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Fig. 1: Workspace Guardians aim to promote awareness of personal workspace boundaries in shared spaces with multiple augmented
reality users performing independent tasks. The scene above shows an example application where the AR user in the lower left must
navigate a train station while avoiding encroaching on the virtual holograms of other users waiting for a train.

Abstract—As augmented reality (AR) systems proliferate and the technology gets smaller and less intrusive, we imagine a future
where many AR users will interact in the same physical locations (e.g., in shared work places and public spaces). While previous
research has explored AR collaboration in these spaces, our focus is on co-located but independent work. In this paper, we explore
co-located AR user behavior and investigate techniques for promoting awareness of personal workspace boundaries. Specifically, we
compare three techniques: showing all virtual content, visualizing bounding box outlines of content, and a self-defined workspace
boundary. The findings suggest that a self-defined boundary led to significantly more personal workspace encroachments.

Index Terms—Mixed reality, augmented reality, three-dimensional displays.

1 INTRODUCTION

For years, Augmented Reality (AR) and more generally Mixed Re-
ality (MR) have captured people’s imaginations with the promise of
enhancing their experience of the world with superimposed digital
imagery. Recent releases of head-mounted displays (HMDs) like the
Microsoft HoloLens 2 [34], Magic Leap 2 [27], and the Apple Vision
Pro [2], have brought this vision closer to reality. As we move closer to
low-cost, comfortable, fashionable, every-day form-factors, AR HMDs
have the potential for mass adoption and to become ubiquitous [4, 21].
Toward this end, research has progressed on AR’s use in assembly
training [50, 56], education [1, 60], gaming [44, 52], medicine [8, 14],
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visualization [25], Internet of Things [36], and many other application
areas.

While these applications have tremendous potential, we emphasize
that without a proper understanding of how AR co-exists with and
supports human interactions, it will not thrive. In parallel with the ex-
ploration of new applications, researchers have attempted to address this
barrier to adoption. Significant work has explored collaboration [49]
between users, both in the same location [5] and remotely through
telepresence [55].

However, one of the largest use-cases for ubiquitous AR in the
distant future is for physically co-located users who are performing
independent tasks rather than collaborative ones — consider how often
we independently use our smartphones or laptops today in the same
physical places as others. While some work has explored the limitations
of mid-air gestural input in these situations [31] and others (e.g., [12,
28]) have explored the privacy implications of real-time sensors and
image/video capture, relatively little has been done to explore the social
norms of co-located but independent AR users.

Take for example our social norms with other forms of digital tech-



nology. It is quite common to see people who enter a meeting, presen-
tation, or class late duck under the projection to not shadow the screen
and block others’ view. It is not yet clear what the analogous behavior
is in AR with multiple co-located users that are each viewing their own
virtual holograms. To establish these social norms, co-located AR users
must become aware of the space being used by others for interacting
with virtual content (See Figure 1).

We define this interaction space as the user’s personal workspace,
i.e., the area that is directly used for viewing and interacting with
virtual content. This territory encompasses the placement of virtual
artifacts and the movement of users interacting with them. Note that
personal workspace is a more restrictive definition than proxemics
(commonly referred to as personal space) which varies based on gender
and age [19, 20, 54], motion [61], culture [16], familiarity [18], and
attractiveness [23] between two people interacting.

Workspace territoriality has been previously explored in virtual
environments [29] and on tabletop and vertical surfaces [48, 57]. Here,
we explicitly explore situations where AR workspace territories are not
bounded by physical objects. In these scenarios, communication and
awareness of personal workspace boundaries is needed for negotiating
shared space and avoiding intrusions.

In this paper, we explore visual techniques for communicating per-
sonal workspace boundaries between AR users, named Workspace
Guardians. Three possible workspace guardians were designed and
evaluated, representing a range of design possibilities for specifying
boundaries and sharing private content. The findings show that: (1)
users favor Workspace Guardians that are automatically defined based
on their virtual content rather than being self-defined, (2) there is a
trade-off between privacy and comfort which suggests adaptively modi-
fying the amount of information communicated depending on task and
environment, and (3) there is a need for more standardization around
aligning AR coordinate spaces and communicating boundaries between
different applications and HMDs from different vendors.

Our primary contributions are: identification of the need for com-
municating personal workspace boundaries between independent, co-
located AR users; the creation of three workspace guardians; a compar-
ative evaluation that provides insights into the different design factors
(mode of creation and privacy vs. comfort) that may be used to promote
awareness of personal workspaces to other users; and, identification
of the need for more standardization for communication between AR
platform software frameworks and toolkits. Our work can aid design-
ers looking to provide awareness information for personal workspace
boundaries.

2 RELATED WORK

2.1 Guardian Awareness Systems in Virtual Reality

Our work is inspired by guardian awareness systems for virtual reality
(VR). These systems are designed to solve a different but related issue.
Namely, providing safety to VR users by providing awareness of the
physical world that is not visible to users wearing a VR HMD. In the
AR context, the physical world is visible, but the digital content of
other co-located users might not be. Here, the safety of users is less of a
priority and the potential social implications of collisions with content
become more important.

VR guardian systems can be classified into two categories. The
first category contains systems that show safety boundaries of the
physical environment (e.g., walls, furniture, and other objects). Magic
Barrier Tape [10] defines safe walking spaces using virtual caution
tape, allowing users to walk freely within the bounds and then virtually
adjust the virtual vs. physical world alignment by pushing on the tape.
Cirio et al. [11] developed a novel metaphor of a virtual bird companion
that warns of impending collisions. Duval et al. [13] represent the limits
of the physical environment using a blue grid, an approach adopted in
commercial VR systems like the HTC Vive and Oculus headsets. This
visual representation inspired the design of our Boundary Guardian.

Other VR guardian techniques like redirected walking [3] and ones
balancing immersion with external awareness [24, 42] do not directly
translate to AR. More closely related to our work are VR guardians that

provide context awareness for other co-located people — either also im-
mersed in VR or non-HMD bystanders. Lacoche et al. [26] compared
three awareness techniques — a cylindrical grid, ghost avatars, and a
safe floor visualization — for understanding the physical positions of
multiple VR users in a collaborative environment. The safe floor visual-
ization was found to perform the worst because it required participants
to focus on the floor rather than the task at hand. This informed our de-
signs for Workspace Guardians to be defined volumetrically rather than
simply being indicated with a floor outline. ShareSpace [59] allows
bystanders to place shields within a physical room to provide input to
the VR users about their location. Work by Wu et al. [58] is perhaps
most closely related to our work. Rather than notifying VR users of
bystander locations, they explore ways of making bystanders aware of
the VR user’s safety boundaries. Although the paper does not describe
how the boundaries are specified, in practice, VR boundaries are based
on specifying a safe space rather than a specific workspace. It is also
not clear whether the findings apply when both users are using AR
headsets rather than VR, motivating the work presented here.

