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Fig. 1. The diagram on the left depicts the triangle completion task. The participant traveled sequentially to three locations marked by
vertical posts (green, then yellow, then red) before attempting to point to the remembered location of the green post. Screenshots
show perspective views of the three posts marking the triangle as well as the response. The top row shows the partially concordant
teleporting interface, where the participant teleports to translate but rotates using the body. The top row also depicts the large virtual
environment. The bottom row shows the discordant teleporting interface, where the participant teleports to translate and rotate. The
bottom row also depicts the small virtual environment.

Abstract—The wide availability of consumer-oriented virtual reality (VR) equipment has enabled researchers to recruit existing VR
owners to participate remotely using their own equipment. Yet, there are many differences between lab environments and home
environments, as well as differences between participant samples recruited for lab studies and remote studies. This paper replicates a
lab-based experiment on VR locomotion interfaces using a remote sample. Participants completed a triangle-completion task (travel two
path legs, then point to the path origin) using their own VR equipment in a remote, unsupervised setting. Locomotion was accomplished
using two versions of the teleporting interface varying in availability of rotational self-motion cues. The size of the traveled path and the
size of the surrounding virtual environment were also manipulated. Results from remote participants largely mirrored lab results, with
overall better performance when rotational self-motion cues were available. Some differences also occurred, including a tendency for
remote participants to rely less on nearby landmarks, perhaps due to increased competence with using the teleporting interface to
update self-location. This replication study provides insight for VR researchers on aspects of lab studies that may or may not replicate

remotely.

Index Terms—Navigation, Spatial cognition, Virtual reality, Teleporting, Online data collection

1 INTRODUCTION

The rising popularity of consumer-oriented virtual reality (VR) equip-
ment has created a new landscape for VR research, which can now be
conducted by recruiting owners of head-mounted displays (HMDs) who
participate remotely using their own equipment. There are many advan-
tages to remote VR research. For example, remote research provides
greater safety to researchers and participants during the COVID-19 pan-
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demic. Remote research also provides opportunities to study different
populations, such as individuals with considerable VR experience.
However, there are numerous differences between carefully con-
trolled lab environments and home environments of VR owners. For
example, lab environments can provide open walking space to enable
participants to freely explore the virtual environment (VE) on foot,
but such spaces are uncommon in the home. Labs can also be kept
quiet and consistent across participants, whereas homes often contain
distraction from roommates, family, pets, and technology, and there
will be wide variation in home environments across participants.
There may also be important differences between participant samples
recruited for lab and remote studies [10, 34]. For example, remote
participants are likely to be older and more diverse than those recruited
through the typical university community. Also, HMD owners spend
more time playing video games than non-owners, and women are under-
represented among HMD owners compared to non-owners.



Given the numerous differences between lab research and remote
research, a cautious approach is warranted to determine whether results
generalize between laboratory VR studies and remote VR studies. Sci-
ence builds on past research, and replication of in-person research when
using a remote sample is critical to the interpretation and acceptance of
remotely conducted VR research studies.

This paper presents an experiment using a remote sample to replicate
a lab-based experiment on locomotion interfaces [11]. The remote study
evaluated performance on a navigation test called triangle completion
(see Figure 1), in which participants traveled two legs of an outbound
path before attempting to point to the path origin. Travel along the
outbound path was accomplished using two forms of the teleporting
interface. To teleport, the user selects a place in the VE and is then
instantly transported to that location. Teleportation is commonly used
in VR to avoid collisions with real objects and to reduce sickness.
Teleportation can be disorienting due to the lack of self-motion cues
[4], but nearby environmental cues such as landmarks and boundaries
mitigate disorientation [6,7, 12]. The replication study included several
manipulations that can impact disorientation, including the size of
the triangle and the size of the surrounding VE, which collectively
determine the proximity of environmental cues to the task space. The
results are used to evaluate whether primary findings from a lab-based
study on locomotion in VR replicate under remote unsupervised testing
conditions.

2 RELATED WORK

This section reviews past VR research involving remote participants,
followed by a description of how teleporting interfaces impact naviga-
tion.

2.1 Remote VR Research

There is relatively little published research in which VR studies have
been conducted remotely. This is likely to change quickly as a result of
the COVID-19 pandemic, during which VR researchers were forced
to pivot from traditional in-person lab-based research to remote re-
search. A CHI 2021 workshop entitled Remote XR Studies included
13 presentations on the topic. A recent commentary [29] spurred by
the pandemic identified three solutions for conducting VR research
remotely: 1) inter-lab agreements in which lab personnel use lab equip-
ment to collaboratively complete studies conducted by another lab, 2)
distribution of VR equipment to participants in the researcher’s commu-
nity, and 3) recruitment of existing owners of VR equipment. Although
each solution has several pros and cons, the third solution is the most
popular among recent remote VR studies. The current research project
followed this trend by recruiting existing owners of VR equipment, and
this section summarizes VR research that has taken this approach.

A major concern when conducting remote VR research is how to
interpret findings in the context of the existing literature, which is
largely based on lab-based research. This is ultimately a question about
generalizability of findings between lab-based and remote research.
A few studies have explicitly attempted to replicate lab-based (and
sometimes real-world) research findings using a remote sample of par-
ticipants who own their own VR equipment. In one study [34], lab
and remote samples first attempted to memorize locations of 3D points
within a VE and, after exiting the VE, performed memory-based dis-
tance judgments about inter-point separations. Memorization time was
faster for remote participants compared to lab participants, which could
reflect differences in spatial ability or differences in familiarity with the
controllers and equipment used in this stage of the task. Subsequent
memory-based judgments were comparable between the remote and lab
samples, and both samples were affected by manipulations involving
alignment between the studied perspective and the axis of separation
between the judged points.

