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Abstract

Virtual reality (VR) ushered in a new era of immersive content viewing with vast
potential for entertainment, design, medicine, and other fields. However, the willing-
ness of users to practically apply the technology is bound to the quality of the virtual
experience. In this dissertation, we describe the development and investigation of novel
techniques to reduce negative influences on the user experience in VR applications. Our
methods not only include substantial technical improvements but also consider impor-
tant characteristics of human perception that are exploited to make the applications
more effective and subtle. Mostly, we are focused on visual perception, since we deal
with visual stimuli, but we also consider the vestibular sense which is a key component
for the occurrence of negative symptoms in VR, referred to as cybersickness. In this dis-
sertation, our techniques are designed for three groups of VR applications, characterized
by the degree of freedom to apply adjustments.

The first set of techniques addresses the extension of VR systems with stimulation
hardware. By adjusting common techniques from the medical field, we artificially induce
human body signals to create immersive experiences that reduce common mismatches
between perceptual information.

The second group focuses on applications that use common hardware and allow
adjustments of the full render pipeline. Here, especially immersive video content is
notable, where the frame rates and quality of the presentations are often not in line with
the high requirements of VR systems to satisfy a decent user experience. To address
the display problems, we present a novel video codec based on wavelet compression and
perceptual features of the visual system.

Finally, the third group of applications is the most restrictive and does not allow
modifications of the rendering pipeline. Here, our techniques consist of post-processing
manipulations in screen space after rendering the image, without knowledge of the 3D
scene. To allow techniques in this group to be subtle, we exploit fundamental properties
of human peripheral vision and apply spatial masking as well as gaze-contingent motion

scaling in our methods.






Kurzfassung

Die virtuelle Realitdt (VR) hat eine neue Ara der immersiven Betrachtung von Inhalten
eingelautet, die ein enormes Potenzial fiir viele Bereiche bietet. Dabei ist die Bereitschaft
der Nutzer, die Technologie praktisch anzuwenden, an die Qualitdt der virtuellen Er-
fahrung gebunden. Diese Dissertation beschreibt die Entwicklung und Untersuchung
neuer Techniken, die negative Einfliisse auf das Nutzererlebnis in VR-Anwendungen re-
duzieren. Unsere Methoden beinhalten nicht nur wesentliche technische Verbesserungen,
sondern berticksichtigen auch wichtige Eigenschaften der menschlichen Wahrnehmung,
die unsere Anwendungen effektiver und subtiler gestalten. Diese Arbeit konzentriert
sich hauptsédchlich auf visuelle Wahrnehmung, betrachtet aber auch den vestibuldren
Sinn, der eine Schliisselkomponente fiir die Entstehung von negativen Symptomen in
VR darstellt. In dieser Dissertation werden Techniken fiir drei Kategorien von VR-
Anwendungen entwickelt, die sich durch ihre Flexibilitdt zur Anpassbarkeit unterschei-
den.

Die erste Kategorie von Methoden befasst sich mit der Erweiterung von VR-Systemen
durch Stimulationshardware. Durch die Anpassung géngiger Verfahren aus dem medizi-
nischen Bereich induzieren wir kiinstlich menscheneigene Korpersignale, um immersive
Erlebnisse zu schaffen, die iibliche Diskrepanzen zwischen Wahrnehmungsinformationen
verringern.

Die zweite Kategorie von Methoden konzentriert sich auf Anwendungen, die her-
kémmliche Grafik-Hardware verwenden, bei denen jedoch Anpassungen der gesamten
Rendering-Pipeline moglich sind. Hier sind vor allem immersive Videoinhalte von In-
teresse, bei denen die Bildraten und die Qualitiat der Darstellungen oft nicht mit den
hohen Anforderungen von VR-Systemen iibereinstimmen. Um die Darstellungsproble-
me zu losen, stellen wir einen neuen Videocodec vor, der auf Wavelet-Kompression und
Wahrnehmungsmerkmalen des visuellen Systems basiert.