2.2 Territoriality in Collaborative Contexts
Significant work has been done on collaboration between AR users.
For an in-depth exploration see the survey by Sereno et al. [49]. Here,
we present an overview of co-located or collaborative work focusing
on establishing territoriality and personal workspaces.

In shared environments, people often divide the space into separate
workspaces. On physical tabletops, Scott et al. [48] found that subdi-
vided territory has both spatial properties (i.e., size, shape, and location)
and functionality. They classified these as personal, group, and storage
spaces. Personal workspaces are most often defined as the area along
the table edge directly in front of users, which is consistent with other
table-based workspace definitions [51].

Similar behavior extends to large digital displays. Wehbe et al. [57]
analyzed territoriality in games on large display walls and found that
users defined their workspace based on starting placement in front of
the wall. Subsequent physical encroachment was found to be highly dis-
ruptive, although distant reaching into other’s workspace was less dis-
ruptive. Cooperative games and tasks made the workspace boundaries
more permeable. The level of disruption from physical encroachments
motivates the need for workspace boundary awareness in AR. While
the definition and management of these territories on tabletops and wall
displays were constrained by the surface, in AR personal workspace
can be more free-form.

Relatively little work explores free-form AR/VR territories. A no-
table exception is the work by Lee et al. [29] exploring territorial-
ity in immersive VR environments for visualization tasks that found
workspaces were defined by movement patterns and placement of
artefacts within the environment. Once placed, participants followed
social norms and did not interact with others’ visualization objects
outside of tightly-coupled collaboration. Definition of the workspace
based on the virtual objects influenced the design of the guardian sys-
tems we tested because it is not yet clear what aspects (e.g., physical
position/orientation, objects, self-defined outlines) are important for
defining AR workspaces.

In AR, Medeiros et al. [32, 33] investigated confined workspaces
of passenger transportation, but their findings relate to users’ comfort
levels with highly visible mid-air interactions that potentially encroach
into others’ personal space rather than how that space was defined or
communicated.

Our work is further motivated by studies of security and privacy
in shared AR spaces where participants have repeatedly expressed
concerns over violations of personal space [28, 46, 47]. Lebeck et
al.’s [28] findings provide a call to action that more work is needed on
“defining personal space in AR, and determining how to best manage
the personal spaces of multiple users who may cross paths". In this
paper, we seek to address this call.

3 ASSESSING PERSONAL WORKSPACE AWARENESS NEEDS

To understand how co-located AR user awareness needs vary across in-
teractions with other AR users, and what motivates these variations, we



Fig. 2: Workspace guardian awareness techniques. These show the view of the Walker, not pictured, who was charged with working with the white
and red spheres around the perimeter of the space. The spheres were always visible to the Colorer user. Left: full content view. Center: content
outlines (lights were dimmed for figure clarity). Right: Self-defined boundary.

designed a study to investigate user encroachment into others’ personal
workspaces and evaluate user preferences. The following research
objectives guided this work:

• RO1: Automatic vs. Self-Defined Boundaries: how the methods
of defining boundaries and indicating them to other users impacts
workspace encroachment.

• RO2: Privacy Concerns: how privacy considerations influence
user preferences of workspace guardian techniques.

3.1 Workspace Guardian Awareness Techniques

Based on these research questions, we designed three visual techniques
for providing awareness of personal workspace boundaries to other
users. Called Workspace Guardians after the guardian systems that pre-
vent collisions in VR, these techniques present different types of visual
feedback to co-located AR users. Although there are many potential op-
tions for workspace guardians, the specific guardians implemented here
attempt to sample the possible design space of the research objectives.
For RO1, the full content view and content outline guardians are auto-
matically defined compared against the self-defined boundary guardian.
For RO2, the self-defined boundary guardian, content outline guardian,
and full content view guardian, progressively sample from full content
privacy, intermediate privacy, and no privacy options, respectively.

3.1.1 Full Content View Guardian

The full content view guardian (shown in Figure 2 left) presents all of
the virtual content of a user to other users. This visual feedback provides
no privacy protection and is automatically determined by the spatial
positions of the virtual holograms. Although a user can see another
user’s content and interactions with it, they cannot themselves interact
with the other user’s content. This aims to preserve psychological
ownership over one’s body and virtual belongings, while still providing
spatial awareness of them.

3.1.2 Content Outlines Guardian

The content outlines guardian explores increased privacy compared
to the full view, while still being automatically defined by the spatial
positions of the virtual content. Shown in Figure 2 center, the content
outline guardian displays the bounding-box outlines of the virtual holo-
grams. The outlines resize, reorient, and reposition automatically as
the owning AR user manipulates the underlying content.

3.1.3 Self-Defined Boundary Guardian

The boundary guardian (see Figure 2 right) provides maximum content
privacy and self-definition. The user defines their personal workspace
by drawing a boundary shape on the floor around themselves. Inspired
by the VR guardian systems on popular VR head-mounted displays,
the drawn shape is extruded into a transparent grid surrounding the user.
The grid is visible both to the workspace owner and bystanders, but
bystanders are not able to see any details of the owner’s virtual content.

3.2 Methodology

The experiment used a within-subject design with an independent vari-
able of workspace guardian technique. Pairs of participants were re-
cruited, and each experienced all techniques. The order was fully
counter-balanced to avoid learning and order effects.

We did not include a baseline condition of having no guardian.
Prior work in VR guardian systems [58] found that excluding guardian
awareness techniques led to significantly more physical collisions with
unseen objects and bystanders. Furthermore, since we cannot avoid
virtual content that we do not know exists, we would not be able
to establish social norms around encroaching on personal workspace
without any workspace guardian.

To emulate a shared working or public setting, each participant
within the pair was given an independent task in the shared physical
space. Participants kept the same task for each of the three technique
conditions. One participant was given a stationary task. The other par-
ticipant was given a task that required them to actively move throughout
the entire space. This represents a scenario where individual tasks could
be disruptive to each other, with the active user potentially encroaching
on the stationary participant’s personal workspace. This also mod-
els many common use cases for co-located but non-collaborative AR.
For example, the stationary user might represent someone browsing
their email and the Internet in multiple virtual windows while waiting
for a bus on the sidewalk. The active user might represent someone
walking down the sidewalk using AR for navigation and directions, as
in Figure 1.

3.2.1 Tasks

Independent tasks were assigned to participants because if participants
are working on a collaborative task, then their personal workspaces
would likely be shared rather than independently defined. The tasks
were assigned randomly within the pairs of participants.

The stationary user was assigned the task of painting the surface of
a virtual three-dimensional (3D) model of a cow. Shown in Figure 3, a
smaller copy of the model was presented already painted, and partic-
ipants were asked to either replicate its coloring on the larger model
or design their own color scheme. This task was chosen to provide
feelings of ownership over the virtual content because it was based on
the user’s own creative output [45]. Throughout the rest of the paper,
the user with this task will be referred to as the Colorer.

