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Figure 1: Visualization of the main steps of SwitchAR with redirected walking (RDW) as an exemplary perceptual manipulation
(PM). 1: Based on an aligned virtual reconstruction of the environment, the user is switched from Augmented Reality (AR) to
Virtual Reality (VR) without noticing it. 2: Once the user is in VR, existing PMs like e.g. RDW can be applied. In this example,
the RDW can redirect the user to create an offset between their perceived virtual position and their actual position in the real
room. The figures in this paper require color to convey their messages. Therefore, please print them in color or, ideally, view them
on a screen.

Abstract
Perceptual manipulations (PMs) like redirected walking (RDW) are
frequently applied in Virtual Reality (VR) to overcome technologi-
cal limitations. These PMs manipulate the user’s visual perceptions
(e.g. through rotational gains), which is currently challenging in
Augmented Reality (AR). We propose SwitchAR, a PM for video
pass-through AR leveraging change and inattentional blindness to
imperceptibly switch between the camera stream of the real envi-
ronment and a 3D reconstruction. This enables perceptual manipu-
lations in what users still perceive as AR. We present our pipeline
consisting of (1) Reconstruction, (2) Switch (AR -> VR), (3) PM and
(4) Switch (VR -> AR), and discuss its challenges and our solutions.
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In a user study (n=20), we found that no participant noticed the
switch and only one the PM. Additionally, despite revealing that a
manipulation happened, participants could not detect the switch in
a consecutive run. SwitchAR is a fundamental basis enabling AR
PMs.

CCS Concepts
• Human-centered computing → Mixed / augmented reality.
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Augmented Reality (AR), Virtual Reality (VR), Perceptual Manipu-
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1 Introduction
Virtual Reality (VR) applications can make use of a variety of per-
ceptual manipulation (PM) techniques. The subset called Virtual-
Physical Perceptual Manipulations (VPPMs)[57] allows developers
to influence the users’ physical movements. One application for
VPPMs is making the users unconsciously change their walking
routes through redirected walking (RDW)[41], enabling them to
explore virtual environments larger than their real environment.
Another application is manipulating hand movements[3, 34, 37],
making it possible to increase the availability of passive haptic feed-
back without the need for additional physical props. This is possible
because VR head-mounted displays (HMDs) fully occlude the real
world and, therefore, have full control over the users’ visual field
of view (FOV). This allows them to leverage perceptual thresholds
by manipulating the virtual world displayed to the users.

Current Augmented Reality (AR) HMDs only add virtual content
to the real world, rather than fully occluding it. This reduced degree
of control over the environment, which is still visible to the user,
makes it impossible to apply common PMs. Recently, advances in
camera quality and size of the FOV allowed AR HMDs based on
pass-through camera feeds to gain popularity (e.g., Meta Quest 3,
Apple Vision Pro). This has led to pass-through AR becoming a
widespread form of AR. Such pass-through AR HMDs are not only
able to run AR, but they can also fully occlude the real world in
order to run VR instead.

We present SwitchAR, a PM for pass-through AR leveraging
change blindness and inattentional blindness to imperceptibly switch
between the camera stream of the real environment and a virtual
3D reconstruction. By implementing tricks like a distraction task,
permanent visual noise and minimization of the visible changes,
the switch can be hidden in spite of inaccuracies in the reconstruc-
tion. As a result, the user still thinks that they are inside of AR and
interacting with the physical environment. At the same time, the
system provides full control over the environment reconstruction,
allowing developers to use VR PMs.

SwitchAR’s pipeline consists of four steps. (1) Creating a 3D
reconstruction of the environment. (2) Secretly switching from the
pass-through video feed to the reconstruction. (3) Applying a PM.
(4) Optionally switching back to the pass-through feed. Across this
pipeline, for the whole duration of users wearing the HMD, it is
important that they continuously think they are using AR.

In order to validate our approach, we implemented a SwitchAR
prototype using RDW as an exemplary PM, since it is the most
widely used PM and requires a long and non-trivial manipula-
tion. Our RDW implementation was based on rotation gains ap-
plied when users turn around at waypoints, similar to Razzaque’s
approach[41]. This SwitchAR implementation was then evaluated
in a user study with 20 participants, where each run of the study
consisted of three rounds. We implemented a distraction task, let-
ting participants walk from one virtual painting to the next one

repeatedly in our lab, thinking they were taking part in a memory
study. At the end of the second round, the redirection was revealed.

