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Redirected walking techniques use rotational gains to guide users away from physical obstacles as they walk in a virtual world,

efectively creating the illusion of a larger virtual space than is physically present. Designers often want to keep users unaware

of this manipulation, which is made possible by limitations in human perception that render rotational gains imperceptible

below a certain threshold. Many aspects of these thresholds have been studied, however no research has yet considered

whether these thresholds may change over time as users gain more experience with them. To study this, we recruited 20

novice VR users (no more than 1 hour of prior experience with an HMD) and provided them with an Oculus Quest to use for

four weeks on their own time. They were tasked to complete an activity assessing their sensitivity to rotational gain once

each week, in addition to whatever other activities they wanted to perform. No feedback was provided to participants about

their performance during each activity, minimizing the possibility of learning efects accounting for any observed changes

over time. We observed that participants became signiicantly more sensitive to rotation gains over time, underscoring the

importance of considering prior user experience in applications involving rotational gain, as well as how prior user experience

may afect other, broader applications of VR.

CCS Concepts: · Human-centered computing→ Virtual reality.

Additional Key Words and Phrases: rotational gain, perception, longitudinal, virtual reality

1 INTRODUCTION

Rotational gains are commonly used in redirected walking and other similar techniques. A rotational gain alters
how much a virtual scene rotates when a user turns their head: an ampliication causes the scene to rotate more
than the head turns, and a miniication causes the scene to rotate less. Steinicke et. al formally deine rotational

gains as дR =
RV ir tual

RReal
, such that RV ir tual equals the amount rotated in VR and RReal the amount rotated in real

life [39]. Due to limitations of human perception, rotational gains below a certain threshold are imperceptible.
Redirected walking takes advantage of these thresholds to subtly control where users are walking in the real
world to allow users to physically walk through virtual spaces that are larger than the available physical space.

While a signiicant amount of prior work has sought to determine where the threshold for imperceptibility
lies under varying circumstances (see Table 3), no research has explored how these thresholds might change as
users become more accustomed to them. Prior work in other ields provides examples of how human perception
can change after repeated exposure to a sensory phenomenon; improvements in sensory perception are most
often documented (e.g. [7, 31]), however reductions in sensitivity have also been observed (e.g. [14]). As many
real-world applications of redirected walking would involve repeated use (e.g. a simulation integrated into a
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10-week training module) it may be possible for users’ perceptual thresholds to shift over time. This potentially
poses a challenge to developers if their intention is for the presence of redirection techniques to remain unknown
to users, as is often the case. The increased accessibility of VR also raises the possibility that users may be exposed
rotational gains in many diferent applications, even if each application is used only once. As such, perceptual
thresholds may vary between users even in a single-use application due to the difering prior experience of each
user.

To determine whether sensitivity to rotational gains may evolve as users become familiar with their application,
we conducted a longitudinal experiment wherein 20 novice VR users (deined as having less than 1 hour of prior
experience with a VR HMD) were loaned Oculus Quest headsets for four weeks and were tasked to complete a
short task assessing their sensitivity to rotational gains once each week. Our results showed that participants
became more sensitive to the presence of rotational gain as time went on. We also observed that while the
time taken by participants to rotate during each trial was afected by the rotation gain, this efect was not
moderated by prior experience, which indicates that other efects of rotational gains may not be moderated by
prior experience. We also did not observe signiicant changes in reported sickness scores on either the Simulator
Sickness Questionnaire [17] or in response to a single question asked repeatedly at the end of each block of trials.

2 RELATED WORKS

2.1 Longitudinal Research in Virtual Reality

Very few studies have considered how the repeated use of VR impacts user behavior and perception while using
a VR application. Baileson and Yee conducted a longitudinal study in 2006 tracking users across ifteen 45 minute
sessions as they interacted with each other in VR, inding that presence did not change over time, but that
participants did look at each other less over time and that simulator sickness decreased over time as well [1]. More
recently, Porter et. al conducted a brief longitudinal study exploring how users played Minecraft on the desktop
and in VR, involving three 45 minute sessions on each platform [32]. However, no temporal efects were observed
within this timeframe, except for a small efect related to simulator sickness. Porter and Robb later conducted
a qualitative analysis of how consumer discussions about VR evolved over the course of two years and found
signiicant changes in how consumers spoke about presence, simulator sickness, and locomotion systems [33].
Ricca et al. found that while performance in a pick-and-place task improved after repeated use of a VR training
program, the hand-representation used (gloves holding tools vs. tools only) had no impact on performance over
time [35]. Khojasteh and Won examined long-term use of collaborative applications and found that while users
reported becoming more adapted to VR over time, workload, emotion recognition, and co-presence did not
change signiicantly over time [18]. Moustafa and Steed found similar evidence that users became more adapted
to collaborative VR over time [25]. Unlike earlier work, Han et al. found that presence increased over time in a
large-group collaborative environment that participants used for a 10 week span [13]. Oyanagi et. al also found
evidence that self-presence may increase over time when users irst experience embodiment, but also that this
efect may stabilize several weeks after irst exposure [27].
Simulator sickness is an exception to the above observation that little research has explored the efects of