Virtual paint brushes follow the Colorer’s index fingers, and they
could paint with either hand by bringing a brush within 5cm of the
model surface. An artist’s palette could be used to change the paint
color by placing the brush within different colored ‘paint’ spheres.
Color selection was indicated by an auditory confirmation and visible
update to the paint color shown on each paintbrush tip. A floating menu
panel with a slider was used to change the size of the paint mark that
was transferred to the model surface.

Each of the virtual holograms (main cow model, goal reference
model, color palette, and brush size menu) could be independently
scaled, rotated, and translated either by pinching the thumb and index
fingers on both hands and moving the hands relative to each other or by
selecting a manipulation handle on the bounding box control outlines



Fig. 3: The study task. The stationary Colorer (shown center) paints
a 3D model, while the Walker (figure in lower right) navigates around
the Colorer’s personal workspace to select the red colored sphere. The
Workspace Guardian shown is the Full Content View.

that appear based on hand proximity.
The active user was assigned a search-and-find task. Throughout

the paper we will refer to this user as the Walker. Eight small spheres
were distributed within the bounds of the experiment space at 1.5m
off the floor. The goal of the task was to search for a specific sphere
that was colored red. The remaining spheres were colored white. The
Walker was instructed to move to the sphere and touch it to confirm that
it was found. Then another sphere would turn red and the process was
repeated until all the spheres had turned red twice and the technique
condition would automatically end. In all conditions, the spheres were
visible to the Colorer.

To generate the sphere positions, candidate points were generated
within a 4.572×4.572 meter square to provide a small buffer on each
edge of the experiment space so that no spheres would be too close to a
wall to select. The candidate points were generated through Poisson
disk sampling [7] with 1m spacing. Points within 1.5m of the Colorer
(stationary at the center of the experiment space) were removed to
prevent spheres initially appearing directly within the Colorer’s virtual
content. We also required that the shortest walking path between
spheres in the order that they turn red frequently crossed over the
Colorer’s workspace to allow for possible encroachment; for example,
a red sphere could be directly across from the previously red sphere,
providing an opportunity for the Walker to walk through the Colorer’s
workspace or around it.

From the candidate points, subsets of 8 points were repeatedly cho-
sen at random until 4 sets (one for training and the three conditions)
were obtained where at least 75 percent of the paths crossed within
a 1.5m radius around the Colorer’s center position. Other than the
training set which was consistent for all participant pairs, the other
three sphere position sets were counterbalanced across technique condi-
tions so that all sets were used for each condition and in every possible
ordering.

3.2.2 Apparatus and Implementation

The experiment was run using two Microsoft Hololens 2 [34] AR head-
mounted displays (HMDs). Software was implemented in Unity3D [53]
with the Mixed Reality OpenXR plugin and the Mixed Reality Toolkit
(MRTK2). Although the applications could run natively on the HMDs,
to facilitate networking, the applications were executed on two desk-
top computers with the input/output streamed to the HMDs using the
Microsoft Holographic Remoting application. The HMD for the Col-
orer task streamed from a 4.4GHz PC running Windows with dual
NVidia GTX1070 GPUs, and the Walker HMD streamed from a dual
3.5GHz processor PC running Windows with three NVidia Quadro
P5000 GPUs.

The implementation of the Colorer’s painting task uses ray-casting
to determine the closest point on the 3D model to the user’s index finger
tip. If the distance between the finger and the surface is within the
activation distance (5 cm), a circle of color is transferred to the model.

The system uses a rendering pass where the fragment shader renders
to the UV space of the 3D mesh texture. The graphics rasterizer then
creates triangles out of the vertex coordinates converting them to UV
texture positions. This effectively recreates an unwrapped texture map
of UV islands. Then during rendering, the UV coordinate correspond-
ing to the closest paintbrush point is passed into the fragment shader.
Signed distance calculations are performed per fragment in UV space
to this coordinate and fragments within the brush size radius are output
with the paint color. This writes directly to the texture that is then
applied to the model and effectively uses the GPU parallelism to speed
computation.

For the boundary guardian, the implementation again uses ray-
casting to draw the boundary. The drawing mode is activated by the
Colorer saying “Draw boundary". Pinching the thumb and index finger
starts recording boundary points based on the intersection between a
ray and the floor. The ray is created with an origin point half-way
between the user’s wrist and their shoulder position (estimated based
on the head position of the HMD) extending through the finger pinch
position. This has the effect of making the ray responsive to wrist and
arm movements, while minimizing jitter that would be exacerbated
down the length of the ray. Jitter was further minimized by filtering
the ray origin and direction using the 1C filter [9]. Once the Colorer
indicates satisfaction with the drawn boundary outline by saying “Fin-
ish boundary", the outline is closed by reconnecting the end point to
the start. The shape is then simplified by taking the convex hull of the
drawn points.

The Walker’s task implementation is simpler than the Colorer’s task.
As mentioned previously the sphere positions were randomly generated
and read into the system from a configuration file. Unity3D physics
colliders were added to detect when the red sphere was touched.

The experiment and workspace guardians require a consistent coor-
dinate system between HMDs to display the virtual content in the same
positions and orientations for both participants. Each Hololens defines
its own coordinate system based on spatial mapping, so a common
system was implemented by detecting a QR code taped to the center of
the experiment space. Virtual content and recorded positions were set
relative to this common marker.

Unity’s Netcode for GameObject library was used to network the
two headsets. Application state was synchronized through Network-
Transform components and custom client and server remote procedure
calls (RPCs).

3.2.3 Participants
For the study, 18 pairs, 36 total participants (self-identified as 10 female,
22 male, 4 other), were recruited through social media and mailing lists.
Ages ranged from 18–35 (Mean = 21.9, SD = 4.31).

Thirteen participants reported never using AR or VR previously.
Fifteen reported using AR or VR 1–5 times, two reported 5–20 times,
and six reported more than 20 prior uses. Five reported having no prior
video game experience, eleven reported monthly video game use, eight
reported weekly use, and twelve reported daily use. All participants
with more than five prior AR or VR experiences reported weekly or
daily video game use, and all were less than 22 years old.

Because our use case of co-located AR users may involve friends
or strangers, we allowed participants to sign up either as pairs or indi-
viduals to preserve ecological validity. Those signing up as individuals
were randomly paired together. Participants were asked whether they
had previously met, and to describe their previous relationship to the
other participant in their pair. Based on these responses, we catego-
rized the pairs into four categories: strangers (n=5), acquaintances with
knowledge of each other but limited interaction (n=3), friends (n=8),
and partners (n=2).