Die dritte Kategorie von Anwendungen ist am restriktivsten und erlaubt keine di-
rekte Modifikation der virtuellen Welt. Hier wenden unsere Methoden Post-Processing-
Manipulationen auf das gerenderte Bild, ohne Kenntnis der 3D-Szene vorauszusetzen.
Damit die Techniken dieser Kategorie subtil wirken kénnen, nutzen wir grundlegende

FEigenschaften des menschlichen peripheren Sehens aus.
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Introduction

Virtual reality is not a media experience. When it's done well, it's an actual
experience. In the long term, | think we're going to remember the content of
what happens in VR because it's going to be as if it happened to us in real
life.

Jeremy Bailenson (Stanford University)

From a speculative idea to a dynamic, engaging platform, virtual reality (VR) has
undergone a remarkable journey of technological innovation and creative vision. VR
has the ability to transport users to entirely di erent worlds that ful Il unmet desires of
reality. As VR continues to evolve, it has the potential to shape our interactions with
digital content and the world around us. Thereby, VR is not just about more realistic
gaming or novel experiences; it is about rede ning the way we interact with technology,
opening new frontiers in various elds and profoundly impacting our daily lives.

VR has come a long way from its conceptual origins to its current state as an immer-
sive, interactive experience. The roots of VR can be traced back to the 1950s and 1960s,
with the pioneering work of Morton Heilig and Ivan Sutherland [Heilig 1962, Sutherland
1968]. Heilig'sSensorama an early form of VR, was a multisensory machine providing
a simulated experience of riding a motorcycle through the streets of Brooklyn [Heilig
1962]. Sutherland, often regarded as the father of computer graphics, conceptualized
the Ultimate Display an early vision of the perfect VR system [Sutherland et al. 1965].
Sutherland developed the rst head-mounted display system which showcased the po-
tential and fascination of the technology [Sutherland 1968]. From today's viewpoint,
his creation, known as theSword of Damocleswas a primitive prototype that displayed
simple wireframe graphics.

The 1970s and 1980s witnessed signi cant advancements in computer graphics and
3D modeling, crucial for VR's growth. During that time the rst attempts aimed to
extend virtual experiences with tactile feedback. Exemplary is the research of Frederick
Brooks at that time [Brooks Jr et al. 1990]. Brooks led the development of GROPE, a
project that used haptic feedback in VR to study molecular biology. At the same time,
VPL Research, founded by Jaron Lanier, published the VPL DataGlove for commercial
use of hand interactions in entertainment [Greenemeier 2015]. This meaningful step
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evolved to hand interactions being the main medium of communication in augmented
and virtual reality today. Also, NASA began experimenting with VR for space sim-
ulations. With the Virtual Environment Workstation (VIEW) project, they pushed
extensive research in the eld ranging from the creation of multisensory and immer-
sive environments to telepresence and teleoperation applications [NASA Ames Research
Center 1985].

In the 1990s, public interest and investments in VR technology began to rise. The
period was marked by the release of consumer VR products like Nintendo'¥irtual
Boy, a portable console providing stereoscopic 3D graphics [Nintendo Co., Ltd. 1995].
Although these early attempts were often clunky and limited, they sparked people's
imagination about the potential of VR.

The 2000s were a period of technological maturation. Graphics processing units
(GPUs) became more powerful and a ordable, based on which high-quality 3D graph-
ics became more accessible to a broader audience. In this era, multi-user environments
became popular. An example isSecond Life which o ered a glimpse into social inter-
actions within virtual spaces [Linden ResearchF].

The 2010s marked a renaissance in VR, brought on by the introduction of the
Oculus Rift [Rubin 2015]. Crowdfunding platforms and increasing interest from tech
giants like Facebook, Google, and Sony accelerated the advancements and development
of innovative products. Modern VR systems, like the HTC Vive and Oculus Quest,

o er high- delity, immersive experiences, with applications expanding beyond gaming
into education, healthcare, and training.

