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Abstract— This paper addresses the limited research on the
comparative performance of virtual reality systems across
desktop, head-mounted displays, and mobile platforms in WebXR,
particularly regarding symmetrically designed interaction
methods, guided by a universal design approach. We evaluate the
fundamental interactions of selection, visual search, and general
usability across desktop, tablet, and head-mounted display virtual
reality platforms within the WebXR framework called Circles. We
developed two virtual environments to evaluate performance and
usability - (1) a selection, and visual search Fitts’ law testing space,
and (2) a virtual learning environment developed for use within a
post-secondary gender diversity workshop. We found that
performance and general usability produced results in line with
past non-WebXR studies for the three WebXR platforms,
suggesting that WebXR can perform adequately for learning.
However, designing a compelling user experience in three-
dimensional virtual environments remain challenging, though
using web-based virtual reality platforms carries some intrinsic
accessibility advantages due to its more open, ubiquitous, and
multi-platform design. Finally, as this study was conducted
remotely due to the COVID-19 pandemic, we also discuss how our
system and study accommodate remote participation for a
traditionally lab-based experience.

Keywords—virtual reality, webxr, selection, visual search fitts
law, learning, virtual learning environment

I. INTRODUCTION

Virtual reality (VR) hardware and software have advanced
significantly in recent years, resulting in their widespread
application [42, 53, 74] and research endeavours [2, 20, 45, 47],
for example, in education [17, 22, 50, 57]. Our research is
motivated by the potential use of VR in social learning spaces,
where users learn together and alone across continually shifting
physical and virtual realities, such as classrooms and museums,
using both physical and digital tools to re-create more authentic,
engaging, and transformational learning experiences [57].
Despite current advances, there are many challenges to using
VR in education where accessibility via multiple modalities is
critical [9, 28]. The current focus of contemporary VR is on
head-mounted displays (HMDs), with some VR learning
endeavours additionally considering desktop VR [10, 35, 78].
Unfortunately, HMD VR users may experience cybersickness
[19, 40, 57], social anxiety from using unfamiliar technology
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around others [46, 76], not having the physical means to “grasp”
virtual objects [41], or the space to walk and navigate virtual
environments (VEs) [33, 58]. A more inclusive and accessible
approach to VR, particularly in education and other fields,
should support multiple platforms to allow different users to
experience the benefits of VR.

Some solutions explore multi-platform VR that supports
desktop, mobile, and HMD platforms, but there has been limited
contemporary research in this area, particularly on mobile
platforms where the orientation of the display acts as a window
[5] or “portal” [39] into a VE. A multi-platform approach to VR
within social learning spaces appears significant [57] as many
post-secondary learning institutions embrace a Universal Design
for Learning (UDL) approach [25], where learning content must
be accessible from a variety of modalities [28]. Additionally, the
inclusive shortcomings of HMDs, and some prior multi-
platform VR research that observe that users will strategically
use multiple VR platforms for learning depending on task [78],
suggest that all forms of immersive and non-immersive VR
require more consideration and research. Currently, the only VR
area that natively encourages support for desktop, HMD, and
mobile VR is WebXR [75]. WebXR is noted as an essential
pathway for democratizing immersive education [54] and can
potentially contribute to making VR a more widespread and
open medium for design and creativity [39].However, WebXR
is understudied, particularly in how the three platforms it
supports (desktop, mobile, and HMD) perform relative to each
other, and if these comparisons are in line with previous non-
WebXR studies. Fortunately, many developers and HMD
manufacturers [18] are working towards better supporting and
developing WebXR applications. For example, Mozilla Hubs
[42] and FRAME [16] showcase WebXR technologies to bring
people together in virtual communities. With few studies into
WebXR and the frameworks that make developing with WebXR
more accessible, it is essential to study its assumptions about
interactions and support of several VR platforms.

The range of interactions within VR is extensive, so we
chose to focus on selection and visual search performance, both
within a virtual environment (VE), designed to limit distractions
and focus on the technical interactions of select and visual search
themselves. When evaluating any virtual reality (VR) interactive
system, selection, manipulation, and navigation metrics are



essential application performance indicators [3, 34].
Specifically, many systems rely on selection-based
manipulation techniques such as "pointing" [34] and navigation
techniques such as "selection-based travel," [34] which require
selection targets to teleport a user around a space. These
selection-based interaction methods can be essential as they
reduce the physical movement necessary for VR users [19, 34,
40, 57]. Selection-based multi-platform VR interaction methods
are an important research area, as existing selection techniques
can be leveraged to make selections more accessible [13, 72],
especially within social learning spaces where we cannot
assume users have the physical space and abilities to use more
immersive interaction techniques [55, 57]. However, we are
unaware of such studies conducted within the WebXR space,
using platforms beyond just desktop and HMD.

Fig. 1. The Circles framework's "Research Room" running on Google Chrome
(Desktop) for both the researcher (left) and the participant (centre). The left and
middle images show the Circles WebXR website running on two Google
Chrome instances where both users can be in the same virtual “research room”
for a Fitts law task. The participant is asked to select the orange (active) target
(centre), under the supervision of the researcher-observer that can control
experiment start, end, researcher visibility (left). The (right) image is a render
of the visual search task setup where the participant (blue Figure) is asked to
select an orange target that appears in one of the 24 possible positions (the green
targets, during the experiment, would not be visible to the participant).

Our goal is observe the performance differences between
WebXR platforms and to confirm whether the performance
differences follow past multi-platform VR selection and visual
search studies. Our performance evaluation consists of 1) a
selection-based Fitts' law [14, 38] study, extended into 3D
contexts [66] applying the ISO 9249-9 standard [81], and 2) a
"visual search" performance study within a basic VLE (Figure
1) whereby we measure the time and errors for finding and
selecting targets. These tasks are essential in our field of interest
(education) but apply to most VR applications. The selection
interactions in this study represent the standard
display/controller interaction configurations of the A-Frame
general purpose WebXR framework [1]. Specifically, HMD is
paired with motion controller "laser controls" (a ray cast from
the controller that can intersect with and select virtual objects)
against mobile/tablets with finger-based touch interaction and
desktop with mouse and keyboard "First-Person" controls
(WASD keys to move and mouse drag and click to look around
and select). We followed up our interaction study with a more
qualitative reflective general usability survey within a virtual
learning environment (VLE). All interactions use the same
selection and visual search tasks practiced in the previous parts
of the study. The VLE walk-through is an example of an
unguided learning activity [71] created for a gender diversity
workshop (Figure 2). Finally, several questionnaires, including
a self-consciousness scale [59], NASA-TLX [43], and the
Intrinsic Motivation Inventory (IMI) [25], inquire about more
subjective and personal differences between platforms. While
the primary goal of our research is to compare the capabilities of

VR platforms, the follow-up study helped us contextualize our
research within the field of education. We ran all experimental
tasks using the open-source Circles WebXR learning framework
[55, 56], built with A-frame, as Circles aims to reduce
interactions, such as navigation and object manipulation, to
symmetric (working similarly regardless of VR platform) [12,
56] single selection actions across all supported WebXR
platforms to make them more “simple and intuitive” [69].

Fig. 2. The Circles framework's "Women in Trades" Electrician's School Lab
running on Google Chrome (Desktop), from a participant's perspective. These
images show two of the three virtual artefacts, safety gloves, a clipboard, and a
drill. Users learn more about challenges in learning spaces by selecting a virtual
learning artefact (VLA) and finding more information via audio and text
narration, and object manipulation via the three-button selection-based UI
under the artefact.

