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Abstract—Although access to sufficient screen space is crucial
to knowledge work, workers often find themselves with limited
access to display infrastructure in remote or public settings. While
virtual displays can be used to extend the available screen space
through extended reality (XR) head-worn displays (HWD), we must
better understand the implications of working with them in public
settings from both users’ and bystanders’ viewpoints. To this end,
we conducted two user studies. We first explored the usage of a
hybrid AR display across real-world settings and tasks. We focused
on how users take advantage of virtual displays and what social
and environmental factors impact their usage of the system. A
second study investigated the differences between working with
a laptop, an AR system, or a VR system in public. We focused
on a single location and participants performed a predefined task
to enable direct comparisons between the conditions while also
gathering data from bystanders. The combined results suggest a
positive acceptance of XR technology in public settings and show
that virtual displays can be used to accompany existing devices. We
highlighted some environmental and social factors. We saw that
previous XR experience and personality can influence how people
perceive the use of XR in public. In addition, we confirmed that
using XR in public still makes users stand out and that bystanders
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are curious about the devices, yet have no clear understanding of
how they can be used.

Index Terms—Virtual displays, knowledge work, extended
reality (XR), in-the-wild, public spaces, user study, social
acceptability.

1. INTRODUCTION

NOWLEDGE workers often require large display spaces
K to view, process, and cross-reference content efficiently,
which they may not have access to when working remotely.
Such workers might be in crowded or confined spaces with
many distractions [1], relying on the portable devices available
to them at the time, such as laptops, tablets, and smartphones [2].
Remote work scenarios arise from necessity (e.g., during travel,
or a meeting), inspiration (e.g., being outdoors in proximity to
nature), or simply from preference or health considerations (e.g.,
working from home). Despite being away from their physical
offices, these workers still handle complex tasks that demand
extensive screen space. Managing many windows on a small
screen can be time-consuming [3], and it is not unusual for users
to forget where certain windows are located since they can be
hidden or occluded.

Using extended reality (XR) for knowledge work has gained
traction with the promotion of commercial off-the-shelf devices.
Prior research has demonstrated the potential benefits of XR
for knowledge work, such as how virtual reality (VR) can be
used in open office spaces to reduce distractions [4] and how
new interaction possibilities provided by VR can improve the
performance for certain tasks [5], [6]. Additionally, researchers
have evaluated how the large display space provided by aug-
mented reality (AR) and VR can be used in the context of
knowledge work [7], [8]. Such virtual displays use a head-worn
display (HWD) to render information and applications from a
personal computer without being constrained to physical mon-
itors, offering more flexibility (how to display information),
portability (where to display information), and scalability (how
much information can be displayed) [8].

Existing research has validated the feasibility of performing
knowledge work on virtual displays with current technology.
Although they do not yet match the performance of physical
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multi-monitor setups [8], [9], virtual displays offer significant
advantages over single-screen laptops by eliminating context
switches and facilitating head and eye glances [10]. However,
these studies have predominantly focused on laboratory-based
experiments, not considering the unique and ecologically valid
public settings where laptops are frequently used—failing to
capture the complexities of real-world settings (distractions,
social interactions, and environmental variability). Abowd and
Mynatt [11] highlighted that everyday computing activities
could differ significantly from controlled evaluations in the
laboratory, which rarely have clear beginnings/ends, often ex-
perience interruptions, and typically involve multiple concur-
rent activities. Thus, in-the-wild evaluations are crucial to
understanding users’ subjective experiences, including their
emotional state and social interactions with people around
them.

In this paper, we conducted two user studies to understand (1)
how users take advantage of virtual displays when only a single
laptop monitor is available to them, (2) their user experience
of working on virtual displays in real-world settings, and (3)
public perception of using XR in public spaces. We refer to XR
as either AR or VR technology, and in our studies specify which
technology we are using. Our first study explored the usage of a
hybrid AR see-through system, which extended the screen from
a physical laptop to the virtual space. Focusing on ecological
validity, we explored the use of this system in four different
campus settings, and participants were performing their own
self-defined tasks. In contrast, in our second study, participants
completed three sessions of working in the same public location,
a university cafeteria, with three different systems: a standard
laptop, a laptop combined with an AR headset, and a laptop
combined with a VR headset. To better compare the systems,
this time participants were performing the same kind of task in
each session.

II. RELATED WORK
A. Pervasive and Everyday XR

While AR has historically been used to solve domain-specific
issues [12], [13], [14], [15], [16], recent research has explored
pervasive and everyday AR [17], [18], [19]. Grubert et al. [1]
introduced pervasive AR, emphasizing general-purpose, all-day
use of AR HWDs as a continuous, universal augmented in-
terface. Users could continuously benefit from AR glasses in
tasks like information acquisition, productivity, and entertain-
ment. The form factor of current XR devices remains a barrier
to adoption as headsets due to stress, mental overload, visual
and muscle fatigue, and physical discomfort [20], [21]. Biener
etal. [9] found that using a VR headset resulted in worse ratings
than a physical environment for a range of measures such as
task load, usability, flow, frustration and visual fatigue. An
in-the-wild study by Lu et al. [22] pointed out that participants
could imagine using the AR system daily, if the form factor of
the devices would be improved. This work explores how AR
displays can enhance everyday productivity and addresses the
associated technological and adoption challenges.
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B. Social Acceptability of AR/VR in Public Spaces

An interface with high social acceptability can increase oth-
ers’ interest in including the technology user in their social
groups [23] or can align with or positively alter the user’s
self-image and external image [24]. Strategies to enhance social
acceptability include subtlety, designing devices to look like
non-digital accessories, and informing bystanders of the user’s
activities.