Nowadays, VR technology is rapidly evolving with applications in a variety of do-
mains and immense potential for future applications. In medicine and healthcare, VR
is increasingly used for therapeutic interventions and training to enhance patient care
and medical education [Song et al. 2024, Ollonazarovich 2024, Eremita and Chitra 2023,
Schwartz et al. 2024]. The application of VR in movie production o ers innovative sto-
rytelling and Immaking through immersive experiences that invigorate the observers'
engagement [Mateer 2017, Bouville et al. 2016]. The impact of VR in entertainment,
particularly through video games and 360 videos, brings a new level of immersion and
interactivity, creating more engaging and realistic virtual experiences [Das et al. 2017,
Zyda 2005, Hock et al. 2017]. High-risk training is another important eld. VR provides
safe, realistic environments for training procedures in elds like aircraft simulation [Vora
et al. 2002, Cevette et al. 2012] and surgery [Zabaleta Jiménez et al. 2024, Corvino et al.
2024, Weyhe et al. 2018], enabling professionals to practice complex and dangerous tasks
without the associated risks. In engineering and design, VR is used as a tool for visual-
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ization and prototyping [Chu et al. 2024, Berni and Borgianni 2020]. Finally, VR also
nds increasing popularity in the visualization of scienti ¢ data where the technology
opens up new perspectives in understanding complex information [Cassidy et al. 2020,
El Beheiry et al. 2019, Garcia-Hernandez et al. 2016].

1.1 Problem Statement

VR stands at the forefront of technological innovation, o ering engaging experiences
across many elds like education, gaming, and medicine. The essence of VR's poten-
tial lies in its ability to deliver immersive experiences and spatial interaction in ways
traditional media cannot match. However, the huge potential of VR is undermined
by signi cant challenges that limit the user experience, notably cybersickness and in-
teraction feedback. Negative physical symptoms that arise from movements inside the
VR experience, referred to as cybersickness, signi cantly disrupt user comfort and im-
mersion due to conicts between the visual sense and the vestibular system. On the
other hand, missing tactile feedback of the interaction with virtual objects can disrupt
the user's sense of presence and interaction delity in VR. Addressing these issues is
crucial; overcoming cybersickness and improving interaction delity are key aspects to
unlock the full potential of VR, making it a more accessible and impactful technology.
In this dissertation, | describe the development of subtle methods that preserve the vir-
tual camera movements and presentation but reduce the negative implications of VR,
allowing for more enjoyable and engaging experiences.

1.2 Task and Challenges

The goal of this dissertation is to provide e ective and subtle methods that allow to
mitigate negative e ects in VR arising from mismatches of perceptual modalities. Par-
ticularly, we consider two of the most detrimental e ects in VR scenarios and focus on
vestibular-visual discrepancies, causing cybersickness in VR users, and lack in visual-
tactile matching, causing breaks in presence due to unmet expectations. For the tech-
niques, we distinguish between three categories of target applications that are increas-
ingly more isolated and di er in the requirements that can be ful lled (see Figure 1.1).

In the rst category, VR systems o er opportunities for hardware extension with
additional sensors. Here, we incorporate professional stimulation hardware to arti cially
induce reactions in the body by simulating signals of either rotational forces or muscle
impulses of the eyelid. These e ective physiological stimulations are ne-tuned to be
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Figure 1.1: The requirements of VR applications can be classi ed into three categories,
which de ne certain operations that methods, implemented for these applications, can
perform. The higher categories only allow a subset of the modi cation possibilities of the
lower categories.

in line with the visual presentation. The core challenge in this category lies in the
development of e ective stimulation models that are precisely adjusted to stimulate
only for the desired outcome with minimal noticeability.

The second category describes applications with common graphics hardware where
adjustments of the full render pipeline are possible. The focus of our methods in this
category lies on pre-recorded content, where high frame rates and high quality are most
challenging for 360 content. With a new way of en- and decoding animation frames
based on wavelet transforms and foveation, we are able to increase the playback speed
up to four times and bring it in line with rates of rendered 3D geometrical content.
Implementing highly e ective real-time techniques is the core challenge in this cate-
gory. Compression e ciency and quality preservation are further requirements that are
considered in our implementation.

The third category of applications o ers the least exibility while methods are widely
applicable. Without knowledge of the 3D scene, we post-process the rendered images in
screen space. Methods in this category are most generalizable due to their separation
from the spatial domain. Our methods in this category exploit perceptual properties
of peripheral motion perception and visual masking, as well as the e ect of change
blindness to achieve a signi cant reduction in cybersickness while preserving their no-
ticeability at the threshold of detectability for VR users. The core challenge in this
category is the missing knowledge and control of the 3D scene. Methods are ne-tuned
carefully to be subtle yet e ective.