This study acknowledges that designing usable VR
applications is challenging due to the many the lack of
standardization around 3DUIs, personal preferences,
physiology, and psychology of its users [32]; but that it is
essential in making using VR lower friction within social
learning spaces where everyone should be able to participate
without physical (e.g., cybersickness) or psychological (e.g.
social anxiety) harm. These UX challenges are further
confounded by trying to create a system that adapts across
various display sizes and reality-based inputs. Not unlike the
hyper gravity seats of the future that change their shape to
conform to the user’s physical bodies in Liu Cixin’s vast
science-fiction trilogy “The Three-body Problem” [36].

Our research questions include:

RQI. What are the selection performance, visual search
performance, and usability differences between the
desktop, tablet (mobile), and HMD WebXR platforms?
Are they similar to prior multi-platform VR
performance studies?

Is using multi-platform WebXR, and more specifically
the Circles framework, for learning activities a valuable
direction for enhancing and contributing to social

learning spaces?

RQ2.

Our hypotheses:

HI. For selection performance, we expect desktop
performance will be the highest (fastest selection time
and least number of errors), followed by the mobile
tablet and, finally, the HMD. For visual search
performance, we expect that findings targets in VR will
be the highest performance (fastest find time) due to the
much larger perceived FOV relative to a desktop
monitor screen and least for the smaller tablet screen
held at arm's length. We expect the WebXR study results
will compare similarly to past studies, though
performance may be slightly lower due to running on
low-powered mobile devices, inside a web browser.



H2. We expect that users may prefer the HMD or the tablet
for their novel reality-based interfaces. The interactions
associated with each device are usable but could use
some tweaking to make them more accessible. Circles,
and associated WebXR frameworks, will have potential
as more accessible VR frameworks for learning in social
learning spaces, but there is room for improvement.

II. RELATED WORK

Several environmental constraints exist when discussing the
performance and usability of a multi-platform WebXR
framework within a social learning context. Specifically, when
learners use a VR device, the experiences should have robust
interactions that allow for rich interaction within a physically
stationary  (non-moving) position. Furthermore, these
interactions should be "simple and intuitive" across all supported
platforms [69]. We can reduce down most complex interactions
to their fundamental forms of "visual search" and "selection".
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Fig. 3. The most common forms of Fitts Law selection studies (left) utilize a
simple pointer device, and the user selects the center vertical target, moves from
one side to the next, and back again for n number of trials. The 2D form (centre)
asks the user to select targets number 1, then 2, and so on for n trials where the
user can move in both the vertical and horizontal direction. The 3D version
(right) is similar to the 2D version, but requires a pointer device, i.e., a laser-
pointer. Due to the use of a "laser/ray-casting" pointer, the angular (rotational)
distance (deg) is used to determine the width of targets (w) and distance
between targets (). This study uses 2D and 3D forms.

A. Selection Studies

Interactions within VEs are concerned with three main
categories: viewpoint selection, manipulation, and travel [3, 34].
Furthermore, selection and manipulation techniques are
classified into six interaction metaphors. These metaphors are
grasping (e.g., using a virtual hand), pointing (e.g., ray-casting),
surface (e.g., using a 2D multi-touch surface), indirect (e.g., a
ray-cast selection and multi-touch gestures to modify without
directly selecting the object of interest), bimanual (using two
hands to interact), and hybrid (interaction technique changes
depending on the context of selection) [34].

Selection studies often compare performance between
various input and display methods, i.e., comparing varying
mouse gain values on desktop [70], pointing task performance
with "fish-tank" VR displays [67], and comparing head-based
and eye-based selection tasks [49]. Fitts' law has become the
standard for studying 2D selection tasks and includes several
proposals for using Fitts' law in three dimensions. These include
discussions on target properties in 3D selections using virtual
hands [65], the development of new models for more accurate
predictions on pointing selection tasks [30, 79], and research

into extending Fitts' law to incorporate depth [7] through both
translation and rotation [64]. Many studies have validated Fitts'
law across decades of HCI research [62].

1) Fitts' Law

As selection techniques are one of the most prominent
interactions in both 2D and 3D contexts [34], many studies have
investigated the selection performance difference between
various input and display modalities. To standardize
experimental design and results between selection studies, Fitts'
law [14, 38] has become a widely used predictive model for
studying selection performance, creating a more easily
comparable "transmission of information" [24] as throughput
(bits/second) [14, 30, 60]. Fitts' law was initially developed for
1D contexts [14], where movement time is collected as users
repeatedly select between two vertical targets (Figure 1).
However, in recent decades, Fitts' law has been re-purposed for
use within 2D contexts where several targets are arranged in a
circular pattern. Users select each target in a clockwise
sequence, moving from one side of the circular arrangement to
another (Figure 1). However, for more immersive 3D tasks
where a pointer is not directly manipulated but instead used to
"ray-cast" selection a distance away from the user, Fitts' law has
been modified to allow for immersive 3D "distal pointing" tasks
[30, 64](Figure 3).More specifically, Fitts' law describes the
model target selection time according to the distance and size of
the target. The core element is what is called the Index of
Difficulty (/D) described in the following "Shannon" [60, 62]
variation of the formula used for 2D selections, i.e., selecting
targets on a flat screen:

A
ID,;, = log, (W + 1) (1)

ID,;, is the Index of Difficulty for a 2D selection surface, 4
refers to the "amplitude" or distance to the target, and W refers
to the width of the selection target. However, selecting targets
within an immersive virtual or physical 3D space (e.g., selecting
virtual targets within an HMD or selecting targets on a screen
using a physical pointing device) is known as a "distal pointing
interaction." We should consider the rotation movements of the
wrist and arm [30], as much of the action will focus there to
reduce arm fatigue or "gorilla-arm" effects [23]. Though there
are several variations of formulae used to describe Fitts distal
pointing tasks [30, 62, 64], we focus on Kopper et al.'s "IDangular"
form, as it has seen success in previous studies [49], which
appears to consider the rotation-based motions our joints
naturally take accurately. The formula for calculating angular
distance follows [30, 64]:

a
IDangular = 1082 (F + 1) (2)

Where «a is the angular distance from the starting point to the
selection target, and w is the angular width of the target. k is
used to describe a non-linear relationship between a and w [30]
as "distal pointing" often involves two phases — ballistic and
correction [37]. As a final step in quantifying selection



performance across VR platforms, throughput (7P in
bits/second) is a standard measure for understanding the
relationship between ID and movement time (MT) across
various selection inputs. The formula for 7P is as follows [62]:

ID
TP = — 3
MT @)

B. Visual Search Study

Identifying an element or target within a virtual environment
is a crucial skill for exploring and navigating within VEs. Often
"visual search" tasks are an intrinsic part of VE navigation.
Search tasks often combine both wayfinding, whereby a user
must understand their place within a VE and be able to plan a
route through it and the travel or movement through the VE itself
[34]. Most strategies include landmarks [61] but other
techniques, such as having overview or "view-in-view" maps
[77] and may consist of stresses such as finding the exit in a
virtual fire [6]. Search tasks are also important for finding
objects, points of interest, or landmarks within VLEs, such as
virtual museums.

