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ABSTRACT

Recent years have seen a decrease in cost with signi cant improvements in quality of XR (Aug-
mented and Virtual Reality) headsets. XR devices are no longer limited to research facilities and
have made their way into the consumer market where they are known for entertainment. Over the
decades, research has shown the immersion provided by XR devices improves user memory and
performance, where its nature is especially suited to 3D and multidimensional data. XR devices
are traditionally used in a support role to provide a focused experience or as an inspection appa-
ratus; similar to the role of a microscope. But, such a role prevents XR devices from supporting
information analysis from start to nish. Part of this is related to the bias towards 3D and often
exclusion of 2D applications which are common in our daily work. However, XR devices have great
potential for supporting project room usage of ideation, brainstorming, and information analysis
from start to nish. This thesis conducted research to answer hypotheses made in regards to work-
ing within immersive environments. The contributions are: COVACHh, a framework to guide the
design of a system based on user interaction states with information media; SageXR a working
prototype designed using the framework; and the discoveries made while testing SageXR to ver-
ify the hypothesis. COVACh was found to be successful in guiding the design of SageXR; all user
study participants were able to submit their task work for evaluation and formed a favorable option
regarding XR’s potential to support project room usage. All participants were observed to make
use of at least 2x more virtual area than physical area by the end of their task work, indicating
that provided the opportunity, participants wanted and were able to incorporate more space into
their work ow than physically accessible. Participants not only used more space but also created
information structures which, in some cases, would not be physically possible to replicate due to
accessibility. Interestingly there seems to be an underlying desire for layout support best described
as dynamic tiled display wall structures within the virtual environment. These are just some of
the discoveries made which also includes some caveats found during usage of SageXR. Discussion
regarding future development directions and how to address these caveats are covered, describing
how SageXR can support usage beyond the project room.
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between left arm states are more interesting. Rest was the only state where the
percent of total time in the state exceeded the event percentage. All other arm states
have less time percentage compared to event percentage. This primarily indicates
participants did not like or see reason to use their left hand as often. Unlike the right
arm where transitions between states were more likely to exhibit gradual changes,
lift and extend states tended to drop into lower states. Instead of Lift > Brace >
Rest, most common was Lift > Rest, skipping Brace completely. . . ... ... ...
Frequency of foot movement during the main task for each of the participants. Each
line on the X-axis represents a foot movement event. Y-axis represents the di erence
in time since the last event. The taller the line, the larger a time di erence between
the previous event. Shorter lines indicate less time between the last foot movement.
The di erent colors represent the di erent time quintiles of the user study. All
participants except one were observed to have more foot movement in the last quintile
compared to the rst. Four participants moved their feet less than ve times during
the rst quintile. This might be related to the reported concerns about comfort and
feelings of safety regarding moving in the system or emotional tension. . . . . . . ..
Which hand a participant used to open the menu during the introduction and main
task compared to the direction they created applications in. There is some correlation
between a left handed menu creating applications right to left and vise-versa. This
is believed to be due to the arm positioning when using the menus. The hand
used to open the menu was less likely to be moved to support reading the menu.
Furthermore, it was easier to point the direction of the menu than move the menu in
front of the interaction hand. This commonly resulted in windows being created o
center from the body’s position. A left handed menu tended to create windows with
a position often left of the body. At that creation point, moving the newly created
window left of any open windows was a smaller distance required than placing it to
the right of open windows. . . . . . . . . . . ..
During the introduction task to assemble Oahu pieces participants started by creating
the above window layouts, then started evaluating how to match the pieces together.
Layout A was more popular, formed by eight of the participants, B by the rest. . .
During the main task, the three les provided for the task (task description, per-
sonnel, and oor plan) were consistently opened in a row by participants. After the
initial three les, layouts then saw a wide variety of structures. . . . ... .. .. ..
A picture of the virtual space used to review data generated during the user study
of SageXR. The tallest window in this image is over 8ft tall. The virtual oor area
occupied more area than the physical room’s 255 sq. ft. oorspace. .. ... .. ..
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8.1

