed to confirm this.

2. Can the soundscape be optimised for
aesthetic resonance?

As expected, the aesthetic data for each
participant was highly individualised. Some
participants’ data showed strong positive
correlation between pleasantness and
engagement (e.g. Figure 73), whereas others’
were more inconclusive(e.g. Figure 74). This
suggests that, although it is possible to optimise
for pleasantness and engagement in the

same audio design, what increases one does

Possible entrainment
to around 9.6Hz

P(i)ssible harmonic
reisponse

Figure 72: Baseline (top) and experimental (bottom)
neural response for another participant.

Figure 73: Positive correlation between pleasantness
and engagement scores of one participant. In this
case, the points in the top right of the graph show
aesthetic optimisation.
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not necessarily increase the other (and vice
versa). The data did generally show, however,
that steep peaks and troughs in the aesthetic
data usually coincided with a change in the
soundscape — either the modulation frequency
or a musical feature, such as key (see Figure
75).

From this data, it is possible to (tentatively)
make two interim conclusions:

* The controllable parameters in the
soundscape had measurable effects on
participants’ aesthetic experience;

* The real-time aesthetic metric is sufficiently
responsive to show how changes in these
parameters affect aesthetic experience.

To get a better overall understanding of the
participants’ aesthetic experience, | analysed
their AESTHEMOS responses (Figure 76). |
grouped their responses to each item and
categorised them by the type of aesthetic
emotion represented (pleasing, epistemic or
prototypical). All three would need to be scored
highly to constitute aesthetic resonance. (Each
item was scored with a rating of 1-5.)

The most highly rated (i.e. most strongly felt)
emotions were:

* relaxation;

e calm;

« liking;

« mental engagement;
» delight;

* interest.

These statements all received average scores
of 4 or higher. Additionally, the top three
emotions (relaxation, calm and liking) all had
ranges of 1, meaning the scores given for
these emotions were highly consistent across

Pl a5 05 Enigageanin

Figure 74: Slight positive correlation between another
participant’s pleasantness and engagement scores.
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Figure 75: Sudden changes in pleasantness and
engagement appear to be prompted by changes in
audio properties.
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participants. In terms of emotion types, the top
statements included 3 pleasing, 2 epistemic and
1 prototypical. This suggests that:

» the experience was able to elicit a form of
aesthetic resonance as it fulfilled all three
emotion categories.

Despite this, pleasing and epistemic emotions
were felt more strongly, leaving room for
improvement in the prototypical category (e.g.
beauty).

It was also interesting to note that the
experience was consistently characterised

as both relaxing and engaging. This might be
compared to a meditative practice, in which the
mind is focused but in a state of low arousal.

The lowest rated (i.e. least strongly felt)
emotions were:

s worry;

* aggression;

* anger;

e sadness;
» distaste;
* ugliness;

* unsettledness.

These statements all received average scores of
1.5 or lower. All of the lowest-rated statements
were in the AESTHEMOS category of negative
emotions.

Additionally, the bottom three statements
(worry, aggression and anger) all had ranges of
1, meaning scores were relatively consistent
between participants. This is a positive
indication of the experience quality, as it
means that the experience did not strongly
evoke negative emotions in participants, but did
strongly evoke a range of aesthetic emotions

Figure 76: An excerpt of AESTHEMOS response
analysis, showing a range of different aesthetic
emotions present in the experience.
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with positive affect (i.e. prototypical, pleasing
and epistemic).

3. Can the soundscape evoke neural and
aesthetic resonance simultaneously?

Although the soundscape was able to evoke
both neural and aesthetic resonance, whether
they consistently occurred simultaneously was
less clear. Comparing neural response generally
to aesthetic scores was not particularly helpful
as neural activation could be indicative of
many things, depending on the frequency bin

in question. Because of this, | restricted neural
response data to a range of 1Hz either side

of the participant’s baseline peak alpha. This
would enable me to compare resonance activity
with the aesthetic data.

Figure 77 shows one participant’s neural and
aesthetic data, plotted against time. Although
the data appears somewhat inconclusive,

we can see a period of heightened neural
resonance that aligns with an increase in both
pleasantness and engagement scores, and the
changing of the modulation frequency to around
the participant’s baseline peak alpha (11Hz).
Although this is only one example and may not
be representative of any relationship between
the three, it at least suggests that:

* |t is possible to produce neural and
aesthetic resonance simultaneously using
the designed soundscape.

7.2.3 NEXT STEPS

Overall, my user testing suggested that my
generative soundscape was able to produce
both neural and aesthetic resonance, and

was generally perceived as a positive and
engaging experience by my participants. My
real-time metric of aesthetic response also
functioned well and, along with my neural
resonance system, enabled me to optimise the
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Figure 77: Neural and aesthetic data for one
participant, plus modulation frequency, plotted
against time. The neural data was restricted to a
small range around their peak alpha to represent
resonance. Some possible overlap between neural
and aesthetic resonance can be seen.

104

CHAPTER 7 - DESIGNING EXPERIENCE



soundscape on an individual basis.