In another study [26], participants completed a 3D Fitts’s law point-
ing task using VRChat, a social VR platform. Participants pointed to
objects varying in distance and size while supervised by a researcher,
who was present in the VRChat environment and represented by an
avatar. The results generally followed past findings on Fitts’s law, such

as the relationship between pointing time and target size/distance, al-
though details of specific model fits for the 3D pointing did not perfectly
replicate past lab-based VR research [2].

Another replication study from the same paper [26] investigated
collaborative work on a tabletop task by pairs of participants in a remote
VR study, also using VRChat. This study examined time spent working
together as well as specific behaviors such as gestures and viewing
positions (e.g., two participants next to each other, two participants on
opposite sides of the task table, etc.) as a function of task type. The
results generally matched those of the original lab-based real world
study upon which the study was based [30]. However, there were also
subtle differences, such as proportion of time spent in certain viewing
position arrangements. The authors attributed these subtle differences
to the many differences between their virtual collaborative task and the
real-world collaborative task that it was based on.

Some remote VR replication attempts have been less successful. For
example, one paper [15] attempted to replicate three research findings
in separate remote VR studies, but two of the three attempts were
unsuccessful. One of the studies attempted to replicate a real-world
finding that a nature walk increases positive feelings compared to an
urban walk [8,31], but no difference was found between environments
in the remote VR version of the study. Another study attempted to
replicate the finding that participants negotiate more aggressively when
represented by a taller self-avatar, a study that was originally conducted
with a lab-based sample [32]. However, participant height did not
affect negotiation in the remote VR version [15] (but see [9] for a
partial replication of this finding using a remote sample). Of the three
attempts, the only successful replication was the finding that a crowd of
avatars attracts participant attention in a manner similar to that found
with a crowd of real people [16]. These results indicate that replication
of lab results in a remote setting cannot be assumed, and that further
work is needed to determine the key ingredients of a successful remote
replication.

Other remote VR research studies have produced novel results on
topics such as the influence of instructor avatars on learning [23] and
the impact of a self-avatar on presence and embodiment [28]. However,
such projects were not replications of lab-based research, and therefore
are beyond the scope of the current review.

One notable difference between remote VR studies and lab-based
studies is the shift in participant demographics. A survey comparing
VR headset owners to non-owners [10] reported that women are un-
derrepresented among VR owners. Underrepresentation of women has
been documented even in lab-based VR research [22], and this problem
is likely to be compounded in remote VR research that recruits VR own-
ers. In one recent and relatively large (n=226) remote VR study [17],
women comprised only 12% of the final sample. Another potentially im-
portant sample difference is that VR headset owners, on average, spend
more time playing video games than do non-owners [10]. Demographic
differences such as these are particularly relevant to VR research due
to 1) the inherently spatial nature of VR and 2) the documented asso-
ciations between spatial ability and participant characteristics such as
gender and video game experience [6, 10].

To summarize, there is a paucity of research in which known findings
from lab-based VR studies or real world studies have been replicated in
aremote VR setting. Yet, this approach is absolutely necessary if new
results from remote VR studies are to be integrated into the existing
knowledge base formed by lab-based VR research. The few studies to
attempt replication of lab-based results in a remote VR setting have
produced mixed conclusions, with some findings replicating and others
not. As studies continue to draw on lab vs. remote samples, it will be
important to note characteristics of those sample populations that may
affect results.

2.2 Spatial Updating and Teleporting Interfaces

Spatial updating is the process of updating self-location and self-
orientation during locomotion. In other words, spatial updating involves
keeping track of one’s changing place relative to the environment. This
process is central to basic navigational tasks such as avoiding obstacles
and progressing toward goals.



Triangle completion is a common test of spatial updating. In a
typical triangle completion task, the navigator travels two legs of a
pre-defined outbound path before attempting to return to or point to
the path origin (i.e., to complete the triangle). If the navigator is able
to accurately update self-position while traversing the outbound path,
then pointing to the path origin will be relatively trivial and errors will
be small. However, if spatial updating is disrupted (e.g., by degradation
of self-motion cues experienced along the outbound path), then the
navigator will have greater uncertainty about their position within the
environment and pointing errors will be consequently larger.

Spatial updating relies primarily on two inputs: path integration and
piloting. Path integration is the process of integrating self-motion cues
over time. Cues to path integration include vestibular input from the
inner ear, proprioceptive input from limbs and joints, and visual and
auditory self-motion signals (optic flow and acoustic flow, respectively).
Removal of self-motion cues, as when passively guided in a wheelchair,
has a negative effect on triangle completion performance [1].

Piloting relies on recalling landmark locations and identifying self-
position relative to remembered landmarks. Using the triangle com-
pletion task as an example, path integration can be used to update the
remembered location of the path origin while traversing the outbound
path, and piloting can be used to recall the location of the path ori-
gin on the basis of environmental cues. Input from path integration
and piloting are commonly combined to achieve a single estimate of
self-location [5,20,27,33].

Most VEs have ample landmarks to enable piloting, but the self-
motion cues available for path integration depend heavily on the lo-
comotion interface. For example, forward movement with a purely
joystick-based interface preserves visual self-motion cues (primarily
optic flow), but lacks the vestibular, proprioceptive, and kinesthetic
cues normally associated with real-world locomotion. Even a treadmill
interface that preserves forward leg motions still lacks vestibular cues
associated with translational acceleration. Teleporting interfaces — the
emphasis of the current project — involve discrete jumps in position
and/or orientation, and therefore lack all cues normally associated with
self-motion.

The concordance framework [7] was proposed to describe the extent
to which movement of the body is consistent (i.e., concordant) with
movement through the VE. This framework emphasizes the importance
of body-based self-motion cues to the process of spatial updating [13,
21,24,25]. For example, in one form of the teleporting interface, the
user selects a position and orientation in the VE by positioning and
orienting a reticle and is then instantly transported to that position and
orientation. This interface is referred to as discordant teleporting
because movement through the VE is in complete disagreement with
movement of the body. That is, the body is completely stationary
despite changes in position and orientation of the viewpoint within the
VE. The discordant teleporting interface as implemented in the current
study is shown in the bottom row of Figure 1.