Figure 1.2 shows the classi cation of all papers into the three categories.
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Figure 1.2: Classi cation of the papers of this dissertation according to the respective
main factors of user experience (cybersickness and immersion). The three categories de-
scribe the requirements for the target applications to implement the respective methods of
the works. Greater modi cation possibilities are required from applications that are in a
lower category while their e ect can be more impactful.

1.3 Contributions

The main work that constitutes this dissertation has been published in prestigious sci-
enti ¢ conference proceedings or journals. In the following, a full list of all publications
of this cumulative dissertation is provided. | am the single rst author of all of these

publications.

Paper A Omnidirectional Galvanic Vestibular Stimulation in Virtual Re-

ality

Cybersickness is caused by a mismatch between the visual information and vestibular
signals of the balance system. Through precise stimulation of the vestibular system with
weak electrical impulses, we induce an impression of self-motion which is synchronized
with the visual presentation. While previous works were able to stimulate one xed axis
of rotation, we present a novel stimulation model that allows for precise stimulation of
arbitrary rotational movements.

Paper B Instant Hand Redirection in Virtual Reality Through Electrical
Muscle Stimulation-Triggered Eye Blinks

Modern VR systems increasingly provide the ability to interact in a natural way, with re-
alistic representations of the user's hands. Given this high degree of realism, mismatches
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between the visual and tactile perception of a scene can quickly break the immersive ex-
perience of the user. In this work, we provide a new method to instantaneously redirect
the hand movement towards the actual position of a real-world target. Our technique
is based on precise stimulation of eye blinks and exploitation of the change blindness
e ect, and can be used in accordance with previous methods to increase e ciency and
error-proo ng.

Paper C Wavelet-Based Fast Decoding of 360 ° Videos

For 360° videos, the playback speed for high-quality content is often limited due to the
complex design of modern codecs. In this work, we propose a codec speci cally designed
for panoramic videos. Our implementation is based on wavelet compression and allows
for viewport-dependent decoding and foveation by design. With our codec, the playback
speed of videos is signi cantly increased to be above the refresh rates of current VR
glasses and, therefore, supports more pleasant user experiences for immersive video
content.

Paper D Visual Technigues to Reduce Cybersickness in Virtual Reality

Perceptual properties of the human visual system dictate a lower spatial resolution in
the peripheral region of the view. In this work, we explore simple, gaze-contingent
image lIters and their e ect on cybersickness in a user-controlled game environment.
While the experimental ndings provide practical design suggestions for more pleasant
experiences, they also underline the importance of the periphery for cybersickness.

Paper E Mitigation of Cybersickness in Immersive 360 ° Videos

This work explores the same visual e ects as publication D, but for scenarios where the
user has no control over the virtual movements. Using real-world 360videos as exam-
ples, we investigate cybersickness with both, established questionnaires and objective
body signals, like EDA, heart rate, and eye movements.

Paper F Cybersickness Reduction via Gaze-Contingent Image Deformation

In the last paper, we develop a general technique for cybersickness reduction that pre-
serves the scene's visual delity. E ective and subtle mitigation of discomforting e ects
is achieved by content-aware deformation of the image presentation based on calibrated
e ects of motion perception. As part of our work, we provide a perceptual model that
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describes eccentricity-based e ective scaling factors of object motion at the threshold
of detectability.

1.4 Overview

In this rst chapter, the problem domain and approach of the thesis were introduced
and an outline of the core contributions and challenges was provided.

Chapter 2 presents extensive background knowledge about the major subjects that
concern this dissertation. Particularly, the background comprises the elds virtual real-
ity, visual perception, and vestibular perception. Following, the third chapter provides
an updated summary of the relevant related work for the subject.