The study’s goal was to measure (1) if unsuspecting participants
detected the switch, (2) if they detected the PM, and (3) if the PM still
worked when the participants knew they are being manipulated.
Noticeability of the switch was measured similarly to the original
approach of Simons et al.[48] in their inattentional blindness study.
Participants were asked four increasingly specific and revealing
questions, like "Did you notice that the environment changed?" and
"Have you been in AR for the whole duration of the study?".

For the open questions, we coded the results and considered all
answers, that mentioned a visual change in the environment, as
noticing the switch (the raw data of the responses is attached in
the supplementary material). We found that none of the partici-
pants noticed the switch from AR to VR in any of the experiments’
three rounds, and only one consistently noticed the redirection.
After revealing to them in round two that they were being manipu-
lated with RDW, 17 of the participants were not able to correctly
explain how this manipulation was possible in AR. Even in the
third round, at which point the participants already knew about
the application of RDW, no participant noticed the switch and only
one additional participant noticed the RDW. These findings demon-
strate that SwitchAR can be a foundational approach enabling the
application of various VR PMs in video pass-through AR.

Our main contributions are (1) the concept and implementation
of SwitchAR, most importantly the novel secret switch between AR
and VR, (2) the pipeline and a discussion of its challenges with possi-
ble solutions and (3) a demonstration of the feasibility of SwitchAR,
even after revealing the utilization of a manipulation, in a user
study (n=20).

2 Related Work
Our work is related to five main fields, incorporating insights from
Change and Inattentional Blindness and Cross Realities, and distin-
guishing itself from existing research on Diminished Reality, Per-
ceptual Manipulation in Virtual Reality and Perceptual Manipulation
in Augmented Reality.

2.1 Change Blindness and Inattentional
Blindness

Change blindness and inattentional blindness are two related ef-
fects, which make it possible to leverage shortcomings in human
perception to change users’ environments without them noticing.

As discussed by Simons et al., change blindness describes "the
inability to detect changes to an object or scene"[49]. This effect can
appear both after longer durations, for example when turning away
from an object and looking at it again later[54], and after short
disruptions like eye movements or a short occlusion of the whole
FOV[49]. Change blindness can be used in combination with VR to
achieve different goals, e.g. for optimizing rendering times through
changes in the rendering fidelity[6], automatically turning pages
without the reader noticing it[59], or redirecting users to overcome
space limitations for natural walking[54].

Inattentional blindness is about not consciously perceiving parts
of the FOV that lie outside the center of attention[48]. This can also
include overlooking changes like the appearance of unexpected
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objects[30]. In their study, Simons et al.[48] showed that, over-
all, 46% of their participants did not notice a person carrying an
umbrella or wearing a gorilla costume walking across the frame
when watching a video of basketball passes. By adding a distraction
task, in this case counting the number of passes, the participants’
attention was captured continuously, enabling the inattentional
blindness. One of the findings was that an increased difficulty of the
distraction task led to a decreased detection rate of the unexpected
person walking through the video. Utilizing inattentional blind-
ness in VR, Marwecki et al.[33] built a system allowing them to
make changes to the virtual scene inside the FOV, without the user
noticing it. The presented application scenarios included hidden
difficulty adjustments, seamlessly adjusting the experience to the
user’s interests and decreasing motion sickness.

Change blindness and inattentional blindness are core aspects of
SwitchAR, providing a theoretical foundation for realizing an un-
detected switch from pass-through AR to a virtual reconstruction.

2.2 Cross Realities
The recent years brought advances in the quality and availability
of HMDs implementing AR based on pass-through camera feeds.
Standalone HMDs like the Meta Quest 3 or the Apple Vision Pro are
completely closed off, enabling AR by rendering the pass-through
feed on their displays. Because of that, they are also able to switch
between different levels of the reality-virtuality continuum[35, 36],
including hiding the real world altogether in order to run in VR.