Several studies investigate search performance across
various factors, with several characteristics described, such as
determining that the display's Field of View (FOV) plays a role
in allowing users to find targets within a training system [44],
though perhaps not enough of an effect to help train for real-
world scenarios [52]. Additionally, head-rotation amplification
may aid search tasks [51]. Some studies also suggest that audio
cues may help users find targets, particularly those outside the
FOV of the display [15], while other researchers use search tasks
to help with neurorehabilitation [29]. However, in all noted
studies, there appears to be no standard form of assessing search
performance, as there are for selection tasks and Fitts' law. In
addition, many studies are performed within complex VEs or
"information-rich virtual environments" [44], often as virtual
recreations of real-world spaces.

C. Multi-Platform VR

Very few modern VR experiences support more than one
platform (i.e., supporting mobile and immersive HMD VR). The
only real exceptions are the WebXR-based Mozilla Hubs [42]
and Frame [16], which support VR across several platforms -
desktop, mobile, and HMD. In addition, some social VR
experiences, such as VRChat [61] and AltspaceVR [2], have
desktop clients to increase participation in social VR
experiences, as exclusive HMD-supported applications appear
not yet to be commercially viable [68].

In multi-platform research, studies suggest that HMD VR
performs better than desktop VR for 3D navigation tasks [63].
One study found participants perform better using desktop VR
over HMD VR for spatial tasks [58], which aligns with another
study showing significant differences between Desktop VR and
HMD VR in the gazing behaviour of participants [11]. Still, the
differences were negligible in the wayfinding plans detailed at
the end of the study [11]. Another study examines the
differences between tablet and HMD AR for 3D selection
performance, finding the HMD less fatiguing [48]. However, we

could not find studies comparing desktop, tablet/mobile, and
HMD VR simultaneously, though these VR platforms are
highlighted by early researchers in the VR field [5].

With the exploration into more accessible VR and APIs such
as WebXR natively supporting multi-platform VR, there is
potential to explore multi-platform VR research, even if many
implementations currently do not support mobile well and may
have usability and technical issues [10, 78]. Additionally, there
is evidence that supporting multi-platform VR allows
individuals to switch between platforms to use better each
platform's advantages and disadvantages, such as higher
presence and focus with HMD VR [35, 78] and better
multitasking with desktop VR [78].

III. METHODOLOGY

Our investigation consisted of three separate tasks. The first
and second focused on selection and visual search, respectively,
within a simple virtual environment to avoid any distractions.
The third study was an open exploration to investigate general
usability in a simulated virtual learning environment as a more
authentic use-case. Designed initially as a lab-based within-
subjects study for comparison between three VR platforms —
desktop, mobile (tablet), and HMD, we switched the study to a
between-subjects remote study when the COVID-19 pandemic
[8] shut down university campuses. A between-subjects design
allowed us to recruit participants that only required one of the
three VR platforms rather than all three. We scheduled 45-
minute meetings with recruited participants via video calling for
communication and used a web-based social VR platform called
Circles [55] and an associated "Research VE" (see Figure 2) we
developed for connecting with participants as virtual avatars
with their given VR platform. For each participant, within this
research VE, we performed the selection and visual search
experiments, collecting performance data (time for target
selection and the number of times a selection target is not
correctly selected). For the third part of the study, we asked
participants to explore a VLE more informally and its three
virtual learning artefacts (VLAS) in Circles, asking them to "talk
aloud" so that we could capture notes about their exploration and
experience of the virtual environment.

Fig. 4. A flow-chart of our three-part study, describing our study process.

A. Participants

We recruited a total of 45 post-secondary students (18
female, 23 male, 3 non-binary, and 1 did not answer) between
the ages of 18-44 (M = 26.93 years, SD = 7.64 years), with 15
participants assigned to one of each VR platform — desktop,
mobile, or HMD. All participants were technically inclined and
aware of VR, though many had not personally tried HMD VR.



B. Apparatus

For all HMD users, we lent out Oculus Quest 1 HMDs, and for
8 of the 15 mobile participants, we lent out a 10.4" Samsung
Galaxy Tab S6 Lite tablet (the others used a variety of personal
tablet devices). We had 15 HMD devices and 2 mobile tablet
devices that we could lend out, and each device was sanitized,
dropped off, and picked up at each participant's residence. Each
participant with a borrowed device had it for approximately two
weeks (at least one week before the study to have time to set up
and troubleshoot any issues with the researcher). All desktop
participants used their own devices. Most of the tablets used
were 10" Apple iPad tablets, and most desktop systems used
21.5" 1920x1080 displays with a mouse and keyboard. We
recorded display resolution, pixel density, and scale to calculate
target sizes across the variety of personal tablet and desktop
screen sizes used in this study.The complete study consists of
three experimental tasks — a "selection" task, a "visual search"
task, and an "open exploration" task (see Figure 2). For the
selection task, the participant selects all targets displayed one at
a time in a circular and "jumping to alternating sides" clockwise
format common to Fitts' law studies (see Figure 1, far left).
Afterwards, the participant starts the search task, where targets
display one at a time around the participant to find and select in
the same research VE (Figure 1, far right). After all targets are
selected, the participant is asked to follow a web link for a post-
test questionnaire. In the final "VLE Exploration" task, the
participant is introduced to a single VLE recreation of a college
electrician's lab created for a "women in technology" workshop
(see Figure 2). The participant is tasked to explore the VLE and
select and manipulate the three VLAs present (a drill, a
clipboard, and a pair of safety gloves), where the researcher asks
the participant to "talk aloud" their thoughts on the virtual
environment, interactions, feelings, sounds etc. The researcher
captures these thoughts as observer notes. Finally, the
participant is given another survey link to follow and complete
a post-experiment questionnaire. At the end of the experiment,
the researcher asks if there are any questions or if they have any
other thoughts on their experience. Throughout the study, the
researcher asks often about how they physically feel so that we
can pause or stop the study if any participant felt any physical or
psychological discomfort. Fortunately, all participants were able
to complete the experiment with minimal issues.

C. Design

The first task of the three-part study is a between-subjects
3x3x3 Fitts' law selection study where the independent variables
are the input method (Desktop, Mobile, HMD), selection targets
of widths (0.25m, 0.5m, 0.75m), and depths (5.0m, 7.0m, 9.0m).
Our dependent variables are selection time and the number of
errors. For each selection configuration, we ran 16 trials for
3platforms (desktop, tablet, HMD) * 3 selection widths * 3
selection depths * 16 trials * 15 participants for each platform
for a total of 6480 selection data points. For the selection task,
the participant would click each circle/target highlighted in
orange as it appears clockwise around the circles seen in Figure
1 right (changing to various target widths and depths), and the
Circles apparatus would capture and record the time of selection
of the number of errors to a spreadsheet file the researcher
downloads at the end of the task to analyze post-study.

For the second task of the study, we asked the user to search
and select a single target somewhere around them at pre-defined
semi-random positions capturing selection time and selection
errors, using device orientation (HMD and mobile platforms)
and mouse movement (desktop). For the search experiment, we
had 3 platforms * 3 possible x-axis positions on a sphere around
the user * 8 y-axis positions * 4 trials * 15 participants for each
platform for a total of 4320 total find data points (some data
points failed to capture due a minor bug we fixed later, so the
actual total is 4198). See Figure 2, far-right, for a visualization
off all search targets visible.