8.2

A Rolodex and keypad safe. Both of these items present opportunities to create
impossible constructions with in nite content. For the Rolodex, it is possible to
provide di erent cards even if rolled beyond 360°. Rather than having lettered tabs
within the cards, they can always be present on the side, which opens the Rolodex
to that particular location. The keypad safe can act like an in nite cabinet. One
option is to have an in nitely long drawer, but a user may become fatigued based on
how much of the drawer they must pull out. A keypad would allow a user to select
which drawer to open based on the input number. . . . ... ... ... .......
Not only are impossible constructs possible, but impossible rooms or movement. User
study participants tended to avoid virtual locomotion, preferring physical navigation.
This could be a means to increase overall virtual space usage by interpreting physical
movement di erently. . . . . . . . .
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LIST OF ABBREVIATIONS

2D Two dimensional

3D Three dimensional
6DoF  Six Degrees of Freedom
AR Augmented Reality
DPI Dots Per Inch

FoV  Field of View

FPS  Frames Per Second
HMD Head Mounted Display
MP Megapixels (One Million Pixels)
MR Mixed Reality

0OS Operating System
PPD  Pixels Per Degree

PPI Pixels Per Inch

SS Simulator Sickness
TDW Tiled Display Wall
Ul User Interface

VR Virtual Reality
XR X-Reality. Where X can be replaced with one or a combination of AR/MR/VR.
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CHAPTER 1
INTRODUCTION

Technology has assisted with and changed the way in which we work throughout history. With
the introduction of new technology comes new opportunities for improvement and approach. Our
modern world has an ever increasing amount of information which we must match in our ability
to understand and react to. This has been a driving force behind immersive visualization systems
where raw pixel count is a major attribute for such systems[113]. Room sized immersive systems
(like the CAVE [40] or tiled display walls) have been natural t candidates for project rooms (aka.
war rooms [101], control rooms [1], or decision support rooms[105]) which usually showcase a large
display system as the centerpiece. The desire for more pixels is related to the bene ts of utilizing
large displays proven by research. Some of those bene ts are faster task completion [42], reduced
mental burden[14], and increased awareness of both information and collaborators[135]. This
mentality will shift as XR devices become increasingly cheaper, easier to obtain, and comfortable for
users. On displays, the smallest possible representation of data is a pixel. With advances in display
technology, monitors with resolutions of 1080p have become commonplace. When an individual
pixel represents one point of data, roughly 2 million data points could be portrayed at once. Upon
a 4k resolution monitor, roughly 8 million data points can be represented. But, the moment data
cannot be represented all at once, the viewer must perform virtual data navigation before being
able to see all the data. There are alternatives that can be applied (e.g. data aggregation) to
represent data in a view which cannot naturally show everything; however, this causes details to
be lost or hidden. This reason, among others, in uences why large tiled displays and immersive
systems are well suited to support data analysis and visualizations. Another critical aspect is the
representation of data. For example, geographic data can be inherently 3D and when attened
into a 2D viewport, loss of information may occur[43] or interaction di culties may result due
to the change in representation[176]. However, at least for interaction, this perception has since
been ipped[17], perhaps due to a generation growing up with keyboard and mouse manipulation.
With the considerations to size, cost, and access restrictions of current immersive systems, XR
is at an advantageous point in time with the opportunity to signi cantly alter the work ow and
implementation of a project room.

In this thesis | present: COVACHh, an information framework to guide system design; SageXR an
XR system developed using the COVAChH framework; and the evaluation of SageXR through a user
study. COVACHh is a framework describing information states that project rooms must support.
COVACH is being proposed as a generalized framework to describe information states of a project
room and can be applied to an XR system. COVACh consists of: Contribute, Organize, Verify,
Annotate, and Chronicle. COVACh has been developed and guided by my experience in developing
immersive software and in uenced by prior research on project rooms. COVACh was used to guide



the design of SageXR, an XR system intended to provide functionality and capabilities for project
room usage. Both COVACh and SageXR were evaluated through a user study designed to address
the following hypotheses:

H1: COVACH can be applied to an XR system and allow it to overcome limitations of classical
project rooms.

H2: An XR system that had its development guided by the COVAChH information framework
will provide SAGE users with an environment as useful as, if not more so, than a large display wall.

H3: Through the boundless nature of an XR system, SAGE users are anticipated to have a
more elaborate use of space.

1.1 XR De nitions and Terms

What is XR? XR is used as a placeholder for any of the mediated realities[109]. The three main
categories are: augmented reality (AR), mixed reality (MR), and virtual reality (VR). When talking
about XR, depending on when and who you ask there can be a variety of di erent de nitions or
meanings. Because of this, a common set of vocabulary must be established. A short history will
follow for the context of XR devices. The following de nition list is the result of reviewing literature
of the eld and identifying the minimum commonality between the di erent authors. Included are
some de nitions that must also be clari ed due to their di erent meanings within other elds.