3.2.4 Procedure
After providing informed consent, the participants were introduced to
the study and assigned tasks. Both participants performed the built-in
Hololens 2 calibration procedure to calibrate the eye-tracking, hologram
alignment, and hand tracking. Participants trained in their respective
tasks in the same room but without any guardians or visual feedback



about what the other participant was doing so as not to bias future
conditions. The participants were given an unlimited amount of time
to train, but most trainings took less than 15 minutes. In the training
process, the Colorer was instructed in how the painting interface works
and was prompted to practice manipulating the virtual holograms scale,
positions, and orientations. Following this, they were instructed on the
process for drawing the boundary of their personal workspace. They
were able to redraw the boundary until they were satisfied it accurately
represented their personal workspace. During the boundary drawing,
the virtual content (cow model, reference model, color palette, and
brush size menu) continued to be shown to the Colorer. The Walker
was instructed on how to complete the task and asked to practice until
they felt comfortable with it.

After training, the participants were asked to complete their tasks
for each guardian condition. After each condition was tested, each
participant was asked to complete a survey about their experience with
the condition. They were also able to rest briefly if they chose. At the
end of all conditions, a summative survey was given and demographics
were collected on the participants and their relationship to each other.
The whole experiment lasted about 30 minutes governed by the time it
took the Walker to complete their task.

3.2.5 Metrics

The dependent measures are the number of collisions between the
Walker’s head or hands (calculated using physics colliders attached
to the Colorer’s virtual content), the spatial invasion rate, and the
temporal invasion rate. Similar to Wu et al. [58], for the Full Content
View and Outlines Guardians, we define the spatial invasion rate as
the distance Walkers moved while colliding with the Colorer’s virtual
content divided by the total distance they traveled in each trial. For
the Boundary Guardian, the distance was recorded while they were
within the Colorer’s self-defined boundary. The temporal invasion rate
is defined as the amount of time spent colliding or within the boundary
over the total task completion time. After each condition, participants
completed the Simulator Sickness Questionnaire (SSQ) [22] and a
questionnaire about the experience, consisting of statements for rated
agreement on a five-point Likert scale. The questions are summarized
in Figure 7.

3.3 Results
We calculated average collisions, spatial invasion rate, and temporal
invasion rate for each condition across participants. To compare con-
ditions, we report an interval estimate of the mean differences within
subjects for pairs of our three guardian types to show effect sizes and
the p-values from two-sided Wilcoxon signed rank tests.

3.3.1 Collisions

Figure 4(a and b) summarizes the mean collisions between the Walker’s
head and hands with the Colorer’s virtual content. Error bars show
95% confidence intervals. Figure 4(c and d) show Bonferroni-corrected
average within subject differences. The analysis of the within subject
differences shows that, for both head and hands, there is evidence that
both the Full View and Content Outlines Guardians have significantly
fewer collisions than the Boundary Guardian (Full View Head: Z = 116,
p = 0.001; Full View Hands: Z = 150.5, p < 0.001; Content Outlines
Head: Z = 104, p = 0.001; Content Outlines Hands: Z = 171, p < 0.001).
There was no evidence of a significant difference between the Full View
and Content Outlines in terms of number of collisions (Head: Z = 2.5,
p = 0.11; Hands: Z = 36, p = 0.10).

3.3.2 Spatial Invasion Rate

The mean values and within subject comparisons of spatial invasion
rate are shown in Figure 5. Within subject comparisons reveal that the
Boundary Guardian has significantly higher spatial invasion rates than
Content Outline or Full View (Content Outline: Z = 103, p = 0.001;
Full View: Z = 116, p = 0.001). There was no evidence to suggest
that the spatial invasion rate differed between the automatically defined
(Full View and Content Outline) Guardians (Z = 10, p = 0.29).

Fig. 4: Collisions with virtual content for the Walker’s (a) head and (b)
hands; mean collisions with 95% CIs (top), corresponding within subject
comparisons between the guardian types (bottom). Error bars: 95% CIs.
Red bars: CIs for Bonferroni-corrected within subject comparison.

Fig. 5: Spatial Invasion Rate by guardian type (top); (bottom) corre-
sponding within subject comparisons between the guardian types. Error
bars: 95% CIs. Red bars: CIs for Bonferroni-corrected within subject
comparison.

3.3.3 Temporal Invasion Rate
Figure 6 presents the mean temporal invasion rates and within subject
comparisons between guardian types. Similar to the spatial invasion
rate, within subject comparisons reveal that the Boundary Guardian has
significantly higher temporal invasion rates than both of the automat-
ically defined Guardians on average (Content Outline: Z = 103, p =
0.001; Full View: Z = 116, p = 0.001).

3.3.4 Simulator Sickness Questionnaire
The SSQ [22] was used to determine whether any of the guardian condi-
tions impacted participants’ well-being. Sub-scores and total simulator
sickness were calculated using the standard formulas with the inclusion
of the bracket notation missing in the total score computation presented
by Kennedy et al. (See Bimberg et al. [6]). The mean and standard
deviations are summarized in Table 1. There were no significant dif-
ferences in total simulator sickness scores. All means, medians, and
interquartile ranges were below the commonly held threshold of 20
indicating a “bad" simulator.

3.3.5 Qualitative Results
Between completing conditions, participants completed a survey using
5-point Likert scales related to: (1) comfort with the Walker moving



Fig. 6: Temporal Invasion Rate by guardian type (top); (bottom) corre-
sponding within subject comparisons between the guardian types. Error
bars: 95% CIs. Red bars: CIs for Bonferroni-corrected within subject
comparison.

Table 1: Mean Simulator Sickness Questionnaire (SSQ) sub-scores.
Standard deviation shown in parentheses.

Guardian Task Nausea Oculomotor Disturbance Disorientation Total Simulator Sickness

Full View Walker 6.89 (13.4) 15.6 (25.0) 17.8 (28.2) 15.2 (24.5)
Colorer 6.89 (13.0) 14.7 (20.9) 8.51 (14.4) 12.3 (18.0)

Outlines Walker 6.89 (13.0) 11.4 (15.9) 14.7 (22.6) 12.3 (18.0)
Colorer 6.89 (10.2) 13.1 (14.9) 6.96 (10.9) 11.0 (13.0)

Boundary Walker 6.36 (9.82) 10.5 (13.8) 9.28 (13.5) 10.2 (13.6)
Colorer 6.36 (9.26) 12.6 (14.0) 6.96 (11.9) 10.6 (12.3)

around the room, (2) feeling safe, (3) ability to concentrate on the
task, (4) whether the task was interrupted by the other participant, (5)
their ability to perceive their position relative to others in the room,
(6) whether the Colorer used a reasonable amount of space, and (7)
whether their interactions were directed by what they could see of the
other participant’s AR projections. The survey results are summarized
in Figure 7. Overall, almost all participants felt safe and all walkers
understood the bounds of the personal workspaces.

We compared the Likert responses using a series of two-sided
Wilcoxon signed rank tests to compare the responses between Col-
orer and Walker within the participant pair and two-sided Wilcoxon
rank sum tests to compare the groups. We note significant differences
in the understanding of the bounds of the workspace (signed rank: Z
= 23.5, p = 0.002, rank sum: Z = 1094, p = 0.005) and whether the
interactions were direct by the other’s AR projections (signed rank: Z
= 41, p < 0.001, rank sum: Z = 733, p < 0.001).