For the third task, participants used the selection and visual
search techniques they practiced in the first two experiments to
explore a complex VLE created for a gender diversity workshop
(see Figure 2) and select and manipulate (using selection-based
techniques) three VLAs found within. We felt that exploring this
space in an informal and unguided manner best followed a
learning activity that instructors may ask their students to
explore on their own inside or outside of classrooms for a few
minutes, and we wanted to keep an open mind to how
participants would use the Circles framework and explore the
associated VLE. This concept aligns with Circles' proposed
objective of not replacing classrooms but instead acting as a
learning tool alongside other more traditional analog and digital
teaching methodologies [55, 56].

IV. RESULTS AND ANALYSIS

In the selection experiment, the ANOVA single factor for
our between-subjects design revealed significant differences in
selection time (F1,45 = 17.65, p < .05) and throughput (bits/s)
(F1,45 =8.85, p <.05) for the Fitts study, and using Tukey HSD
post hoc tests we found significance between the desktop and
HMD, but not so between Tablet and HMD platforms with the
order of selection efficiency starting with desktop and tablet,
then HMD. We found no significant differences in the number
of errors and thus did not report them. However, the average
error rates described in Table 1 appear to align with similarly
designed Fitts’ law studies [49].

TABLE L. RESULTS FOR THE SELECTION AND SEARCH STUDIES
Platform Select. Select. Select. | Select. Search Search
Time Error % ID TP. Time (ms) Error %
(ms)
Desktop | 795.99 0.066 422 5.80 2472.60 0.17
Tablet 829.35 0.15 4.19 5.63 3301.36 0.30
HMD 1099.98 0.12 4.49 4.40 2830.85 0.12

The lack of significance between Desktop and Tablet, the
higher-than-expected TP of desktop, and the large SD error bars
(see Figure 5) suggest the high variability of the many personal
desktop devices introduced a large amount of noise into the
study. Still, the general themes expected are present where the
desktop is superior in performance [62]. We can summarize that
direct manipulation techniques are more efficient than the
reality-based interactions of motion controllers to ray-cast and
point toward selection targets, where arm fatigue may become
an issue [27]. Also noted is that contrary to many Fitts' law
studies that compare selection techniques using the same



platform, the IDs of the Tablet and Desktop are roughly the
same, but the HMD ID is slightly offset relatively (see Figure
5). We suspect this is an effect of using the [Danguar formula,
which takes in units as degrees (Formula 2, Section 2.1) for the
HMD ray-cast distal pointing rather than the standard 2D form
used for Desktop and Tablets that takes in units as distances
(Formula 1, Section 2.1). We should also note that we kept the
k value of IDangular at 1.0 to match up with previous studies that
have used it [49]. Perhaps changing this value could have
created a better fit. However, as throughput is generally unitless
(bits/s), it still feels relevant to compare various devices using it
[62], even if the numbers do not align due to vastly different VR
displays and inputs.

Platform vs. [Selection] Throughput Index of Difficulty vs. Movement Time

f Difficulty (bits)

ment Time (ms)

Fig. 5. Left: Throughput (bits per second) by VR platform. Errors bars show
+ 1 SD.]. Right: Linear regression model for all VR platforms, showing the
relationship between ID and MT.

Platform vs. [Find] Time
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Fig. 6. Visual Search Time (milliseconds) by VR platform. Errors bars show
+1SD.

A. Visual Search Performance

For the search part of the study, ANOVA single factor for
the find target performance study, we found significant
differences in visual search time (F1.45= 8.63, p < .05) and in
selection errors (F1,45=4.17, p <.05), with Tukey post hoc tests
revealing significant differences between Tablet and Desktop,
Tablet and HMD (see Figure 6). This suggests that the search
performance of the tablet was significantly less than both the
desktop and HMD platforms. This is likely explained by a much
smaller screen and FOV on the tablets. Interestingly, search
performance between the desktop and HMD platforms appears
roughly the same, albeit faster than the tablet.

We will ignore the errors here as the only significance
revealed by post hoc analysis was between tablet and HMD,
suggesting that participants' more refined movements of using
their fingers resulted in fewer errors than the gross motor skills
required to use their wrist and arm to select targets with the
motion controller connected to the HMD.

We also analyzed our post-test questionnaire data and, using
the non-parametric Kruskal-Wallis test on the ordinal survey
data, we were not able to find significant differences between
VR platforms in intrinsic motivation' interest/enjoyment (p =
0.25) or perceived competence (p = 0.25). However, we did get
a significant result with the SUS presence questionnaire [73]
(h(2)=10.92, p=0.0042), with a Dunn’s Post-test showing that
the HMD creates more presence than both the tablet (p = 0.015)

and desktop (p = 0.0016). Additionally, we saw a significant
result using a Kruskal-Wallis test in the "public social
consciousness" scale (4(2) =7.31, p=0.025) and a Dunn's post-
test showing significance between the desktop and tablet groups
(p =0.0067).

B. Open Usability Exploration

The VLAs and VLEs quickly become the focus of the
conversation, as the visuals were often described as "cool" and
the detail incredibly "full," "more lived-in [which] ... makes it
feel like more my reality." Additionally, the ambient sounds of
exhaust fans and people's voices were noted often, with several
participants commenting that they "love" the ambient sounds
and the accompanying vocal narration when clicking on the
VLAs. The verbal narration of a woman speaking from a first-
person account of challenges they faced within the trades as a
woman was appreciated as the narration "helped with reading"
the mirrored "text bubbles" (see Figure 2). However, there were
several UX issues noted by participants. Selecting menu items
was challenging to understand as being parented to the virtual
camera often resulted in occlusion by objects within the VLE.
Also, several menu items had unclear iconography, i.e., the
"down arrow" meant for releasing or dropping a VLA was
interpreted as a "download" icon and ignored. Many of the users
found the VLEs easy to navigate the virtual space using the
teleport pads dotted throughout the room, and the mouse/tablet
orientation/headset orientation to look around. However, there
were many challenges beyond the aforementioned UX issues
when selecting and manipulating artefacts. These issues
generally centered around technical issues i.e., wi-fi cutting out,
some audio issues, and some graphical glitches noticed (door not
to scale), and physical discomfort i.e., headset is too heavy,
holding a tablet for too long is difficult, and moving their head
too fast resulting in mild cybersickness. There were also issues
noted by some users i.e., cats scratching at the door or
roommates talking in the physical environments interfering with
their immersion or that they would be uncomfortable wearing
the headset in a classroom around others, which appears to refer
to a concept described by other researchers as “social
embarrassment” [4] that is understudied in the public VR
learning space.

To provide an additional perspective to our VLE exploration
finding within the more complex “gender diversity” VLE, we
also coded the observation notes and the required open-ended
post-experiment questionnaire question — “Is there anything else
you would like to add?” (Appendix 1). We quickly found that
much of the discussion centered around the User experience,
VLAs, and VLEs. Often, this included challenges around not
being aware of how to manipulate the objects, i.e., not seeing the
manipulation buttons or realizing that they were for object
manipulation due to ambiguous iconography and lack of labels.
The appreciation of the VLAs also applied to the audio narration
that accompanied selecting each artefact, though many found it
difficult to follow if reading the accompanying text box
simultaneously. We also analyzed our post-experiment
questionnaire data and, using the non-parametric Kruskal-
Wallis test on the ordinal survey data, we were not able to find
significant differences between VR platforms in cognitive load
using the NASA-TLX (p = 0.47).



V. DISCUSSION

There are several interesting themes noted within this study
that we will summarize here.