repeated use of VR. Dużmańska et. al recently published a thorough survey paper regarding what is known about
the temporal aspects of simulator sickness [9]. Most relevant to this paper is their discussion of adaptation to
simulator sickness. They conclude that, while there is evidence that users can adapt to simulator sickness, more
research is necessary. In particular, they note that many of the studies they cite did not report statistical tests or
reported non-signiicant trends. Additionally, Porter and Robb’s exploration of how consumer discussions of
VR have evolved over time also found evidence that at least some users can adapt to simulator sickness, such
that it becomes less of a concern after repeated exposures [33]. However, they also saw some reports of sickness
actually increasing with time, though these reports were much less common.
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Finally, it should be noted that there have been many longitudinal experiments that employed VR without
considering whether the efect of the VR system changed over time. The majority of these experiments are best
classiied as system usability studies, where the research is focused on how repeated use of a VR application
impacts an unrelated targeted outcome. Examples are common in the training (e.g. [35, 38, 47]), therapeutic
applications (e.g. [8, 11, 12, 16, 19, 42]), education (e.g. [15, 41]), and computer-supported collaborative work
(e.g. [18, 25, 43]). Similarly, other studies have considered how the prolonged efects of a single VR intervention
evolve over time. These experiments typically involve a single VR intervention paired with multiple follow-up
measurements (often post-surveys) administered at spaced-out intervals (e.g. [30]).

2.2 Manipulating Rotational Gain in VR

Steinicke et. al evaluated the perceptability of rotational gain within the context of redirected walking in an HMD
[39]. Sensitivity to gain was evaluated in two ways: 1) participants performed a single rotation with a positive
or negative gain applied and were then asked if the virtual rotation they had seen was greater than or smaller
than the physical rotation they had just performed, and 2) participants performed two rotations back-to-back,
where one had a positive or negative rotational gain applied and one had no gain; participants were then asked
which of the rotations had had the gain applied. As the second method employed mirrors the method we used,
we will focus on these results. Steinicke et. al found that the point of subjective equality was 0.9941, almost
indistinguishable from no gain, and lower and upper thresholds of 0.76 and 1.19. A later paper by Steinicke et. al
reported a second experiment with results similar to their earlier publication, though they only employed the
irst evaluation method described above, making it diicult to directly compare their results to ours [40].
Since Steinicke’s original papers, various other experiments have measured perceptual thresholds and how

they are impacted by diferent factors, including rotating in a motorized wheelchair [5], acoustic cues [26, 37],
visual density [28], 360 degree video [48], gender [46], ield of view (FOV) [46], the presence of distractors [46],
and dynamic FOV restrictors [6]. The thresholds reported by these papers are summarized in Table 1.

Other research has also considered the question of sensitivity to rotational gain, but has done so in ways that
is not as easily integrated into Table 1. Zhang and Kuhl explored sensitivity to dynamic rotational gains, where
the gain factor changes during a single rotation, and found that participants were largely unable to distinguish
between slow and instantaneous changes in gain factor[49]. Sakono et. al also looked at dynamic gain factors
and found that dynamic gain factors could be used to reduce discomfort experienced by participants [36]. Kuhl et.
al found that participants could calibrate to both positive and negative rotational gains, such that their rotations
in a no-gain scenario were afected after completing multiple rotations where a gain was present [22].

3 METHODS

3.1 Participants

Twenty people participated in this study (5 females, 1 non-binary). Ages ranged from 18 to 33 years old, with a
median age of 20 years. All participants had normal or corrected-to-normal vision. Participants were recruited
via an email sent to students enrolled at the School of Computing at Clemson University. Given the tendency
for women to be underrepresented in VR studies [29], women who responded to the email were preferentially
recruited. However, not enough women responded to achieve gender parity, which likely relects the existing
gender gap in most computing programs.

The following selection criteria were used: 1) participants had less than 1 hour of prior experience using VR, 2)
agreed to use the HMD regularly for four weeks, 3) would complete our experimental activities each week, 4) had
an open loor space at home that could be used for the Quest, and 5) agreed to complete two interviews during
the study. Participants received a $50 gift card upon enrolling in the study, and a $75 gift card upon completing
the study.

ACM Trans. Appl. Percept.
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Table 1. Estimated Threshold Parameters from Literature

Paper and Condition Gain Range PSE Lower Threshold Upper Threshold

Steinicke 2008[39]
Real vs. Physical rotation [0.5, 1.5] 0.840 0.59 1.1
Two successive rotations [0.6, 1.4] 0.994 0.76 1.19

Steinicke 2009[40] [0.5, 1.5] 0.96 0.67 1.24

Bruder 2012[5]
Redirected Standing [0.4, 1.6] 0.954 0.681 1.259
Redirected Driving [0.4, 1.6] 1.011 0.771 1.262

Serain 2013[37] [0.4, 1.6] 1.0 0.82 1.2

Paludan 2016[28]
Realistic environment [0.75, 1.25] 1.10 0.93 1.27
Basic environment, 4 objects [0.75, 1.25] 1.00 0.81 1.19
Basic environment, 16 objects [0.75, 1.25] 1.01 0.82 1.20

Nilsson 2016[26]
No Audio [0.5, 1.5] 0.93 0.77 1.10
Static Audio [0.5, 1.5] 0.95 0.80 1.11
Moving Audio [0.5, 1.5] 0.93 0.79 1.08