The following main part presents the six publications that constitute the core sci-
enti ¢ contributions of this dissertation. Papers A and B consider the rst category of
systems and introduce additional stimulation hardware and custom software to evoke
body signals by weak electrical impulses. Both publications aim to increase the users'
realism of the VR experience. In Paper A, we induce the impression of ego-motion by
stimulation of the vestibular system. In Paper B, we stimulate the eyelid muscle to
exploit change blindness for more realistic hand-object interactions.

The second category of systems is considered in Paper C, where we introduce a new
video codec for 360 videos. With our e ective software implementation, we show that
wavelet-based encoding techniques are particularly reasonable for surrounding content.

Publications D - F concern application-independent solutions, where the content is
manipulated by post-processing the image after the rendering is completed. Here, we
investigate the e ect of gaze-contingent blurring and occlusions of peripheral content
on the arousal of cybersickness, for both virtual worlds (Publication D) and 360videos
(Publication E). In the last publication (Paper F), content-speci ¢ geometrical defor-
mations are applied to the frames that reduce cybersickness by subtle reductions of
visually induced self-motion.

Chapter 4 discusses valuable ndings and results of all publications in a broader
picture, followed by promising future research that arises from this dissertation.






2 Background

This chapter provides background knowledge on three key areas, which provides
a thorough basis for the dissertation. First, | describe basic properties of the human
visual system (HVS) and visual perception which are exploited in our papers to make
techniques more e cient and subtle. Subsequently, the vestibular system, which plays
a central role in the perception of ego-motion, is discussed in detail. The third section
focuses on virtual reality, where | will clarify the most important terms and introduce
the e ects that are at the core of this dissertation, namely user experience, cybersickness,
and interaction e ects in VR.

2.1 Visual Perception

visual perception is [not] about seeing light; instead, it is about seeing objects,
surfaces, and events in the world around us. Light provides the means of
achieving this because its spatial and temporal pattern is determined by the
layout of the surrounding world.

Vicki Bruce (Newcastle University)

In VR, information is primarily conveyed through visual signals. The illusion of
being in a di erent world is created due to the great importance of visual information
for human self-perception. In this thesis, many of the presented techniques alter the
visual output of the rendering pipeline to present a slightly di erent image to the eyes
of the observer. However, while we aim to achieve certain e ects with this modi ed
version of the output, e.g., a reduction of cybersickness, the visual information of the
image that is conveyed to the user should persist. In the techniques presented in this
thesis, specic perceptual properties are exploited to develop VR methods with high
e ciency. In this section, | will highlight major perceptual e ects and provide extensive
background information about their occurrence and mode of action.

2.1.1 Physiology of the Human Eye

In this section, a basic introduction to the physiology of the HVS is provided. Un-
derstanding the structure and basic functionality of the human visual system will be
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Figure 2.1: Diagram of the human eye (Originally by Chabacano, CC BY-SA 3.0, via
Wikimedia Commons)

the foundation for a comprehensive understanding of the subsequent e ects of visual
perception.

Throughout time, light has been the most potent force to control the evolution of
living organisms since the earth was formed [Land and Fernald 1992]. Consequentially,
our predecessors formed a visual system to capture crucial information conveyed through
light. The rst versions of an eye were created already 600 million years ago, as a very
simple form of a visual processing apparatus [Lamb et al. 2007]. Since then, the human
visual system evolved into a complex sensory system with vast capabilities. In humans,
the visual system now is the brain's premier information input and our interpretation
of the world highly depends on it [Land and Fernald 1992].

The role of the eye in human perception lies in sensing visual patterns of light which
are encoded into neural patterns for high-level processing in the brain [Thompson et al.
2011]. The human eye is a roughly spherical organ with an average diameter of 20mm.
The hull of the eyeball is composed of three membranes: the surface consists of the
transparent cornea covering the anterior surface and the sclera forming the remainder
of the surface of the optic globe, the choroid layer includes blood vessels and high
pigmentation to avoid backscatter, and at the innermost retinal layer the photoreceptors
are located [Bartlett et al. 1965]. The curvature of the cornea dictates the optical power
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Figure 2.2: Visualization of the retinal regions [Kolb et al. 2020]. The central fovea is
surrounded by the parafovea and perifovea area. The macula region describes the combined
18 degree circular area of detailed viewing.

given the high refraction coe cient with the surrounding air [Bartlett et al. 1965].
The eye's lens is positioned posterior to the cornea. Altering the shape of the lens
by relaxation and contraction of the ciliary muscles allows for sharp focus of objects
at di erent distances. The iris diaphragm controls the amount of light entering the
lens [Bartlett et al. 1965]. The inside of the eye is lled with a viscous uid, the
vitreous humor, which is important for the refraction of the lens with its refractive
index closer to the lens than the refraction between lens and air [Bruce et al. 2003].