A. Selection Performance

In this study, it appears evident that performance across
platforms follows our first hypothesis where the desktop
performs best, with both the tablet and HMD falling behind in
selection performance. Desktop provides the highest selection
performance due to the mouse's familiarity and fine movements,
whereas the finger-touch reality-based controlled [26] tablet
offers a very close second. The HMD "pointing controls" fell
farther behind, likely due to the more significant motor
movements required. However, there is a noted discrepancy
between the expected throughput expected of desktops in
previous studies, with ours being higher (5.9 bits/s) than the
expected range (3.7 — 4.9 bits/s) [62]. We expect this from the
variety of personal desktop machines used, where we collected
information from each participant on their devices, such as
display resolution and size, as the system only captured times
between selection and number of errors. Unfortunately, some of
this may have been misreported by participants. Perhaps we
should have asked permission to screen-share and go into their
machine settings, but we elected not to do this as it seemed an
unreasonable breach of privacy. In a lab-controlled
environment, with the same desktop machine used for all
participants, we expect that we would have seen numbers more
in line with previous studies. We had a similar issue with some
participants using their personal tablets. Still, our team supplied
most of the tablets, and for the personal tablets, it is easier to
research for more precise specifications. Thus, we feel that the
tablet numbers are more accurate, though we note that running
this study under noisier real-world conditions results in data not
be as clear as data collected in a lab-controlled study.

B. Visual Search Performance

In our search performance experiment, it appears that the
HMD and desktop are better performers, which alludes to the
ability of an HMD to look around a space using the familiar
interaction of physically moving our heads as we do as a more
efficient and comfortable interaction. Many visual search
studies focus on the ability to find targets in environments with
distractors and varying specific variables, i.e., the field of view
(FoV) or rotation gain [15, 51, 52]. This study focuses more on
the entire platform experience, in which each platform has a
different FoV, rotation method, interaction style etc. This
totality of multiple variables makes comparison difficult but
does allow us to compare standard platforms as they would be
used in real-world scenarios and explore what challenges and
opportunities there are for each platform to be explored within
the associated WebXR frameworks i.e., A-Frame and Circles.

Using the desktop is a typical and comfortable interaction,
especially for a group of more technically inclined students,
many of whom play First-Person Shooter (FPS) games -
something noted during the "VLE Exploration" talk-aloud trials.
Conversely, the tablet requires one to hold the device as a
"moveable window" and look around for a target in a much
smaller Field of View (due to the smaller screen size).
Participants appeared to enjoy the novelty of holding the tablet
as a “window in hand” to see into a virtual world but soon grew

weary of its weight. Though performance and presence would
likely significantly decrease, performing the study again,
focusing more on real-world explorations of VLEs and smaller
handheld phones rather than a tablet, would be interesting to
explore. Specifically, if students would be interested in moving
between various VR platforms within the same session,
depending on the task.

C. Insights and Themes

We captured some interesting insights and themes with
several experiments conducted with the same WebXR
framework across several platforms. Much of this qualitative
data was captured via talk-aloud discussion during the study as
they proceeded through these virtual environments. Combined
with the performance data collected, open-ended questions on
the post-experiment questionnaire allowed users to post what
engaged and challenged them. Though there are some aspects to
be improved, these observations confirm our second hypothesis
that there is much potential in using multi-platform WebXR, and
frameworks such as Circles for learning activities, to enhance
and contribute to social learning spaces.

1) Usability

In general, usability was the major weakness of the Circles
framework due to misleading Ul icons where an " arrow" did not
suggest releasing an artefact but instead "downloading," the
rotate button a "browser refresh button," and the zoom button
looked more like a "search button.". Additionally, as the teleport
targets got smaller in the distance, they became hard to select
using a pointer, in-line with Fitts' law expectation. Perhaps a ray-
cast pointer should instead utilize a "cone cast" where one need
not click so precisely on any interaction element and instead
select in the vicinity of a user’s selection target. There were also
some concerns about the text being difficult to read in VR, and
though the A-Frame framework uses resolution-independent
fonts [21], they are still dependent on the relatively low HMD
display resolutions [80]. Circles tries to minimize text-reading
fatigue by also including audio narration, but the audio should
match the text. Also, the tablets being held were quite fatiguing
for participants, suggesting that perhaps the tablet/mobile mode
should have a toggle between the device orientation control to a
finger-only interface where a participant can hold a mobile
device in any orientation (including stationary on desk or table).

However, once participants were comfortable with the
controls and could explore the “women in technology” VLE,
most did not find the usability issues challenging. Also, as noted
in Appendix 1, there was a theme of “personal preferences”
where some users preferred to have the option to have smooth
locomotion, suggesting that having personalization options
available would help advanced users’ engagement.

2) Open Exploration

Generally, participant feedback captured during talk-aloud
discussions during the study showed great interest in using this
technology in their classrooms, though some noted reluctance to
use it for entire lectures. Many suggested that it may be a better
place as one of many learning activities to use in remote or face-
to-face learning rather than replacing the classrooms themselves
due to physical fatigue and discomfort over extended periods.
That participants preferred to see this technology as a learning
activity/tool confirms Circles’ purpose not to replace social



learning spaces but rather to become a flexible reality tool within
them. Participants generally focused on the 3D visuals and
details, noting how they heightened their presence in the VLE.
They were often pleasantly surprised by the ambient sounds
within the VLE that helped contribute to that intensified
presence, even noting surprise i.e., "I am a bit surprised that you
can have VR on the web.” Negative feedback surrounded how
to interact with artefacts, as the Ul wasn't always clear about
button functionality. Labels could help.

Interestingly, a minority of HMD users noted how they
might prefer a more "grabbing" type of interaction. This
preference for a more “reality-based” [26] approach suggests
that working towards a selection-only interface may work well
across all platforms for accessibility and familiarity but that
more personal preferences should be available for more
advanced and familiar VR users. Several participants also found
the content itself compelling, creating discussion around the
learning content around the VLAs and their descriptions on the
challenges women face in technology. Concerning the UX
challenges surrounding the artefact interactions, further studies
should investigate which interactions are the "safest" and most
preferred to keep as default, with more advanced methods being
available through an options menu. Additionally, many of the
participant suggestions surrounded adding additional interaction
to the artefacts, i.e., being able to use the drill to drill holes or
drive screws, suggesting a want for agency within these spaces.

3) WebXR, A-Frame, and Circles

Supporting all VR platforms presents many challenges, as
can be understood from participant feedback on the UX, but the
WebXR API and the A-Frame framework that Circles is built on
abstracts most interactivity to work uniquely for each WebXR-
supported platform. However, the default controls of laser-
pointer for HMD, device orientation to rotate for tablet, and
WASD keyboard and mouse to move and rotate can be
challenging for unfamiliar users. This suggests the default
"laser-controls" used in A-Frame and, thus, also Circles may not
always be the most usable controls and that exploring more
direct manipulation methods, i.e., "grasping" [34], may be a
more desirable option for some users. Laser controls may be
more effective for interactions out of reach, and the user does
not fully control their hands. To help increase laser-pointer
accuracy, developers should consider using cone or cylinder-
type interactions to help decrease user error when selecting
smaller objects. In the case of tablets, using the device
orientation to rotate the virtual space is novel. However, it can
also be tiring. A toggle to switch between a device orientation
and a finger drag mode that also works for looking up and down
would be helpful. For desktop controls, using a mouse to select
objects and rotate the viewpoint appeared to work well, as
Circles uses selection-based targets to help simplify movement.