Zhang 2018 [48]
Left rotation [0.6, 1.4] 0.984 0.877 1.092
Right rotation [0.6, 1.4] 0.972 0.892 1.054

Williams and Peck 2019[46]
40° FOV, no distractors [0.6, 1.4] 0.948 0.680 1.217
40° FOV, with distractors [0.6, 1.4] 0.968 0.681 1.254
110° FOV, no distractors [0.6, 1.4] 1.055 0.672 1.441
110° FOV, with distractors [0.6, 1.4] 1.068 0.568 1.568

Brument 2020[6]iii

No vingetting (average) [1.0, 1.4] 1.22 1.135 1.31
Color vignetting (average) [1.0, 1.4] 1.24 1.135 1.363
Blur vignetting (average) [1.0, 1.4] 1.22 1.108 1.33

Average (Std. Dev) 0.982 (0.059) 0.754 (0.101) 1.213 (0.129)

i Brument et. al only looked at positive gains, which skewed their thresholds compared to other works. As such, these thresholds will be

excluded from our analysis.
ii Non-signiicant efects are collapsed due to the many conditions in this experiment.
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3.2 Procedure

Each participant was provided with an Oculus Quest to use for the 4 week experiment. Participants were asked
to spend ten hours a week using the VR headset, however, this proved infeasible for most participants; the
average amount of time spent over the course of the experiment was 17 hours in total across the four weeks.
This time could include games, entertainment, or any other activities of interest to participants, as well as
three custom activities we developed for the experiment: 1) a “rotational sensitivityž activity (the subject of this
paper), 2) a “body awarenessž activity, and 3) a “navigationž activity. Participants were instructed to complete the
activities in the same order each week; the order in which they were to be completed was randomized for each
participant. Participants accessed these activities via an application we developed which enforced the order in
which activities were completed, and also reminded participants of when these activities should be completed
each week. Participants also completed two semi-structured interviews during the experiment. The irst interview
took place after the irst or the second week; the second interview was completed two weeks after the irst
interview.
Participants were given detailed instructions on 1) how to use the headset, 2) how to use the Sidequest

application 1 to load our custom activities onto the Quest, as well as how to access other free applications
available on the Sidequest marketplace, 3) and how to access data stored on the headset about their activities.
Our custom activities saved their data as iles on the Quest. Accessing the amount of time participants used the
headset required the installation of a second application: Activity Watch 2. Activity Watch is an open-source time
tracking application with clients for several operating systems, including Android (the OS used on the Oculus
Quest). The Quest is capable of running most Android applications, though this capability is not advertised
to users and requires some additional coniguration. Activity Watch gathers usage data on Android devices
using Android’s Usage Stats API, which thankfully functions on the Oculus Quest. This allowed us to access
ine-grained information about which applications participants were using, and for how long they were used.
Each week, participants were asked to upload logs from our activities and from Activity Watch to a unique
Google Drive folder created for each participants, allowing us to keep track of their progress.

The “body awarenessž and “navigationž activities are outside of the scope of this paper, however we provide a
short description of each activity here. In the “body awarenessž activity, participants were instructed to repeatedly
stack blocks on top of each other while seated at a virtual table. Blocks were grasped using a pinching gesture,
which was tracked using the Oculus Quest’s hand tracking system.While stacking blocks, an ofset was sometimes
applied to the visible location of participants’ hand. Participants were asked to identify when an ofset was
present each time they stacked a set of block. In the “navigationž activity, participants used either teleportation
or joystick locomotion to explore twenty maze-like levels. In order to reach the end of the level, they had to irst
ind a keycard located in one of the rooms. After inding the keycard, they could use it to open a locked door
leading to the exit. Once arriving at the exit, participants were asked to point back in the direction of where they
had started and where they had found the keycard. They also completed a presence and a simulator sickness
questionnaire in between levels. Prior to beginning the experiment, participants were randomly assigned to one
of the locomotion conditions, which they then used in each of the sessions.

3.3 Apparatus

The rotational gain environment resembled a typical home garage (see Figure 1). This environment was designed
to provide a signiicant amount of optic low as participants turned their heads, so as to aid in the detection of
rotation via visual means. Upon entering the environment, a large TV was visible in front of the participant. This
TV was used to provide instructions to the participant prior to the beginning of the experiment and after each

1https://sidequestvr.com/
2https://github.com/ActivityWatch/aw-android
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Fig. 1. The arrows to the let and the right of the TV appeared during a trial to indicate which direction participants should

rotate in. Ater a rotation, the TV was repositioned to appear in front of the user.

trial. Spatial buttons loated in front of and slightly below the TV. Participants could interact with these buttons
via raycasting by pulling the trigger on their controllers. Buttons were used to advance through the instructions
and to provide their response after each trial. A button was also visible that participants could use to end the
experiment early if they began to experience any simulator sickness.
Upon completing the instructions, participants began the irst of eight blocks, each of which consisted of

eleven trials. During each trial, participants performed two 150° rotations; a rotational gain was applied to the
participant’s motion during one of these rotations. Participants were instructed to rotate until they saw a loating
red sphere in the center of their vision. When starting a trial, participants were instructed to turn to either the
left or the right (randomly selected). An arrow provided additional information about which direction to turn
in. Upon completing the irst rotation, participants were instructed to rotate back in the other direction while
completing the second rotation. A diferent gain factor was used in each of the eleven trials within a block; the
order in which these gain factors were presented was randomized within each block. The diferent gain factors
used were: 0.7, 0.8, 0.866, 0.933, 0.966 1.0, 1.033, 1.066, 1.133, 1.2, and 1.3.

