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Abstract
Teleportation has become a popular locomotion method for virtual
reality due to its lesser demands on physical space and decreased
levels of motion sickness compared to other methods. However,
prior work has shown that these advantages come at the cost of
impaired spatial perception and awareness, the extent to which is
still largely unknown. In this work, we present a within-subjects
study (𝑁 = 29) that explores the effects of teleportation on spatial
perception by investigating howmuch humans can be unknowingly
displaced relative to their intended destination during teleportation.
After teleporting to the specified location, participants indicated
the direction and magnitude (small, medium, large) of the perceived
shift or rotation. Displacement from the target happened either as a
translation in the forward- or strafe-axis, or a rotation about the up-
axis at the intended target. Each displacement condition included
eleven offsets that were repeated six times. Our results indicate
points of subjective equality, which show a significant perceptual
shift along the forward-direction, as well as detection thresholds,
which indicate a comparatively wide range in which humans are
unable to detect induced shifts. Furthermore, our results show that
even if humans are able to detect these shifts, larger ones can be
introduced before their magnitudes are rated as medium or large,
which provides ample opportunities for interface designers who
want to leverage these results in virtual reality.
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1 Introduction
Teleportation has become a particularly popular locomotion tech-
nique due to its reduced demands on physical space [7, 13, 33]
and lower levels of motion sickness [13, 35, 59] compared to other
locomotion methods. According to a recent survey on trends in
virtual reality (VR) locomotion research by Martinez et al. [37],
Point-and-Teleport [7] is the most explored selection-based tech-
nique and most widely studied locomotion technique overall. Its
popularity even extends to commercial applications, as seen in
its 32.7% adoption rate among the 330 most used VR applications
released between 2016 and 2023 [1].

Despite these advantages, prior work has shown that teleporta-
tion comes at the cost of impaired spatial perception and aware-
ness [2, 6, 47], the extent to which has yet to be fully explored.
As a discontinuous translation of the viewport, teleportation dis-
torts spatial awareness due to a lack of self-motion cues like optic
flow [3, 15]. Given its widespread use, it is crucial to understand
the degree to which spatial awareness is being affected. The dis-
ruption in spatial updating caused by teleportation offers a unique
opportunity to study the flexibility and limits of human spatial per-
ception. Thus, we examine how sensitive these perceptual systems
are to discrepancies in spatial transformations when deprived of
self-motion cues. This work investigates the perceptual boundaries
of spatial awareness during teleportation by introducing subtle
displacements and conducting a user study (𝑁 = 29) that evaluates
how much a user can be offset from their intended destination with-
out detection. We then quantify the range over which users can be
unknowingly displaced. We used the following research questions
to guide our investigation:
RQ1 At what point can users reliably distinguish between the

directions of a teleportation-induced displacement?
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RQ2 To what extent can users be unknowingly displaced from
their intended location during teleportation?

RQ3 At what magnitudes do users begin to categorize a displace-
ment from their intended teleportation destination as �small�,
�medium�, or �large�?

While spatial perception during teleportation remains underex-
plored, related work in redirected walking o�ers valuable insights.
Redirected walking [48] decouples the user's physical and virtual
movement by applying undetectable manipulations to the visual
scene that cause the user to unknowingly reposition or reorient
themselves within their physical space. Much of this work relies on
psychophysical experiments to determine detection thresholds�the
range of gains over which users are unable to reliably detect the
di�erence between their physical and virtual movement [8, 53, 54].

Although redirected walking and teleportation di�er in how they
manipulate user movement, they share methodological parallels
that allow users to traverse virtual environments (VEs) that are
larger than their physical space by altering the user's virtual po-
sition without a direct correspondence to real world movement.
Thus, we adopted a within-subjects psychophysical design based
on an n-alternative forced-choice (nAFC) task to investigate spatial
perception during teleportation since similar methodologies have
been employed in redirected walking literature. The nAFC task al-
lowed us to determine the displacement magnitude at which users
can distinguish between directions, the range over which users can
be unknowingly displaced, and the thresholds at which users clas-
sify displacement magnitudes as small, medium, or large. During
the study, participants experienced displacements after teleport-
ing to the target location. These displacements occurred as either
a translation in the strafe- or forward-direction, or as a rotation
about the up-direction (see Figure 1). Each axis included eleven
o�set levels, including forward, backward, lateral, and rotational
deviations from the intended teleport target pose.

