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Abstract
Redirected Walking provides a potential approach to enable natural
walking in virtual environments in limited spaces, but it may intro-
duce additional cognitive demands. While redirection is intended
to remain imperceptible, detection thresholds vary between indi-
viduals, and it is unclear how noticeability at these different levels
affects cognitive task performance. In this paper, we present a pilot
study where we first establish a group-level psychometric curve
to extract the detection threshold for curvature gains. We then
follow up with a dual task where participants navigated a virtual
labyrinth while performing a memory task with gains applied on
threshold, above threshold, below threshold, and with no redirec-
tion. We found that accuracy significantly decreased and the false
alarm rate significantly increased in the under threshold condition
compared to baseline. We discuss the implications of these findings
and directions for future work.
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User studies; Virtual reality.
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1 Introduction
Redirected Walking (RDW) is a locomotion technique that could
provide a solution to enable real walking in Virtual Reality (VR)
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within limited physical spaces. In RDW, the user is steered through
subtle perceptual manipulations in the virtual environment (VE) in
an attempt to compress a larger VE into a smaller physical space.
RDW has shown promise in offering an alternative to current navi-
gation techniques. For example, a study conducted by Peck et al.
[20] found that participants performed significantly better on a
wayfinding task using RDW compared to techniques that do not
employ redirection. Another study by Langbehn et al. found that
RDW and teleportation perform similarly in terms of spatial cogni-
tion and were preferred over joystick usage [12].

An important aspect of applying RDW techniques is that the
amount of redirection applied should not be noticeable to users. This
represents the tolerable amount of deviation between the visual
and vestibular systems while the user is manipulated by redirection
gains. This tolerable amount of deviation is referred to as the de-
tection threshold (DT). There has been extensive work attempting
to quantify these thresholds [15–17, 20, 22]. A further important
consideration is that detection thresholds are perceived differently
by individuals. Prior work has shown that gender significantly af-
fects DTs, with men tending to be more sensitive than women in
detecting curvature [16] and rotational gain [24].

Further, RDW has the potential to increase cognitive load and in-
terfere with spatial memory [18]. Prior work has shown that higher
gain levels can significantly decrease verbal and spatial memory
performance [2]. However, the effect of redirection on cognitive
load remains unclear, particularly when gains are applied relative
to users’ detection thresholds. For RDW to become a viable alterna-
tive to existing navigation techniques, it is necessary to understand
whether these manipulations draw on cognitive resources in ways
that meaningfully affect performance, and how RDW can be applied
to maintain cognitive performance.

To address this gap, we conducted a pilot study where we first
computed the psychometric curve of our participant sample to
estimate the DT. We then conducted a cognitive task using gains
derived from this curve to assess performance below, at, and above
threshold, comparing these conditions to a baseline with no redi-
rection.
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2 Related Work
2.1 Evaluating Detection Thresholds
Users’ responses to different stimulus levels are conventionally
modeled as a psychometric curve. Variations in detection proce-
dures result in different curves. In a yes/no task, a single non-zero
stimulus is presented and the user is asked if they detected it; the
threshold is defined as the stimulus level where the user responds
"yes" 50% of the time. In a two-alternative forced-choice (2AFC)
task, two options are presented, and the threshold is generally de-
fined as the stimulus level at which users answer correctly 75% of
the time.

Two main groups of methods exist: the constant stimuli method
(CSM) and adaptive methods. CSM involves sampling a set of stim-
ulus values across a range and fitting the responses to a predefined
function. Most existing studies on RDW threshold identification
employ this method [3, 4, 7, 13, 15, 22, 26]. While CSM is straightfor-
ward to implement, it requires a large number of repetition at each
stimulus level. Alternatively, adaptive methods such as staircase
[5] and Bayesian methods [8, 23] require fewer trials. However,
these generally identify only the threshold rather than the entire
psychometric curve [7, 9, 10, 16, 17, 21].

2.2 Cognitive Load in RDW
A frequently employed method to measure cognitive load during lo-
comotion is to require the user to perform a secondary task, referred
to as the dual-task paradigm [14, 25]. Performance in the dual task
serves as an indirect measure of the cognitive load imposed on the
user by the primary task [1]. There is limited literature assessing
cognitive demands in RDW, and existing studies usually involve
tasks performed while walking in a straight line. Bruder et al. con-
ducted a dual-task study where participants performed spatial and
verbal memory tasks while walking along a pavement; they found
that higher curvature gains significantly decreased performance
[2]. A similar study assessed cognitive load with varying curvature
gains in two different VEs [14]. In that study, participants followed
a path while completing a spatial memory task. While the results
did not show a significant effect of curvature gain on cognitive
performance, the authors noted that visual inspection suggested a
decline in the percentage of accurate responses as gains increased
in one of the two VEs.