In another version of the teleporting interface, the user teleports to
change their position in the VE but rotates their body to rotate in the
VE. This interface is referred to as partially concordant teleporting
because rotations in the VE are consistent with movement of the user’s
body but translations in the VE are in disagreement with the user’s
stationary body. In other words, some movements are concordant and
others are discordant, hence the term partially concordant. The partially
concordant teleporting interface as implemented in the current study is
shown in the top row of Figure 1.

Both forms of teleporting, discordant and partially concordant, cause
disruption of path integration that cannot be fully compensated for
by reliance on piloting [4,7,11, 12]. However, discordant teleporting
leads to greater disorientation than does partially concordant teleporting
[7,11,12], due to the lack of rotational self-motion cues with discordant
teleporting. This has downstream effects on the user, including lower
accuracy in their cognitive map of the VE that they traversed [14].

Connecting this topic back to research on remote VR (Section 2.1),
one study [6] related triangle completion performance when teleporting
to participant characteristics such as gender and spatial ability— char-
acteristics that are expected to be biased by recruitment of a remote

participant sample compared to a lab sample [10]. Compared to par-
ticipants who performed poorly on the navigation task, those who
performed well were predominantly male, played more hours of video
games, and performed better on tests of spatial ability. This is particu-
larly worrisome given that VR headset owners, compared to lab-based
participants, play more hours of video games and are more likely to be
male.

3 EXPERIMENT OVERVIEW

Using a remote participant sample to replicate lab-based VR findings
on locomotion interfaces will provide a crucial link between new re-
sults collected remotely and existing findings from lab-based studies.
Spatial updating, measured using the triangle completion task, is a core
navigational competency and therefore provides an ideal foundation
for comparison between remote and lab-based research.

There are several reasons why spatial updating performance when
using teleporting interfaces might differ across remote and lab-based
research. VR headset owners typically have considerable experience
with several locomotion interfaces, including teleportation, whereas lab-
based studies usually include fewer VR experts and often include many
VR novices (e.g., in a recent study with 182 undergraduate student par-
ticipants, only 15 or 8% reported having any prior VR experience [6]).
Furthermore, VR owners are familiar with the myriad controller buttons
that sometimes overwhelm VR novices who participate in lab-based
research. As described in Section 2.1, VR owners may also possess
characteristics (e.g., gaming experience) that predispose them to suc-
ceed in spatial tasks. Collectively, these differences suggest that VR
owners may perform better than the typical lab participants at loco-
motion tasks in VR. Alternatively, the unsupervised nature of remote
research may lead to attention lapses, interruptions, or carelessness,
thereby adding noise to the data and obfuscating differences between
experimental conditions that would otherwise emerge in a lab setting.
Furthermore, performance by remote participants could be impaired by
environmental obstacles or errant button presses that go undetected by
the researchers, adding additional sources of potential error. VR owners
are also likely to differ from lab participants along various demographic
dimensions, including age, ethnicity, and education [10].

This study presents a remote replication of lab-based research on
the effects of two teleporting interfaces on triangle completion [11],
allowing for comparison between remotely collected data and previ-
ously published lab-based data. Participants in the current experiment
performed several trials of a triangle completion task remotely using
their own VR equipment. They traversed the outbound path using two
interfaces: partially concordant teleporting and discordant teleporting.
The surrounding VE was a warehouse with ample landmarks placed
around the perimeter. Path size was either small or large, and VE size
was either small or large.

The hypothesis was that pointing responses would mirror those
reported in the lab-based version of this study [11]. In terms of specific
expected results, discordant teleporting should lead to worse triangle
completion performance compared to partially concordant teleporting,
due to differences in the availability of rotational self-motion cues. This
was one of the primary conclusions from the lab study, and replication
would be evidenced by greater absolute pointing errors when using the
discordant compared to partially concordant interface.

Another expected result is that the difference in triangle comple-
tion error between the two teleporting interfaces should depend on the
proximity of the landmarks, located at the perimeter of the VE, to the
traveled path. The difference between the two interfaces should be
minimized when navigating large triangles within the small VE, be-
cause this specific combination of conditions brings the navigator near
the environmental cues in the periphery of the VE, thereby allowing
for greater reliance on piloting to complete the task. This was another
primary conclusion from the lab study [11].

There are reasons to expect better overall performance from the
remote sample (e.g., gaming experience and familiarity with the VR
equipment), as well as reasons to expect worse overall performance
from the remote sample (e.g., distractions in their home environment).
Therefore, comparison of overall errors between the remote sample and



the lab-based sample was considered exploratory.

The research method closely followed the lab-based version of the
study [11]. The primary difference between this study and the lab-based
version is that participation occurred remotely using the participant’s
own HMD. However, other differences necessarily occurred. Whereas
lab-based participants used the HTC Vive, remote participants used
one of several compatible tethered HMDs. Furthermore, the number
of trials in the remote study was reduced (from 96 to 48) to prevent
disengagement in the absence of a supervising researcher. Reducing
the trial numbers also reduced the granularity of the path angles, al-
though the range of path angles was retained. Additionally, blocking of
the independent variables was changed: remote participants used one
interface for the first half of trials and the other for the second half of
trials, in contrast to lab participants who switched between interfaces
multiple times. This decision was made to reduce interference and
confusion when switching between interfaces, and is justified by the
lack of order effects in the lab-based study. Lastly, whereas lab partici-
pants were instructed by a trained researcher, online participants were
instructed through a short video followed by instruction within the VE,
including adaptive feedback that was triggered by specific user errors
(e.g., incorrect button presses). None of these changes were expected
to impact the primary findings of the lab-based study.