Virtual - Computer Generated.

Virtual Environment (VE) - An environment generated by a computer.

Virtual Reality (VR) - Method or implementation to fully immerse a user within a virtual
environment. To fully immerse a user, a VR system at minimum must:

e Track the user’s position

< Provide stereoscopic, viewer centered perspective

e Provide spatialized audio

< Enable user interaction within the virtual environment

Augmented Reality (AR) - Method or implementation in which a user’s view is enhanced
with additive, interactive virtual components. An AR system must, at minimum:

Track the user’s position

Track the real world around the user

Provide stereoscopic, viewer centered perspective

Provide a view of the real world when not obstructed by virtual objects

Enable user interaction with the virtual objects



Mixed Reality (MR) - Method or implementation to merge a virtual environment with the
real world. Typically MR sits between VR and AR, but is often a catchall for cases not tting into
either VR or AR. More on this later.

XR - Refers to any of the previously mentioned reality mediators. X is a placeholder for V, A,
or M.

The previous de nitions and requirements are greatly in uenced by the reality-virtuality con-
tinuum by Milgram and Kishino[120], Figurel.1l. They had identi ed that many authors were
often inconsistently using the term \virtual reality" to denote a variety of environments containing
various amounts of immersion and synthesis. The inconsistencies were further exacerbated by the,
at the time, new term: augmented reality. The reality continuum consists of two extremes along a
horizontal axis: the real environment and virtual environment. The continuum represents a scale of
how much a user is immersed within the virtual environment. The far right of the spectrum repre-
sents a user fully immersed within the virtual world, where "virtual™ refers to a world synthesized
by a computer. Their view is entirely that of the virtual world and the real world has no relation
to what is seen. Moving towards the real (left), the next classi cation is Augmented Virtuality, the
entire view is produced by computer graphics, but correlates to the real world. One step away from
being entirely real is augmented reality, where a user’s view is enhanced (augmented) with virtual
cues about the real world. Mixed reality was considered a subclass of VR related technologies
encompassing anything between fully real and fully virtual.

Real Augmented Augmented Virtual
Environment Reality Virtuality Environment
° ®

L Mixed Reality J

Figure 1.1: Milgram and Kishino’s Virtual Reality Continuum. On the far left, is the real, while
on the far right is completely computer generated. Between the two extremes is varying levels of
virtual environment integration with a user’s view[120].

An example of an early system providing augmented virtuality is described by Edwards et
al. [50] where they mounted cameras on an optically opaque head mounted display (HMD) to give
the illusion of seeing through the HMD, which was inspired by Bajura et al.’s work [12]. Although
the HMD was opaque, the user could still see the real world through the view provided by the
captured camera feed. This is commonly referred to as video see through or video pass through.
The viewer sees the real world, but the view is entirely computer generated allowing superimposition
of additional visuals as well as distortion of the real. For augmented reality a user’s view of the



real world is unobstructed and visuals are added to the view, usually through see-through HMDs.
Azuma, the pioneer or AR, described three requirements: 1) combines real and virtual, 2) is
interactive in real time, and 3) is registered in three dimensions[11].

Milgram’s virtual continuum was further built upon by Mann who added a Y axis indicating the
level of mediation or Iter performed on the user’s view of the real or virtual world [109] (Figure 1.2),
the equivalent of applying AR to VR. When a virtual world is shared between multiple users, one
example of mediation is how much one user’s view is modi ed from the actual virtual environment;
seeing components or alterations which do not exist in that world. For example, personal control
panels only visible to the owner; or object highlighting / outlining where the object properties did
not change.

One common aspect of VR, AR, or MR is the viewer’s presence of a reality is in uenced and
changed. Each has a place on the virtual continuum along the X axis. Mann et al. identi ed the
common usage of X Reality, or XR, referring to any of the focuses along the X axis[110].

——  Mixed Reality ——

| |
i i
Real Augmented Augmented Virtual
Environment Reality Virtuality Environment

VIRtual
reality

reality

MODulated
reality
(modified,
DIMinished,
etc.)

MEDiated reality

Figure 1.2: Mann’s Reality-Virtuality continuum further distinguishes based on how much visual
mediation is applied to a user’s view [109].