While there is some indication that RDW may affect cognitive
performance, studies to date have not considered how detection
thresholds may further contribute to this effect. Additionally, re-
search has primarily focused on assessing cognitive tasks while
walking along a straight path. We contribute to existing research
by considering the detection threshold of our sample and assessing
cognitive performance while navigating a more complex path in a
labyrinth.

3 Pilot Study
To assess whether redirection applied below, at, or above the DT
affects cognitive load, we conducted a pilot study consisting of two
sessions using the same group of participants: 1) a detection task
that formed the basis for identifying the DT, and 2) a dual task
consisting of an auditory 2-back task to assess cognitive load at

previously identified levels of redirection intensity while navigating
a labyrinth in a VE.

3.1 Identifying the Detection Threshold
The first session was aimed at identifying the values for the DT,
as well as values below and above the threshold at a group level,
to form the basis for the cognitive task in the second round. For
this experiment, participants walked down a virtual passageway
towards a red target twice; in only one walk was a curvature gain
applied, while the other trial did not contain redirection. Following
the completion of the second walk, they were asked the question:
"In which walking trial did you walk on a curve?" This allowed the
entire psychometric curve to be identified, and multiple points from
this curve could then be used for the second part of our study. The
range and resolution of curvature gains were selected based on
previous work [2, 6, 7, 14, 22]. We utilised a range of 1◦/𝑚 to 6◦/𝑚
with a resolution of 1◦/𝑚, resulting in six curvature gain levels:
𝑔𝐶 ∈ {0.018, 0.035, 0.052, 0.070, 0.087, 0.105}.

3.2 Dual Task
The gains derived from the DT task formed the basis for the con-
ditions of "Under Threshold" (UT), "On Threshold" (ON), and "Over
Threshold" (OT). We further added a baseline condition with "No
Redirection" (NO) applied.

In this task, participants followed the pathway of a labyrinth
while responding to an auditory stream of letters for the 2-back task.
There was a 2500 ms gap between letters and the target rate was set
to 30%. Participants indicated whether the current letter matched
the one presented two items earlier by pressing a button on the
remote presenter. Because the tracked physical space was smaller
than the virtual walking space, resets were initiated at the border of
the tracking space so participants could continue navigating their
path. A condition was considered complete when the participants
covered a distance of 150 meters.

3.3 Apparatus and Experimental Setup
The software was created using Unity version 6000.0.31f1 and con-
sisted of two parts: one part for the DT task and the second for
the dual task. The DT task consisted of a passageway with a red
sphere at the end. The gains were randomly assigned to the first or
second path and always redirected in a left curve. The second part
consisted of a labyrinth layout for the cognitive task. We utilised a
steer-to-centre (S2C) redirection algorithm that applied only cur-
vature gains. A prediction algorithm was implemented to initiate
resets, but it did not influence the S2C. The prediction was based
on the user’s trajectory and a NavMesh of the labyrinth. The reset
algorithm optimised the participants’ facing direction so that the
distance to the next corner and the direction of the next corner
would best fit the available physical space. During the reset par-
ticipants needed to stop and spin on the spot. A rotation gain was
applied so that the user spun between 360° and 540° depending on
their start rotation and the optimised end rotation. A user interface
indicated in which direction the user had to turn and until final
orientation was reached. We created two labyrinth assets with an
equal number of left and right corners. Both labyrinths could be
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Figure 1: The study consisted of two sessions: walking towards a red target for DT (left) and navigating a labyrinth in the dual
task (right).

started from either direction resulting in four path variations. See
Fig. 1 for an impression of the DT task and the labyrinth.

A 9m x 6m tracking space was set up in an empty open space. The
space including a safetymarginwas sectioned offwithwarning tape.
The experiments were conducted using an HTC Vive Focus 3 with
a refresh rate of 90 Hz. 6 GHz Wi-Fi streaming via Vive Business
Streaming ensured cable-free movement through the space. The
computer used for streaming was equipped with an Intel Core i7-
11700F CPU and an Nvidia RTX 3080 GPU. For the second part,
users wore a wired over-ear headset and used a Logitech Spotlight
presentation remote.