The target sample size was 40 participants with complete data (i.e.,
with triangle completion data corresponding to each combination of
interface, path size, and VE size). To determine sample size, data from
32 participants in the original lab-based study (downloaded from the
Open Science Framework: https://osf.io/83vty/) were downsampled
by removing half of the data points to simulate the change from 12
trials per condition in the original study to 6 trials per condition in the
current study. Next, the analyses reported in the original paper were run
using the downsampled data. This process was conducted five times,
each time with a newly generated downsampled data set, to ensure
that the impact of reducing the trial numbers was fully understood. Of
the significant results reported in the original study, the one with the
smallest effect size changed from a 77,% of .14 using the full data to
.10 using the downsampled data (using the smallest value obtained
from the five repetitions). Next, a power analysis (G*Power v3.1) was
conducted with the following parameters: repeated measures ANOVA,
nI% = .10, alpha = .05, minimum power needed to detect an effect =
.95, and correlation between repeated measures = .3 (calculated from
the original data). This analysis produced a target sample size of
29 participants. Out of concern that distraction during unsupervised
research could reduce data quality, the target sample size was increased
to 40.

4 METHOD
4.1 Participants

Forty-two participants (37 men, 4 women, 1 declined to state) were re-
cruited through a combination of online work sites (Amazon’s Mechan-
ical Turk and Prolific) and social media advertisements. Participants
were paid $10 for completion of the study. To be eligible, participants
had to be 18 years or older. They also had to have one of the following
compatible HMDs connected to SteamVR: Oculus Rift, Oculus Rift S,
Oculus Quest (connected via Oculus Link), HTC Vive, HTC Vive Pro,
or Valve Index.

4.2 Stimuli

The small VE was 37.5 meters by 37.5 meters and the large VE was 75
meters by 75 meters (see Figure 1 for perspective views and Figure 2 for
a schematic overhead view). Both VEs presented an open warehouse
with landmarks such as shipping containers, ladders, boxes, and cargo
doors, lining the perimeter.

Paths used for the triangle completion task were marked by a se-
quence of three posts, each 1 meter tall (see Figure 1). A green post
marked the path origin, a yellow post marked the end of the first path
leg, and a red post marked the end of the second path leg. All three
posts had a small, light blue arrow at their base indicating the direction
of the next post in the sequence, which was necessary in order to select
the intended orientation when using the discordant teleporting interface.

Large VE
75 mx75m

Small VE
37.5mx37.5m

Small path
.\o/.

LargepE\\

Fig. 2. Overhead view showing the dimensions of the small VE and large
VE in relation to sample triangles corresponding to small and large paths.

The arrow at the base of the red post pointed in the same direction as
the arrow on the yellow post. The arrows were not necessary for using
the partially concordant teleporting interface, but were included for
consistency between the two interfaces.

One hand-held controller was used to perform the task. When using
the partially concordant teleporting interface, the participant pressed
and held the thumbstick button (Valve and Oculus remotes) or trackpad
button (HTC remotes) while positioning a white ring (see Figure 1, top
row) to select their intended position. Thumbstick / trackpad rotations
had no effect when using this interface. Upon releasing the button, the
participant was immediately teleported to the selected location without
any self-motion cues. Rotations were controlled by rotating the head,
and were accompanied by visual and body-based self-motion cues.
When using the discordant teleporting interface, the participant pressed
and rotated the thumbstick / trackpad to position and orient a magenta
ring (see Figure 1, bottom row) in order to select their intended position
and orientation. Upon release of the button, the participant was instantly
teleported to that position and orientation without any self-motion cues.
Both interfaces snapped to the position (and orientation when using the
discordant interface) of the post to prevent outbound path errors.

Adaptive feedback was included to facilitate participant training
on the task and controls. Incorrect button presses were followed by
feedback reminding of the correct button, a long time lapse before
teleporting to the next post was followed by a reminder about how to
teleport, and a long time lapse before making the pointing response
was followed by a reminder about the task goal and which button to
press when pointing.

4.3 Design

The independent variables were the teleporting interface (partially con-
cordant or discordant), path size (small or large), and VE size (small or
large). Participant sample (remote or lab) was included as a predictor
variable in the analyses, but was not technically an independent variable
in the design of the current study since it was not manipulated (i.e., this
study only collected remote data, which were compared to published
lab data [11]).

Teleporting interface was blocked and order was randomized. Within
each interface block, path size was blocked and order was randomized.
Within each path size block, VE size was blocked and order randomized.



Thus, there were a total of 8 blocks corresponding to every combination
of interface, path size, and VE size. Each block contained six triangle
completion trials corresponding to turn angles of -135, -90, -45, +45,
+90, and +135 degrees, presented in a random sequence. On each
trial, the length of each path length was randomly selected from three
possible values (small path: 1.52, 1.68, 1.83 meters; large path: 6.1,
6.7, 7.3 meters). Sample paths are shown in Figure 2.

4.4 Procedure

After completing the informed consent form, the participant was di-
rected to a website with instructions about how to download and run the
Unity VR software as well as how to perform the triangle completion
task. The instructions specified that the participant should attempt to
remember their start location, traverse the outbound path (i.e., the two
legs of the triangle), and then point back to the start location. The
participant was asked to watch two videos demonstrating the task with
each teleporting interface. The participant then donned their HMD and
performed at least one practice trial in a VE consisting of a ground
plane textured with a grid pattern. The formal experiment began when
the participant felt comfortable with the task and controls.

Videos showing the participant’s view of the triangle completion
task can be found on the Open Science Framework. Each triangle
completion trial began with a green post marking the path origin. The
participant teleported to the green post, which disappeared upon arrival.
Next, a yellow post appeared, marking the end of the first path leg.
The yellow post disappeared upon arrival, and a red post appeared
marking the end of the second path leg. Upon arrival at the red post,
the participant indicated the remembered location of the green post
by positioning a small blue circle using the controller. A button press
logged their response and the next trial ensued. After completion of
each six-trial block, the participant was told that they could take a short
break or continue to the next block. After completion of the VR task,
participants completed questionnaires asking about basic demographic
information, frequency of VR use, and hours spent playing video game.