Similarly, we compared responses by Guardian condition and noted
significant differences in comfort (signed rank: Z = 3.5, p = 0.04; rank
sum: Z = 550, p = 0.165) and ability to concentrate (signed rank: Z =
20.5, p = 0.04; rank sum: Z = 552.5, p = 0.22) between Full View and
Outlines, the amount of space used was reasonable between Boundary
and both automatically defined Guardians (Full View - signed rank: Z
= 84, p = 0.01; rank sum: Z = 784, p = 0.08; Content Outline - signed
rank: Z = 21, p = 0.03; rank sum: Z = 497, p = 0.05), and the comfort
between Outlines and Boundary (signed rank: Z = 0, p = 0.003, rank
sum: Z = 472, p = 0.02).

Note, that the indications of higher disagreement for whether the
Colorer was directed by what they could see of the Walker’s projections
is expected because the Colorer was stationary and their task was
completely independent of the Walker’s spheres unless they scaled their
projections enough to intersect a sphere.

At the end of the experiment, participants ranked their preference
for the different guardian conditions. The ranking is shown in Figure 8.
For participants with the walking task, there was a clear preference for
the Full View Guardian followed by the Content Outlines Guardian (χ2

= 22, p < 0.001). The self-defined Boundary Guardian was the least
preferred. For the Colorer, there were no strong preferences for the
most preferred guardian, although when combining first and second
choices the Content Outlines Guardian was preferred over the other

Fig. 7: Qualitative results by guardian condition and task. Participants
rated on a 5-point Likert scale from Strongly Disagree (1) to Strongly
Agree (5). F represents full view guardian, O represents just Outlines,
and B represents the Boundary Guardian.

two options.
Participants also ranked the importance of different aspects that

might influence the design of workspace guardians. The aspect rankings
are shown in Table 2. Other than prevention of physical collisions which
the majority of both types of task participants ranked first, the rankings
between Walkers and Colorers are inverted.

4 DISCUSSION AND DESIGN IMPLICATIONS

The first finding is that all of the workspace guardian techniques studied
influenced the participants’ walking paths in an effort to avoid the
Colorer’s workspace. Note the predominately elliptical paths (shown
in Figure 9) that participants took rather than walking straight across the
space. This suggests that similarly to the physical world, when made
aware of workspace boundaries people will try to avoid encroaching on
them.

4.1 Favor Automatic Creation of Guardians

There are several findings related to the research objectives described
in section 3. For R01: Automatic vs. Self-Defined Boundaries, the
automatically defined guardians (full view and content outlines) had
fewer collisions and lower spatial and temporal invasion rates compared
to the self-defined boundary condition. This is consistent with a strong
preference by Walkers and a slightly weaker preference by Colorers for
automatically defined boundaries.



Table 2: Importance ranking counts for design aspects (1: Most Important, 5: Least Important). Red lines show relative differences between
participants by task.

Walker Colorer

Aspect 1st 2nd 3rd 4th 5th Avg Rank Aspect 1st 2nd 3rd 4th 5th Avg Rank

Prevention of physical collisions 11 2 1 2 1 1.72 Prevention of physical collisions 13 2 2 1 0 1.50
Being able to view what others are doing in AR 4 4 2 5 3 2.94 Privacy of personal content from neighboring users 2 6 3 5 2 2.94
Self-defined boundaries 2 4 7 3 3 3.22 Prevention of collisions with AR projections 1 4 6 7 0 3.06
Privacy of personal content from neighboring users 1 5 4 3 5 3.33 Self-defined boundaries 2 4 4 5 3 3.17
Prevention of collisions with AR projections 0 3 4 5 6 3.78 Being able to view what others are doing in AR 0 2 3 0 13 4.33

Fig. 8: Ranked guardian preference by task.

These findings are likely a result of Colorers often self-defining
workspace boundaries that were larger than needed to contain their
virtual content. One of the participants commented on this specifically:

“The boundary was significantly larger and harder to avoid than simply
seeing the full objects which were much smaller than the boundary area
and I could walk around easier".

The visual representation of self-drawn boundaries likely also had
an effect on preference. Participants rated this condition less favorably
in terms of comfort. The Boundary Guardian was designed to be
visually similar to common commercial VR guardian systems with
a large wire-mesh indicating the boundary. Thus, it is more visually
obvious when participants were encroaching on it: “Boundary view
was least preferred because I became more aware of the AR boundary
and real life boundary and I didn’t want to disturb the other person’s
task." Similarly, the larger visual presence may have been perceived
differently: “I preferred the content outlines option over the boundary
option because it felt like there was much more space to move around
in even though the boundary option never felt like it took up too much
space". Based on these findings, we recommend that future workspace
guardian designs focus on automatic definition. If not based directly
on the virtual content, the visual impact of the guardian should be
considered.

4.2 Tension Between Privacy and Comfort

The Boundary and Content Outline Guardians were designed to explore
R02: Privacy Concerns. Both of these conditions did not directly
show co-located users the full virtual content. Participants’ opinions on
privacy differed depending on their assigned task. Walkers had a strong
preference for the Full View Guardian, and they generally rated the
aspect of viewing what others are doing in AR highly and privacy of
personal content less highly in term of importance (Table 2). Colorers
rated these aspects inversely, despite one Colorer participant remarking
that coloring a model does not share much sensitive information.

Examining the qualitative feedback from Walkers provides more
insight. When asked to explain their ranking of the guardians, many re-
sponded that they were curious about what the Colorer was doing. This
curiosity extended to knowing not just whether they were encroaching
on the personal workspace of the other participant, but whether that
encroachment would be an issue. One participant commented “With the
full view I felt like I understood what the other participant was doing
and knew if/why I would be a bother in his space". This was echoed by
another participant too: “Seeing the boundary of the other participant
made me want to avoid their boundary in all together and being able

to see what the participant is doing made me more comfort [sic] to
move around.". These responses suggest that automatically created
guardians, based only on the outlines of the the virtual holograms do
not always convey enough information about how a user is interacting
with them within their workspace. Future research in AR workspace
awareness techniques should explore this in more detail. For example,
integrating eye and hand tracking data to provide visual feedback on
the interaction regions within outlines with might lead to better results
while still maintaining privacy in applications where it is required.

Beyond not being practical for privacy reasons in public settings or
when viewing sensitive data, the Full View Guardian has a couple of
other disadvantages. First, participants sometimes found it distracting
to view the full content of the other participant. This is reflected in the
Walker’s increase in disagreement Likert values when rating whether
they were able to concentrate on the task in the full view compared with
the other two guardian conditions. Several participants commented on
this as well: “I was able to concentrate more on my task if I couldn’t
see what my partner was doing." and “Because it [the boundary] would
make it simpler and less distracting for me as a user". The Content
Outline Guardian was found to be a good compromise between privacy
and distraction: “I found the content outlines to be the happy medium
between enough information but not distracting". Prior work [29] has
found similar trade-offs between users wanting more awareness of
personal workspaces but being distracted by the additional information.