Our �ndings reveal asymmetries in how users perceive forward
translations and yaw rotations during teleportation. We identi�ed
detection thresholds for the displacements for each displacement
type and established magnitude thresholds for categorizing dis-
placements as small, medium, or large. Based on these results, we
developed a set of design recommendations that o�er practical
guidance for designing VR teleportation systems that minimize
perceptual disruptions.

2 Related Work
2.1 Spatial Perception and Teleportation
Teleportation was �rst introduced by Mine et al., whose imple-
mentation instantly transitioned the user's viewpoint to a selected
destination through pointing [40]. Nearly two decades later, the
widely adopted Point-and-Teleport [7] implementation was formal-
ized, becoming a standard in modern VR applications and the most
widely studied locomotion technique [37]. A major contributing
factor to teleportation's dominance is its ability to reduce simulator
sickness [16, 33, 59]. The discontinuity of teleportation disrupts
optic �ow, therefore reducing simulator sickness but also impairing
spatial perception and awareness [3, 14, 38]. Interrupting optic �ow
also causes disruptions in visual continuity and self-motion cues,
both of which are critical for spatial orientation and memory [52].

In addition to this decreased spatial perception, teleportation has
been shown to increase cognitive load, especially when users are
required to reorient themselves after each jump [9, 14]. When users
arrive at a new location facing an unexpected direction, integrating
the new view into their existing mental map becomes harder [14].
This leads to fragmented spatial representations and increased

cognitive e�ort when navigating or recalling spatial layouts.
Although prior research has explored the relationship between

teleportation and spatial perception, few studies have quantitatively
assessed its impact. In order to design interfaces that mitigate the
drawbacks of teleportation, it is essential to establish measurable
insights into how teleportation impacts spatial perception. Many
previous works that improve spatial perception during teleportation
do so by providing more spatial representations of the environment
prior to travel such as portals [21, 31, 57] and preview avatars [17,
26, 58]. As a result, post-travel techniques that support spatial
perception have been underexplored. This work addresses that gap
by investigating the limitations of spatial perception and awareness
following teleportation, with the goal of informing future interface
designs.

2.2 Estimating Perceptual Thresholds in
Redirected Walking

Redirected walking [48] relies on applying undetectable visual ma-
nipulations that cause a user to unknowingly reposition or reorient
themselves within their physical space, enabling exploration of a
larger virtual space. Redirection can be achieved by introducing
rotations and translations (controlled by gains) to the user's virtual
movements as they move about the physical space [54]. This tech-
nique is most e�ective when these manipulations are imperceptible
to the user, thus it is advised that gains do not exceed the detection
threshold�the smallest gain magnitude that users can reliably per-
ceive. A substantial amount of prior work in the redirected walking
community has studied how detection thresholds vary based on dif-
ferent system con�gurations [23,41,61]. Many of these studies have
used variations of the n-alternative forced-choice (nAFC) task to as-
sess users' perception of induced manipulations [5, 8, 11, 32, 34, 54].
The nAFC task has become a widely-adopted method due to how its
ability to isolate perceptual sensitivity from decision biases [30, 36].
Some studies have used a simpli�ed version of the task that is based
on staircase procedures [10,25,48]. However, these methods are less
e�ective in eliminating bias compared to the full nAFC approach.
Based on this, we chose to employ a full nAFC task procedure in
our study.

3 Psychophysical Experiment
In this section, we describe the experiment we performed to an-
alyze how sensitive humans are to subtle yaw rotations and for-
ward/backward or leftward/rightward translations in VR at the time
of teleportation. The experiment was approved by the Institutional
Review Board of our university.