Conversations with the participants post-
testing were also illuminating in terms of next
steps for design. Each participant had different
mental associations with the soundscape,

but they saw its interpretability as a strength

— the ambiguous, changeable nature of the
soundscape encouraged their imagination and
curiosity. Additionally, the overlapping tones,
randomised timing and panning effects were all
reported as highly positive elements. According
to the participants, they created a powerful
sense of space. The only downside to the
soundscape was its limited range of chords,
which could result in a drop in engagement over
time.

| also asked the participants whether they would
want to have a visual component incorporated
into the experience. Although the reaction to
this suggestion was positive, the participants
perceived the soundscape as quite complex

and said they would want the visualisation to

be a secondary, complementary element. They
thought it could heighten the aesthetics of the
experience but should not be demanding of
their attention.

With this feedback and my user testing in mind,
| set out the following design recommendations
for my final design iteration:

* The soundscape should retain its general
musical character, but be expanded with
more musical keys and more noticeable
changes in its sound components over time.

* A complementary visualisation should be
designed to amplify the soundscape’s effects
and bring its spatial quality into a physical
dimension.

* Although the data collection systems appear
to work well, more thought should be given
to the participant’s experience of them and
how this can be designed.
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the building of a functional final prototype and the testing thereof with participants.




8.1 INSTALLATION DESIGN

8.1.1 SOUNDSCAPE

Through my second prototype, | was able to
create a generative soundscape that could

be optimised for both neural and aesthetic
resonance. My user testing suggested that

| should maintain the character of the
soundscape and focus on expanding its range
with additional musical keys and background
elements.

| added a variety of music keys, both major

and minor, to the MAX/MSP controls for the
soundscape. Additionally, | added more chords
to each key, as well as implementing some
simple selection rules for key changes based on
the circle of fifths.

Finally, | expanded the range of properties
logged to increase the granularity of collected
data and to allow for multivariate correlation
analysis between these audio properties and
resonance data in future.

8.1.2 VISUALISATION

Participants who tested my second prototype
suggested that a complementary visual element
could amplify the aesthetic effects of the
soundscape. When asked to describe what

this visualisation might look like for them,
participants tended to describe abstract forms
and geometry, with some movement to reflect
changes in the soundscape, but not so much as
to become distracting.

| then considered how the visualisation could
physically manifest whilst staying secondary to
the soundscape. A screen or projection would
not necessarily be suitable, as these forms have
very direct modes of interaction; we expect to
watch them and receive information. Instead,

| considered creating a physical light source
(Figure 78). Light is atmospheric, changeable
and aesthetically powerful, but can easily
recede into the background when other senses
are engaged.

Figure 78: Rendered model of the designed light
source. A coded visualisation is mapped to a matrix of
LEDs, diffused by acrylic.
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However, the light source would still need to

be linked to the soundscape in some way to
complement it and translate its character to a
visual form. To achieve this, | decided to create
an abstract screen-based visualisation that
could be mapped to a matrix of LEDs. These
LEDs would be mounted in a frame that could
be covered with diffusive material, resulting in
an atmospheric and subtly evolving light source.

The visualisation, made using p5 (a browser-
based Javascript environment), consists of a
particle field (Figure 79). This is essentially a
simulation of how physical particles behave —
each coded particle moves closer to or further
from its neighbours in an organic way. This
movement is controlled by Perlin noise, an
algorithm that simulates natural variation and
grouping behaviours. The speed at which these
particles move is controlled by the current
modulation frequency in the soundscape,

whilst the saturation of the overall visualisation
increases and decreases with neural resonance
scores. The particles also change colour
according to the musical key of the soundscape.
As a result, the visualisation is abstract but
inherently tied to the participant’s experience of
resonance, and an expression of resonance in
physical form.

8.1.3 SPACE

The physical installation is split into three
stages, with three corresponding spaces. The
first is a reception space, where the designer
receives participants and briefs them on the
installation experience (Figures 80, 83). The
space also contains some textual information
giving context of the installation and
motivations behind it.

The second space is an antechamber of sorts.
In this room, lighting is used to create an
illumination level somewhere between the
bright openness of the reception space and

Figure 79: An organic, abstract visual undulates
gently in response to both the soundscape and the
participant’s resonance data.
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the darkness of the third space beyond it
(Figures 81, 84). In this space, the participant is
fitted with the EEG headset and earphones by
the designer, and given a touchscreen device
on which to use the TouchOSC interface for
aesthetic ratings. The designer explains this
interface and then leaves the space. This
intermediate stage is intended to sensitise the
participant and prepare them for the resonance
experience, whilst giving the designer an
opportunity to check that all technical system
components are working correctly, and to
calibrate the EEG data collection.

Finally, the participant moves into the third
space: the ‘resonance chamber’ (Figures 82,
85). This room is dark save for the installation
itself, which begins as a plain white monolith.
The participant sits in front of it and their
baseline EEG is recorded for one minute whilst
their eyes are closed. When the baseline period
is concluded, the monolith comes to life, with
colours and abstract shapes slowly filling the
white space. At the same time, the soundscape
fades in through the earphones, gently easing
the participant into the audiovisual experience.
Over the course of the following five minutes,
the participant and designer co-compose

the audiovisual experience through a data
feedback loop. The space is purposely dark and
modest in size, to maximise the impact of the
audiovisual components and create a private,
protected atmosphere that encourages the
participant to fully immerse themselves in the
experience.

Once the resonance experience has concluded,
the monolith and soundscape slowly fade.

The participant is received by the designer
again in the antechamber space, returns the
various hardware (EEG headset, earphones

and touchscreen device), and is debriefed by
the designer, who administers the AESTHEMOS
questionnaire.