Before starting the irst block, and after each block, participants were asked a single question, which they rated
on a 1 to 10 scale: “How uncomfortable are you right now?ž. Upon completing all eight blocks, or indicating that
they needed to quit early due to VR sickness, participants completed the Simulator Sickness Questionnaire [17].
Participants answered each question in VR using a survey interface designed for this experiment. Questions were
shown one at a time with diferent buttons that participants could select via raycasting in order to provide their
answer to the question.

3.4 Dependent Variables

Several dependent variables were recorded during each trial: 1) whether participants correctly identiied the
manipulated rotation, 2) the time taken to perform each rotation, 3) the time taken to select which rotation
participants believed was manipulated (deined as the time from when the question was shown to them and they
selected an answer), and 4) general motion data. Participants were asked a single question sickness survey after

ACM Trans. Appl. Percept.
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completing each block of trials, and were asked to complete the Simulator Sickness Questionnaire after upon
completing the activity or exiting it early.

4 RESULTS

Analysis was conducted in R [34] and igures were generated using ggplot2[45]. Lme4 [2] was used to it linear
mixed models (LMMs) to the results of this experiment. Buildmer [44] was used to identify the best itting model,
as based on the likelihood-ratio test and BIC criteria. In the event that diferent models were selected based these
criteria, the most parsimonious model was used. P-values were calculated using Satterthwaite’s method.

Five participants completed only one full session of this activity during the experiment (a session was considered
complete if participants completed at least 50% of the trials). These participants’ data were removed from our
analysis, leaving a total of 15 participants. Of these 15 participants, all but one completed all four sessions. The
remaining participant completed 3 of the 4 sessions. Individual numerical data points were excluded as outliers if
their z-score was greater than ±3. Independent numerical variables were grand-mean centered (i.e. the mean of
the entire dataset was subtracted from each reading) as this is known to improve the it of LMMs [20].

4.1 Interpreting Linear Mixed Models

LMMs are rapidly becoming the dominate method used by psychological researchers to analyze quantitative
data [24], however they have not yet been widely adopted by VR researchers. As such, we briely discuss their
advantages and how to interpret them here.

LMMs are particularly well suited to analyze data involving correlations between conditions or measurements
(e.g. when a single participant’s behavior is measured multiple times) [21]. When compared with repeated-
measures ANOVAs, LMMs are more robust to violated assumptions and also perform better when analyzing
datasets with missing or imbalanced data. Additionally, while repeated-measures ANOVAs require longitudinal
data to be collected on a ixed time schedule, LMMs are capable of handling data collected on a variable schedule,
making them more practical for use with human-subject research and its natural variability. Taken together,
these features make LMMs especially appropriate when analyzing longitudinal data.
LMMs model ixed and random efects [24]. Fixed efects model the efect of the manipulated variables on

the measured quantities, while random efects model the unexplained variability associated with individual
diferences between participants. To do this, LMMs independently model each participant’s response to the data.
Random efects can be modeled as random intercepts, where the intercept of each participant’s individual model
is allowed to vary based on the best it to that participant’s data, and as random slopes, where the slope of each
participant’s individual model is also allowed to vary based on the best it to their particular data. Including
random efects in the model improves LLMs ability to precisely model the response of ixed efects independent
of the innate variability between participants.
The itted model includes an intercept, which describes the predicted value of the modeled variable when all

predictors are set to 0, and itted beta values for each ixed efect, which describe how much the modeled variable
is predicted to change when the ixed efect increases by 1. Betas are highly sensitive to the scale of a given
dependent variable, such that dependent variables spanning a small range of values produce smaller betas, and a
larger range of values produce larger betas. This makes it diicult to judge the relative importance of a ixed
efect from the size of the beta alone. As such, we also provide standardized betas (abbreviated std. beta in our
tables) which are scaled based on the individual distribution of each dependent variable so as to make it easier
to determine the relative contribution each ixed efect has on the independent variable. We also provide both
marginal and conditional r 2 values; marginal r 2 report the amount of variance explained by the ixed efects
alone, and conditional r 2 report the amount of variance explained by both the ixed and random efects.

ACM Trans. Appl. Percept.
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Table 2. Psychometric Parameters

Session
Goodness
of Fit

PSE Slope

Estimate 95% CI Estimate 95% CI

1 0.940 1.022 [0.999, 1.045] 5.016 [4.257, 5.812]
2 0.947 0.990 [0.975, 1.003] 9.003 [7.973, 10.164]
3 0.995 1.001 [0.987, 1.016] 9.025 [7.947, 10.213]
4 0.961 0.995 [0.983, 1.008] 11.649 [10.398, 13.158]

4.2 Participants’ Usage Paterns

Based on the data recorded by ActivityWatch, participants spent an average of 17.13 hours (sd = 10.58,min =

7.12,max = 45.24) using the headset over the four weeks. 119 unique applications were launched by participants,
though the majority of these were used for less than 1 hour across all participants. Thirty-three were used for more
than 1 hour, with eleven of these being used for more than 5 hours. These applications were our experimental
application, the Oculus home application, YouTube VR, Virtual Desktop, Oculus Link, Beat Saber, VRChat, Bait!,
SUPERHOT VR, Sports Scramble, and SculptrVR. Discounting the experimental application, participants spent an
average of 12.81 hours (sd = 8.56,min = 3.21,max = 35.46) in VR over the course of the four weeks.