Social acceptability of HWDs in public has been investi-
gated [25], [26]. Williamson et al. [27] noted that VR usage
in public spaces might attract undesired attention and recom-
mended maintaining users’ peripheral awareness and transitions
between AR and VR. Users were found to prefer displays orga-
nized vertically to avoid “social collision” on airplanes [28] and
avoided placing virtual displays over bystanders’ faces, bodies,
and possessions to maintain situational awareness [29]. Vergari
et al. [30] simulated different social environments with 360
videos to evaluate the effects of using VR in these environments.
George et al. [31] explored in a lab study if bystanders can
identify task switches of VR users and which strategies they
employ to interrupt them.

Field studies in public places include evaluating interactive
glasses for notifications while walking through a calm and
busy street [32], exploring different interaction techniques and
form factors of smart glasses in a cafe [33], and elicitation
studies for socially acceptable hand-to-face input in busy public
spaces [34]. Eghbali et al. [35] found VR users’ experiences
can be influenced by factors such as freedom to switch between
realities, sense of safety, physical privacy, and uninterruptible
immersion, while bystanders’ experience depends on feeling
normal, safe, and having a shared experience. However, prior
studies have yet to focus on knowledge worker tasks in public
spaces.

Various questionnaires have been used to measure social
acceptability. Kelly et al. [36] proposed the WEAR scale mea-
suring the social acceptability of wearable devices. Ahlstrom
et al. [37] focused on users’ perceptions, asking them to rate
their overall impression during the task and in which situations
they would feel comfortable performing the proposed gestures.
Koelle et al. [38] asked participants to rate their feelings while
using the device on pairs of opposites, such as threatened and
safe or unsure and self-confident. Similarly, Verma et al. [39]
asked participants to rate their feelings on Likert scales ranging
from embarrassed to comfortable and from foolish to sensible.
We adapted some of these questionnaires to understand how our
participants experienced working with XR in public.

C. In-the-Wild Evaluation of AR/VR Systems

In-the-wild evaluation refers to experiments with real users
in uncontrolled settings [40]. Rather than completing “arbitrary
tasks decided by the researcher” [41], participants can under-
stand and appropriate the technology to their needs [41]. Those
results may differ from laboratory settings, considering the
unpredictability of people, as participants can become distracted,
be interrupted, or interact with other people [41]. In-the-wild
AR/VR studies have shown their viability and data quality in
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diverse areas such as education [42], accessibility [43], recre-
ational sports [44], [45], locomotion [46], military training [47],
and perception studies [48]. However, there has been limited
exploration of how AR HWDs could better facilitate everyday
workflows. To our knowledge, our work is one of the first to
address this gap, by exploring the uses of AR HWDs to facilitate
knowledge work in real-world settings.

D. Extended Reality for Knowledge Work

Advances in XR technologies have the potential for adoption
and benefiting knowledge workers [18], [49]. We can combine
physical and virtual content as if they were the same [50], use
immersive systems to facilitate multi-tasking [51] and sense-
making [52], [53], [54], [55], register three-dimensional content
with touchscreens [56], [57], and perform data visualization
over existing physical elements [58], [59], [60]. VR has further
been combined with a touch-screen and a spatially tracked pen
in the context of authoring presentations [6] and spreadsheet
applications [5], and to enhance capabilities of devices such
as keyboards [61] or address privacy concerns in a mobile
context [1], [61]. Further, it can reduce distractions in open
office environments [4], [62], and reduce stress by experiencing
a virtual nature environment [63], [64].

While XR offers notable benefits with its large display space,
usability challenges remain [7], [8], [28], [29], [51], [65]. Low-
resolution HWDs can force designers to enlarge virtual content,
leading to either less screen space or more head movement [8],
which can result in neck pain [1] and reduction of task perfor-
mance [8], [10]. Amplifying head rotation through virtual gains
has been proposed to mitigate this issue [7]. Context switch-
ing between physical and virtual content and focal distance
changes can further decrease task performance and increase
visual fatigue [66], and induce more interaction errors [67]. In a
week-long study, Biener et al. [9] observed that participants can
overcome initial negative first impressions and discomfort.

While XR can shield users from physical distractions, it can
also limit access to relevant real-world elements [68], [69], [70],
[71]. O’Hagen et al. [72] found that users feel uncomfortable
not knowing the position of bystanders. We speculate that these
feelings may be intensified when using XR in public spaces. Li
etal. [73] found that HWDs led users to lower awareness of their
surroundings, increased perceived workload, and lower text en-
try performance compared to using a tablet. Literature suggests
integrating such elements into the virtual environment [74], [75],
[76]. For knowledge worker tasks this is especially relevant for
typing. For example, Knierim et al. [77] found that tracking
and visualizing hands and physical keyboard results in a typing
performance that is close to non-VR.

By examining the use of VR and AR devices in public spaces,
we aim to understand better how participants interact with these
devices and the factors that impact their usage.

III. STUDY 1: EXPLORING XR WORK IN REAL-WORLD
SETTINGS

We conducted an exploratory user study to understand the user
experience of extending a laptop screen with virtual displays
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when users perform their own work across real-world settings.
We focused on answering: How do users take advantage of
virtual displays when only a single laptop display is avail-
able?, and How do users perceive the experience of working
on virtual displays in real-world settings? Our objective was to
characterize the usage of virtual displays in such scenarios while
investigating dimensions such as social, environmental, and user
acceptance aspects.