Figure 80: In the first room, the participant is briefed
on the experience.

Figure 81: As the participant enters the second room,
they are fitted with the EEG headset and earphones,
and given the TouchOSC interface, which is then
explained to them.

_

Figure 82: The final room is a ‘resonance chamber’ —
a space to experience resonance through body and
mind.
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Figure 83: The first space of the installation journey,
in which participants are received and sensitised.
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Figure 84: The second space of the installation, in
which a participant is fitted with the EEG cap and
briefed on the experience.
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Figure 85: In the third and final space, the participant
is surrounded by sound and light.
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82 FINAL PROTOTYPE

8.2.1 SPECIFICATIONS

To evaluate my final design, | needed to create

a physical prototype that would recreate the
envisioned exhibition experience as well as
possible within the scope of the project. The
scope of this prototype was heavily influenced
by the limitations of COVID-19; although | had
originally planned to use a public exhibition
space, | was restricted to the space and
resources available at my faculty. | decided

to then focus on producing the audiovisual
components of my design to the highest fidelity
possible in my time frame, so that the prototype
would create an impactful experience regardless
of its location.

My prototype would therefore consist of a light
source and a soundscape. For the light source,
my specifications were as follows:

« controllable and addressable, to translate
the visualisation into light;

» diffused, to soften shapes and movements;

+ self-contained, to allow portability.

For the soundscape, | set the following
specifications:

* responsive, to allow for real-time
optimisation;

 connected, to allow transmission of data to
the visualisation and real-time data display.

8.2.2 BUILD PROCESS

Based on the specifications identified above,

| designed and built a physical light source,
consisting of a supporting frame, diffusion
material and a matrix of addressable LEDs
(Figure 87). The LEDs are connected via a
FadeCandy microcontroller to a PC, which maps
the p5 visualisation (as previously described)

to the LED matrix, controlling their colour and
brightness. This means that changes in the
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visualisation that are linked to the soundscape
are also expressed in real-time through the
physical light source (Figures 89, 90, 91). The
light source is powered by a 5V supply that
can be connected to mains electricity using
a standard wall plug (Figure 88). As a result,
the whole system is relatively portable and
simple to adapt once constructed: with a few
lines of code, any kind of visualisation in any
programming language can be mapped to the
LED matrix.

Key information about the current soundscape
is sent directly to the Python control script
via OSC, as are aesthetic resonance scores
(engagement and pleasantness) from the
TouchOSC interface (Figure 86). This makes
data collection simple and centralised — in
principle, any number of data sources could
be connected to the system in this way. As

a result, the final prototype can be used in a
number of ways to test the aesthetic and neural
resonance embodied by audiovisual designs.
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Figure 86: Information flows in the final prototype for
controlling the audiovisual outputs.
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Figure 87: Schematic of the final physical prototype.
The frame holds a matrix of addressable LEDs,
diffused by acrylic, that together create an
atmospheric light source.
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Figure 88: Wiring diagram of the final prototype. Data
from a computer via USB is sent to a FadeCandy
board, which distributes this to the LEDs. Power and
ground are supplied by a 5V power supply.
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Figures 89, 90, 91: Photos of the final prototype. A
FadeCandy board is connected to a p5 sketch and
maps this sketch to the LED matrix. The LEDs change
colour with the key of the soundscape.
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83 FINALUSERTEST

8.3.1 SETUP & GOALS

Once my final prototype was complete, |
prepared it for user testing. Due to COVID-19
restrictions | was unable to test within a gallery
setting as originally intended, so | instead

used studio space available to me at my
faculty (Figure 92). The space was sufficiently
unembellished for the prototype to be
experienced properly, although all three spaces
in the exhibition design (as outlined earlier in
this chapter) naturally had to be recreated in
the same environment.

My final user test was designed to evaluate my
prototype, and by extension my final design
concept, in relation to my hypothesis that | set
out at the beginning of the project. To reiterate,
my hypothesis was defined as follows:

It is possible to desigh an experience that
simultaneously elicits neural and aesthetic
resonance.

| then defined three test-specific research
questions with which to approach this
hypothesis:

1. Does the designed experience produce
neural resonance, and to what extent?

2. Does the designed experience produce
aesthetic resonance, and to what extent?

3. How successfully does the design concept
enable simultaneous optimisation for both
forms of resonance?

8.3.2 METHOD

1. Participants (n=5, 3 female) were recruited
using convenience sampling. All participants
were students at TU Delft’s Industrial Design
Engineering faculty. All participants were
screened for any health conditions that
could make exposure to oscillatory stimuli
problematic for them.

Figure 92: The final user test setup. The prototype
was displayed in a suitably plain and dark space to
allow the prototype itself to create the atmosphere.

Figure 93: A participant indicating their aesthetic
experience using the TouchOSC interface, whilst their
neural response is recorded using the EEG headset.
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2. Participants were fitted with an Enobio
8-channel device (channels 01, 02, P3, P4,
Pz, C3, C4 and C2z).

3. Participants were seated in front of the
light source. They were familiarised with the
nature of the experience and the TouchOSC
interface.

4. For the first minute of the experience,
baseline EEG was collected and processed
as before. No sound was played during this
time and participants’ eyes were closed. The
light source was set to white.

5. The light source and soundscape were
then activated and played for 4 minutes.
Participants listened to the soundscape and
watched the light source, indicating their
aesthetic experience using the TouchOSC
interface (Figure 93).