4.3 Psychometrics of Sensitivity to Rotational Gain

Using R and the quickpsy package [23], we it the psychometric data with a logistic function where the point of
subjective equality and the slope of the function were both treated as free parameters and a lapse rate of 0% was
assumed. Maximum liklihood was used as the itting criteria. A non-parametric bootstrap procedure with 1000
trials was used to estimate the 95% conidence intervals on the parameters. The itted functions are shown in
Figure 2a, and the estimated data for the parameters, with conidence intervals, are reported in Table 2. Each of
the estimated functions itted the data well, as indicated by a non-signiicant goodness-of-it.

4.3.1 Point of Subjective Equality. The itted point of subjective equality (PSE) was not signiicantly diferent
from zero in any of the Sessions (see Figure 2b). The PSE in the irst session was signiicantly diferent from the
PSE in Session 2 (p = 0.0150) and Session 4 (p = 0.0486), but no other diferences were observed. These results
suggest that while a small efect of prior experience may be present for PSE, any efect is fairly negligible and
appears to quickly disappear as users gain experience.

4.3.2 Slope. Fitting a psychometric function yields two parameters, the PSE and the slope. For whatever reason,
slope has not often been discussed in previous literature exploring rotational gains, in favor of a focus on reporting
the thresholds (which we report below). In contrast to the PSE, a signiicant efect of Session was consistently
observed for the itted slope (see Figure 2c). Slope increased monotonically across sessions, from a starting value
of 5.02 to a inal value of 11.65. Pairwise-signiicant diferences were observed between almost all Sessions.
Session 2 and 3 were the only exception, where the slope was not observed to change signiicantly between
these sessions. This suggests that Session had a meaningful efect on the slope of the detection curve, indicating
that participants became more sensitive to detecting rotational gain as they increased in experience. The largest
diference was observed between Session 1 and Session 2, which may indicate that participants increased in
sensitivity to rotation gain rapidly at irst, and that this slowed as they progressed. However, it is important to
note that participants were still improving in the inal session. It is unclear whether participants would have
continued to improve if they had completed additional sessions.

ACM Trans. Appl. Percept.
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(a) The fited psychometric functions (b) PSE by session (c) Slope by session

Fig. 2. Session can be seen to have a clear efect on the slope of the fited curve, suggesting that participants grew more

sensitive to rotation gain as their experience with VR increased.

Table 3. Detection Threshold Values. The percentage change is computed relative to a threshold of 1.0, corresponding to a

perfect detection rate.

Session Lower Threshold Percent Change Upper Threshold Percent Change

1 0.803 ś 1.242 ś
2 0.862 29.9% 1.117 51.7%
3 0.874 36.0% 1.128 47.1%
4 0.894 46.1% 1.095 60.7%

4.3.3 Detection Thresholds. By convention, the detection threshold is deined as when there was a 75% probability
of participants detecting the presence of a rotational gain. These regions are shown with a white background in
Figure 2a. Detection thresholds decreased consistently as Session increased; the speciic threshold values are
reported in Table 3. Participants were able to detect gain factors that were up to 60.7% smaller by the end of the
experiment.

4.4 Accuracy by Block and Session

Given the observation that participants’ became more sensitive to rotational gains across Sessions, we also
wanted to explore whether sensitivity increased over time within a Session, as measured by the accuracy of their
responses to each trial within a given block. To do this, we irst computed the accuracy within each block of
trials (i.e. the number of trials where the correct rotation was selected), which was then used to it a linear mixed
model.
The best it model included Session as a ixed efect and Session and Participant ID as random efects. The

model’s total explanatory power is substantial (conditionalr 2 = 0.35) and the part related to the ixed efects

ACM Trans. Appl. Percept.
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Table 4. Accuracy Model Parameters

Fixed Efect beta [95% CI] Std. beta [95% CI] t(9415) p m. r 2

Intercept -0.05 [-0.10, -2.73e-04] ś -1.64 0.119 ś
Session 0.03 [0.2, 0.05] 0.23 [-0.10, -0.35] 3.14 0.002 0.049

Fig. 3. Session had a clear impact on accuracy, but Block had no efect.

alone (marдinalr 2) is of 0.06. The model parameters can be seen in Table 4, and a graph of the data can been
seen in Figure 3. 1.31% of data points were removed as outliers.
Session was observed to have a signiicant efect on accuracy, such that accuracy improved across sessions.

As Block was not included in the best itting model, it can be safely assumed to not have signiicantly afected
participants’ accuracy. We conirmed this by running an additional model that included Block as a ixed efect, in
addition to Session. Block’s lack of an efect on accuracy can also be seen when examining the interaction-plot
for Session by Block, shown in Figure 3. It can be observed that, on average, the slope of the it lines tends to
be relatively lat, suggesting that Block had little efect on participants’ accuracy, especially when compared to
the large change in average accuracy between Sessions (most notably Sessions 1 and 4). These results suggest
that short-term learning efects were largely absent within any given session, as participants’ accuracy did not
improve across blocks.