The second disadvantage for the Full View Guardian is the perfor-
mance impact. In this study the task implementations were simple
enough that rendering performance was not an issue; however, in dense
public settings with many co-located AR users, faithfully replicating
content between HMDs would be performance prohibitive.

4.3 A Need for Standardization

Even for the visually simpler AR workspace guardians, more stan-
dardization is needed to be able communicate guardian information
between headsets. This includes protocols for specifying the workspace
extents, but also for positioning within a consistent coordinate space.
The QR code approach used in this study is not practical in the wild.
Other solutions for placing objects with a persistent world position
like Microsoft Azure Spatial Anchors, Meta Shared Spatial Anchors,
and Apple ARKit ARAnchors are tied to specific vendors and often
specific multi-player applications. There is some work toward this end
(e.g. [30]), but crucially, these techniques must work between multiple
different brands of HMDs and different applications to be viable in a
public setting where there are no prior conditions on the technology or
applications of users.

5 LIMITATIONS AND FUTURE WORK

The use of a lab study was necessary for controlled examination of the
awareness techniques, but the practical limitations of participant time
limits our findings. Future work should evaluate across a broader range
of potential activities, interactions, and environmental contexts as these
situational factors influence awareness needs [38, 39].

The specific design choices for the three example workspace
guardians were informed through iterative development and the need to
cover the possible design space of the research objectives. Future work
could explore alternative visual designs and integration of haptics or au-
ditory systems which have been found to promote awareness within VR
physical boundary guardians [15, 41]. Additional work could explore



Fig. 9: The motion path of the Walker’s head by condition from a top-down view. Collisions shown in red.

the trade-offs between persistent vs. temporary guardian designs, as has
been done with VR guardians (e.g. work by O’Hagan et al. [37, 43]).

Finally, our findings motivate the need for intelligent context-sensing
workspace guardians that assess and adapt to varying awareness needs.
In the study, strangers had lower spatial and temporal invasion rates
compared to the other relationships, although the number of participants
in each group is not enough for rigorous statistical analysis. This is
consistent with prior work on proxemics [17], and may suggest that
even though the guardians visualize workspace boundaries, personal
space may also play a role in avoidance. One participant commented
on this, saying “If I did not know the other person I may have wanted
more space".

Among participants who had a previous relationship, there were
preferences for the Full View Guardian followed by Content Outlines
and then the Boundary Guardian. More work is needed to understand
whether who is in a space may be just as important as what and where in
defining personal workspace boundaries. Prior work on VR guardians
has similarly found that the relationship to the VR user is more in-
fluential then the setting for considering the notification strategy for
bystanders [40]. This may necessitate the need for more socially-aware
workspace guardians that adapt the amount of information they share
depending on the social context and familiarity of those present. Similar
visual adaptions have been made in AR before for representing social
networks [35]. These would require more advanced sensing capabilities
to understand the social signals and behaviors of users in the moment.
If AR workspace guardians can better support social awareness we can
avoid proliferating a future where we are together physically but still

have the sense of being alone.

6 CONCLUSION

With the increasing prevalence of AR systems in shared workplaces and
public spaces, the need for people to establish and maintain their physi-
cal and digital territories poses a social challenge to their interaction
with other co-located users. We have exposed the lack of research in this
area, and present the design and evaluation of three personal workspace
guardian techniques for communicating workspace boundaries. The
results favor defining guardian systems automatically based on the
user’s virtual content rather than self-definition. Designers should favor
a range of privacy protecting designs based on different tasks, while
still providing enough awareness of a user’s content and interactions
to allow other users to feel comfortable navigating around them. In
exploring this design space, we have taken the first steps towards the
creation of AR personal workspace awareness systems — systems
that are fundamental if AR headsets are to be operated in complex
and dynamic everyday social environments with multiple independent
users.

ACKNOWLEDGMENTS

This research was supported in part through grants from the Clare
Booth Luce Foundation and Macalester College.

REFERENCES

[1] A. M. Al-Ansi, M. Jaboob, A. Garad, and A. Al-Ansi. Analyzing aug-
mented reality (AR) and virtual reality (VR) recent development in edu-



cation. Social Sciences & Humanities Open, 8(1):100532, 2023. doi: 10.
1016/j.ssaho.2023.100532 1

[2] Apple. Apple vision pro. https://www.apple.com/apple-vision-pro/, 2023.
1

[3] M. Azmandian, T. Grechkin, and E. S. Rosenberg. An evaluation of
strategies for two-user redirected walking in shared physical spaces. In
IEEE Virtual Reality, pp. 91–98, 2017. doi: 10.1109/VR.2017.7892235 2

[4] R. T. Azuma. The road to ubiquitous consumer augmented reality systems.
Human Behavior and Emerging Technologies, 1(1):26–32, 2019. doi: 10.
1002/hbe2.113 1

[5] M. Billinghurst, H. Kato, K. Kiyokawa, D. Belcher, and I. Poupyrev.
Experiments with face-to-face collaborative ar interfaces. Virtual Reality,
6:107–121, 2002. 1

[6] P. Bimberg, T. Weissker, and A. Kulik. On the usage of the simulator sick-
ness questionnaire for virtual reality research. In 2020 IEEE conference
on virtual reality and 3D user interfaces abstracts and workshops (VRW),
pp. 464–467. IEEE, 2020. 5

[7] R. Bridson. Fast poisson disk sampling in arbitrary dimensions. In ACM
SIGGRAPH 2007 Sketches, SIGGRAPH ’07, pp. 22–es. Association for
Computing Machinery, New York, NY, USA, 2007. doi: 10.1145/1278780
.1278807 4

[8] D. Cannizzaro, I. Zaed, A. Safa, A. J. Jelmoni, A. Composto, A. Bisoglio,
K. Schmeizer, A. C. Becker, A. Pizzi, A. Cardia, et al. Augmented reality
in neurosurgery, state of art and future projections. a systematic review.
Frontiers in Surgery, 9:227, 2022. 1

[9] G. Casiez, N. Roussel, and D. Vogel. 1 C filter: A simple speed-based
low-pass filter for noisy input in interactive systems. In Proceedings of the
SIGCHI Conference on Human Factors in Computing Systems, CHI ’12,
pp. 2527–2530. Association for Computing Machinery, New York, NY,
USA, 2012. doi: 10.1145/2207676.2208639 4

[10] G. Cirio, M. Marchal, T. Regia-Corte, and A. Lécuyer. The magic barrier
tape: a novel metaphor for infinite navigation in virtual worlds with a
restricted walking workspace. In Proceedings of the 16th ACM Symposium
on Virtual Reality Software and Technology, pp. 155–162, 2009. 2

[11] G. Cirio, P. Vangorp, E. Chapoulie, M. Marchal, A. Lecuyer, and G. Dret-
takis. Walking in a cube: Novel metaphors for safely navigating large
virtual environments in restricted real workspaces. IEEE Transactions on
Visualization and Computer Graphics, 18(4):546—-554, apr 2012. doi: 10
.1109/TVCG.2012.60 2