3.1 Participants
We recruited 33 participants from our university community, 29
of whom were included in the �nal analysis. The remaining 4 par-
ticipants were excluded due to a misunderstanding of the task, as
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(a) Teleport Origin Pose (b) Teleport Target Pose (c) Displacement Vectors

(d) Forward Translation Example (e) Left Translation Example (f) Left Yaw Rotation Example

Figure 1: Image sequence illustrating the teleportation displacements and resulting viewport changes observed in the user
study: (a) participant selecting the teleport target, indicated by the circle, (b) view after teleportation without any displacement
from the target pose, (c) vectors depicting the displacement axes along which the viewport may be o�set relative to the teleport
target, (d) example of a forward translation, (e) example of a left strafe translation, and (f) example of a left yaw rotation.

evidenced by their plotted responses. Their data lacked the expected
curvature that would have indicated the detection of extreme values,
hence failing our sanity checks. The included 29 (9 female, 20 male)
participants were between the ages 19 and 45 (" = 26”0• (� = 6”1).
All of the participants had normal or corrected-to-normal vision, 16
of whom wore glasses during the experiment. 1 participant reported
color-blindness and 2 reported strong astigmatism. None of the par-
ticipants reported any cognitive or motor impairments. All of the
participants were right-hand dominant. VR experience among the
participants varied with 6 having little experience, 8 having some
experience, and 15 of them having high levels of experience. The
participants were either students or non-student members of our
university community who responded to open calls for participa-
tion, and received monetary compensation for their participation.

3.2 Material
3.2.1 Hardware and So�ware. Participants wore a Meta Quest 3
HMD, which provides a resolution of 2064� 2208 pixels per eye with
an approximately 122-degree diagonal �eld of view and a refresh
rate of 90 Hz. Position and orientation tracking was done using the
Quest 3's inside-out tracking system. A Quest Touch Plus1 hand-
held controller served as the input device via which participants
performed the teleportations and provided responses during the
experiment. Participants were instructed to hold the controller in
their dominant hand.

The software was developed in Unity3D version 2022.3.36f1 as
an Android package kit (APK) that was deployed and run on the
HMD for untethered operation during the experiment.

3.2.2 Virtual Environment. The VE consisted of a large city envi-
ronment acquired from POLYGON City - Low Poly 3D Art asset

1https://www.meta.com/quest/accessories/quest-touch-plus-controller
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Figure 2: An aerial view of the virtual city environment high-
lighting the unique areas where teleportation targets were
placed. Each area varied in the density and richness of visual
cues provided by the surrounding city geometry to support
the use of stimulus sampling. Locations provided at least
ten meters of obstacle-free teleportation distance from the
center of the red disk. Note that the red highlights are only
included here for illustrative purposes and were not visible
to participants during the trials.

pack by Synty2. Our choice of a city environment was motivated
by the literature in this �eld. For instance, Steinicke et al. [53, 54]
decided on a virtual German city environment for their seminal
redirected walking studies, and later studies by Bruder et al. [8, 11]
used other city environments.

Ultimately, we wanted a scene that allowed users to explore
multiple levels of stimuli to ensure that our work is generalizable.
For the teleportation task, we identi�ed ten unique places within the
city environment that provided at least ten meters of obstacle-free
space from the origin around the participant that was suitable for
teleportation. The ten places within the environment were chosen
with varying density and richness of orientation cues from the
surrounding city geometry. See the red highlighted locations in
Figure 2. Each trial in the experiment started from a randomly
chosen location among these ten identi�ed places. Participants
were further oriented in a random direction within these places for
each trial, while always facing the teleportation target.

To increase the ecological validity of results in this experiment,
we leveraged stimulus sampling [60] with respect to the environ-
ment. Stimuli in the city environment include the �oor geometry
and texture, which ranges from plain asphalt to tiling patterns,
sidewalks, and parking lines, as well as the density of objects in
the surrounding area, from large buildings to cars, trash cans, mail-
boxes, and small �owers. Locations with a varying density level of
objects were chosen to o�set potential confounds introduced by
landmark-rich areas.