The visual information captured by the retina is transmitted to the brain through
the optic nerve. After initial preprocessing in the chiasma opticum, it reaches the corpus
geniculatum laterale for color and contrast processing [Groy 1994]. Subsequently, the
primary processing occurs in the cerebral cortex which handles high-level visual tasks
like edge orientation estimation, motion detection, and complex shape analysis [Groy
1994]. In parallel, the retinal data is sent to the colliculi superiores. This section of the
brain was found to be vital for the assessment of visual motor skills [Groy 1994].

The Retinal Regions

The visual eld can be categorized by di erent circular regions that are de ned by eccen-
tricity, as illustrated in Figure 2.2. However, while these regions are de ned by a xed
radius for simpli ed characterization, the decline in photoreceptor density and visual
acuity is continuous. The macula lutea describes an approximately 18 degrees wide area
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of the retina, placed around the line of sight, where detailed viewing is achieved [Purves
et al. 2004]. In the center of the macula lutea lies the fovea centralis, a region about ve
degrees in diameter that provides the sharpest vision [Purves et al. 2004]. Surrounding
the fovea, and comprising the majority of the retinal surface, is the peripheral area.
This area, in contrast to the highly populated fovea, has a signi cantly lower density
of photoreceptors, which explains its reduced capacity for detailed vision [Bruce et al.
2003].

2.1.2 Visual Acuity

Visual acuity is a fundamental aspect of human vision, central to our ability to process
the detailed spatial patterns of the environment that are received by the human visual
system. The light rays that stimulate the photoreceptor cells carry detailed information
about the world, shaped by the nature and positioning of the surfaces from which they
are re ected. The work of Gibson in 1966 highlights this concept by introducing the
ambient optic array, a term that describes how the light carries information about
the environment to the human visual apparatus. The structure of the optic array is
determined by the nature and position of all re ective surfaces. With his work, Gibson
emphasizes how light is more than a mere illuminator, but a carrier of environmental
information.

The visual input that is described by the optic array presents highly resolved spatial
patterns to the receptors on the retina, serving as the primary input for visual process-
ing [Gibson 1966]. Visual acuity describes the ability of humans to detect these ne
spatial patterns of the optic array in di erent regions of the visual eld [Bruce et al.
2003]. The key measure of visual acuity is the minimal visual angle, the smallest angle
of an object that can be resolved. The calculation of the angle is demonstrated in Fig-
ure 2.3. Under optimal conditions, such as ideal lighting and contrast, human visual
acuity can discern patterns separated by as little as one-sixtieth of a degree, known
as one minute of arc [Kolb et al. 2020]. When measuring visual acuity, usually by the
method of grating, measuring the unit of visual angle allows to achieve independence
from the distance of objects.

Three primary factors constrain visual acuity in humans:

Mapping E ciency: The rst factor concerns the e ciency with which spatial light
patterns from the optic array are mapped onto the retina. Imperfections in the eye's
focus can lead to blurred images on the retina, which causes deterioration of ne details
in the spatial patterns [Bruce et al. 2003].
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Figure 2.3: Calculation of the visual angle for a viewed object of heighth at distance d.
Here,i and r are the height and distance of the projection surface, respectively. Adapted
from Bruce et al. [2003].

Receptor Cell Density: The second factor is the e ciency with which light patterns
are transformed into electrical activity by the retina's receptor cells. The e ciency is
mainly driven by two factors, the density and pooling of photoreceptors [Bruce et al.
2003]. A higher density allows for more detailed patterns of electrical activity, trans-
lating into ner visual resolution. Likewise, the fewer receptors are pooled, the high