A. Experimental Design

We designed this experiment such that participants completed
their own productivity tasks while using a laptop screen extended
with virtual displays. We let participants choose their own task to
give them a more ecologically valid experience, while ensuring
they had a stake in the outcomes of the work, and thus, put
effort into completing the work rather than simply exploring
the system. We observed participants in four real-world settings
across the Virginia Tech campus to gather data from a wide
range of contexts and to understand real-world factors. We chose
a campus setting due to logistical issues, as we would need
special permissions and expected greater difficulty recruiting in
other locations. Each session was individual and lasted around
70 minutes.

Our measures included a custom questionnaire with subjec-
tive rating scales measuring participants’ perceptions of speed,
accuracy, confidence, and comfort. While we are not making
direct comparisons between conditions, we wanted to gather
whether participants perceived such factors positively or nega-
tively in a more precise manner. We also obtained qualitative
data through a semi-structured interview, with questions about
how they perceived their productivity, what strategies they chose
to use, how they felt using an AR display in public, how focused
or distracted they were, and how they compared our system with
the one they currently use.

B. System and Apparatus

We developed a hybrid canvas display to support this work—it
combines physical and virtual displays to create a large, seamless
space wrapped around the left, top, and right sides of the laptop
monitor [65]. It is curved in a semi-cylindrical shape and has
a transparent background, as seen in Fig. 2. We opted for a
transparent background to allow a larger screen size without
occluding the real environment—the user has the choice of
where to place content so as to maintain visibility of important
elements of the real world.

The laptop screen had a 2560 by 1440 pixels resolution, with
21 inches (53.34 cm) of diagonal size, and was placed about
70 cm from the user. The virtual display consisted of three virtual
monitors with pixel-perfect alignment and no borders between
them—Iooking like a single display. The two side monitors
had a resolution of 1920 by 2160, while the top monitor had
a resolution of 1920 by 1080. All of them were scaled to 150%
to achieve higher readability. They were placed 1 m away from
the user—the optical sweet spot is at 2 m,' but we compromised

! https://learn.microsoft.com/en-us/windows/mixed-reality/design/comfort
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(b) Study 2: Laptop

Fig. 1.
indicates the experimenter of the study and P indicates the participant.

Fig. 2. User working at a cafe in study 1: hybrid canvas display expands a
laptop monitor with virtual space around it.

with a slightly closer placement to reduce the distance between
the physical and virtual displays, which could impact user expe-
rience and performance [8], [66]. We experimented with various
distances, and this configuration yielded a positive response in
pre-study testing.

We designed our prototype using the Unity Engine
2021.3.10f1, the Mixed Reality Toolkit (MRTK) 2.8.0, and
the Windows Graphics Capture API, using a back-end Visual
Studio 2022 application to create and capture virtual displays.
The Unity scene had curved surfaces floating in a cylinder
around the user. Each surface rendered an external texture of the
monitor capture obtained from the output buffer of the graphics
card directly, achieving real-time display. Virtual monitors were
rendered with a black background, which becomes transparent
in the HoloLens 2. We used the Holographic Remoting Player
for mirroring Windows 11 monitors on HoloLens. This appli-
cation streams content from a computer to a HoloLens in real
time through a tethered connection. The HoloLens sends the
information obtained from its sensors (e.g., head tracking) to
the PC, which makes all necessary computations and displays
the result on HoloLens. For input, we used a standard laptop
keyboard and trackpad across all settings; the cursor could be
moved naturally across all displays without gaps between them.

We ran the experiment on an Origin Laptop (Intel 19-12900H,
Geforce RTX 3080 Ti, 32 GB RAM, 1 TB SSD, Windows 11).
We used a Microsoft HoloLens 2 HWD, with a field of view
of 43°horizontally and 29°vertically, and a resolution of 2048
by 1080. The device’s head tracking was used to register the
virtual display around the laptop monitor. While the device’s
field of view is limited, it provides a full field of regard through

9107

(c) Study 2: AR

(d) Study 2: VR

Participant as seen by people around them in study 1 (a), in study 2 during the laptop condition (b), the AR condition (c¢) and the VR condition (d). E

head rotations, allowing access to elements outside of the field
of view. This device still provided one of the best fields of view
for optical see-through at the time of this study. We opted for
the HoloLens 2 instead of video pass-through to allow for the
combination of the physical and virtual displays.

C. Settings

We conducted our experiment across four settings shown in
Fig. 3: (a) Library: a less crowded public place designed for
studying and working. The user can focus on the task with
fewer distractions. (b)Cafe: a public coffee place, where people
go to complete work and network. There is some noise in
the environment. (¢) Outdoors: a public outdoor space with
uncontrolled illumination and temperature, where people will
be working or eating. (d) Dining Hall: a very busy and noisy
public place, where people go mostly to eat but often conduct
personal work with little privacy.

These settings were chosen due to their distinct characteris-
tics across the following dimensions: public exposure, ambient
noise, brightness level, temperature level, and busyness. Two of
the authors independently visited various settings across campus
to characterize them. Our objective with this range of settings
was to diversify user experience factors rather than to make direct
comparisons between each setting.

D. Task

Upon recruitment, the investigator asked each participant
about the task they would like to complete during the experiment.
The task had to be productivity work that used at least three
windows (to ensure that it would fit the type of multi-window
work usually performed on multi-monitor setups) and used
only software installed on the laptop (browsers, office suites,
and coding IDEs). Browsing social media, watching videos,
or doing an unclear task was not acceptable. In all cases, the
tasks were real-world work that the participant had to complete
regardless of study participation. Participants accessed their own
files from the cloud or downloaded them to the computer at the
beginning of the task. Any tasks that fulfilled these requirements
could be completed, including class assignments or side projects
they were completing for their major. Common tasks included:
coding and writing assignments, reading papers, websites, or
PDFs and condensing information in a single document, and
visually comparing content across windows. For instance, one
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(b) Study 1: Cafe

(a) Study 1: Library

Fig. 3.

participant was skimming through various websites, papers,
and course materials and extracting quotes while writing their
literature review homework.

