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Abstract

Capturing moments from our lives in the form of photos and videos has become
increasingly easier since the invention of photography. Today, nearly everyone carries
a high-resolution camera in the form of a smartphone. However, standard imagery is
limited to the predefined viewing directions and positions during recording, which does
not allow spectators to freely explore and immerse themselves into the whole scene.
While omnidirectional panorama recordings capture all directions and allow exploration,
they are still restricted in terms of positional movement. This is especially limiting in
virtual reality (VR), where a fully immersive experience requires not just the ability
to look around from a stationary viewpoint, but also to respond naturally to the head
movement of the user by providing parallax motion within the virtual space.

In this thesis, I address the challenge of incorporating ego-motion-aware parallax
effects into real-world panoramic videos, focusing on enhancing the immersive experience
for VR applications. The research is divided into two main parts: the first focuses
on a multi-panorama setup, while the second explores the use of a single stationary
omnidirectional stereo (ODS) camera. In the first part, I develop necessary pre-processing
steps to enable parallax effects for multi-panorama setups. Combined, the techniques
allow for the direct application of image-warping techniques to simulate head-motion
parallax. Although this only approximates the real parallax effect, it enhances the
immersive quality of VR experiences. In the second part, I explore and utilize the
advantages of ODS cameras which simultaneously capture images for the left and right
eye, directly providing spectators with a sense of depth when viewed in VR. By focusing
on a setup that requires only a single recording, my work allows for easier acquisition
without the need to synchronize multiple cameras. The methods developed offer flexible
solutions for creating novel views and parallax effects with minimal input data.

Overall, this thesis contributes to the field of immersive VR by providing innovative
solutions for adding parallax effects to panoramic videos, improving depth perception
and realism in VR content. The results of the experiments indicate the potential of
the developed methods to enhance various VR applications — from entertainment and

gaming to education and training — by offering a more engaging and lifelike experience.
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Kurzfassung

Seit der Erfindung der Fotografie ist es immer einfacher geworden, Momente aus
unserem Leben in Form von Fotos und Videos festzuhalten. Heutzutage trégt fast
jeder eine hochauflésende Kamera in Form eines Smartphones mit sich. Herkémmliche
Aufnahmen sind jedoch auf die vordefinierten Blickrichtungen und Positionen wihrend
der Aufnahme beschriankt, was es den Betrachtern nicht erméglicht, die gesamte Szene frei
zu erkunden und vollsténdig in sie einzutauchen. Omnidirektionale Panoramaaufnahmen
erfassen alle Blickrichtungen und ermdoglichen somit das Umbherblicken, dennoch sind
sie in Bezug auf die Bewegungsmoglichkeiten eingeschriankt. Dies ist insbesondere fiir
Virtuelle Realitéit (VR) ein limitierender Faktor, da ein vollstéindig immersives Erleben
nicht nur die Moglichkeit erfordert, sich stationdr umzuschauen, sondern auch, auf die

Kopfbewegungen im virtuellen Raum natiirlich zu reagieren.

In dieser Arbeit widme ich mich der Herausforderung, Parallaxen-Effekte entspre-
chend der Eigenbewegung in reale Panoramavideos zu integrieren mit dem Ziel, das
immersive Erlebnis fiir VR-Anwendungen zu verbessern. Die Forschung ist in zwei
Hauptteile gegliedert: Der erste konzentriert sich auf ein Multi-Panorama-Setup, der
zweite untersucht die Verwendung einer einzelnen stationdren omnidirektionalen Stereo
(ODS) Kamera. Im ersten Teil entwickle ich die notwendigen Vorverarbeitungsschritte,
um Parallaxen-Effekte fiir Multi-Panorama-Setups zu ermoglichen. Die kombinierten
Techniken erlauben die direkte Anwendung von Bildverzerrungstechniken, um Kopfbe-
wegungsparallaxe zu simulieren. Obwohl dieser Ansatz den echten Parallaxen-Effekt nur
annéhernd nachbildet, verbessert er die immersive Qualitidt von VR-Erlebnissen. Im
zweiten Teil untersuche und nutze ich die Vorteile von ODS-Kameras, die gleichzeitig
Bilder fiir das linke und rechte Auge aufnehmen und den Betrachtern so direkt ein
Gefiihl fiir Tiefe vermitteln, wenn sie in VR abgespielt werden. Indem ich mich auf ein
Setup konzentriere, das nur eine einzige Kamera erfordert, erméglicht meine Arbeit eine
einfachere Aufnahme, ohne die Notwendigkeit, mehrere Videos zu synchronisieren. Die
entwickelten Methoden bieten flexible Losungen fiir die Erstellung neuer Ansichten und

Integration von Parallaxen-Effekten mit minimalen Eingangsdaten.