3.4 Participants
We recruited 21 participants from our University community (12
male, 7 female, 2 non-binary). Participants were aged between 20
and 52 years (𝑀 = 32.4, 𝑆𝐷 = 11.21). After completion of the second
part of the experiment, participants were awarded 20 CHF as a
token of appreciation for their time. As part of the eligibility criteria,
participants had to be over the age of 18, be comfortable walking for
up to 45 minutes at a time, and have normal or corrected-to-normal
vision. Ten participants stated they used VR at least once per month
or more, whereas two had never used a VR headset before. Written
informed consent was obtained from all participants ahead of their
participation. This study was approved by the institutional ethics
committee.

3.5 Procedure
The study was conducted in two stages. The goal of the study was to
conduct the cognitive task close to the individual DT of participants;
however, pilot studies showed that to detect the individual thresh-
old it would require running longer trials to get enough data to
calculate each person’s individual DT. To keep the study contained,
we decided to calculate the DT on the entire sample of participants,
and then use the calculated sample to generate the gains for the
cognitive tasks. Therefore, participants came in to conduct the DT
task, and then completed the second task roughly one week later.
All participants returned for the second part of the study.

For the detection task, participants were equipped with the VR
headset following an introduction and completing a short survey
on demographics. In VR, participants first completed a tutorial to

become acquainted with the task. Upon completion of the tutorial,
participants completed the main task which consisted of walking
down a virtual passageway towards a red target twice, once with
and the other without redirection applied. The order in which
redirection was applied was random. After a total of 30 trials (6
curvature gains repeated 5 times, counterbalanced in blocks), the
session was complete. The entire session took approximately 30
minutes.

The same participants from the detection task stage returned for
a second session in which they performed a dual task consisting
of the auditory 2-back task while navigating a labyrinth, in four
conditions: NO, UT, ON, and OT. For each of the conditions, we
recorded correct responses, false alarms, reaction time, completion
time, and the number of resets. After completing a tutorial, partici-
pants entered the main study where the order of conditions was
counterbalanced. At the end of each condition, participants had the
opportunity to take a break and drink water. They were further
asked to answer a question on perceived cognitive load using the
Paas scale [19] and the Cybersickness in VR (CSQ-VR) question-
naire [11]. Throughout the session, the experimenter monitored
participants’ comfort, and participants had the option to stop at
any time. Upon completion of all four conditions, they were asked
to fill out an additional open question on their overall experience.
This session took approximately an hour.

4 Results
4.1 Group Detection Thresholds
Detection data were pooled across participants to estimate a group-
level psychometric function using the R package quickpsy (see
Fig. 2). We mapped the proportion of correct responses against cur-
vature gain using the cumulative normal function with a guess rate
fixed at 0.5. The group DTwas defined as 75% correct and resulted in
a value of𝑔𝑐 = 0.0835 (4.78◦/𝑚). Based on this model, sub-threshold
and supra-threshold curvature gains for the subsequent n-back task
were identified as the points corresponding to 62.5% and 87.5%
correct: 𝑔𝑐 = 0.0621 (3.56◦/𝑚) and 𝑔𝑐 = 0.105 (6.02◦/𝑚), respec-
tively. These points were selected as symmetric points around the
DT, halfway between guessing and the DT, and between the DT
and perfect performance. Goodness-of-fit tests were not significant,
therefore indicating that the estimated functions fit the data well.
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Figure 2: The psychometric curve with the DT (orange), below
threshold (green) and over threshold (purple).

4.2 Dual Task Performance
Two participants were removed from the dataset. For one partici-
pant, we encountered technical difficulties in the network, which
led to severe latency issues that could not be resolved during the
session. Another participant did not correctly perform the resets
and became unwell. Further, plot inspections and influence diagnos-
tics (Cook’s 𝐷 = 0.30) indicated one participant was an outlier for
the UT condition. Upon closer inspection of the logs, we found they
must have accidentally pressed the wrong button for target trials,
therefore not registering any matches for target trials in this condi-
tion, which was unlike the other conditions for this participant. We
therefore removed only this condition for this participant, resulting
in 18 data points for the UT condition and 19 for the remaining
conditions.