Sun et al.[55] presented a system monitoring the users’ emotions
and efficiency at their current task. If the system detects, that the
user might be more efficient or in a better mood in a different
environment, it suggests them to switch from AR to VR or vice
versa and continue their task in the new environment.

Gottsacker et al.[12] compared different techniques for visual-
izing interruptions by outsiders to VR users. While most of the
techniques relied on virtual representations of the outsider, there-
fore staying in VR, one of them utilized transitioning between VR
and AR. In this case, the application would hint the users to turn on
the HMD’s pass-through cameras, allowing them to interact with
the other person in AR.

Another direction of research about transitions along the reality-
virtuality continuum is the usage of an intermediate replica envi-
ronment, which is modeled after the physical environment. Such
replicas can, e.g., enable more gradual transitions when switching
from AR to the replica first and then from the replica to VR, instead
of directly switching from AR to VR. Previous work investigated,
e.g., the effects of intermediate replica environments on user expe-
rience, presence and distance perception[40, 51–53].

The concept of switching between different levels of the reality-
virtuality continuum is another central aspect of SwitchAR. In
contrast to the presented research on transitions, which users are
aware of, SwitchAR is targeted on an imperceptible switch to enable
applying PMs while the users still think they are using AR. The
most similar works with regard to virtual reconstructions are from
Lindlbauer et al.[27], reconstructing the environment with depth
cameras, and Kari et al.[17], utilizing an iPhone with the Polycam
app instead. Both created virtual reconstructions aligned with the

real environment, but they did not investigate fully replacing the
environment with the reconstruction without the user noticing.

2.3 Diminished Reality
Diminished Reality, a concept originally introduced by Mann[31],
has been applied in AR to remove content from the user’s FOV for
a variety of use cases. It can, e.g., enable users to see through solid
objects[2, 16] or hide irrelevant objects to reduce distractions[19,
25].

Diminished Reality approaches can be technically similar to
SwitchAR, relying on aligned environment reconstructions to re-
move objects[22]. However, they typically have the goal to hide
individual objects, which means that most of the physical environ-
ment remains visible. In contrast, SwitchAR is replacing the whole
environment with the reconstruction, imposing different require-
ments on the reconstruction and overall implementation. While this
allows to remove individual objects as well, it additionally opens
up a new space of PMs in AR.

2.4 Perceptual Manipulation In Virtual Reality
The concepts of perceptual manipulations (PMs) and more specifi-
cally virtual-physical perceptual manipulations (VPPMs) were de-
fined by Tseng et al.[57] and Bonnail et al.[4]. PMs "are mechanisms
grounded in limitations of users’ cognition and perception with a clear
intention to influence users towards a specific outcome"[4]. VPPMs, be-
ing a subset of PMs, "are perceptual manipulations that are grounded
in visual-haptic limitations with the intention to nudge the user’s
physical movements"[4].

Beneficial Applications. Various research about VPPMs was con-
ducted with the goal of benefiting the users. Razzaque[41] intro-
duced small, imperceptible scaling factors to the users’ rotations.
This allowed them to decouple the virtual paths from the real paths
walked by the users and manipulate them. The goal of this redi-
rected walking (RDW) was to enable users to move around freely
in virtual environments, which are larger than their actual physical
environments, while still being able to use real walking as a locomo-
tion. RDW can also be implemented by relying on change blindness
instead of visual perceptual thresholds, e.g. by repositioning virtual
doorways while the user is not looking at them[54].

Azmandian et al.[3] took advantage of the visual perceptual
thresholds in order to enable one physical object to provide hap-
tic feedback for several virtual ones, called haptic retargeting. By
manipulating the virtual model of the users’ hands, the virtual en-
vironment around the users, or both, they were able to direct users
to grab the same physical cube each time, when they thought they
would be reaching out to different virtual cubes instead.

Hand redirection can also be applied to improve ergonomics, e.g.
by allowing airplane passengers to use physical surfaces for haptic
feedback while keeping a comfortable posture[34], or by making it
easier to reach virtual objects in mid-air to reduce fatigue[37].