4.5 Response Times

We next consider the amount of time taken by participants while performing the rotation tasks, and while
indicating which rotation they believed to have a gain applied once a trial was completed.

4.5.1 Time to Rotate. In this model, we sought to understand how the duration of each rotation within a task was
afected by Session, Block, and the Rotational Gain present. The best it model included Session, Block, Rotational
Gain, and the interaction between Session and Block as ixed efects and Session and Participant ID as random
efects. The model’s total explanatory power is moderate (conditional r 2 = 0.17) and the part related to the ixed
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Table 5. Rotation Time Model Parameters

Fixed Efect beta [95% CI] Std. beta [95% CI] t(9415) p m. r 2

Intercept 0.43 [0.23, 0.62] ś 4.21 <0.001 ś
Session -0.22 [-0.33, -0.11] -0.17 [-0.27, -0.07] -3.69 <0.001 0.027
Ampliication -1.45 [-1.64, -1.26] -0.14 [-0.16, -0.12] -14.64 <0.001 0.019
Block -0.05 [-0.07, -0.04] -0.07 [-0.09, -0.05] -6.51 <0.001 3.7e-03
Session:Block 0.01 [3.23e-3, 0.02] 0.03 [7.2e-03, 0.05] 2.70 .007 4.7e-04

Table 6. Response Time Model Parameters

Fixed Efect beta [95% CI] Std. beta [95% CI] t(4424) p m. r 2

Intercept 0.032 [0.14, 0.49] ś 3.56 <0.001 ś
Session -0.14 [-0.20, -0.07] -0.17 [-0.26, -0.07] -4.17 <0.001 0.026
AbsAmplif. -0.24 [-0.45, -0.03] -0.03 [-0.06, -3.8e-03] -2.23 0.026 9.7e-04
Block -0.03 [-0.05, -0.02] -0.06 [-0.09, -0.03] -4.49 <0.001 3.4e-03
Session:Block 9.5e-03 [1.7e-03, 0.02] 0.03 [6.3e-03, 0.06] 2.40 0.017 8.0e-04

efects alone (marginal r 2) is of 0.06. The model parameters can be seen in Table 5, and graphs of the data can
been seen in Figures 4a and 4b. 1.94% of data points were removed as outliers.
Main efects of Session, Block, and Rotational Gain were all observed to afect the duration of participants’

rotations, as well as an interaction between Session and Block. Interestingly, there was not an interaction between
Session and Rotational Gain, which suggests that the manner in which Rotational Gain impacts head rotation
speed is not inluenced by prior experience with VR. The interaction between Session and Block appears to be
driven by participants turning their heads more slowly in the early blocks of the irst Session, potentially due to
still becoming familiar with the task, or with VR in general.

4.5.2 Time to Respond Ater Each Trial. In this model, we sought to understand how the speed at which partici-
pants indicated which rotation had a gain applied was afected by Session, Block, and the Absolute Rotational Gain.
We examined this variable as a proxy for participants’ certainty, where a decision made more quickly suggests
that participants were more conident about which rotation involved a rotational gain. Absolute Rotational Gain
was used here as the magnitude of the gain likely inluences how detectable it is, rather than whether it was a
positive or negative gain. The best it model included Session, Block, Absolute Rotational Gain, and an Interaction
between Session and Block. The model included Session and Participant ID as random efects. The model’s total
explanatory power is moderate (conditional r 2 = 0.14) and the part related to the ixed efects alone (marginal r 2)
is of 0.03. The model parameters can be seen in Table 6, and graphs of the data can been seen in Figures 5a and
5b. 4.07% of data points were removed as outliers.
Session had the largest impact on time to respond, as indicated by both the standardized beta value and the

marginal r 2. We again see an interaction between Session and Block, such that the efect of Block diminished
as Session increased, and observed no interaction between Session and Absolute Ampliication. Surprisingly,
Absolute Ampliication had the smallest impact on time to respond, which may indicate that our assumption
connection between time to respond and participants’ certainty was overstated.
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(a) Session by Block (b) Session by Amplification

Fig. 4. The efects of Session, Block, and Amplification on Time to Rotate.

4.6 Simulator Sickness

Finally, we consider two perspectives on simulator sickness during the experiment. Participants completed the
SSQ after each Session, and also answered a single question survey (which we refer to as the Short Sickness
Questionnaire in this paper) after completing each block. Participants were asked to give their agreement to the
following statement, on a scale from 1 to 10: “On a scale from 1 to 10, how uncomfortable are you right now?ž

4.6.1 Simulator Sickness uestionnaire. We itted individual linear mixed models to each of the four SSQ factors.
The factor scores were grand-mean centered prior to itting. Each of these models included Session as a ixed
efect and Participant ID and Session as random efects. The individual model parameters can be seen in Table 7,
and a graph of the data can be seen in Figure 6. 1.72% of data points were removed as outliers.