6. Using the live plot and controls for my
generative ambient music, | performed
an approximate hill-climbing approach
to optimise for both neural and aesthetic
resonance, adjusting the amplitude
modulation frequency, sound properties and
visualisation (Figure 94).

7. After the session had concluded, each
participant completed my adapted version of
AESTHEMOS. We then briefly discussed their
experience.

8.3.3 RESULTS & ANALYSIS

As might be expected, results varied
significantly on an individual basis, from neural
response to aesthetic preference.

Neural Resonance

Overall, the experience was successfully
optimised for neural resonance for four out
of the five participants. There was individual
variability in terms of the particular resonant
frequencies and the number of these
frequencies at which resonance occurred.

Figure 94: The soundscape is adapted using live
controls in MAX/MSP, which in turn control the colour
and movement of the light source.
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For example, the first participant of the four
only exhibited resonance at one frequency
(1MHz) (Figure 95), whereas the other three
participants showed resonance at two
frequencies (Figure 96). In all cases these
frequencies were either represented as peaks
in their baseline activity, or fell within a small
range (+1Hz) of peak baseline activity. For each
of the four participants a noticeable response
was present at the fundamental (same as
stimulus) frequency, but the strength of
response at the first harmonic (double stimulus
frequency) varied. These results suggest that
targeting a small range around peak (alpha)
activity in a person’s baseline EEG is a good
technique for optimising for neural resonance.

The real-time aesthetic scores were plotted
against stimulus frequency to see if there was
a relationship between the two on an individual
and general basis. The first participant’s scores
showed positive correlation between aesthetic
scores and stimulus frequency (Figure 97),
with the most consistently high scores given
at around their resonant frequency (10.5Hz).
However, the other participants’ data showed
either negative correlation or no discernible
correlation at all. Additionally, there was no
clear indication of aesthetic preference for
neurally resonant frequencies and the range
of aesthetic scores was large for all stimulus
frequencies. From this information it seems
reasonable to conclude that there is not

a clear-cut relationship between stimulus
frequency and aesthetic experience — or at
least not one that can be observed in the
current data.

However, two of the five participants’ data
showed clear alignment between peaks in
neural resonance and aesthetic resonance

over time. Figure 98 shows one of the two
participants’ aesthetic scores plotted with their
neural resonance scores at the first harmonic
(i.e. a measure of the strength of their neural
resonance response). The majority of peaks and
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Resonance at 1MHz
and 21-22Hz

Figure 95: The first participant’s neural resonance
scores, showing a peak around 11Hz evoked by a
10.5Hz stimulus. Some activity is also visible at the
first harmonic (21-22Hz).

Resonance at
9.4Hz, 1MHz and
first harmonics

Figure 96: The fifth participant showed neural
resonance responses at both approximately 9.4Hz and
11Hz, with first harmonic responses also present for
both frequencies.
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Figure 97: The first participant’s data showed some
positive correlation between aesthetic scores and
stimulus frequency.
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troughs in the two plots are closely aligned.
This is intriguing as it suggests that the two
might be linked in some way — perhaps neural
resonance positively affects our aesthetic
perception, or aesthetic resonance produces a
heightened brain response. In any case, more
data is needed to explore this further.

Aesthetic Resonance

The real-time aesthetic scores naturally varied
a great deal depending on the individual and the
current experiential conditions. However, it was
possible to elicit and maintain high scores for
both engagement and pleasantness through the
design. As the experience is inherently temporal
and changeable, averaging these scores is less
helpful for examining the optimisation process.
Even so, average scores were positive for all
participants, which indicates that the designed
experience was generally more aesthetically
resonant (pleasant and engaging) than
dissonant (unpleasant and boring).

Results from the AESTHEMOS questionnaire
administered after the experience give more
insight into this. Responses from the five
participants were compiled and averaged per
emotional statement, giving an average score
from 1to 5 (1 indicating the emotion was not
felt at all, 5 indicating it was felt strongly).

The five most consistently, strongly felt
emotions (Figure 99) were as follows:

 Calmness;
+ Liking;

* Relaxation;
* Beauty;

*+ Mental engagement.

The statements all received an average score
of at least 4 out of 5, with ranges of 1. These
statements represent all three forms of
aesthetic emotions: pleasing (calmness and

Hmrmonic & Arsshalc ecam vee Timeskanp

Figure 98: Data from two of the participants shows
alignment between peaks in harmonic scores (i.e.
neural resonance) and aesthetic scores (i.e. aesthetic
resonance).

Stxiemernt Mverage score Range
It calmed me 4.8

| likesed il 4.4

1L relaxed e 44
I fewanidd IF Besidial 42
| was mercaly rrgagand

Figure 99: The five most consistently, strongly felt

emotions from the AESTHEMOS responses indicate
that the design evoked aesthetic resonance for all

participants.
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relaxation), epistemic (mental engagement) and
prototypical (liking and beauty). From these
results it can be concluded that the design
evoked aesthetic resonance consistently across
the participants.

The five most consistently, least strongly felt
emotions (Figure 100) were as follows:

* Aggression;
* Sadness;

* Anger,;

+ Distaste;

*  Worry.

The statements all received an average score of
less than 1.5, with ranges of 0 or 1. All of these
emotions are categorised as negative according
to the AESTHEMOS framework, which suggests
that the experience was consistently perceived
as positive and enjoyable by the participants.