The average study completion time was 43 minutes (SD = 15 min-
utes).

5 ANALYSIS AND INTERPRETATION OF RESULTS

Per a handbook on replicability [19], the goal of replicability is “ob-
taining consistent results across studies aimed at answering the same
scientific question” (p. 72). This source further notes that while there
are many approaches to assessing replicability, any such assessment
should account for proximity (e.g., closeness of means), and uncer-
tainty (variability in the results measures). To address this, remote data
from the current study were compared with previously published lab
data [11] in three ways. First, distributions of response locations were
compared between remote and lab data by computing a Bhattacharyya
coefficient [3], which describes the amount of overlap between two
distributions. This was done for each of the eight conditions created
by the 2 (interface: partially concordant or discordant) x 2 (VE size:
small or large) x 2 (path size: small or large) experimental design.

Second, each dependent variable from the remote sample data was
analyzed ina 2 x 2 x 2 repeated measures ANOVA. These analyses
parallel analyses from the lab study, and are referred to as remote
ANOVASs because they include only remote participant data. For each
dependent variable, remote ANOVA results are juxtaposed with lab
ANOVA results reported in the lab-based study to identify consistencies
and inconsistencies in the conclusions drawn.

Figure 3, which uses iconography instead of numbers to compare
remote ANOVA results (described in detail below) with lab ANOVA
results, is presented as a tool to encourage holistic evaluation of the
consistency across results. Interpretation of the patterns in Figure 3 is
reserved for the discussion.

Third, each dependent variable was analyzed in a 2 (sample: remote
or lab) by 2 (interface: partially concordant or discordant) by 2 (VE
size: small or large) by 2 (path size: small or large) ANOVA. These
are referred to as omnibus ANOVAs because they include all primary
independent variables as well as the participant sample variable. A
significant main effect of sample or an interaction between sample

and another independent variable would indicate that differences exist
between data collected from the remote and lab studies.

6 RESULTS

Data from one male participant were removed for absolute errors in
excess of three standard deviations above the mean. Of the remaining
participants, average age was 28.26 years (SD=8.35). When asked about
frequency of VR use, the two most common responses were ~’Once or
twice a week” (n=14) and ”Once or twice a month” (n=14), with an
average VR session length of 71.49 minutes (SD=39.07). Participants
reported playing video games (not necessarily in VR) an average of
29.03 hours per week (SD=14.37), which is consistent with recent
research on VR headset owners [10].

6.1 Bhattacharyya coefficients

Bhattacharyya coefficients (BC) [3] were calculated to evaluate the sim-
ilarity of the 2D response distributions from remote and lab participants.
BC can range from O, indicating no overlap, to 1, indicating perfect
overlap. These calculations, presented in Table 1, were conducted sepa-
rately for each of the eight conditions in the experimental design. For
each condition, the pointing response distributions compared using BC
were the x, y locations of participants’ responses relative to the location
of the green post, set at the origin of the x, y plane. Because the correct
direction and distance of the path origin varied from trial to trial, with
variations in the size, angle, and orientation of the triangle, responses
were calculated relative to the correct direction and distance of the path
origin from the path terminus. Furthermore, because the turn angles
in triangle completion trials were clockwise or counterclockwise, re-
sponses for triangles with a counterclockwise turn were flipped such
that negative angles reflected under-rotation when turning toward the
path origin (assuming participants rotated the shorter direction).

BC comparing remote to lab responses indicated high similarity
(> .923) in seven of the eight conditions. BC indicated only moderate
similarity (.767) in the condition involving the partially concordant
teleporting interface, small VE, and small path. Closer inspection of
responses in that condition indicated that remote and lab samples pro-
duced quite similar response angles (BC = .960) and response distances
(BC = .979) when compared separately. However, the conjunction of
response angles and distances revealed that in this condition only, lab
and remote participants both had subtle but opposite correlations be-
tween their response distance and response angle, with lab participants
demonstrating a weak positive correlation, and remote participants
having a weak negative correlation. These analyses are presented in
more detail on the Open Science Framework.

6.2 Absolute Distance Error

Absolute distance error is the absolute distance between the location
of the participant’s pointing response and the location of the path
origin. Results are displayed in Figure 4. The remote ANOVA, which
includes remote participant data only, revealed significant main effects
of interface, F(1,41) =30.314, p <.001, n,z, =.425, VE size, F(1,41) =
16.610, p <.001, 771% = .288, and path size, F(1,41) = 206.568, p <.001,

T],% =.834, as well as a significant interaction between VE size and path

Table 1. BC calculations comparing the distributions of 2D pointing
responses made by lab and remote participants, by condition.

. Bhattacharyya
Condition Coefficient
Partially concordant, small VE, small path 0.767
Partially concordant, small VE, large path 0.941
Partially concordant, large VE, small path 0.954
Partially concordant, large VE, large path 0.923
Discordant, small VE, small path 0.968
Discordant, small VE, large path 0.966
Discordant, large VE, small path 0.965
Discordant, large VE, large path 0.958



ANOVA effect Abs. distance error Abs. angular error
Lab Remote Lab Remote Lab
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Fig. 3. Comparison of significant (green check) and non-significant (red X) ANOVA results from the lab participant sample (n=32) [11] and the remote
participant sample (i.e., remote ANOVA” from the current study, n=41). Light gray boxes indicate consistent results and medium gray boxes indicate
inconsistent results in terms of statistical significance. Effect sizes are represented by symbols corresponding to partial eta squared values: dash
indicates a negligible effect (nﬁ <.01), open circle indicates a small effect (.01 < nﬁ <.06), half-filled circle indicates a medium effect (.06 < ng

<.14), and filled circle indicates a large effect (TII% > .14).

size, F(1,41) =11.398, p =.002, ng =.218. These findings were also
reported in the lab-based sample. However, other significant results
from the lab-based data did not occur in the remote data. Specifically,
the lab-based data produced significant interactions between interface
and VE size as well as interface and path size, and these interactions
were not significant in the remote data. The consistent and inconsistent
ANOVA results are highlighted in Figure 3.