[12] T. Denning, Z. Dehlawi, and T. Kohno. In situ with bystanders of aug-
mented reality glasses: Perspectives on recording and privacy-mediating
technologies. In Proceedings of the SIGCHI Conference on Human Fac-
tors in Computing Systems, CHI ’14, pp. 2377––2386. Association for
Computing Machinery, New York, NY, USA, 2014. doi: 10.1145/2556288
.2557352 1

[13] T. Duval, T. T. H. Nguyen, C. Fleury, A. Chauffaut, G. Dumont, and
V. Gouranton. Improving awareness for 3D virtual collaboration by em-
bedding the features of users’ physical environments and by augmenting
interaction tools with cognitive feedback cues. Journal on Multimodal
User Interfaces, 8:187–197, 2014. 2

[14] M. Eckert, J. S. Volmerg, C. M. Friedrich, et al. Augmented reality
in medicine: systematic and bibliographic review. JMIR mHealth and
uHealth, 7(4):e10967, 2019. 1

[15] C. George, P. Tamunjoh, and H. Hussmann. Invisible boundaries for vr:
Auditory and haptic signals as indicators for real world boundaries. IEEE
Transactions on Visualization and Computer Graphics, 26(12):3414–3422,
2020. doi: 10.1109/TVCG.2020.3023607 7

[16] E. T. Hall. The hidden dimension, vol. 609. Anchor, 1966. 2
[17] E. T. Hall, R. L. Birdwhistell, B. Bock, P. Bohannan, A. R. Diebold Jr,

M. Durbin, M. S. Edmonson, J. Fischer, D. Hymes, S. T. Kimball, et al.
Proxemics [and comments and replies]. Current anthropology, 9(2/3):83–
108, 1968. 8

[18] L. A. Hayduk. The permeability of personal space. Canadian Journal
of Behavioural Science/Revue canadienne des sciences du comportement,
13(3):274, 1981. 2

[19] A. Huang, P. Knierim, F. Chiossi, L. L. Chuang, and R. Welsch. Proxemics
for human-agent interaction in augmented reality. In Proceedings of the
2022 CHI Conference on Human Factors in Computing Systems, CHI ’22.
Association for Computing Machinery, New York, NY, USA, 2022. doi:
10.1145/3491102.3517593 2

[20] T. Iachini, Y. Coello, F. Frassinetti, V. P. Senese, F. Galante, and G. Rug-
giero. Peripersonal and interpersonal space in virtual and real environ-
ments: Effects of gender and age. Journal of Environmental Psychology,

45:154–164, 2016. doi: 10.1016/j.jenvp.2016.01.004 2
[21] R. Johnstone, N. McDonnell, and J. R. Williamson. When virtuality

surpasses reality: Possible futures of ubiquitous XR. In CHI Conference
on Human Factors in Computing Systems Extended Abstracts, pp. 1–8,
2022. 1

[22] R. S. Kennedy, N. E. Lane, K. S. Berbaum, and M. G. Lilienthal. Simulator
sickness questionnaire: An enhanced method for quantifying simulator
sickness. The international journal of aviation psychology, 3(3):203–220,
1993. doi: 10.1207/s15327108ijap0303 3 5

[23] C. Kmiecik, P. Mausar, and G. Banziger. Attractiveness and interpersonal
space. The journal of social psychology, 108(2):277–278, 1979. 2

[24] Y. Kudo, A. Tang, K. Fujita, I. Endo, K. Takashima, and Y. Kitamura.
Towards balancing VR immersion and bystander awareness. Proceedings
of the ACM Human-Computer Interaction, 5(ISS), nov 2021. doi: 10.
1145/3486950 2

[25] D. Kut’ák, P.-p. Vázquez, T. Isenberg, M. Krone, M. Baaden, J. Byška,
B. Kozlíková, and H. Miao. State of the art of molecular visualization
in immersive virtual environments. In Computer Graphics Forum. Wiley
Online Library, 2023. 1

[26] J. Lacoche, N. Pallamin, T. Boggini, and J. Royan. Collaborators aware-
ness for user cohabitation in co-located collaborative virtual environments.
In Proceedings of the 23rd ACM Symposium on Virtual Reality Software
and Technology, VRST ’17. Association for Computing Machinery, New
York, NY, USA, 2017. doi: 10.1145/3139131.3139142 2

[27] M. Leap. Magic leap 2. https://www.magicleap.com/en-us/, 2023. 1
[28] K. Lebeck, K. Ruth, T. Kohno, and F. Roesner. Towards security and

privacy for multi-user augmented reality: Foundations with end users. In
2018 IEEE Symposium on Security and Privacy (SP), pp. 392–408. IEEE,
2018. 1, 2

[29] B. Lee, X. Hu, M. Cordeil, A. Prouzeau, B. Jenny, and T. Dwyer. Shared
surfaces and spaces: Collaborative data visualisation in a co-located im-
mersive environment. IEEE Transactions on Visualization and Computer
Graphics, 27(2):1171–1181, 2020. 2, 7

[30] M. McGill, J. Gugenheimer, and E. Freeman. A quest for co-located
mixed reality: Aligning and assessing slam tracking for same-space multi-
user experiences. In Proceedings of the 26th ACM Symposium on Virtual
Reality Software and Technology, pp. 1–10, 2020. 7

[31] D. Medeiros, R. Dubus, J. Williamson, G. Wilson, K. Pohlmann, and
M. McGill. Surveying the social comfort of body, device, and environment-
based augmented reality interactions in confined passenger spaces using
mixed reality composite videos. Proceedings of the ACM on Interactive,
Mobile, Wearable and Ubiquitous Technologies, 7(3), sep 2023. 1

[32] D. Medeiros, R. Dubus, J. Williamson, G. Wilson, K. Pöhlmann, and
M. McGill. Surveying the social comfort of body, device, and environment-
based augmented reality interactions in confined passenger spaces using
mixed reality composite videos. Proceedings of the ACM on Interactive,
Mobile, Wearable and Ubiquitous Technologies, 7(3), sep 2023. doi: 10.
1145/3610923 2

[33] D. Medeiros, M. McGill, A. Ng, R. McDermid, N. Pantidi, J. Williamson,
and S. Brewster. From shielding to avoidance: Passenger augmented
reality and the layout of virtual displays for productivity in shared transit.
IEEE Transactions on Visualization and Computer Graphics, 28(11):3640–
3650, 2022. doi: 10.1109/TVCG.2022.3203002 2

[34] Microsoft. Microsoft hololens. https://www.microsoft.com/microsoft-
hololens/en-us, 2023. 1, 4