D. Conducting a Remote Synchronous Study

Changing this study from a within-subjects design, with
more closely controlled equipment and lab space, to a between-
subjects design with a large variety of personal equipment was
necessary but did present many challenges. The challenges and
opportunities of running remote VR studies align with previous
overviews of VR studies during the COVID-19 pandemic,
where it is more challenging to supervise participants and ensure

the equipment is set up correctly. Still, there is the ability to
recruit more significant numbers of participants [31]. This
online study was particularly challenging for users unfamiliar
with the Oculus [Meta] Quest HMDs used in this study.
Connecting the standalone HMDs to participants’ smartphones
to set up the HMD devices presented some connection issues
where the researcher had to help guide and direct. For the
equipment we lent out, there was a great effort to deliver
sanitized HMD and tablet equipment and work with participants
across video conferencing calls or distanced outdoor visits to
troubleshoot issues. However, we were able to reach out over a
more comprehensive network of potential participants online,
and without device delivery and automating the study so that a
researcher need not be present in the future, online VR studies
could result in even larger sample sizes. This is further helped
by hosting web hyperlinks, rather than asking users to download
and install an application.

E. Limitations

There were several limitations to this study that we should
highlight. Specifically, since this study was conducted remotely
and with several personal devices, there is some noise found
within the quantitative studies performed in the study of the
selection and visual search experiments. This included being
unable to control the environments participants conducted the
study in and personal preferences baked into their devices that
may not have been accounted for in the results. That we were
able to display results in line with previous non-WebXR studies
adequately is a testament to the power and versatility of Fitts
Law. Additionally, though this study is likely a more accurate
representation of how these devices would be used in a real-
world case study of multi-platform VR in social learning spaces,
there is much room for improvement. Running a similar study
within a more controlled environment, using more complex VEs
for the selection and visual search tasks (perhaps the
electrician’s lab environment from the open-exploration part of
the study) to account for typical VLE distractions, landmark
identification, and natural occlusions would likely be fruitful
[15, 51, 52].

VI. CONCLUSION

This three-part study explored the selection, visual search,
and usability differences between three WebXR platforms —
desktop, mobile(tablet), and HMD. We found that selection
performance favoured Desktop and Tablet, whereas search
performance favoured HMD. These results fell within
reasonable ranges of past studies suggesting that WebXR is a
competent medium for remote learning activities and has some
intrinsic advantages in being easier to connect with learners and
research participants with standard and open web-based
technologies. Usability for all three platforms was generally low
due to some button UX ambiguity used in the Circles
framework, suggesting that designing cross-platform VR is
complex, and also because holding handheld platforms and
using HMD platforms to read, interact, and explore for extended
periods was fatiguing. However, participants generally enjoyed
the experience, and were interested in well-designed VLEs and
VLAs in shorter learning activities in their own social learning
spaces. This suggests potential in further exploring cross-
platform WebXR technology such as Circles.



[10]

[11]

[12]

[13]

[14]

[15]

[16]
[17]

(18]

[19]
[20]

(21]

(22]

A-Frame: https://aframe.io/. Accessed: 2018-01-04.

Alcafiiz, M. et al. 2019. Virtual reality in marketing: A framework,
review, and research agenda. Frontiers in Psychology. Frontiers
Media S.A.

Bowman, D.A. and Hodges, L.F. 1999. Formalizing the Design,
Evaluation, and Application of Interaction Techniques for
Immersive Virtual Environments. Journal of Visual Languages and
Computing. 10, (1999), 37-53.

Brignull, H. and Rogers, Y. 2002. Enticing People to Interact with
Large Public Displays in Public Spaces. Proceedings of INTERACT.
3, (2002), 17-24.

Buxton, B. and Fitzmaurice, G.W. 1998. HMDs, Caves &
Chameleon: A Human-Centric Analysis of Interaction in Virtual
Space. (1998).

Cao, L. et al. 2019. A virtual reality based study of indoor fire
evacuation after active or passive spatial exploration. Computers in
Human Behavior. 90, March 2018 (2019), 37-45.
DOTIhttps://doi.org/10.1016/j.chb.2018.08.041.

Clark, L.D. et al. 2020. Extending Fitts’ law in three-dimensional
virtual environments with current low-cost virtual reality
technology. International Journal of Human Computer Studies. 139,
(Jul. 2020). DOI:https://doi.org/10.1016/j.ijhcs.2020.102413.
Coronavirus disease (COVID-19) pandemic: 2022.
https://www.who.int/emergencies/diseases/novel-coronavirus-2019.
Accessed: 2022-04-10.

Dombrowski Matt and Smith, P.A. and M.A. and S.J. 2019.
Designing Inclusive Virtual Reality Experiences. Virtual,
Augmented and Mixed Reality. Multimodal Interaction (Cham,
2019), 33-43.

Eriksson, T. 2021. Failure and success in using mozilla hubs for
online teaching in a movie production course. Proceedings of 2021
7th International Conference of the Immersive Learning Research
Network, iLRN 2021 (May 2021).

Feng, Y. et al. 2022. Wayfinding behaviour in a multi-level
building: A comparative study of HMD VR and Desktop VR.
Advanced Engineering Informatics. 51, November 2021 (2022),
101475. DOL:https://doi.org/10.1016/j.ae1.2021.101475.

Figueroa, P. et al. 2018. Heterogeneous, Distributed Mixed Reality
Applications. A Concept. 25th IEEE Conference on Virtual Reality
and 3D User Interfaces, VR 2018 - Proceedings. March (2018),
549-550.

Findlater, L. et al. 2010. Enhanced Area Cursors: Reducing Fine
Pointing Demands for People with Motor Impairments. Proceedings
of the 23nd Annual ACM Symposium on User Interface Software
and Technology (New York, NY, USA, 2010), 153-162.

Fitts, P.M. 1954. The Information Capacity of the Human Motor
System in Controlling the Amplitude of Movement. Journal of
Experimental Psychology. 47, 6 (1954), 381-391.

Flanagan, P. et al. 1998. Aurally and visually guided visual search
in a virtual environment. Human Factors. 40, 3 (1998), 461-468.
DOIL:https://doi.org/10.1518/001872098779591331.

FRAME: 2022. hitps://framevr.io/.

Freina, L. and Ott, M. 2015. A literature review on immersive
virtual reality in education: state of the art and perspectives.
Proceedings of eLearning and Software for Education (eLSE)
(Bucharest, 2015), 133-141.

Get Started with Oculus Browser & WebXR: 2022.
https://developer.oculus.com/webxr/.

Gilbert, R.M. 2019. Inclusive Design for a Digital World. Apress.
Gonzalez-Zamar, M.D. and Abad-Segura, E. 2020. Implications of
virtual reality in arts education: Research analysis in the context of
higher education. Education Sciences. 10, 9 (Sep. 2020), 1-19.
DOTI:https://doi.org/10.3390/educscil 0090225.

Green, C. 2007. Improved alpha-tested magnification for vector
textures and special effects. ACM SIGGRAPH 2007 courses on -
SIGGRAPH ’07.(2007), 9.
DOT:https://doi.org/10.1145/1281500.1281665.

Greenwald, S.W. et al. 2017. Then and now: Positioning a new
wave of research on VR and learning. Technology and Applications
for Collaborative Learning in Virtual Reality (Bristol, 2017), 18—
22.

(23]

(24]

(23]

[26]

(27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

Hincapié-Ramos, J.D. et al. 2014. Consumed endurance: A metric
to quantify arm fatigue of mid-air interactions. Conference on
Human Factors in Computing Systems - Proceedings. (2014), 1063—
1072. DOI:https://doi.org/10.1145/2556288.2557130.