2https://assetstore.unity.com/packages/3d/environments/urban/polygon-city-low-
poly-3d-art-by-synty-95214

3.3 Method
3.3.1 Teleportation. The teleportation interface was implemented
using the Meta XR All-in-One SDK version 76.0.1 [39]. Teleporta-
tion was initiated by pushing forward on the controller's joystick,
at which point a curved arc would appear that would intersect the
ground. While holding the joystick down, the participant could
freely move the controller around to aim the arc. Once the joystick
was released, instantaneous teleportation was initiated where the
viewport was instantly transported to the new location. We de-
cided on this curved arc as it is what Meta uses for their standard
implementation of teleportation.

When pointing the arc at the designated teleport target and
within a half meter, the end of the arc would snap to the center
of the teleportation target. The target extended into a circle to
visually indicate that the participant was able to teleport there.
Participants were restricted to teleport only to the indicated target
locations. This was also communicated by the ray being red when
on an invalid location. We controlled these teleport target locations
by only presenting one during each trial and randomizing their
distance from the participant. To further use stimulus sampling, we
decided to randomly present these teleport targets between �ve and
eight meters away from the participant. This range was chosen due
to the fact that o�-the-shelf teleportation techniques such as the
Meta XR All-in-One SDK [39] also limit the maximum distances for
teleportation. At the time of teleportation a gain was applied and
the teleportation target visual was removed to prevent participants
from using it to assess the applied gain.

3.3.2 Study Design. For this experiment, we used a 3 (conditions)
� 11 (o�sets)� 6 (repetitions) experiment design. This resulted in
198 trials per participant, plus 7 training trials for each condition
that were excluded from analysis.

We evaluated the following three conditions:

� Translation along the forward axis in teleportation di-
rection (from the user's previous position to the tar-
get position) see Figure 1(d). We tested 11 translations
C 2 f0• � 0”5• � 1”0• � 1”5• � 2”0• � 2”5g (in m), each repeated six
times. Negative values indicate a backward translation and
positive values indicate a forward translation.

� Translation along the strafe axis relative to the teleporta-
tion direction see Figure 1(e). We tested 11 translations
C 2 f0• � 0”5• � 1”0• � 1”5• � 2”0• � 2”5g (in m), each repeated six
times. Negative values indicate a leftward translation and
positive values indicate a rightward translation.

� Yaw rotation around the up axis at the target position see Fig-
ure 1(f). We tested 11 rotationsA 2 f0• � 7• � 14• � 21• � 28• � 35g
(in degrees), each repeated six times. Negative values indicate
a counterclockwise rotation (leftward) and positive values
indicate a clockwise rotation (rightward).

The three conditions were tested as blocks. The trials within each
block and the order of the blocks were both randomized. Each
block started with seven supervised training trials to ensure that
participants understood the tasks. Short breaks were o�ered to
participants between blocks. The distances, angles of rotation, and
trial spot were randomized to prevent participants from becoming
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(a) (b)

Figure 3: Response scale used for the six alternative choices:
Participants indicated the perceived direction and magnitude
(small, medium, large) that they were displaced during (a)
forward/backward translations and (b) left/right translations
or yaw responses (�left� here refers to counterclockwise ro-
tations).

familiar with target locations, similar to previous study designs [47,
53].

This study design follows prior established protocols on psy-
chometric evaluations of redirected walking detection thresholds
(e.g., [8, 54]). The speci�c values we chose for our experiment were
inspired by the parameters used in related work [5, 34, 62], as well
as pilot testing.

3.4 Procedure
Pre-Procedure. Upon arrival, participants provided their informed

consent, and were given an explanation of the experiment and
instructions on how to perform the tasks. Prior to donning the
HMD, participants completed the Simulator Sickness Questionnaire
(SSQ) [29] (see Section 3.5.2) to assess their baseline health before
the experiment.