4.6.2 Short Sickness uestionnaire. We itted a linear mixed model to predict participants’ Short Sickness Score
with Session and Question. Short Sickness Score was grand-mean centered prior to analysis. The model included
Session and Participant ID as random efects. The model’s total explanatory power is substantial (conditional r 2

= 0.67) and the part related to the ixed efects alone (marginal r 2) is of 0.08. The model parameters can be seen in
Table 8, and a graph of the data can been seen in Figure 7. 9.39% of data points were removed as outliers.

Participants’ Short Sickness Scores increased as they completed the activity, which suggests some simulator
sickness was experienced. Once again, we see no efect of Session on participants’ self-reported simulator sickness.
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(a) Session by Block (b) Session by Amplification

Fig. 5. The efects of Session, Block, and Amplification on Response Time ater a trial was completed.
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Fig. 6. While the graph suggest that sickness increased across Session, this apparent trend was not significant (p > 0.599).

The trend lines for Oculomotor and Nausea are overlapping, making it appear that Nausea factors is missing.
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Table 7. SSQ Models Parameters

Fixed Efect beta [95% CI] Std. beta [95% CI] t(59) p m. r 2

Nausea conditional r 2 = 0.82 marginal r 2 = 7.17e-03
Intercept -4.589 [-21.71, 12.53 ] ś -0.538 0.599 ś
Session 2.01 [-2.99, 7.02] 0.08 [ -0.12, 0.29 ] 0.81 0.423 7.17e-03

Disorientation conditional r 2 = 0.71 marginal r 2 = 1.42e-03
Intercept -3.26 [-26.17, 19.64 ] ś -0.286 0.766 ś
Session 1.34 [-6.56, 9.24] 0.04 [ -0.18, 0.26 ] 0.34 0.735 1.42-e-03

Oculomotor conditional r 2 = 0.70 marginal r 2 = 8.10e-04
Intercept -1.95 [-15.15, 11.26 ] ś -0.296 0.772 ś
Session 0.75 [-4.54, 6.04] 0.03 [ -0.17, 0.23 ] 0.28 0.777 8.10e-04

Overall conditional r 2 = 0.72 marginal r 2 = 1.20e-03
Intercept -1.85 [-14.14, 10.43 ] ś -0.303 0.766 ś
Session 0.75 [-3.70, 5.20] 0.03 [ -0.17, 0.24 ] 0.34 0.737 1.20e-03

Table 8. Short Sickness Model Parameters

Fixed Efect beta [95% CI] Std. beta [95% CI] t(455) p m. r 2

Intercept -0.22 [-1.13, 0.70] ś -0.46 0.648 ś
Session -0.12 [-0.41, 0.17] -1.03e-03 [-0.18, 0.18] -0.82 0.410 -0.0017
Question 0.11 [0.02, 0.20] 0.30 [0.24, 0.37] 2.39 0.017 3.59e-03
Session:Question 0.03 [-2.12e-03, 0.07] 0.06 [-3.76e-03, 0.12] 1.84 0.066 2.52e-03

It should be noted that the amount of simulator sickness reported was signiicantly less than expected, given the
strong connection between large rotational gains and simulator sickness. It may be that the ive participants who
only completed one Session of this activity (and thus were dropped from the analysis) experienced more simulator
sickness, which motivated them to avoid this particular activity. If so, then this analysis may underestimate the
degree of simulator sickness experienced during this activity and could have potentially failed to identify trends
associated with Session.

5 DISCUSSION

The psychometric model suggests that the PSE did not change substantially over time, or if it did, the change
stabilized quickly after the irst Session. The observed PSE values were well within the range observed in other
studies investigating sensitivity to rotational gain, as shown in Table 1. In contrast, the slope of the psychometric
curve, and thus the detection thresholds, changed substantially over the course of the four Sessions. The itted
values of 0.802 and 1.242 from the irst Session compare reasonably well with the average thresholds reported in
other studies, namely 0.754 ± 0.101 and 1.213 ± 0.129 3. However, the values found in the inal Session, 0.894

3Ideally, a full meta-analysis would have been conducted to deinitively place our results in the context of prior work, however most earlier

papers provided insuicient information for this to be possible, namely a 95% conidence interval for the thresholds.
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Fig. 7. The results from the short sickness questionnaire.

and 1.095, deviate by roughly a full standard deviation from these averages. An alternative way at considering
the change in sensitivity is to consider the number of studies that reported more sensitive thresholds than we
observed in the irst and inal Session. For the irst Session, 33% of the studies reported a more sensitive lower
threshold, and 33% of the studies reported a more sensitive upper threshold. By the inal Session, only 5.55% of
the studies reported a more sensitive lower threshold, and only 16.7% of studies reported a more sensitive upper
threshold.
The paper which reported threshold averages closest to our own was published by Zhang et. al in 2018 [48],

with average threshold values of 0.885 and 1.073. It is worth noting that the Zhang et. al speciically reports in this
paper that 14 of their 15 participants had used a HMD before, and that most had used a stereoscopic 3D display
before. This suggests that the population used in their study likely had signiicant prior experience using VR,
which positions them much more closely to our participants in Session 4 than when they started the experiment.
The similarity of their indings to our own further suggests that the observed change in detection thresholds
corresponds to a real change linked to the amount of prior experience a user has with an HMD.
In additional to psychometric modeling, we also considered the question of sensitivity to rotational gain by