[35] A. Nassani, G. Lee, M. Billinghurst, T. Langlotz, and R. W. Lindeman.
Using visual and spatial cues to represent social contacts in AR. In
SIGGRAPH Asia 2017 Mobile Graphics & Interactive Applications, SA
’17. Association for Computing Machinery, New York, NY, USA, 2017.
doi: 10.1145/3132787.3139199 8

[36] N. Norouzi, G. Bruder, B. Belna, S. Mutter, D. Turgut, and G. Welch.
A systematic review of the convergence of augmented reality, intelligent
virtual agents, and the internet of things. Artificial intelligence in IoT, pp.
1–24, 2019. 1

[37] J. O’Hagan, M. Khamis, M. McGill, and J. R. Williamson. Exploring
attitudes towards increasing user awareness of reality from within virtual
reality. In Proceedings of the 2022 ACM International Conference on
Interactive Media Experiences, IMX ’22, pp. 151–160. Association for
Computing Machinery, New York, NY, USA, 2022. doi: 10.1145/3505284
.3529971 8

[38] J. O’Hagan, P. Saeghe, J. Gugenheimer, D. Medeiros, K. Marky,
M. Khamis, and M. McGill. Privacy-enhancing technology and everyday
augmented reality: Understanding bystanders’ varying needs for aware-

https://doi.org/10.1016/j.ssaho.2023.100532
https://doi.org/10.1016/j.ssaho.2023.100532
https://doi.org/10.1109/VR.2017.7892235
https://doi.org/10.1002/hbe2.113
https://doi.org/10.1002/hbe2.113
https://doi.org/10.1145/1278780.1278807
https://doi.org/10.1145/1278780.1278807
https://doi.org/10.1145/2207676.2208639
https://doi.org/10.1109/TVCG.2012.60
https://doi.org/10.1109/TVCG.2012.60
https://doi.org/10.1145/2556288.2557352
https://doi.org/10.1145/2556288.2557352
https://doi.org/10.1109/TVCG.2020.3023607
https://doi.org/10.1145/3491102.3517593
https://doi.org/10.1145/3491102.3517593
https://doi.org/10.1016/j.jenvp.2016.01.004
https://doi.org/10.1207/s15327108ijap0303 3
https://doi.org/10.1145/3486950
https://doi.org/10.1145/3486950
https://doi.org/10.1145/3139131.3139142
https://doi.org/10.1145/3610923
https://doi.org/10.1145/3610923
https://doi.org/10.1109/TVCG.2022.3203002
https://doi.org/10.1145/3132787.3139199
https://doi.org/10.1145/3505284.3529971
https://doi.org/10.1145/3505284.3529971


ness and consent. Proceedings of the ACM on Interactive, Mobile, Wear-
able and Ubiquitous Technologies, 6(4), jan 2023. doi: 10.1145/3569501
7

[39] J. O’Hagan and J. R. Williamson. Reality aware VR headsets. In Proceed-
ings of the 9TH ACM International Symposium on Pervasive Displays,
PerDis ’20, pp. 9–17. Association for Computing Machinery, New York,
NY, USA, 2020. doi: 10.1145/3393712.3395334 7

[40] J. O’Hagan, J. R. Williamson, and M. Khamis. Bystander interruption of
VR users. In Proceedings of the 9TH ACM International Symposium on
Pervasive Displays, PerDis ’20, pp. 19–27. Association for Computing
Machinery, New York, NY, USA, 2020. doi: 10.1145/3393712.3395339 8

[41] J. O’Hagan, J. R. Williamson, M. Khamis, and M. McGill. Exploring
manipulating In-VR audio to facilitate verbal interactions between VR
users and bystanders. In Proceedings of the 2022 International Conference
on Advanced Visual Interfaces, AVI 2022. Association for Computing
Machinery, New York, NY, USA, 2022. doi: 10.1145/3531073.3531079 7

[42] J. O’Hagan, J. R. Williamson, F. Mathis, M. Khamis, and M. McGill.
Re-evaluating VR user awareness needs during bystander interactions. In
Proceedings of the 2023 CHI Conference on Human Factors in Computing
Systems, CHI ’23. Association for Computing Machinery, New York, NY,
USA, 2023. doi: 10.1145/3544548.3581018 2

[43] J. O’Hagan, J. R. Williamson, M. McGill, and M. Khamis. Safety, power
imbalances, ethics and proxy sex: Surveying in-the-wild interactions
between VR users and bystanders. In 2021 IEEE International Symposium
on Mixed and Augmented Reality (ISMAR), pp. 211–220, 2021. doi: 10.
1109/ISMAR52148.2021.00036 8

[44] J. Paavilainen, H. Korhonen, K. Alha, J. Stenros, E. Koskinen, and
F. Mayra. The pokémon go experience: A location-based augmented
reality mobile game goes mainstream. In Proceedings of the 2017 CHI
conference on human factors in computing systems, pp. 2493–2498. Asso-
ciation for Computing Machinery, New York, 2017. doi: 10.1145/3025453
.3025871 1

[45] J. L. Pierce, T. Kostova, and K. T. Dirks. The state of psychological
ownership: Integrating and extending a century of research. Review of
general psychology, 7(1):84–107, 2003. 3

[46] L. Poretski, O. Arazy, J. Lanir, and O. Nov. Who owns what? psycho-
logical ownership in shared augmented reality. International Journal of
Human-Computer Studies, 150:102611, 2021. doi: 10.1016/j.ijhcs.2021.
102611 2

[47] L. Poretski, J. Lanir, and O. Arazy. Normative tensions in shared aug-
mented reality. Proceedings of the ACM on Human-Computer Interaction,
2(CSCW), nov 2018. doi: 10.1145/3274411 2

[48] S. D. Scott, M. S. T. Carpendale, and K. Inkpen. Territoriality in collabo-
rative tabletop workspaces. In Proceedings of the 2004 ACM conference
on Computer supported cooperative work, CSCW ’04, pp. 294–303. As-
sociation for Computing Machinery, New York, NY, USA, 2004. doi: 10.
1145/1031607.1031655 2

[49] M. Sereno, X. Wang, L. Besançon, M. J. Mcguffin, and T. Isenberg.
Collaborative work in augmented reality: A survey. IEEE Transactions on
Visualization and Computer Graphics, 28(6):2530–2549, 2020. 1, 2

[50] S. R. Sorko and M. Brunnhofer. Potentials of augmented reality in training.
Procedia Manufacturing, 31:85–90, 2019. doi: 10.1016/j.promfg.2019.
03.014 1

[51] A. Tang, M. Tory, B. Po, P. Neumann, and S. Carpendale. Collaborative
coupling over tabletop displays. In Proceedings of the SIGCHI conference
on Human Factors in computing systems, pp. 1181–1190. Association for
Computing Machinery, New York, NY, USA, 2006. doi: 10.1145/1124772
.1124950 2

[52] B. H. Thomas. A survey of visual, mixed, and augmented reality gaming.
Computers in Entertainment (CIE), 10(1):1–33, 2012. 1

[53] Unity. Unity3d. https://www.unity.com, 2023. 4
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