The omnibus ANOVA, which includes data from remote and lab
samples, revealed significant main effects of interface, F(1,72) =75.459,
p <.001,n3 = 512, VEsize, F(1,72) = 53.529, p <.001, n} = 426, and
path size, F(1,72) =328.356, p <.001, n,% =.820, as well as interactions
between interface and VE size, F(1,72) =4.257, p = .043, 771% =.056,
interface and path size, F(1,72) = 6.460, p = .013, n‘,% =.082, and VE
size and path size, F(1,72) =47.277, p <.001, n,% =.396. The sample
variable (remote vs. lab) was not significant, F(1,72) =2.774, p = .10,
n[% =.037, nor were any interactions involving sample.

6.3 Absolute Angular Error

Absolute angular error is the absolute angular distance between the
direction of the participant’s pointing response and the direction of the
path origin. Results are displayed in Figure 5. The remote ANOVA,
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Fig. 4. Average absolute distance error as a function of path size, VE
size, and teleporting interface. Error bars represent + 1 SE of the mean.

which includes remote participant data only, revealed significant main
effects of interface, F(1,41) = 30.142, p <.001, nlz = .424, VE size,

F(1,41)=4.297, p = .044, n% =.095, and path size, F(1,41) = 20.537,
p <.001, T),% =.334, as well as an interaction between VE size and path

size, F(1,41) =6.077, p <.018, ng =.129. These findings were also
reported in the lab-based sample. However, other significant results
from the lab-based data did not occur in the remote data. Specifically,
the lab-based data produced significant interactions between interface
and VE size as well as interface and path size, and these interactions
were not significant in the remote data.

The omnibus ANOVA revealed significant main effects of interface,
F(1,72) = 81.086, p <.001, n,% = .530, warehouse size, F(1,72) =

19.651, p <.001, n,% =.214, and path size, F(1,72) = 38.419, p <.001,
ng = .348, as well as interactions between interface and path size,
F(1,72) =6.912, p = .010, 77,2; =.088, as well as VE size and path size,
F(1,72) =18.774, p <.001, 71;% =.207. The sample variable (remote vs.

lab) was not significant, F(1,72) = .491, p = .486, nI% =.007, nor were
any interactions involving sample.
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Fig. 5. Average absolute angular error as a function of path size, VE size,
and teleporting interface. Error bars represent &+ 1 SE of the mean.
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Fig. 6. Average signed angular error as a function of path size, VE size,
and teleporting interface. Error bars represent + 1 SE of the mean.

6.4 Signed Angular Error

Signed angular error is the signed angular distance between the direc-
tion of the participant’s pointing response and the direction of the path
origin. Data from trials with counter-clockwise turns (i.e., the path turn
at the yellow post) were flipped in order to align signed errors with
those from trials with clockwise turns. Following this transformation,
positive errors reflect over-rotation when turning to face the path origin
(assuming the participant turned the shorter direction when doing so).
Results are displayed in Figure 6.

The remote ANOVA revealed a significant main effect of interface,
F(1,41) = 14.735, p <.001, n[% = .264, which was also reported in
the lab-based sample, as well as an interaction between interface and
VE size, F(1,41) =5.939, p = .019, 77,2; = .127, which did not occur
in the lab-based sample. The lab-based study additionally reported
a significant interaction between VE size and path size that was not
significant in the remote sample.

The omnibus ANOVA revealed significant main effects of sample,
F(1,72) =9.950, p = .002, n[% =.121, and interface, F(1,72) =45.197, p
<.001, n]% =.386,as well as interactions between sample and VE size,
F(1,41) =6.103, p = .016, Tl;% =.078, and between VE size and path

size, F(1,41)=5.747, p = .019, 7712; =.074. The main effect of sample
reflected the fact that remote participant responses showed less negative
angular error, on average, than did lab participant responses (lab sample:
M =-10.127, SE = 2.0; remote sample, M = -1.752, SE = 1.746). In
other words, remote participants had a reduced tendency to under-
rotate when turning to face and point to the path origin. The interaction
between sample and VE size occurred because lab participants under-
rotated more in the large VE (M =-12.534, SE = 2.321) compared to
the small VE (M =-7.719, SE = 2.401), whereas remote participants
under-rotated less in the large VE (M = -.044, SE = 2.026) compared to
the small VE (M = -3.460, SE = 2.096).

6.5 Absolute Axial Error

Absolute axial error is the absolute difference between the distance of
the pointing response and the distance of the path origin divided by
the distance of the path origin. Results are displayed in Figure 7. The
remote ANOVA revealed significant main effects of interface, F(1,41) =
36.097, p <.001, ng =.468, and VE size, F(1,41) = 8.402, p = .006, TI,%
=.170. These results are consistent with those reported in the lab-based
sample.

The omnibus ANOVA revealed significant main effects of interface,
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Fig. 7. Average absolute axial error as a function of path size, VE size,
and teleporting interface. Error bars represent + 1 SE of the mean.

F(1,72) = 35.845, p <.001, 115 =.332, and VE size, F(1,72) = 13.069,
p=.001, 771% =.154. The sample variable was not significant, F(1,72) =
301, p = .585, n[% =.004, nor were any interactions involving sample.