examining how participants’ accuracy within a block of trials evolved both within and between Sessions. We
again observed a substantial efect of Session on accuracy, such that accuracy (and thus sensitivity) increased
signiicantly across Sessions. However, we did not observe an efect of Block on accuracy. This indicates that
the observed increase in sensitivity is unlikely to be solely attributable to learning efects that occurred during
each Session. If so, we would expect participants to perform substantially better by the end of the Session than
they did at the beginning. Instead, we see substantial increases in accuracy between Sessions, but little change
within a Session. This suggests that something more than an immediate learning efect is responsible for the
observed increase in sensitivity, potentially relection a slower cognitive process. Taken together, these indings
strongly suggest that a user’s sensitivity to rotational gain will be inluenced by the amount of prior exposure
they have had to systems employing a rotational gain, either for redirected walking or for some other purpose. If
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developers wish to hide rotational gain from users, it may be necessary to use a smaller rotational gain than was
indicated by previous studies.

Session also inluenced how much time participants took to rotate during trials and to give their response after
each trial. However, we did not observe an interaction efect between Session and Ampliication on time to rotate
or time to respond. This underscores that some aspects of participants’ behavior may not change as sensitivity
increases. In particular, we did not observe participants varying the speed of rotation of their head based on the
amount of ampliication present; instead, the baseline speed increased with time, likely due to familiarity with the
task. We see a similar lack of efect when considering participants’ simulator sickness during the experiment. No
signiicant diferences were observed for the SSQ factors across Sessions, suggesting that participants’ simulator
sickness during this activity did not change substantially over the course of four weeks. The results from the
short sickness questionnaire similarly showed no efect of Session, though it did show participants’ began to
experience more discomfort over time within a single Session.
As to why these changes were observed, one possible explanation is the phenomenon of perception-action

calibration. According to the perception-action theory of calibration, there is a joint relationship between our
perceptions and our actions whereby acting allows us to reine our perceptions of the world around us, which in
turn allows to us to act with more precision [4]. Kuhl et. al [22] have already shown that users can calibrate to
rotational gains, though they did not consider whether this efect might persist with time. While not using VR,
Bingham and Romack have explored how repeated calibration to a system afects performance over time; they
had participants repeatedly calibrate to wearing prism goggles (which distort one’s view of the world) across
multiple sessions and found participants’ baseline performance improved over time, indicating that the process
of repeated calibration improved participants ability to adapt to perceptual distortions [3]. There are several
distinctions between this experiment and our own, but they share a common theme: participants performance in
a task involving perceptual distortions improved over time. In Bingham and Romack’s case, reaching towards a
target while wearing prism goggles, and in our case, identifying when a distortion was present while rotating
towards a target. Unlike Bingham and Romack, and most other perception-action work, our participants were not
provided with explicit feedback about their performance (they never knew if they selected the correct rotation
where a gain was present). However, they still received feedback from their sensory systems while performing the
rotations, most notably when larger gains were used which produced a clear conlict with participants’ vestibular
system. This perceptual information may have been suicient to enable some degree of calibration to occur
during the activities.

5.1 Limitations

As this experiment was conducted in the wild, we did not have control over what other applications participants
used between activities which increases the variability between participants’ experiences. We chose to allow
participants to engage in other activities besides ours so as to increase the ecological validity of this experiment, as
real users are most likely being exposed to several applications with diferent locomotion methods simultaneously.
This increased the ecological validity of our results, however there is a tradeof in terms of increased variability
between participants other experiences in VR.

While we believe this work has applications for developers using redirected walking in real settings, participants
did not actually engage in redirected walking in this research due to the limited amount of space available in
most users’ homes. As such, sensitivity to rotational gains in real world applications may be less susceptible to
prior experience. Additionally, most real applications would involve additional activities that would serve as
distractors which could further limit users ability to detect small rotational gains.

Finally, it should be noted that this experiment took part as a batch of three activities which raises the possibility
of spillover between the activities. We sought to carefully separate the efects that were the focus of these studies
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(sensitivity to rotational gain, sensitivity to proprioceptive ofsets, and spatial awareness and navigation). We
made this decision so as to maximize the useful data collected from this experiment, as longitudinal experiments
of this nature are diicult and expensive to run.

6 CONCLUSION

Our primary question in this paper was whether a user’s sensitivity to rotational gain is inluenced by their prior
experience in VR. We found clear indications of this, including an increase in sensitivity to rotational gain of up
to 60%, a reduction in the duration of their rotations during the tasks, and a reduction in the time spent indicating
which rotation in a trial had a rotational gain applied. However, other aspects of our data showed no indication of
being impacted by a user’s prior experience in VR, namely that the efect of rotational gain on turning time and
response time was not moderated by Session, and that simulator sickness scores also showed no sign of being
afected by Session.
As many aspects of a user’s perception can be altered by VR (e.g. depth compression in distance estimation

[10]), this work has broader implications for many other aspects of VR research and development. Future work
is needed to assess what other aspects of perception may be inluenced not only by the VR application and
hardware, but also by users’ previous experience in similar VR scenarios. Similarly, more work is needed to
understand how, if at all, increases in sensitivity to rotational gain may impact user behavior. This is especially
critical for the application of rotation gains to redirected walking. Finally, this work underscores the importance
of collection and reporting information about participants’ prior experience with VR to better contextualize the
results of an experiment.
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