8.3.4 CONCLUSIONS

To conclude, | referred back to my three test-
specific research questions to assess the
outcomes of the final design.

1. Does the designed experience produce
neural resonance, and to what extent?

From the results and analysis discussed in
the previous section, it can be said that the
final design can successfully optimise for and
produce neural resonance. The live data display
enables the designer to explore a range of
potential resonant frequencies in an adaptive
and iterative manner. The degree of neural
resonance experienced may vary between
participants, but generally there are clear
responses at both the fundamental and first
harmonic frequencies.

It winrried me

| fiound it distastaful
1L eriache e angry
It mace me Ao

It made ma feal aggreasive

Figure 100: The five most consistently, least strongly
felt emotions are all negative, which indicates that
the experience was positive and enjoyable overall.
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2. Does the designed experience produce
aesthetic resonance, and to what extent?

Both the real-time aesthetic scores and
AESTHEMOS responses indicate that the design
consistently evoked aesthetic resonance across
participants, both during the experience and in
retrospect. The live data display also enabled
me to identify specific aesthetic preferences for
some of the participants, such as light colour,
musical key or pitch. This was done intuitively
by exploring the audiovisual design space and
noting real-time changes in the participant’s
aesthetic response. This also suggests that

the platform | have created is generative for
designers in rapidly testing aesthetic responses
to experience designs.

3. How successfully does the design concept
enable simultaneous optimisation for both
forms of resonance?

It is clear from the results discussed above
that the final design is capable of evoking
both neural and aesthetic resonance through
the same audiovisual design. However, the
relationship between neural and aesthetic
resonance is not clear from the data collected.
The temporal synchronisation of neural and
aesthetic resonance is not straightforward

to determine, as the factors influencing both
measures are not necessarily the same. For
example, there was no consistent correlation
found between aesthetic scores and stimulus
frequency, which suggests that what causes
neural resonance may not simultaneously cause
aesthetic resonance — or indeed have any
effect on conscious aesthetic appraisal.

There may, however, be statistical relationships
between neural and aesthetic resonance scores
present in the collected data that are simply
not interpretable using typical methods. As

the complexity of stimuli increases and so

too does the granularity of responses, it will

be necessary to implement more statistically
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robust techniques for analysing the relationship
between neural and aesthetic resonance.

A possible example could be canonical
correlation analysis (CCA), which identifies
characteristics of multivariate data and finds
the degree of correlation between them. This
could help to better understand the complex
relationship between the various components of
the design space and the resonance response
data.
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This chapter evaluates the final design against my research questions and design goals, as
defined in the first chapter. It discusses limitations of the work and opportunities for future
research, then outlines the implications of the project for design. The chapter concludes with a
personal reflection on the project and design process as a whole.




9.1 DESIGN EVALUATION

9.1.1 RESEARCH QUESTIONS

At the beginning of this project, | defined

a general hypothesis: that it is possible to
simultaneously evoke neural and aesthetic
resonance through a designed experience.
To investigate this hypothesis | defined three
overarching research questions.

In order to evaluate the research outcomes of
the project, | referred to these questions in
turn:

1. Can neural and aesthetic resonance be
evoked simultaneously by periodic stimuli?

From my final user test, it is clear that periodic
stimuli — when embedded in an aesthetically
considered experience desigh — can
successfully evoke both neural and aesthetic
resonance. This is significant as it suggests
that typical periodic stimuli (such as flickering
LEDs and droning sounds) can be redesigned
to create meaningful and engaging experiences
that contribute positively to a participant’s
general wellbeing beyond the physiological

and psychological effects documented in
neuroscience literature.

What is less clear is the temporal relationship
between neural and aesthetic resonance;

i.e. if both forms of resonance occur at the
same time and in response to the same
characteristics of audiovisual stimuli. Initial
analysis from the data collected during the final
user test suggests that peaks in neural and
aesthetic resonance can coincide, but it is still
unknown if this is a consistent phenomenon
and whether there is a causal relationship
between the two. Further data collection and
statistical analysis are needed to explore the
topic fully.

2. Does peak neural resonance correspond
with peak aesthetic resonance?

As previously discussed, the relationship
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between neural and aesthetic resonance
remains somewhat unclear, beyond the finding
that both can be evoked by the same designed
experience. Specific resonance frequencies
were found, and particular aesthetic
preferences were inferred, for the participants
in the final test. This demonstrates that it is
possible to identify particular characteristics

— both quantitative and qualitative — of an
audiovisual experience that affect neural and
aesthetic resonance. There was some indicative
data to suggest that peaks in first harmonic
response (i.e. a component of neural resonance)
may align temporally with peaks in aesthetic
resonance. What is still unknown is how these
forms of resonance might influence each other.
As discussed in the previous chapter, more
complex statistical analysis techniques such as
CCA may help to investigate this further.

3. How can both forms of resonance be
embodied in an audiovisual experience
design?

Throughout this project, the design process has
been characterised by a tension between the
requirements for accurate, consistent periodic
stimuli and aesthetically pleasing experiences.
Having successfully incorporated both into the
final design, | have been able to identify some
key considerations for designing neurally and
aesthetically resonant experiences.