E. Procedure

The study was approved by Virginia Tech’s Institutional
Review Board and took place in single-participant sessions of
70 minutes. Participants were recruited through mailing lists,
were screened for inclusion criteria, and scheduled a session
time and setting. Each participant signed the consent form and
answered a background questionnaire at our laboratory. They
received general instructions about the study and completed the
standard HoloLens eye-calibration procedure. The participant
and investigator then walked to one of the four locations (Fig. 3)
where the study would take place (approximately a five-minute
walk for all locations).

At the location, the investigator calibrated the virtual display
to be used with the laptop. The participant put on the HWD and
worked for 30 minutes on their personal task (Fig. 1(a)). In case
of technical issues, the experimenter was allowed to help, as we
wanted the participant to use as much of the time as possible for
meaningful interactions with the system. Otherwise, users were
encouraged to freely explore and use the virtual displays on their
own, in whichever way they felt comfortable and helpful to their
workflow.

Once the work session was over, the participant answered
a questionnaire with 18 rating statements on a 7-point Likert
scale, focusing on subcategories such as perceived accuracy,
usability, confidence, and social and environmental influence,
which were used to supplement our qualitative findings. The
study ended with a semi-structured, ten-minute interview to
further dive into users’ usage patterns and considerations, where
we further confirmed the task they completed and if there were
any changes from their original plan.

FE. Participants

We recruited twenty participants (aged 19 to 28, 12 male,
8 female) from the student population (five for each location)
who were at least 18 years old, had normal vision (corrected or
uncorrected), were proficient with the English language, used
a computer daily for work, and had a productivity task that
they could perform during this study. We limited our population
to our university community due to the chosen settings being
located on campus. One participant was a graduate student, and
nineteen were undergraduates. All participants used a computer

w e
(c) Study 1: Outdoors
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g |

(d) Study 1: Dinning Hall =

|

Study 1 was conducted across four campus settings: (a) Library, (b) Cafe, (¢) Outdoors, and (d) Dining Hall.

for at least 4 hours daily for work, with ten participants using
it for more than 8 hours. All participants reported at least
intermediate experience with the Windows operating system.
Fourteen participants had little to no experience with AR.

G. Analysis

We collected our results from two main sources: background
and rating questionnaires, recorded through Question Pro ;> and
interview audio recordings. We performed the descriptive statis-
tical analysis on the JMP Pro 16 software,’ and transcribed the
interviews automatically through Office Online,* with manual
verification and fixes completed by one of the authors. Using
the transcribed interview data, one coder applied a top-down
coding approach in Taguette [78], labeling excerpts according
to predefined topics derived from the same metrics as the rating
questionnaire. A second author reviewed the coded excerpts and
provided feedback, discussing any disagreements with the initial
coder. Based on the initial labels, the two authors collabora-
tively organized the findings into recurring themes, which are
presented in our qualitative results. Participants were labeled as
follows: initial “L” means the participant completed their work
in the library; “C” means Cafe; “O” means Outdoors; and “D”
means Dining Hall.

H. Questionnaire Results

As can be seen in Fig. 4, participants overall judged the
system positively on accuracy, performance, ease of use, and
learnability. Regarding social aspects, they felt self-conscious
but not disturbed by other people’s presence. On environmental
aspects, the majority of people judged that noise and the number
of people around them did not affect their work, and while they
adapted to existing light conditions, they preferred environments
with less brightness. Finally, they did not find it hard to switch
their attention between their work and surroundings.

1. Qualitative Results

1) Usability and Utility:

a) Similar to multi-monitor setups: When asked about
how they felt about using the system, twelve participants brought
up the similarity to physical multi-monitor setups. D1 said, “I
think it was like using multiple monitors.” O3 said, “seemed even

2 https://www.questionpro.com/
3 https://www.jmp.com/
4 https://www.office.com/
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Accuracy | felt that | completed my work with high quality and minimal errors
| DID NOT feel that it took me too long to finish my work.
Performance |1 DO NOT believe completing this work with a laptop alone would take less time.
| felt my work performance was not affected by my surroundings.
| thought that it was easy to use the virtual displays.
Ease of Use
| believe | could easily see the windows on the virtual display.
. | believe that | learned how to use the system quickly.
Learnability
| think that | could use the system well on my own.
Confidence I believe | would use this system for my daily work instead of the one | currently use.
| DID NOT feel self-conscious when using the AR device in public.
Social 1 DID NOT feel like | was constantly checking for other people’s reactions to me wearing the AR device.
Aspects

Environmental

| DO NOT believe that the presence of other people made it difficult for me to focus on my work.
| felt like a part of the environment around me.

| DID NOT feel like the noise in the environment was distracting and affected my work.

| DID NOT feel like the light in the environment was distracting and affected my work.

I would NOT rather use the virtual display where the surrounding has less environmental brightness.