6.6 Signed Axial Error

Signed axial error is the distance to the pointing response minus the
distance to the path origin divided by the distance to the path origin.
Negative axial error reflects responses that were too short and positive
axial error reflects responses that were too long. Results are displayed
in Figure 8. The remote ANOVA revealed a significant main effect of
path size, F(1,41) = 19.823, p <.001, n; =.326, as well as a significant
interaction between interface and path size, F(1,41) = 9.469, p = .004,
r[,z, =.188. These main effect of path size is consistent with results
from the lab-based sample, but the interaction between interface and
path size is unique to the remote sample. This interaction reflected
the fact that small path errors were larger with the discordant interface
compared to the partially concordant interface, whereas large path
errors showed the opposite trend.

The omnibus ANOVA revealed a significant main effect of path
length, F(1,72) = 32.367, p <.001, 77,2; =.310, as well as interactions

between interface and VE size, F(1,72) = 6.989, p = .010, 771% =.088,

interface and path length, F(1,72) = 8.794, p = .004, 171% =.109, and
a three-way interaction between sample, VE size, and path length,
F(1,72) =5.121, p = .027, 775 =.066. The three-way interaction was the
only significant effect involving the sample variable. The main effect of
sample was not significant, F(1,72) = .064, p = .80, n% =.001. Closer
inspection of the data indicates that remote and lab participants pro-
duced similar errors in the small VE regardless of path size. However,
errors in the large VE indicate that remote participants, compared to
lab participants, produced longer responses on small paths and shorter
responses on large paths.

6.7 Response Time

Response time is the difference between when the participant arrived at
the end of the path and when the pointing response was logged. Results
are displayed in Figure 9. The remote ANOVA revealed significant
main effects of interface, F(1,41) = 13.709, p =.001, ng =.251, and

path size, F(1,41) = 25.860, p <.001, Tl,% = .387. These results are
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Fig. 8. Average signed axial error as a function of path size, VE size, and
teleporting interface. Error bars represent &+ 1 SE of the mean.

consistent with those reported in the lab-based sample.
The omnibus ANOVA revealed significant main effects of interface,
F(1,72) =28.142, p <.001, 77,2; =.281, and path size, F(1,72) = 35.864,

p <.001, 773 =.332. The sample variable was not significant, F(1,72) =
.695, p = 407, ng = .01, nor were any interactions involving sample.

7 DiscussION

Triangle completion data collected from remote participants were an-
alyzed and compared with previously published data collected from
lab participants [11]. This comparison between remote and lab data
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Fig. 9. Average response time as a function of path size, VE size, and
teleporting interface. Error bars represent &+ 1 SE of the mean.

took three forms. First, Bhattacharyya coefficients were calculated to
evaluate the similarity between the response distributions produced by
remote and lab participants. This was calculated separately for each of
the eight combinations of interface, VE size, and path size. Seven of
the eight conditions indicated high similarity of responses. One condi-
tion (partially concordant teleporting, small VE, and small path) was
lower than the others but still indicated considerable overlap. Although
it is unclear why the two participant samples diverged somewhat in
that particular condition, the results overall indicate close alignment of
responses between remote and lab participants.

Second, remote data were analyzed in a manner parallel to that
reported in the lab-based study. Results from these analyses of the
remote data were juxtaposed with those from the lab data to identify
consistencies and inconsistencies in the conclusions drawn. These
analyses provided mixed evidence for replication, and are discussed in
detail below.

Third, data were directly compared in an omnibus ANOVA with
sample (remote vs. lab) as one of several independent variables. These
analyses provided good evidence in favor of replication, and are also
discussed in detail below.

Parallel analysis of remote and lab data indicated that several, but
not all, of the findings were consistent across the two samples (see
visualization in Figure 3). Of the 18 main effects tested (three main
effects across six dependent variables), 17 were consistent across the
two samples. Of the 24 interactions tested, 17 were consistent across
samples. Following this approach to comparing the two data sets,
the conclusions drawn from the remote and lab samples shared many
similarities but also diverged in potentially important ways.

One way to unpack the similarities and differences revealed by the
parallel analyses is to evaluate whether major conclusions originally
reported using the lab data [11] were supported by the remote data.
One of the primary conclusions based on the lab data was that the
discordant teleporting interface, which lacks the rotational self-motion
cues available in the partially concordant teleporting interface, led to
worse triangle completion performance. This conclusion was based
on the finding that absolute distance error and absolute angular error
were higher with the discordant teleporting interface compared to the
partially concordant teleporting interface. Similar analyses with the
remote data supported the same conclusion, which is further bolstered
by research demonstrating the importance of rotational self-motion
cues for navigation generally [7,13, 14,24,25].

Another conclusion from the lab study [11] was that the importance
of rotational self-motion cues (i.e., the difference between partially
concordant and discordant teleporting interfaces) depended on the prox-
imity of piloting cues. Specifically, the difference in error (absolute
distance error as well as absolute angular error) between the two inter-
faces was reduced when navigating large triangles within the small VE
because that specific combination brought the participant closer to the
piloting cues lining the periphery of the VE. Reliability of piloting cues
depends on their distance from the navigator (i.e., nearer landmarks
provide a more reliable estimate of self-location), and more reliable pi-
loting cues allowed participants to place greater weight on piloting than
on path integration. This conclusion was supported by significant inter-
actions in the lab data between interface and VE size, interface and path
size, as well as follow-up analyses that more closely examined those
interactions. This finding is also consistent with navigation research
indicating that humans are capable of assigning cue weights based on
relative cue reliability [5, 18,27]. However, the expected interactions
were not significant in the remote data. Closer inspection of absolute
angular errors reveals that remote and lab participants performed simi-
larly with the partially concordant interface, but that remote participants
performed slightly better with the discordant interface when piloting
cues were far away (i.e., the small path in the small VE as well as small
and large paths in the large VE), which may have reduced the benefit of
nearby piloting cues (i.e., the large path in the small VE). This differ-
ence between remote and lab participants might reflect differences in
VR experience. Experienced VR users (i.e., participants in the remote
sample) may be better able to update self-location using a challenging
locomotion interface such as the discordant teleporting interface.