As demonstrated by Clarence et al.[8], RDW can also be com-
bined with haptic retargeting. This increased the spatial range of
the typical haptic retargeting approach, reducing the need to place
many physical props distributed across the user’s environment.
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Malicious Applications. In contrast to such beneficial applications,
there is also a potential for malicious applications. Tseng et al.[57]
conducted speculative design workshops to identify potentially
harmful application scenarios. One of the resulting type of attacks
was called "puppetry attack"[57]. The ability to manipulate the
users’ body movements could be exploited to make the users hurt
themselves. For example, RDW could be applied to make them
fall down a staircase, while haptic retargeting could be used to
make them unknowingly reach out to dangerous objects in their
environment, like knives.

Casey et al.[5] investigated potential attack scenarios on the HTC
Vive and Oculus Rift VR HMDs. By exploiting software vulnerabili-
ties on the HMDs, they were then able to implement redirection
attacks. In a user study, they applied RDW to secretly redirect un-
suspecting participants while they were playing VR games.

While there is a variety of these kinds of PMs, either beneficial
or malicious, they are based on VR. In contrast to this, SwitchAR is
enabling such PMs for video pass-through AR. Therefore, the next
section is going to address existing research for PMs in AR.

2.5 Perceptual Manipulation In Augmented
Reality

While there is some research about PMs being applied in AR, there
is little for VPPMs. As long as users can still see the real world
around them, the options for creating sensory conflicts are limited.

Cheng et al.[7] applied virtual overlays to manipulate the users’
reaction times to content displayed on a 2D monitor. With a custom
approach relying on cropping of the pass-through video feed, Ishii
et al.[14] implemented a system for manipulating users’ walking
directions in AR. It was not able to continuously redirect in the same
direction and participants had to walk in a straight line without
looking sideways, though.

Just like PMs in VR allow for malicious applications, the same is
true for PMs in AR. Roesner et al.[43, 44] and Lebeck et al.[23, 24]
considered potential dangers originating from AR HMDs’ abilities
to cover parts of the user’s FOV, e.g. traffic signs being occluded. To
address such dangers, they discussed and prototyped safety mecha-
nisms for controlling the visual output of AR applications.

The presented projects applied PMs in AR[7] and redirected
knowing users with a custom video cropping approach[14]. How-
ever, they did not investigate physically manipulating unknowing
users through existing VR VPPMs in AR. In order to apply such
VPPMs in perceived AR, SwitchAR is transferring the users into a
virtual reconstruction of the environment, without them noticing
it. The conceptual steps of this process are going to be explained in
the following section.

3 Concept
This section is going to introduce the four steps of SwitchAR’s
pipeline, as visualized in figure 2. The pipeline combines recon-
structing the user’s environment, switching from AR to this virtual
reconstruction, and then applying the desired PM in order to enable
PMs in perceived AR. The optional fourth step of switching back
to AR can help to provide a seamless experience.

Figure 2: SwitchAR’s pipeline, consisting of four steps with
their main goals

We call this state "perceived AR" since the user is constantly
thinking they are operating in AR.While we are fully aware that the
concept is transitioning users into VR and then applying common
PM techniques, we consider this a strength of our approach since
we do not need to adapt any of the existing algorithms. However,
we acknowledge that the manipulation is working in VR, but still
consider it an AR manipulation, due to the fact that users would
not be able to tell the difference between constantly being in AR
and using SwitchAR.

3.1 Reconstruction
The goal of this first step is to create a virtual reconstruction of
the environment that the application is going to be used in. It
should be as similar to the real environment as possible, facilitating
inattentional blindness and change blindness to make the following
switch less noticeable. This similarity includes the reconstruction’s
aspects of geometry, scale, alignment with the real environment
and its texture.

3.2 First Switch
After preparing the reconstruction, the next goal is to switch the
HMD from running in AR to running in VR, relying on inattentional
blindness and change blindness to prevent the user from noticing
it. There is a variety of approaches to this switch from AR to VR
to choose from. A straightforward option would be, for example,
to instantly activate the virtual reconstruction, fully covering the
pass-through video feed. The resulting abrupt changes might draw
attention and are more noticeable than gradual changes, though[11,
61, 62]. Fading in the virtual reconstruction by gradually increasing
its opacity until it is fully opaque could therefore be a less noticeable
and similarly uncomplicated alternative approach.