9109

Neither Agree or Disagree MM Somewhat Agree I Agree M Strongly Agree

=)
w

10 15
# Participants

Aspects
| DID NOT feel that the number of people in the environment was distracting and affected my work.
1 DID NOT feel it was difficult to switch my attention between my surroundings and the virtual displays.
Il Strongly Disagree MM Disagree Il Somewhat Disagree
Fig. 4. Questionnaire results of study 1. Higher agreement means positive results. Some of the statements were worded such that higher agreement would be

negative, but we reversed the scale for those statements and added DID/DO NOT (capitalized) to them to achieve a unified scale.

better than having two physical monitors because you can add a
bunch of different monitors.” C1 discussed the differences from
a laptop: “Definitely better than using a laptop. I'd say having
multiple windows at once prevents a lot of time from switch-
ing between windows... it was like the ability of 6 monitors.”
Respectively, L2 compared to dual-monitor setups, “In terms
of functionality, it’s as good as having a second monitor.” O4
further described benefits over traditional multi-monitors, “You
don’t have to spend on a monitor and you can do all your stuff
wherever you are.”

b) Support for more windows: Expanding the laptop with
virtual displays gave participants the opportunity to work with
a larger number of windows than they would be able to on
a laptop alone, which was mentioned in fourteen interviews.
C2 was working on a coding assignment: “I was working with
multiple windows, looking at how to read Assembly code, and
then reading through the Assembly to figure out how to complete
the task.” O1 said, “I was working on an essay, and that means a
bunch of research documents and resources.” Those included
the essay, personal notes, browser, and multiple papers and
guidelines. L1 mentioned: “Having the space to put all this
content up was probably the biggest advantage and what I like
the most about doing it in augmented reality.” D3 compared to
their laptop, “It’s definitely easier because it’s nicer if you can
see the assignment page and work on a different screen... you
can split your screen in a laptop too, but it gets very small.”

c) Easier access to windows: Twelve participants high-
lighted their ability to quickly glance at windows. L1 was com-
piling a report document from various sources: “I could see a lot
more things at once. Instead of having to keep switching between

tabs... I could just look at them.” L2 performed a comparison
between documents: “I was reading a lecture presentation and
the homework answers and was comparing it with my home-
work.” C1 mentioned, “I was able to have two spreadsheets and
a Google Drive folder of images open at the same time, and |
could just look around to see what I needed at any given time.”
O1 mentioned “This is nice because it’s all around the center
rather than having to always look over to the side, kind of losing
track of the work.” L5 added “Usually I would have to Alt-tab
back and forth... it was nice just to see it there.”

d) Higher portability: The lack of physical constraints of
virtual displays gave thirteen participants many ideas about how
they could see this system changing their daily lives. C1 said,
“I think the portability of an AR headset and the usability of
multiple displays makes it easy to transport and still gives you
very good functionality.” O1 envisioned using the system when
they were not near an external monitor: “The advantage of the
glasses is that I can just drag the window out of the physical
monitor... I wouldn’t feel as inclined to always need an external
monitor.” O1 also mentioned spending more time working on
campus, “T'm stuck with just a tiny laptop; typically, on coding
projects, researching, you have to have several windows open.”
D1 discussed the benefit of extra physical space, “You could put
so much more on your desk now that you don’t have to worry
about another monitor.” L3 said “T don’t need three physical
monitors, I can just use one monitor and create three virtual
ones.”

e) Hardware limitations: As reported in the literature [7],
[8], we also found usability issues surrounding the use of current
HWDs. Twelve participants mentioned at least one limitation.
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O1 wished for “the white screens to have less rainbow effect.”
D2 said, “A little problem is the resolution; it’s a little bit too
low, especially when you’re writing code.” D2 also mentioned
the small field of view, “Normally when you’re looking at a real
monitor, you will use your eyes to see... in AR it only shows
part of the screen.” O3 added, “Sometimes it was difficult to see
the full window.” O3 and D3 mentioned that they could see the
weight becoming a problem for working for longer periods of
time.
2) Content Organization and Strategies:

a) Main content placed at the center: Fourteen partici-
pants placed their main work on the physical laptop screen. D1
said, “My main work is in front of me, and whenever I need a
reminder to look up something, I’1l put it off to the side so I can
glance atit and see what I need to do.” O3 mentioned, “Putting up
text documents that I only needed to look at on the side monitors,
and then on my laptop monitor were windows that I would be
writing on.” C1 said, “I kept the window I was most frequently
using on the laptop and supplementary windows on the outskirts
in the virtual space.” O1 agreed, “My aim was to have the essay
be the main central window, and then on the left, I had personal
notes.” L5 mentioned using the side displays for glancing, “Part
of my assignment was having to use a template... it was nice to
have the guide up there while working on an actual screen.” C3
agreed, “I kept the interactive work on the main monitor, and
I put stuff that I need to reference or look at on the secondary
monitors.”

b) Optimal window dimensions influence placement:
Even though the number of pixels per degree in our virtual
display was much smaller than in a physical monitor, our results
show that the optimal form factor for a given window can en-
courage users to place their main content on the virtual displays
instead, which was the case for three participants. O2 opted to
place their main window on the side monitor because it could
be taller, displaying more information: “I moved it over to the
right where I could fill the entire rightmost display with one
window, and I used the center monitor for the smaller task.” D2,
who was completing a coding assignment, said: “The left side
had a VS Code window... especially when you look in the code,
you want to look at more lines.” L2 placed Word files they were
comparing on each side of the virtual display, as “the homework
and answers were long word files, and I thought the screen was
longer on the sides.”

¢) Typing tasks on virtual displays: We expected most
participants to prefer placing their typing tasks on the central
monitor, given the centrality in the user view, higher resolu-
tion, and proximity to the keyboard. This was generally the
case, but we did find that one participant explicitly placed
their typing task on the virtual display because they wanted
to experience it. L1 said, “I wanted to see how it would feel
typing on the virtual screen... That’s why I put the Google
Docs that I wanted to type on the left.” And they conclude:
“I thought typing was pretty good. The only thing is that the
virtual display is still... a little bit harder to see under certain
backgrounds.” Two other participants mentioned performing
only minimal typing on the virtual displays, such as a search

query.
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d) Switching windows for display quality: One of the is-
sues of virtual displays is dealing with limited display quality.
C1 discussed this issue, as they had placed detailed images on
the side displays. C1 said, “If I really need to see details of an
image I would then move that window back to my main laptop.”