Main Trials. After donning the HMD, participants were pre-
sented with task instructions via slides in the virtual scene and then
completed three blocks with 7 supervised training trials. Each block
consisted of 66 experimental trials (see Section 3.3.2). The order
of the blocks and trials was randomized, and short breaks were
o�ered in between blocks. In each trial, participants started in one
of the ten predetermined trial origins within the city environment
(see Section 3.2.1), which were chosen because they o�ered at least
ten meters of obstacle-free space in any direction for teleportation.
The heading of the participant within this space was randomized
by using polar coordinates with a random angle. A single telepor-
tation target (see Figure 1(a)) was presented directly in front of
participants, who then aimed the controller in their dominant hand
towards the teleportation target. Teleportation was initiated by
pushing forward on the controller's joystick to cast the arc, then
when the joystick was released participants would instantaneously
arrive at the target location with one of the aforementioned o�sets
(see Section 3.3.2). Once the teleport was completed, a response
scale was then presented in front of the participant, prompting
them to judge the direction (left/right or forward/backward) and

magnitude (small, medium, large) of the shift that they perceived
relative to the teleport target (see Figure 3). Participants made their
selection by simultaneously choosing a magnitude along the cor-
responding directional axis, thus indicating both aspects of their
perception with a single response. A response on this scale could be
chosen via straight-ray pointing selection by aiming the hand-held
controller at one of the options and depressing the trigger. After
the participant selected a response, the next trial started.

Post-Procedure. Once the three experiment blocks were com-
pleted, participants completed the SSQ once more to assess the
before-and-after di�erences in their subjective health ratings, then
they �lled out the Igroup Presence Questionnaire (IPQ) [51], the
short form of the User Experience Questionnaire (UEQ) [50], and a
demographics questionnaire. The total time for the experiment per
participant was approximately 45 minutes, they wore the HMD for
approximately 30 minutes.

3.5 Experiment Task and Measures
3.5.1 n-Alternative Forced-Choice (nAFC) Task. To measure the
amount of displacement that is unnoticeable during teleporta-
tion, we used a standard psychophysical procedure based on an
n-alternative forced-choice task [22, 36]. This experimental method
is an attractive and common procedure in the �eld of psychophysics
as it eliminates many response biases and allows to isolate percep-
tual sensitivity from decision tendencies [30, 36]. Variants of this
method have also been used extensively in the �eld of redirected
walking [5, 8, 11, 32, 34, 54] to assess participants' perception of
induced manipulations. While some work used a simpli�ed version
based on staircase procedures [10, 25, 48], these are unfortunately
not as free from biases as the full method [24, 36]. Hence, we de-
cided to perform a full nAFC task procedure using the method of
constant stimuli. In the method of constant stimuli, the applied
stimuli are not related from one trial to the next, but presented
randomly and uniformly distributed.

In each trial, participants choose a binary response between one
of two directions. In our case, these were �forward� or �backward�
for translations along the forward axis, �left� or �right� for transla-
tions along the strafe axis, and �left� or �right� for yaw rotations
around the up axis (referring to counterclockwise or clockwise rota-
tions, respectively). See Section 3.3.2. Moreover, participants had to
choose between one of three magnitudes of the perceived change
(small, medium, large). In total, this resulted in= = 2 (directions)
� 3 (magnitudes) answer possibilities in this nAFC task. These six
answer possibilities were presented on a response scale that can
be seen in Figure 3. Answers like �I don't know� are not allowed
with this method, hence the omission of a "no o�set" choice. In-
stead, participants have to choose one of the two general directions
randomly and will be correct in 50% of the cases on average.

Expanding the number of possible responses is an attractive
change to the nAFC task that provides additional insights into
the perceived magnitude of the change in direction. This allows
us to then assess the range of stimuli that are perceived for each
magnitude, thus determining a magnitude threshold. This variation
is also backwards compatible due to the capability of compressing
the increased number of 6 responses into the traditional binary
responses by only considering the chosen direction.
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