Firstly, the decision to move from visual

to audio stimulation opened up the design
space considerably. In using synthesisers to
deliver my neural resonance stimulus, | was
able to manipulate the aesthetic character
of the stimulus in a much more nuanced and
aesthetically pleasing way. My prototypes
demonstrated how periodic auditory stimuli
can generate greater aesthetic engagement and
more positive mental associations than their
photic counterparts. This decision also came
with some drawbacks: audio stimuli produce
much more complex and spatially distributed

Harmonlc & Assthatic Scoras

Time

| Harmaris sare sugllsic s

Figure 101: Data from some of the participants in my
final user test suggests that peak neural resonance
could coincide with peak aesthetic resonance.
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neural responses than basic flickering LEDs,
which presented challenges for my neural
resonance metric. However, by preserving the
accuracy of my auditory stimulus and instead
changing the melodic character of its carrier
wave, | was able to evoke some degree of
neural resonance whilst creating aesthetic
pleasure and interest.

Secondly, my literature review indicated that

a significant proportion of aesthetic emotions
are triggered by change. This meant that it was
essential to produce generative, controllable
stimuli that enable full exploration of the design
space and encourage aesthetic attention.
Striking a balance between consistent delivery
of the neural resonance stimuli and evolution
of aesthetic properties over time is therefore
essential. | achieved this in my final design

by implementing an attentional hierarchy,
prioritising the neural resonance stimulus and
complementing it with the other audiovisual
components. By making the visualisation
dependent on and secondary to the
soundscape, | was able to maintain a sufficient
level of attention to the neural stimulus to
produce resonance.

9.1.2 DESIGN GOALS

| defined the scope of this project using three
overarching design goals, as follows:

1. Create a personalised and engaging multi-
sensory experience that is driven by
resonance;

2. Design audiovisual stimuli that are both
neurally and aesthetically resonant;

3. Create an accessible system for measuring
and producing resonance that is generative
for designers.

| assessed the design outcomes of my work
against each of these goals in turn.
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1. Create a personalised and engaging multi-
sensory experience that is driven by
resonance.

The audiovisual experience produced as part
of the final design is inherently personalised

in that it is driven by an individual’s (neural
and aesthetic) data (Figure 101). Their aesthetic
preferences are deduced using the real-time
data display, which allows the designer to

tune properties of the experience to optimise
it on a personal level. As both the audio and
visualisation are algorithmically generated
based on the participant’s resonance data,
every session is unique to the individual who is
experiencing it.

Both the real-time metric of aesthetic
resonance and the AESTHEMOS questionnaire
used in my final user test include measures
of engagement. In both cases, the final
design successfully produced high levels

of engagement across all participants. This
shows that the design is engaging during the
experience and also perceived as such upon
reflection.

2. Design audiovisual stimuli that are both
neurally and aesthetically resonant.

Through my iterative prototyping process, | was
able to develop an approach to audiovisual
design that incorporates elements of typical
periodic stimuli into a more aesthetically rich
and changeable experience. My prototypes
demonstrated how using amplitude modulated
audio can produce neural resonance whilst
evoking a range of aesthetic responses and
mental associations.

| developed this further in my final design by
embedding amplitude modulated audio in an
algorithmically generated soundscape. The
modulated audio was kept as the dominant
auditory element to encourage attention to
it, but was enriched and complemented by

—

Figure 102: The final design produces a unique,
personalised audiovisual experience driven by a
participant’s resonance data.
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textural, ambient sounds. The frequency of

this modulated audio, in addition to selected
musical properties of the soundscape, were
used to control the colour, brightness and
movement of an abstract light visualisation.
The result was a customisable, constantly
evolving audiovisual experience (Figure 103) that
could be optimised for all participants using
my real-time aesthetic metric, and was able

to evoke all three forms of aesthetic emotions
(pleasing, epistemic and prototypical) according
to the AESTHEMOS results. In summary, the
audiovisual components | designed were
successfully able to evoke both neural and
aesthetic resonance.

3. Create an accessible system for measuring
and producing resonance that is generative
for designers.

The final design is built upon a technical
framework that collects raw (neural and
aesthetic data), interprets it using resonance
metrics, and translates it into audiovisual
stimuli that can be controlled and optimised
by a designer. The system is designed using
standardised communication protocols, such
as OSC and Lab Streaming Layer, to enable
designers to connect the system with their
own audiovisual designs. This means that any
number of audio or visual sources, in a variety
of formats, can be used to further explore
resonance as a factor in experience design.
As more data is produced using the system, a
more nuanced understanding of how design
resonates with our brains and minds can be
developed, which can in turn inform interaction
design practices.

Additionally, the real-time resonance metrics
and audiovisual controls allow designers

to rapidly iterate within the design space.

For example, the system could be used to
iterate upon an installation that uses neural
entrainment to address sensory overload. The
installation could be connected to the system

Figure 103: Both audio and visual components are
generated algorithmically, diversifying the aesthetic
emotions that can be evoked in response.

Figure 104: The real-time data display and audiovisual
controls allow rapid, adaptive iteration within the
design space.
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and assessed using the resonance metrics

to optimise both the neural and aesthetic
aspects of the design, tuning the audiovisual
components in real-time and collecting
synchronised data that can provide valuable
insight into how these components affect
neural and aesthetic outcomes. By transforming
complex raw data into easily interpretable
scores and providing live visualisations, the
system enables designers to see the results

of their iterations immediately and pivot their
approach accordingly (Figure 104). In summary,
my resonance optimisation system turns
complex, abstract data into an accessible and
generative input for experience design that can
be applied across a variety of multi-sensory
configurations.