3) Social Factors:

a) High awareness of the environment: By rendering only
the individual windows, and not an opaque background, in
the virtual display we reduced the amount of occlusion in the
environment. Thatled users to have ahigh awareness of what was
happening around them, as mentioned by seven participants. L1
said, “It was also nice to see what was going on and I could see
how people were moving around me.” Ol said, “Right next to
us, behind the window, is the restaurant self-checkout screen...
a bunch of people were coming up... I was looking over and
noticing them from time to time.” They also mentioned that,
“When they got close enough, I decided to focus on them.” O3
said, “I could tell which environment I was in, but it didn’t really
distract me from my work more than just sitting out there with
a laptop.”

b) Attention to bystanders’ reactions: Sixteen participants
discussed paying attention to bystanders’ reactions. C2 said, “I
could definitely see that people are looking because it is not
something that you see... but I wasn’t really thinking that much
about it.” L1 said, “At the very beginning, there was this guy
leaving and he saw me wearing the headset and I was working.
He was like ‘ohh, what are they doing?” And I was thinking
‘Hmm, I don’t know how I feel about that right now,” but then he
leftand it was fine.” C4 said, “You’re focusing on your work, then
you’re also checking who’s looking at me right now.” O1 said,
“If someone was going to look at me, I think I understand that...
if they weren’t in my immediate field of view, I don’t think that
would bother me. If they were close and staring at me, that’d be
really awkward.” D2 mentioned how they felt wearing the device
in public, “In the school, in the university, I think it’s fine. But
in a coffee shop, it would be weird.” C1 said, “If I saw someone
using AR in public, I’d probably think, oh, that’s pretty neat.”
On the questionnaire, we can further see that eight participants
felt somewhat self-conscious, while another seven were neutral.
At the same time, the questionnaire also revealed that none of the
participants were constantly checking for bystanders’ reactions
to them.

c) Easy to focus on the task: One potential challenge
of having a higher awareness of the surrounding environment
would be difficulty in focusing on tasks at hand. In our study,
all participants were still able to focus and complete their tasks,
with fifteen commenting on how easy it was to focus on the task.
D1 said “I felt very focused... I still can see or look around me,
watch what other people do. Once I put the AR [windows] on, |
actually felt relatively less self-conscious and just did my own
work because my mind is more focused on the AR stuff.” C3
said, “T was able to focus. It was not distracting.” Asked about
people around them making them uncomfortable or affecting
their work, L2 answered, “Not so much. It’s not 0, but it’s not
a lot. I was able to focus on my study.” OS5 said, “After a while
I just got absorbed into my work.” D3 mentioned, “it would
be the same level of distractions if I was working on a laptop.”
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This is reinforced by the questionnaire results: while nine partic-
ipants thought the surroundings somewhat affected their work
performance, thirteen reported at least partial agreement with
the statement that the number of people in the environment did
not distract and affect their work.

d) Occlusion of other people in the user’s view: We ob-
served mixed reactions to placing windows in front of other
people. Ol talked about collaboration, “If someone was in
front of me working, I probably wouldn’t be as inclined to put
something above. That way I could still view their face... I would
not be as inclined to put one right on top of them, especially if I
was working directly with them, because that would feel really
weird.” C2 didn’t place windows in front of people because they
knew they would be looking in that direction to view the window
content: “Just so that I wouldn’t be staring at people.” C4, D4
and D5 also followed that strategy. O2, on the other hand, said,
“The fact that it only kind of shows up on my glasses... it didn’t
matter to me where things were placed.” This sentiment was
also shared by LS.

4) Environmental Factors:

a) Light background reduces readability: A common is-
sue with optical see-through HWDs is the reduced visibility
in bright environments. This was discussed by sixteen partic-
ipants, with twelve mentioning a strong impact, such as D1:
“Sometimes it felt like the screen itself was too translucent, and
sometimes I felt the light was too weak.” D5 mentioned that a
yellow wall in front of them made it hard to see. C1 said, “if it
was in front of the TV at all, then it got a bit weird to see. I just
kept it out of that area.” O2 said, “Being outside made it a little
difficult. I found darker backgrounds really help.” C5 agreed,
“I think as long as it’s not in front of a light, it works fine, and
you can see everything perfectly well.” L1 suggested improving
the system to enable a “switch between it being transparent
and not being transparent.” This issue was further captured in
our questionnaire, with fourteen participants saying they would
prefer to use the display in a setting with less environmental
brightness.

b) Physical restrictions guide placement: Even though
virtual displays don’t need to respect the laws of physics (in
that they could be placed inside another object and occlude
it), four participants mentioned naturally trying to respect such
restrictions. This aligns with the findings from Cheng et al. in
which they found people tend to avoid occlusions when placing
content in MR [79]. C1 said, “I tried to avoid putting a window
below the table because visually it just looked weird to me to see
a window above the table. And then just keep going through the
table almost. So I try to keep all my windows above table level
just so it was visually cleaner in my eyes.” L1 used physical
objects to aid their placement, “There was a board essentially
where I was looking... so I had most of my stuff right here.”

¢) Moving backgrounds increase distraction: One of the
challenges we expected from working in AR would be users get-
ting distracted by the environment since their view is no longer
restricted by an opaque physical monitor. We observed that
four participants tended to be bothered by larger people-related
movements in the background, especially when they were closer
to them. L1 avoided placing windows in certain regions: “I knew

9111

that people were walking there so I didn’t want to be distracted
by that anyway.” C1 suddenly stopped working at some point,
and later mentioned, “There was someone I thought I recognized
for a second that distracted me for like 2 seconds.” L2, who was
in the library, was not distracted, “At first I thought it was going
to be really distracting, but it didn’t eventually. So I don’t think
it really affected me.” D2 follows as well, “I think it’s kind of
the same experience when you just use your laptop here.”