The overlap between the realities are fairly signi cant. Among the requirements necessary to



implement VR and AR mentioned above, three requirements are the same: tracking the user,
providing a stereoscopic viewer centered perspective, and enabling user interaction. While the
implementations are often signi cant in appearance, AR was at one point in research history con-
sidered one and the same as VR. The di erences allowed AR to diverge from VR as a separate
research focus, while still maintaining close enough proximity that advancements in one can ben-
e t the other. Some of these correlations can be seen within the following Background section
describing signi cant milestones with XR hardware.

1.2 Project Rooms

Project rooms often have an inconsistent and highly varied representation. This can range from
personal spaces to dynamic freeform group workplaces [136, 138]. The positive of this is the imagery
represents how versatile project rooms can be. And while this thesis would like to maintain that
versatility, it is bene cial to ensure the terminology regarding project room matches expectation.
More evocative in name is the term, war room. This usually generates imagery of groups of people,
often focused upon a primary information area while they collaborate to address a problem. The
goal of SageXR is to provide a project room for information analysis, like a war room. While there
are many functional and design similarities between project rooms and war rooms, one critical
aspect is a project room may involve one or more users, whereas a war room usually has the
expectation of involving more than one user.

SageXR is software being developed with the initial goal of providing bene ts comparable to that
of a project room through a fully immersive virtual environment . If successful, this sets the stage
for further investigation on how to interface large war room spaces with virtual reality environments
and how virtual environments can support day-to-day work. Rather than just augmenting such
environments, | believe XR devices may potentially supplant their desktop and laptop counterparts.



CHAPTER 2
BACKGROUND

XR applications are often designed with a single purpose and use case. This has become
somewhat of an unintended norm due to the history and development of XR. Hardware system
designs were focused around how senses could be manipulated. Applications usually focus on a
singular task by being tailored to take advantage and showcase the highlights of systems while
minimizing exposure to its de ciencies. A variety of system frameworks have been proposed for
visuals[53], interaction[80], and immersion[159, 152]. The COVACh framework and creation of
SageXR ts in by addressing how to design for general purpose information analysis. The following
sections provide brief highlights of XR history to show how research became hyper focused and
provides some context on how XR was primarily viewed as a supplement for work with minimal
intention to support an entire work ow.

2.1 Signi cant Milestones Of XR

While XR will typically invoke thoughts of modern headsets with immersive gaming applications,
its roots extend before modern electronics. In 1838, Wheatstone built a stereoscope made with
mirrors at 45 degree angles to view images to the left and right demonstrating that the human
brain would fuse the two images and perceive them as one 3D object[181]. Sir Brewser, in 1849,
improved upon the design by adding lenses to make the lenticular stereoscope which became the
rst portable 3D viewing device [30]. Nearly a century later, Gruber designed the successor to
these devices in 1938 called the View-Master. After still images came moving pictures. Heilig, a
cinematographer by trade, published "The Cinema of the Future™ in 1955 [72] which later became
the basis of his patent in 1962. The Sensorama (Figure 2.1) was built as a prototype for the cinema
of the future and was the rst video device that stimulated multiple senses of the viewer through:
vibration, sound, smell, and generation of wind[73]; on top of providing a stereoscopic view.

It can be argued that Sutherland’s description of the Ultimate Display in 1965 marked the
start of VR research in computer science. He laid out the design goal of the ultimate display,
where "the ultimate display would, of course, be a room within which the computer can control the
existence of matter. A chair displayed in such a room would be good enough to sit in. Handcu s
displayed in such a room would be con ning, and a bullet displayed in such a room would be
fatal. With appropriate programming such a display could literally be the Wonderland into which
Alice walked" [165]. Sutherland then built the Sword of Damocles (Figure2.2) in 1968, which is
regarded as the rst head mounted display (HMD) despite the fact it was an apparatus hanging
from the ceiling [166]. For the next couple decades, development of XR was focused towards building
hardware and the software necessary to make it work. There simply was a lack of available means to
create a display that Sutherland envisioned. Both display technology (like HMDs) and technologies



Figure 2.1: Heilig’s Sensorama. The Sensorama was able to simulate the four of the ve senses:
sight, sound, smell, and touch.

to enable interaction needed to be developed. The goal of providing a view, tracking the user, and
capturing user interaction led to diverse hardware research, which included development of new
computer peripherals like data gloves, omni-treadmills, tracking devices, and see through displays.

The basis of modern HMDs lenses were designed and proposed by Howlett. He rst used the
lens in the Large Expanse, Extra Perspective (LEEP) optical system. Howlett did not publish his