9.1.3 LIMITATIONS & FUTURE WORK

As with any design project, there were a number
of limitations that affected the scope and
outcomes of my work. One of the most pressing
was the ongoing COVID-19 pandemic, which
greatly impacted my ability to gather data and
test my prototypes. Working with brain data and
live aesthetic measures meant that in-person
testing was essential to validate my designs

and move the project forward. | was thankfully
lucky enough to have a small group of fellow
students with whom | could safely test, but
this naturally resulted in a small sample size
for all of my tests. Additionally, the fact that all
of my participants were designers could easily
have affected the aesthetic data | gathered;
designers are well acquainted with aesthetics
and are perhaps more readily able to self-
report on aesthetic experiences than the typical
participant. As my work explores fundamental
aspects of neuroscience and design, it is
important to further validate my initial findings
with larger and more diverse population
samples in future.

Another impact of COVID on the project was
the necessity to constantly adapt my design
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outcomes according to changing conditions.

| had originally intended to exhibit my final
prototype and gather data in a gallery context,
which could have aided in priming participants
for an aesthetic experience. | was unfortunately
unable to do so, but based on the small-scale
testing | carried out in faculty studio spaces,

| believe that the project could benefit from
development for an exhibition setting when
conditions allow for it.

Regarding the final design itself, there are
several aspects highlighted during the final
user test that would benefit from further
work. Firstly, the recording sessions were
purposely kept relatively short (approximately
5 minutes) to maintain participants’ aesthetic
attention and ensure that their self-reported
aesthetic data was consistently accurate by
avoiding fatigue or loss of interest. However,
this naturally reduced the amount of neural
data collected and thus made it more difficult
to make generalisable conclusions. In future,

| would like to try increasing the duration of
recording sessions to investigate the trade-
off between generalisability of neural data

and quality of aesthetic data. Secondly, the
real-time aesthetic measure | implemented
was described by a minority of participants as
sometimes detracting from the experience. They
explained that the character of the audiovisual
components made them want to fully immerse
themselves in the experience, without having
to reflect on their perception of it. As a result,
the format of the real-time aesthetic measure
should be further developed to balance
accuracy and ease of use.
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9.2 IMPLICATIONS FOR DESIGN

9.2.1 AESTHETIC THEORY

The real-time aesthetic metric developed
during this project draws upon aesthetic theory
to simply and efficiently asses the effect of
audiovisual properties, and combinations
thereof, on subjective aesthetic experience. This
metric enabled me to successfully optimise

for aesthetic resonance — operationalised

as pleasantness and engagement — and as a
result can be seen as a good representation

of aesthetic experience. The metric, and its

use in my final design, demonstrate that it is
possible to measure, iterate upon and optimise
aesthetic experiences in real-time. Additionally,
such experiences are not only perceived as
aesthetically resonant during the experience,
but remembered as such afterwards (as

shown by the results of the AESTHEMOS
questionnaire).

Although the metric is simplified by necessity
and does not contain the granularity of
emotional reporting in retrospective tools
such as AESTHEMOS, it indicates that real-
time aesthetic measurement is both useful for
designers and a sufficient representation of
aesthetic experience to enable optimisation of
such experiences. This also suggests that such
measurement tools merit further research,
particularly as real-time aesthetic metrics
appear to be far less common in literature
compared to their retrospective counterparts.

9.2.2 DESIGNING WITH DATA

My final design demonstrates how real-time
data and metrics can be generative for design in
facilitating a feedback loop between a designer
and participant or user. This approach enables
designers to rapidly iterate upon an experience
design and quickly gather synchronised data
that can lead to generalisable conclusions
about the influence of various (audiovisual)
design factors on subjective experience.

Further to this, the design offers an accessible,
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adaptable platform for collecting and analysing
data regarding the fundamental relationship
between our physical and psychological
responses to design. Although the current
version of the platform focuses on EEG data,
other forms of biodata could be incorporated
using similarly constructed metrics to gather
more comprehensive information about how
aesthetic experiences affect our bodies. This
could be of great benefit in design for wellbeing
contexts, where designers require reliable
measures to validate the positive outcomes
produced by their designs. In the case of EEG
data, further applications of my system could
include the treatment of conditions related

to audiovisual perception, such as sensory
overload, through experience design.

Regarding brain-computer interfaces and
neurotherapeutics, my design and user test
results strongly suggest that it is possible to
embed periodic stimuli in positive, aesthetically
resonant experiences, without reducing their
neural effects. This is significant for BCI design,
as it indicates that the experiential qualities

of BClIs can be improved to create interfaces
that are as enjoyable as they are effective

— potentially addressing the fatigue effects

of BCls as well. Similarly, nascent clinical
treatments in the field of neurotherapeutics
could be approached from an experience-
centred perspective to deliver treatments in

a more holistic way. In both cases, making

the experience of neurally resonant stimuli
aesthetically pleasurable seems essential for
long-term adoption.