J. Discussion

Answering our first research question (”"How do users take
advantage of virtual displays when only a single laptop display
is available?”), our findings show that participants considered
the system similar to a multi-monitor setup, allowing them easier
access to more windows. They often took advantage of the extra
space to quickly glance at content while working on the main
monitor, especially in cases where the window dimensions could
better fit in the virtual display.

Regarding our second research question ("How do users per-
ceive the experience of working on virtual displays in real-world
settings?”), participants had a positive acceptance of using AR
virtual displays to expand a physical laptop monitor despite par-
ticipants’ feeling more self-conscious about wearing an HWD
in public and some environmental considerations. Our results
imply that virtual displays designed with current technology
can be successful in accompanying existing devices in settings
where additional physical monitors are unavailable.

Evidently, they also point to design challenges we should
address to improve usability. While participants praised the
extra space, an important aspect we uncovered was window
placement being influenced by display dimensions and changing
background. Coupled with user preferences, we suggest it would
be more advantageous if future systems adopted an “infinite”
space on the virtual display. Since our system already curved
the display over a cylinder around the user, we could instead use
the entire field of regard of the user for window placement at the
same fixed depth. This would provide users with further space
to avoid unwanted placement areas (where people are walking
by, a collaborator is standing, a light background, or a physical
element such as a table), although this would also increase the
amount of required physical movement, and potentially fatigue.
This would further require workspace organization strategies
that could be adopted, such as window grouping, automatic
alignment, and contextual snapping.

Another interesting aspect was the organization of content
across these heterogeneous displays. Our results showed a pre-
dominance of content on the main monitor, and while there was
easy access to windows in the virtual display, there was also a
preference for moving content that requires high resolution to the
main display. Therefore, we must consider design strategies for
allowing users to quickly switch content between the displays.
Just as existing operating systems allow users to minimize
content with a click, we should consider temporarily moving
content to the main display (i.e., clicking or touching a button
or holding down a specific key). Those would not be permanent
movements but rather quick, reversible operations.
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Hardware issues were noticed by participants, indicating a
need for technology improvements. One specific aspect that
participants reported was the need for control over window
opacity. Uncontrolled settings, especially the outdoors, influence
content placement due to a light background behind the display.
A study by Kim et al. [80] indicated that participants feel less
comfortable with AR in natural daylight. Such issues could
be reduced with video see-through HWDs, although those are
subject to real-world degradation from the camera feed.

In a system able to block the outside world, we should
consider interfaces that block unwanted actions that can distract
workers, such as unrelated people walking far in the background.
However, at the same time, systems need to be aware of the
context surrounding the user, enabling easy interaction with
peers and awareness of situations that may require their action.
There are opportunities for research on context-aware interfaces
to support such scenarios, with opportunities for alert systems,
light dimming, and virtual/safety boundaries.

This study includes some limitations. First, as an exploratory
study, it doesn’t have a rigorous statistical analysis of some
of the nuances of our findings. In addition, the sessions were
limited to a single use, the HWD used in this study is still
subject to various hardware limitations that should be resolved
in the future, and we did not measure bystanders’ perception and
acceptance. Therefore, we conducted a second user study aimed
at addressing those limitations, in which we fixed the setting
and task across participants and instead directly compared three
modalities of working (a standard laptop, an AR device, and a
VR device). This allowed us to statistically analyze and compare
the results of working in public with different devices while also
obtaining data regarding bystanders’ opinions and reactions.

IV. STUDY 2: USER AND BYSTANDER EFFECTS OF WORKING
IN PUBLIC

We conducted a second user study to gain insights into
how users’ perceptions of different measures, such as user
experience, well-being, and productivity in a public space, are
influenced by different interfaces, namely a standard laptop, an
AR device, and a VR device. In addition, we observed reactions
from bystanders and captured their opinions on using XR in
public.

A. Experimental Design

As we wanted to explore the effects of different interfaces
and allow the participants to compare and rank them, the study
was conducted within subjects with one independent variable
INTERFACE having three levels, LAPTOP, AR, and VR. LAPTOP
was chosen as the baseline, as it is common to use a laptop
for working in public spaces. As discussed in Section III-J,
VR could have benefits over AR, such as blocking out the
potentially distracting physical world, while AR provides the
benefit of being aware of relevant actions in the environment.
Therefore, we decided to include both types of devices in this
study. For AR and VR, we chose off-the-shelf headsets with
software that can connect to a laptop as an input device while
displaying multiple virtual screens—giving us the opportunity to
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experiment with newer and more diverse devices than in our first
study. Specifically, we used the Meta Quest Pro in combination
with the app “Immersed” > for VR and the Lenovo Think Reality
glasses A3 with its built-in display manager. Both devices were
designed and promoted as a tool for knowledge work.

We wanted to gain an understanding of how the interfaces
affect usability as well as participants’ task load and flow. There-
fore, we captured the usability of using each device through the
system usability scale [81], the perceived task load using the
NASA TLX questionnaire [82], and the flow experience [83]
as dependent variables. Further, we decided to get an indica-
tion of participants’ well-being through the simulator sickness
questionnaire [84] and by capturing visual fatigue using six
questions—as was done by Benedetto et al. [85]. The simulator
sickness questionnaire was included as VR can potentially lead
to more sickness, because of the lack of a real-world horizon line
or motion cues. We pivoted to using standardized questionnaires
to allow for a more rigorous and complementary analysis.