We analysed accuracy for the 2-back task using a binomial
GLMM with the logit link function, with condition as a fixed effect
and participant as a random effect, modelling the number of correct
responses out of the total number of trials per participant and condi-
tion. Furthermore, the number of resets and the reset rates differed
between conditions and participants. On average, participants com-
pleted 16.4 resets in the baseline condition (𝑆𝐷 = 1.54), 15.7 in ON
(𝑆𝐷 = 2.23), 15.8 in OT (𝑆𝐷 = 2.37), and 14.5 in UT (𝑆𝐷 = 2.48). To
control for these differences, we included reset rate as a covariate,
defined as resets per minute and computed as 60 · resets/time with
time in seconds. Post-hoc comparisons with Bonferroni-Holm cor-
rection revealed that only the UT condition significantly reduced
accuracy compared to the NO condition (𝑂𝑅 = 1.26, 𝑝 = 0.042).
See Fig. 3 for results. Reset rate was not a significant predictor of
accuracy.

We also modelled hit rate and false-alarm rate using two separate
binomial GLMMs. Hit rates did not significantly differ across condi-
tions; however, Bonferroni-Holm-corrected pairwise comparisons
indicated a significant difference in false-alarm rate between NO
and UT (𝑝 = 0.01). The estimated false-alarm rate increased from
NO (2.45%) to UT (4.31%), corresponding to higher odds of a false
alarm in the UT condition (𝑂𝑅 = 1.79). See Fig. 4 for results.
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Figure 3: Participants in the UT condition were significantly
less accurate compared to baseline during the dual task.
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Figure 4: Participants in the UT condition showed a signifi-
cantly higher false-alarm rate than in the baseline condition.

We further analysed the results of the subjective mental effort
scale and CSQ-VR. Due to the data not being normally distributed,
we applied the Friedman test.We found no significant differences for
mental effort or for any of the categories in the CSQ-VR scale. How-
ever, the UT condition showed larger variability (𝑀𝑑 = 7.0[5.5, 8.0])
compared to OT (𝑀𝑑 = 7.0[6.0, 7.0]), ON (𝑀𝑑 = 7.0[6.0, 7.0]), and
baseline (𝑀𝑑 = 6.0[6.0, 7.0]). See Fig. 5 for results on subjective
mental effort.

Twelve people expressed feedback regarding the resets. The
resets were largely considered disruptive or distracting, especially
in relation to the cognitive task ("The resets were very distracting.
Every single time it happened I lost track of the task.", P16). Some
participants stated an increase in dizziness ("Felt dizzy when I had
to do a full turn but was okay during walking", P5) and discomfort
during the resets ("Uncomfortable, it was not pleasant. Labyrinth
was not a problem, it was the turning that was uncomfortable.", P7).
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Figure 5: The UT condition showed higher variability in
subjective mental effort.

5 Discussion
We found that performing a dual task below the DT affected per-
formance. Accuracy in the 2-back task in the UT condition was
significantly lower compared to the baseline condition. Similarly,
participants were more likely to press the button to indicate a match
when there was none (a false alarm) in the UT condition compared
to baseline. This was a surprising finding, as we expected perfor-
mance to drop as the noticeability of the redirection increased, in
line with previous findings in the literature [2, 14]. Within our
sample, UT had an approximate detection rate of 62.5%. At higher
levels of noticeability, participants may be able to cognitively com-
pensate for this change, potentially contributing to less variability
in performance. Furthermore, as we used a pooled DT for this pilot,
it is possible that individual sensitivities shaped the results. Com-
pared with prior studies that consist of the participant walking a
path in an open environment, our dual task was performed during
labyrinth navigation with resets, which may have affected how
redirection interacted with cognitive performance.

Interestingly, despite almost all participants expressing that the
resets were distracting, the varying reset rates were not shown to
affect dual-task performance. Nonetheless, considering the consis-
tent negative feedback regarding the resets, they are likely best
avoided to provide a stable user experience. For our next study, we
aim to repeat the experiment in a hall large enough to perform the
task without any resets. Furthermore, in this study we tested for the
DT at a participant-pool level. In our next study, we will increase
the sample size and expand the testing for the DT task to calculate
the psychometric curve of every participant, thereby computing
more accurate results on an individual level.

6 Conclusion
This paper describes the results of a pilot study on how redirected
walking applied below, at, or above the DT impacts cognitive load.
We found that applying smaller gains under the DT affected perfor-
mance in the dual task. While the reset rate did not affect perfor-
mance, user feedback indicated it to be an unpleasant and distract-
ing experience. In future work, we will expand the experiment to

estimate individual DTs and recruit a larger, more gender-balanced
sample with fully counterbalanced conditions to assess the robust-
ness of our findings.
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