Hornbzk, K. and Oulasvirta, A. 2017. What is interaction?
Conference on Human Factors in Computing Systems -
Proceedings. 2017-May, (2017), 5040-5052.
DOTI:https://doi.org/10.1145/3025453.3025765.

Intrinsic Motivation Inventory (IMI):
https://selfdeterminationtheory.org/intrinsic-motivation-inventory/.
Accessed: 2019-09-11.

Jacob, R.J.K. et al. 2008. Reality-Based Interaction : A Framework
for Post-WIMP Interfaces. Proceedings of the SIGCHI Conference
on Human Factors in Computing Systems (2008).

Jang, S. et al. 2017. Modeling cumulative arm fatigue in mid-air
interaction based on perceived exertion and kinetics of arm motion.
Conference on Human Factors in Computing Systems -
Proceedings. 2017-May, (2017), 3328-3339.
DOT:https://doi.org/10.1145/3025453.3025523.

King-Sears, M. 2009. Universal design for learning: Technology
and pedagogy. Learning Disability Quarterly. 32,4 (2009), 199—
201. DOIL:https://doi.org/10.2307/27740372.

Knobel, S.E.J. et al. 2021. Development of a search task using
immersive virtual reality: Proof-of-concept study. JMIR Serious
Games. 9, 3 (2021), 1-14. DOIL:https://doi.org/10.2196/29182.
Kopper, R. et al. 2010. A human motor behavior model for distal
pointing tasks. International Journal of Human Computer Studies.
68, 10 (2010), 603-615.
DOTI:https://doi.org/10.1016/j.ijhcs.2010.05.001.

Kroma, A. et al. 2022. The reality of remote extended reality
research: Practical case studies and taxonomy. Frontiers in
Computer Science. 4, (2022).
DOTI:https://doi.org/10.3389/fcomp.2022.954038.

Langbehn, E. et al. 2018. Evaluation of locomotion techniques for
room-scale vr: Joystick, teleportation, and redirected walking.
Proceedings of the Virtual Reality International Conference-Laval
Virtual (2018).

Langbehn, E. et al. 2018. Shadow-Avatars: A Visualization Method
to Avoid Collisions of Physically Co-Located Users in Room-Scale
VR. Proceedings of IEEE Workshop on Everyday Virtual Reality
(WEVR) (2018).

LaViola Jr., J.J. et al. 2017. 3D User Interfaces: Theory and
Practice (Usability). Addison-Wesley.

Le, D.A. et al. 2020. Enhancing the Experience of Virtual
Conferences in Social Virtual Environments. Proceedings - 2020
IEEE Conference on Virtual Reality and 3D User Interfaces, VRW
2020 (Mar. 2020), 485-494.

Liu, C. 2014. The Three-Body Problem. Tor Books.

Liu, L. et al. 2009. Comparing aimed movements in the real world
and in virtual reality. Proceedings - IEEE Virtual Reality. (2009),
219-222. DOL:https://doi.org/10.1109/VR.2009.4811026.
MacKenzie, S.I. 1992. Fitts’ law as a research and design tool in
human-computer interaction. Human-Computer Interaction. 91—
139.

Maclntyre, B. and Smith, T.F. 2018. Thoughts on the Future of
WebXR and the Immersive Web. Adjunct Proceedings - 2018 IEEE
International Symposium on Mixed and Augmented Reality, ISMAR-
Adjunct 2018 (Jul. 2018), 338-342.

Mott, M. et al. 2019. Accessible by design: An opportunity for
virtual reality. Adjunct Proceedings of the 2019 IEEE International
Symposium on Mixed and Augmented Reality, ISMAR-Adjunct
2019. (2019), 451-454. DOIL:https://doi.org/10.1109/ISMAR-
Adjunct.2019.00122.

Mott, M. et al. 2020. “I Just Went into It Assuming That I Wouldn’t
Be Able to Have the Full Experience”: Understanding the
Accessibility of Virtual Reality for People with Limited Mobility.
The 22nd International ACM SIGACCESS Conference on
Computers and Accessibility (New York, NY, USA, 2020).
Mozilla Hubs: 2018. https://github.com/mozilla/hubs. Accessed:
2018-11-30.



[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]
[54]

(53]

[56]

[57]

(58]

[59]

[60]

[61]

NASA TLX: Task Load Index: 2019.
https://humansystems.arc.nasa.gov/groups/tlx/. Accessed: 2020-05-
09.

Ni, T. et al. 2006. Increased display size and resolution improve
task performance in information-rich virtual environments.
Proceedings - Graphics Interface. 2006, (2006), 139-146.

Oh, C.S. et al. 2018. A Systematic Review of Social Presence:
Definition, Antecedents, and Implications. Frontiers in Robotics
and Al 5, October (2018), 1-35.
DOTI:https://doi.org/10.3389/frobt.2018.00114.

Outlaw, J. 2018. Virtual Hasrassment : The Social Experience of
600+ Regular Virtual Reality Users.

Peck, T.C. et al. 2020. Mind the Gap: The Underrepresentation of
Female Participants and Authors in Virtual Reality Research. /[EEE
Transactions on Visualization and Computer Graphics. 26, 5 (May
2020), 1945-1954.
DOL:https://doi.org/10.1109/TVCG.2020.2973498.

Plasson, C. et al. 2019. Tabletop AR with HMD and tablet: A
comparative study for 3D selection. ISS 2019 - Proceedings of the
2019 ACM International Conference on Interactive Surfaces and
Spaces. (2019), 409-414.
DOTI:https://doi.org/10.1145/3343055.3360760.

Qian, Y.Y. and Teather, R.J. 2017. The eyes don’t have it: An
empirical comparison of head-based and eye-based selection in
virtual reality. In Proceedings of the 5th Symposium on Spatial User
Interaction (SUI "17) (New York, NY, USA, 2017), 91-98.
Radianti, J. et al. 2020. A systematic review of immersive virtual
reality applications for higher education: Design elements, lessons
learned, and research agenda. Computers and Education. 147,
November 2019 (2020), 103778.
DOTI:https://doi.org/10.1016/j.compedu.2019.103778.

Ragan, E.D. et al. 2017. Amplified Head Rotation in Virtual Reality
and the Effects on 3D Search, Training Transfer, and Spatial
Orientation. /[EEE Transactions on Visualization and Computer
Graphics. 23, 8 (2017), 1880-1895.
DOTL:https://doi.org/10.1109/TVCG.2016.2601607.

Ragan, E.D. et al. 2015. Effects of field of view and visual
complexity on virtual reality training effectiveness for a visual
scanning task. [EEE Transactions on Visualization and Computer
Graphics. 21,7 (2015), 794-807.
DOTI:https://doi.org/10.1109/TVCG.2015.2403312.

Rec Room: https://recroom.com/. Accessed: 2019-12-31.
Rodriguez, F.C. et al. 2021. Democratizing interactive, immersive
experiences for science education with WebXR. Nature
Computational Science. Springer Nature.

Scavarelli, A. et al. 2019. Circles: exploring multi-platform
accessible, socially scalable VR in the classroom. 2019 IEEE
Games, Entertainment, Media Conference (GEM) (New Haven, CT,
USA, 2019), 1-4.