To gain some insights into participants’ emotional state, we
asked them, “What was your overall impression/emotion during
the task?” on a scale from 1 (I hated it, terribly awkward) to 6
(I'enjoyed it, it felt comfortable) [37]. In addition, we employed
five opposite word pairs as presented by Koelle et al. [38] such
that participants indicated their feelings on an 11-point Likert
scale with the extremes being labeled with these word pairs:
tense - serene, threatened - safe, unsure - self-confident, observed
- unobserved, skeptic - outgoing. We counted the number of
finished tasks in each condition to quantify productivity.

Finally, we again conducted a semi-structured interview after
each condition, asking about the participants’ behavior, what
they liked and disliked, in which locations and in front of
what kind of people they would be comfortable using such a
system, and if they would like to use it in the future. After all
conditions, we asked about their overall preference and with
which device they felt most productive and most comfortable.
Throughout the study, we also tracked the active window. In
each session, we asked bystanders to fill out a short online
questionnaire including demographic questions, questions about
their technical affinity [86], and their experience with working
in public and with XR devices. In addition, they were asked
whether they noticed the participant, what their feelings were
about this (similar to [39]), and what they thought the participant
was doing.

B. System and Apparatus

For the LAPTOP condition, we used a 16-inch (40.64 cm) HP
Envy laptop (Intel i7-12700H, GeForce RTX 3060, 16 GB RAM,
1 TB SSD, Windows 11) with an external mouse. The laptop’s
resolution was kept as recommended (2560 by 1600 at 150% ).
This laptop was also used for VR and AR. As the coloring of the
keys was hard to read (white on silver), we attached stickers to
the keyboard with black font on a white background to make the
keys more readable in AR and especially in VR.

3 https://www.immersed.com/
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Fig. 5.

For AR, we combined the laptop with Lenovo Think Real-
ity A3 smart glasses, connected to the laptop with a USB-C
cable. Lenovo’s “Virtual Display Manager 3.0.30” ¢ allowed
the participant to add and arrange multiple displays. We set the
resolution to 1920 by 1080 at 125%, which was found to be most
comfortable through internal testing.

For VR, a Meta Quest Pro was used in combination with the
app “Immersed”, which enabled a wireless connection to the
laptop and then streamed the laptop content to the virtual screens.
Immersed allowed participants to position the screens, choose
one of nine available virtual environments, and enable pass-
through windows to see the keyboard and mouse, or parts of the
environment. To increase the comfort of wearing the Quest Pro,
we added an additional head-strap which distributes the weight
more on the center of the head.

Inboth VR and AR, we set the number of screens to three, which
could be viewed comfortably without moving the whole body
and allowed distributing all the required files in a way that made
them visible at the same time. Through internal testing, these
settings were found to be most optimal for each condition using
off-the-shelf technologies. Both setups are depicted in Fig. 5.

C. Task

To have a quantifiable measure of productivity, we defined a
task in which progress could be measured unambiguously—as
opposed to our previous study, where we focused on diversity
and ecological validity. We presented a scenario of planning
a schedule for university classes and a conference that would
take place in the same building. Participants were provided
with two PDFs, each containing the class schedules of four
professors, and an additional PDF with the proposed schedule
for the conference. In addition, participants had access to three
floorplans images, one for each level of the building. The sched-
ules contained information on the number of expected attendees
for each class or session and whether a computer was needed.
The class schedules also showed in which rooms the classes were
generally held. The floor plans displayed the room numbers,
capacity, and a computer capabilities icon.

Similar to the study conducted by Pavanatto et al. [8], the
participants got a range of questions that they needed to answer
by consulting the available documents. All of these questions
required the participants to view at least two different documents

6 https://smartsupport.lenovo.com/us/en/products/smart/arvr/thinkreality-
a3/downloads/ds549422
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Participant’s views during the task for the laptop condition (a), AR condition (b) and VR condition (c).

and compare their information to give the correct answer. An
example of a task would be to figure out if a specific lecture can
be moved to a different room. Therefore, the user had to check
the requirements for that room in the schedule, find rooms in the
floor plan that matched these requirements, and then confirm
again that the room was not already booked for that time slot.

To reduce the learning effect across the three conditions, we
created 3 different sets of questions and documents — this ap-
proach was also followed by Pavanatto etal. [8], [10]. To limit the
influence of varying task difficulty, we made them comparable
by using the same number of usable Rooms (30, including 10
computer rooms), the same total number of classes (90), and
conference sessions (40). The questions were similar, required
similar answer lengths, and were presented to the participants
in the same order.

D. Procedure

This study was conducted at Coburg University. First, the
participant was asked to sign a consent form, answer demo-
graphic questions, the HEXACO questionnaire that captures
certain aspects of their personality [87], such as extraversion and
openness to experience, and the technical affinity questionnaire
(TA-EG) [86].

The study was then conducted in three sessions on separate
days, one for each condition. These sessions were scheduled at
the participant’s convenience, yet always happened at a similar
time of day to avoid lurking variables. We counted the number of
bystanders at the beginning and end of each session and calcu-
lated the average from this, which was 19 bystanders (sd = 7)
with a minimum of 7 and a maximum of 37. The study was
conducted by two experimenters.

All sessions started in a lab at the university. In the first session,
the general procedure and the study task were explained to the
participant, who was briefly reminded in the following sessions.
In VR and AR, they were introduced to the functionality of the
devices and taught how to set up the work environment on
their own and to their preferences. This included plugging in or
connecting the devices, setting the IPD, and adjusting the virtual
monitors (e.g., position, orientation, curvature, etc.). In VR, the
participant was taught how to choose a virtual environment and
how to add a pass-through window for seeing the keyboard
and additional passthrough windows, if desired. Finally, the
participant completed training to get familiar with the task and
the device.
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