9.2.3 FROM HUMAN TO ARTIFICIAL

The research platform developed during this
project addresses an optimisation problem
regarding neural and aesthetic resonance.
Optimisation problems are often examined in a
computational context, where digital processing
power can search a solution space efficiently.
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The labelled datasets generated by my platform
lend themselves to computational applications,
such as machine learning. Applying machine
learning techniques could help to further
explore the statistical relationships between
audiovisual properties and the resonance
metrics developed during this project. As
previously discussed, the final user test
provided initial indicative data that neural

and aesthetic resonance can be maximised

by the same audiovisual stimuli. However,

the relationship between the combination of
audiovisual properties and both resonance
metrics — as well as the influence these
metrics may have on each other — does not
appear deducible through human information
processing.

Machine learning, as with other forms of
artificial intelligence, excels in processing

large amounts of complex data and finding
relationships between variables that are not
apparent to the human eye. In this particular
case, machine learning could help to identify
which properties of an experience design
influence which resonance metrics, and to
what extent. At the same time, humans (in this
case, designers) are well-equipped to intuitively
optimise aesthetic properties based on both
real-time aesthetic data, as demonstrated

in this project, and their own experiences. A
future iteration of the platform is envisaged

in which human and artificial intelligence can
complement each other to jointly optimise for
neural and aesthetic resonance: an example of
a human-centred smart system[35].
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93 PERSONAL REFLECTION

9.3.1 PERSONAL GOALS

At the beginning of this project, | set myself
some goals for personal and academic
development. Firstly, | wanted to further
develop my existing technical skills relating

to physical and digital prototyping. | can say
with certainty that | have been able to do this
— almost every day working on this project
involved some kind of technical challenge! By
adopting a proactive and independent attitude
to technology, | was able to consistently

find solutions to these challenges. | was
determined to make as much as | could from
my own knowledge and resources, building
my prototypes from the ground up whenever
possible. This experience has given me greater
confidence in my technical abilities, my
patience for seemingly unsolvable problems,
and my ability to solve these problems
creatively.

Another personal goal was to strengthen my
understanding of data analysis and data-
informed design. Although it was initially
difficult to get to grips with the complexity
and arbitrary nature of EEG data, by immersing
myself in literature and recreating simple
neuroscience experiments | was able to gain

a good understanding of how this data can be
analysed and used in a design context. Having
developed my own metrics and implemented
them in an experience design, | see great value
in this approach and will continue to explore
data-driven design in future.

My final personal goal was to consolidate my
project management skills, which was probably
the greatest challenge | faced during this
project. My project quickly grew in complexity,
morphing from a direct healthcare application
to a much more fundamental, research-
driven project. Balancing the various domains
involved — including design, neuroscience and
creative technology — was at times almost
overwhelming. This meant that even though
my experiments and prototypes were relatively
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structured, the design process often felt quite
chaotic. Upon reflection, | think that the project
would have benefited from more clearly defined
research questions and design goals earlier

on in the design process, as these helped me
greatly in structuring the final stages of my
project.

9.3.2 PERSONAL DEVELOPMENT

Having come to the Dfl programme from the
architectural industry, | think that | have always
struggled to feel as if | “get” design in the same
way that my peers with an industrial design
background do. My thesis was an opportunity
to prove to myself that my perspective on
design is not only valid, but can be of value

to others, too. In addition to the skills | had
gained through the Dfl programme, | drew upon
the spatial design, modelling and visualisation
abilities | developed during my architectural
career. In this way, my thesis is a true
representation of me as a designer.

| value art and engineering in equal measure
and feel that both have been essential in this
project. | could not have developed my metrics
and data protocols without a logical mindset,
but equally could not have translated these
into an experiential design without artistic
intuition. Above all, my desire to understand
things deeply and my awareness of how little

| truly know (especially about something as
mysterious and complex as the human brain)
have propelled me forward even when it felt
impossible to reconcile the two. Looking back
on the past 6 months, during which | have
continuously questioned myself and been
questioned in turn, | can say that | am more
sure of myself — and of how much there is still
to learn — than | have ever been.
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APPENDIX B: P1 CLUSTERS
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APPENDIX C: AESTHEMOS

Item no.

Statement

| found it beautiful

It challenged me intellectually

It delighted me

It calmed me

It made me curious

| liked it

It fascinated me

It made me feel wonder

© (00N |0 |k~ |-

It invigorated me

-
(@)

| was mentally engaged

—_—
[N

It baffled me

IR
[\

| found it ugly

—
w

| sensed a deeper meaning

—_—
N

| felt moved

-
(&)

It made me feel melancholic

Y
o

It energised me

—_—
~

It made me angry

—
(0]

| was enchanted

—_
©

It bored me

N
(@]

It relaxed me

N
—_

| felt that | gained insight from it

N
N

It amused me

N
w

It made me sad

N
D

| felt confused

N
@)

It made me feel aggressive

N
()]

It made me feel sentimental

()
Y

It worried me

N
(00]

It made me feel nostalgic

N
©

It surprised me
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Item no. |Statement

30 It felt oppressive

31 | felt connected to it
32 It motivated me

33 | felt indifferent to it
34 | was impressed by it
35 | found it distasteful
36 It touched me

37 | found it unsettling
38 It sparked my interest
39 It made me happy

40 | felt awe

41 | found it humorous
42 It made me want to do something
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APPENDIX D: SAMPLE DATA

Sample baseline EEG data, organised by
frequency bin per timestamp

limastamp

Sample experimental data, showing audio
properties and neural resonance scores by
frequency bin

Timestamp Al freg Key val

e e e | e e |

Sample experimental data, showing neural
resonance scores, first harmonic score and
aesthetic scores

Harmonic aasant ment
1] .03
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