The above description addresses differences between remote and
lab ANOVAs in absolute distance error and absolute angular error.
‘What might explain other differences visualized in Figure 3, specif-
ically differences in the signed angular error and signed axial error
data? Regarding signed angular error, the original study reported that
under-rotation toward the path origin was more pronounced in the large
VE compared to the small VE, especially when navigating large paths.
This effect did not replicate in the remote sample. The original study
made no predictions about signed angular error, nor did the original
study provide a compelling explanation for these effects, so it is unclear
how to interpret the failure to replicate this effect in the current study.
Regarding signed axial errors, the remote data produced shorter re-
sponse distances with the discordant interface compared to the partially
concordant interface, and this trend was exaggerated on large paths
compared to small paths. This is also an non-predicted interaction, and
one that defies clear explanation. We acknowledge that these discrepant
findings are partial evidence against replication. However, it is unclear
whether these discrepancies are meaningful differences because the
results in question do not follow from theory nor practical inference.

The third approach to comparing responses from remote and lab
participants involved joint analysis of remote and lab data in omnibus
ANOVAs. Across six dependent variables, there was one significant
main effect of the sample variable. Of the 42 possible interactions
involving the sample variable (seven possible interactions in each
ANOVA across six dependent variables), two were statistically signifi-
cant. Of course, lack of statistical significance should not be interpreted
evidence of equivalence. However, these results do indicate that few
major differences exist between triangle completion performance by
remote participants and lab participants.

The differences between remote and lab samples were found in the
signed angular errors and signed axial errors, and they appear to reflect
subtle differences in biases toward under-rotation as well as biases
in pointing distance when pointing toward the path origin. Whereas
responses by remote participants were slightly less biased in terms of
signed angular error, they were slightly more biased in terms of signed
axial error. We see no obvious explanation for these differences, but
future work may produce a more principled explanation.

To summarize, Bhattacharyya coefficients calculated for each of
eight conditions indicated a high degree of similarity between remote
and lab participant responses in seven conditions and moderate similar-
ity in one condition. Parallel analysis of remote and lab data indicated
many similarities and also multiple differences. In one case, the dif-
ference between remote and lab data resulted in different decisions
about an a priori hypothesis that piloting cues exert greater influence
when they are closer to the navigator. Direct comparison of remote and
lab data within the same model uncovered few significant differences
between the groups. The differences that did occur were found in
response biases, and lack clear explanation.

8 LIMITATIONS

Although many primary findings from this remote, unsupervised study
on locomotion interfaces replicated those from a previously published
lab-based study [11], several effects did not replicate (see Figure 3).
There is no clear explanation for the divergent results. Possible expla-
nations include different participant characteristics (e.g., age or video
game experience), different instructions provided to in-person and re-
mote participants, different equipment used by in-person and remote
participants, and different characteristics of the testing environment
(e.g., environmental distraction). The vast number of differences be-
tween the remote and lab-based studies make it exceedingly difficult
to track down the root causes of divergent results, and this problem is
likely to characterize future attempts to replicate lab-based research in
a remote, unsupervised setting. As is often true in research, successes
are easier to interpret than failures.

It is encouraging that several primary findings from the lab-based
study did replicate under remote, unsupervised conditions. However, it
cannot be taken for granted that other findings established under lab-
based conditions will replicate under remote, unsupervised conditions.
Other tasks may be more sensitive to environmental influences such

as external distraction, or to demographic differences between the
populations from which participants are recruited. A cautious approach
is warranted when researchers hope to extend theories and methods
established under lab conditions by conducting remote research.

More generally, there are limitations to remote, unsupervised re-
search that will make some VR research questions impossible or un-
feasible to test remotely. For example, research requiring specialized
equipment (e.g., a treadmill device or eye tracking equipment) is not
likely to be feasible as a remote study. Research involving more com-
plex tasks often involves a researcher who actively observes and occa-
sionally interacts with the participant, and this type of research would
be far more difficult to implement in a remote, unsupervised setting.
Other limitations to conducting remote, unsupervised research include
considerations of participant safety, as well as the amount of researcher
effort required to create an application that supplants the guidance
provided by a live, in-person researcher.

9 CONCLUSIONS

This study evaluated whether findings from a lab-based study on loco-
motion interfaces for VR [11] would replicate under remote, unsuper-
vised testing conditions. Many of the lab results did replicate under
remote conditions, despite differences in equipment, experimenter su-
pervision, testing environment, and participant sample. Most notably,
triangle completion performance was better when rotational self-motion
cues were available. Yet, several differences were found between the
remote and lab data. Some of those differences involved effects that
are not easily explained, such as non-predicted interactions between
specific variables. It is possible that those effects would not replicate
even under identical lab conditions. Perhaps the most important differ-
ence is that the lab results indicated that nearby piloting cues lessen the
difference between the discordant and partially concordant teleporting
interfaces, but the remote data did not support this conclusion. One
possible explanation is that experienced VR users in the remote sample
were better able to manage the challenges of the discordant teleport-
ing interface. Consistent with research showing that navigators adjust
relative cue weights based on cue reliability [5, 18,27], it is possible
that VR experience increases the reliability of information gained about
self-position from the discordant interface, resulting in a difference in
relative cue weights for those with and without VR experience.
Researchers hoping to produce findings that generalize between lab
participants and remote participants should proceed cautiously. Data
collected under remote, unsupervised conditions can be sufficiently
sensitive to detect predicted differences, such as the difference between
two interfaces that vary in available self-motion cues. However, close
comparison to data collected in a supervised setting may also reveal im-
portant differences. These differences could be caused by differences
in the research setting, as well as differences in participant charac-
teristics [10]. Researchers should strongly consider replicating their
research under lab and remote conditions to compare findings before
further evaluating research questions using entirely remote data.
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