Scavarelli, A. et al. 2019. Towards a Framework on Accessible and
Social VR in Education. 2019 IEEE Conference on Virtual Reality
and 3D User Interfaces (VR) (Osaka, Japan, 2019), 1148-1149.
Scavarelli, A. et al. 2021. Virtual reality and augmented reality in
social learning spaces: a literature review. Virtual Reality. 25,
(2021), 257-277. DOIL:https://doi.org/10.1007/s10055-020-00444-8.
Scavarelli, A. and Teather, R.J. 2017. VR Collide! Comparing
Collision-Avoidance Methods Between Co-Located Virtual Reality
Users. Proceedings of the 2017 CHI Conference Extended Abstracts
on Human Factors in Computing Systems (CHI EA "17) (2017),
2915-2921.

Scheier, M.F. and Carver, C.S. 1985. The Self-Consciousness Scale:
A Revised Version for Use with General Populations. Journal of
Applied Social Psychology. 14, 5 (1985), 687-699.

Shannon, C.E. 1948. A mathematical theory of communication. The
Bell system technical journal. 27, 3 (1948), 379-423.
DOTI:https://doi.org/10.1002/j.1538-7305.1968.tb00069 x.

Sharma, G. et al. 2017. Influence of landmarks on wayfinding and
brain connectivity in immersive virtual reality environment.
Frontiers in Psychology. 8, JUL (2017), 1-12.
DOTI:https://doi.org/10.3389/fpsyg.2017.01220.

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

(71]

(78]

[79]

(80]

(81]

Soukoreff, R.W. and MacKenzie, I.S. 2004. Towards a standard for
pointing device evaluation, perspectives on 27 years of Fitts’ law
research in HCL. International Journal of Human Computer Studies.
61, 6 (2004), 751-789.
DOTI:https://doi.org/10.1016/j.ijhcs.2004.09.001.

Sousa Santos, B. et al. 2009. Head-mounted display versus desktop
for 3D navigation in virtual reality: a user study. Multimed Tools
Appl. 41, (2009), 161-181. DOIL:https://doi.org/10.1007/s11042-
008-0223-2.

Stoelen, M.F. and Akin, D.L. 2010. Assessment of fitts law for
quantifying combined rotational and translational movements.
Human Factors. 52,1 (2010), 63-77.
DOTI:https://doi.org/10.1177/0018720810366560.

Stuerzlinger, W. and Teather, R.J. Considerations for Targets in 3D
Pointing Experiments.

Teather, R.J. and Stuerzlinger, W. 2013. Pointing at 3D Target
Projections with One-Eyed and Stereo Cursors. Proceedings of the
SIGCHI Conference on Human Factors in Computing Systems -
CHI ’13.(2013), 159-168.
DOT:https://doi.org/10.1145/2470654.2470677.

Teather, R.J. and Stuerzlinger, W. 2011. Pointing at 3D targets in a
stereo head-tracked virtual environment. 3DUI 2011 - [EEE
Symposium on 3D User Interfaces 2011, Proceedings. 1 (2011), 87—
94. DOL:https://doi.org/10.1109/3DUL.2011.5759222.

The Fall and Rise of VR: The Struggle to Make Virtual Reality Get
Real: 2019. https://fortune.com/longform/virtual-reality-struggle-
hope-vr/. Accessed: 2019-12-31.

The Principles of Universal Design: 1997.
https://projects.ncsu.edu/ncsu/design/cud/about_ud/udprinciplestext
.htm. Accessed: 2020-04-16.

Thompson, S. et al. 2004. Gain and Angle of Approach Effects on
Cursor-Positioning Time with a Mouse in Consideration of Fitts’
Law. Proceedings of the Human Factors and Ergonomics Society
Annual Meeting. 48, 5 (2004), 823-827.
DOL:https://doi.org/10.1177/154193120404800517.

Topu, F.B. and Goktas, Y. 2019. The effects of guided-unguided
learning in 3d virtual environment on students’ engagement and
achievement. Computers in Human Behavior. 92, July 2018 (2019),
1-10. DOI:https://doi.org/10.1016/j.chb.2018.10.022.

Trewin, S. et al. 2006. Developing Steady Clicks: A Method of
Cursor Assistance for People with Motor Impairments.

Usoh, M. et al. 2000. Using Presence Questionnaires in Reality
Using Presence Questionnaires in Reality Using Presence
Questionnaires in Reality. Presence. 9, 5 (2000), 497-503.
VRChat: https://www.vrchat.net/. Accessed: 2018-01-04.

WebXR Device APIL: 2019. https://www.w3.0rg/TR/webxr/.
Accessed: 2019-12-31.

Why Women Don’t like Social Virtual Reality: A Study of Safety,
Usability, and Self-Expression in Social VR: 2017.
https://extendedmind.io/social-vr. Accessed: 2019-10-09.

Wu, A. et al. 2009. Evaluation of wayfinding aids in virtual
environment. /nternational Journal of Human-Computer
Interaction. 25, 1 (2009), 1-21.
DOTI:https://doi.org/10.1080/10447310802537582.

Yoshimura, A. and Borst, C.W. 2020. Evaluation and Comparison
of Desktop Viewing and Headset Viewing of Remote Lectures in VR
with Mozilla Hubs. McMahan.

Yu, D. et al. 2019. Modeling endpoint distribution of pointing
selection tasks in virtual reality environments. ACM Transactions
on Graphics. 38, 6 (Nov. 2019).
DOTI:https://doi.org/10.1145/3355089.3356544.

Zhan, T. et al. 2020. Augmented Reality and Virtual Reality
Displays: Perspectives and Challenges. iScience. 23, 8 (2020),
101397.
DOTI:https://doi.org/https://doi.org/10.1016/j.i5¢1.2020.101397.
2000. ISO 9241-9, Ergonomic requirements for office work with
visual display terminals (VDTs) - Part 9: Requirements for non-
keyboard input devices. International Organization for
Standardization.

10



APPENDIX I

TABLE II. ANALYSIS OF THE QUALITATIVE DATA CAPTURED IN OBSERVATION NOTES AND OPEN-ENDED POST-QUESTIONNAIRE QUESTIONS, IN REFERENCE TO
THE FINAL “VLE EXPLORATION” EXPERIMENT IN THIS THREE-PART STUDY. STARTING OFF WITH AN EXPECTED SET OF THEMATIC CODES FROM OUR LITERATURE
REVIEW (DEDUCTIVE), THEN ADDING ADDITIONAL CODES FOUND WITH DATA THAT DID NOT FIT EASILY, OR WERE SURPRISING, WE THEN WERE ABLE TO DETERMINE
12 CENTRAL THEMES.

# of # of Final Themes
Deductive Codes Refs. Inductive Codes Refs. (after merging and sorting codes)
Artefact UX Negative 36 Artefact Positive 3 Artefact
Artefact UX Positive 4 Competitive 1 Discussion
Discussion 15 Gaming Experience 1 Enthusiam
Enthusiam 19 Learning Potential 7 Learning Potential
Interaction Negative 7 Social Embarassment 1 Navigation
Interaction Positive 5 Surprising 10 Personal Preferences
Personal Preferences 10 Unexpected Behaviour 5 Suggestions
Physical Discomfort 18 UX Positive 12 Surprising
Presence 9 Navigation 7 Technical Challenges
Psychological Discomfort 1 UX Challenges
Suggestion 22 Virtual Environment
Technical Challenges 11
VE Negative 0
VE Positive 20
WebXR Novelty 3
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