Insgesamt leistet diese Arbeit einen Beitrag zum Bereich der immersiven VR, indem

sie innovative Losungen zur Ergéinzung von Parallaxen-Effekten in Panoramavideos



bietet und die Tiefenwahrnehmung sowie die Realitdtsndhe von VR-Inhalten verbessert.
Die Ergebnisse der durchgefiihrten Experimente zeigen das Potenzial der entwickelten
Methoden, um verschiedene VR-Anwendungen — von Unterhaltung und Gaming bis

hin zu Bildung und Training — durch ein fesselnderes und realistischeres Erlebnis zu
bereichern.
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Nomenclature

Coordinate Systems

(H¢; W) Image resolution height width for camera c

Pc Pixel coordinate set for camerac Pc= N\ [O;H:) N\ [O;W ()
S Spherical coordinate set S=[0; ) [0;2)
Pe Pixel coordinate of camerac Pe=(v;u)T 2 P
P Spherical coordinate of camerec p.=(; )'2s
Pe, ) Polar angle of p, Pe) 2 [0 )
Pe Camera coordinate of camerac Pe =(x;y;2)T 2 R®
Pw  World coordinate Pw =(xy;2)T 2 R3

Camera Attributes
pos,,.. Origin of camerac in world coordinates
dir  Viewing direction of camerac

up.  Up-Vector of camerac

o Baseline of ODS camerac

Geometry

+p, Addition operator for two pixel coordinates in P P. P.! P
p.  Subtraction operator for two pixel coordinates in P¢ Pc P.! P

+s  Addition operator for two spherical coordinates in S S S!S
s Subtraction operator for two spherical coordinates inS S S!S

Xe: Ye; Zz Axes direction of a camerac in world coordinates

XiX



NOMENCLATURE

C2W . 4 4 transformation matrix from camera to world coordinates
W2C . 4 4 transformation matrix from world to camera coordinates
(p;p') Corresponding point pair for left/right image

d Depth or distance of a point from the camera'’s origin
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Introduction

Figure 1.1: Paintings and images with increasing realism and degree of immersion. (a)
Early cave paintings, which date back several thousand years [Zorich 2012], can still be
recognized today. (b) A detail from The Arnol ni Portrait by Jan van Eyck, painted

in 1434, shows plausible mirror re ections and illumination. (c) With modern cameras,
capturing realistic images has become easily accessible to anyone. Today, smartphones and
consumer-grade camera rigs also make panorama capturing accessible to the general public.
(d) An example of an omnidirectional panorama captured with a dedicated camera rig.

Trying to capture experiences and events to relive or share moments in our lives
with others is part of human nature and dates back thousands of years. Early cave
paintings, as shown in Figure 1.1 (a), are simple line drawings, yet the depicted animals
and hunting scenes are still recognizable today. Over time, artists have continually
increased the realism of their paintings. For instance,The Arnol ni Portrait by Jan van
Eyck from 1434 demonstrates the artist's dedication to realism, so much so that even



Introduction

small mirrors in the background show plausible re ections and illumination (Figure 1.1
(b))

The invention of cameras and photography made it possible to capture realistic 2D
projections of the world. With modern cameras, capturing a moment as a memory or
to share with friends and family can be done instantly by pressing a simple button.
Later, video recordings made it possible to not only capture the visual aspect of a single
moment but also to record and relive dynamic events. Coupled with simultaneous sound
recording, this can o er viewers a deeper immersion during playback by providing both
visual and aural feedback of the moment. Today, nearly everyone carries a smartphone
with high-resolution (video) cameras. Internet platforms like Instagram and Facebook
0 er various ways to easily share pictures and videos with the world. Every day, millions
of pictures are taken and uploaded | an average of 55 million uploaded images daily
to Instagram alone in 2015 [Hu et al. 2014]. This makes the current century the best
preserved in terms of visuals.

However, images and videos only allow viewers to revisit a prede ned viewing
direction. Therefore, users are merely observers outside the scene, with no possibility
to directly interact or explore on their own. This changed with the appearance of
panoramic content, i.e., images and videos with a wide eld of view (FOV) | preferably
full 360° 18Comnidirectional footage. Panoramic content opens new possibilities for
users, who can now freely rotate their viewing direction and explore their complete
surroundings (Figure 1.2). This potential is especially enhanced with the advent of
virtual reality (VR) [Rheingold 1992, Greengard 2019] and, more speci cally, with
modern head-mounted displays (HMDs) featuring motion tracking, which o er more
realistic and immersive VR experiences.

Along with the increased interest in VR and enhanced HMDs, the focus on panoramic
recordings has grown. Powerful stitching algorithms enable panorama recordings from
several images, e.g., with a smartphone. Furthermore, consumer-grade panorama
capturing rigs consisting of several synchronized cameras are available today, making
even omnidirectional panoramic video accessible to the general public.

Nonetheless, VR was primarily designed for virtual environments with complete
3D scene information (i.e., geometry, texture, lighting, etc.) rather than for capturing
real-world scenes from prede ned positions. In fully synthetic scenes, such as those
in video games and simulations, users are free to not only change viewing direction
but also move around, o ering a close-to-realistic experience [Hock et al. 2017, Zyda
2005] and high immersion. Unfortunately, changing position is not directly possible
for real-world recordings, which is noticeable even during head rotations, as these also
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