3.3 Perceptual Manipulation
Once the application is running in VR, PMs already known from
VR research can be applied, for example haptic retargeting[3, 8]
or RDW[41, 54]. During this phase, the users are not supposed to
notice the fact that they are not using AR any more. Therefore,
perceptual thresholds for the manipulations should not be crossed.

SwitchAR in combination with PMs manipulating the virtual
reconstructions introduces a new side effect, which does not exist
when applying the same PMs in VR. Initially, the reconstruction
is aligned with the real environment regarding position and ori-
entation, in order to allow for an imperceptible switch (step 1 in
figure 3). VR does typically not require alignment between the vir-
tual world and the real environment. When the reconstruction is
then manipulated, this alignment will be broken. RDW based on
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Figure 3: Exemplary timeline of emerging misalignments
(steps 1 to 3) between the physical environment and the re-
construction (colored blue for visualization purposes), and
their resolution (steps 4 and 5)

rotational gains, for example, introduces misalignment in the form
of offsets in the location and the orientation of the reconstruction
(steps 2 and 3 in figure 3). For the manipulation to stay unperceived
across the whole usage, this misalignment has to be resolved later
on, as described in the next step.

3.4 Optional Second Switch
As a last step, the HMD can switch back from VR to AR without
the user noticing it, based on the same principles used for the first
switch. For this to be possible, any misalignment created in the
previous step has to be resolved first (steps 4 and 5 in figure 3).
This can be achieved by applying the previous manipulations of the
reconstruction in reverse, or by directly manipulating it to restore
the alignment with the real environment. Doing this allows the
PMs and the virtual reconstruction to go completely unnoticed.

Depending on the application scenario, this second switch can
also be omitted. If the developer intends to manipulate the user only
once, or if the manipulation will be obvious to the user anyway,
there is no need to resolve misalignments and switch back to AR.

4 Tricks
Based on the foundation of the conceptual pipeline, this section
is going to explain the set of tricks, as listed in table 1, which we
applied at different steps of the implementation. Figure 13 visualizes
the mapping between the pipeline steps and the tricks in effect.

Most of these tricks are based on one of the two following princi-
ples. Research on inattentional blindness suggests, that unexpected
occurrences are less likely to be noticed, if they are more similar
to objects, that are currently being ignored on purpose[10, 38, 60].
For SwitchAR, this means that it is desirable to increase the simi-
larity between the virtual reconstruction, whose appearance is not
supposed to be noticed, and the real world around the user, which
is being ignored while the user is focused on some virtual objects.

Another factor reducing the noticeability of unexpected occur-
rences is an increased cognitive load, caused by a distraction task
with increased difficulty[48]. Therefore, such a distraction task can
be applied as part of SwitchAR, strengthening the effect of inatten-
tional blindness to reduce the noticeability of the switch from the
pass-through feed to the virtual reconstruction.

Name Description Goal

Style
Transfer

Match the reconstruction’s
color representation to the
pass-through feed more
closely

Visual similarity

Visual
Noise

Compensate for missing
camera noise on the recon-
struction

Visual similarity

Virtual
Cubes

Let user interact with virtual
cubes in AR

Remind user of the
AR scene they inter-
acted with in the be-
ginning

Body
Represen-
tation

Cover the missing body in
VR with a virtual represen-
tation

Visual similarity

Distraction
Task

Distract the user, increase
cognitive load

Distraction, cognitive
load

FOV Cov-
ering

Reduce the amount of visi-
ble change by covering part
of the FOV with a virtual
painting

Reduce visibility of
the changes

Table 1: Overview of the custom tricks applied in our
SwitchAR implementation

4.1 Style Transfer
To achieve a high quality reconstruction, we used a rig1 with three
mirrorless cameras to capture images of the room, rather than
extracting frames from a pass-through screen capture of the HMD.
This created the problem of differences in the color representation
between the captured images and the pass-through camera feed,
therefore reducing the similarity between the virtual reconstruction
and the real AR environment.

In order to increase this similarity, we applied a style transfer
based on wavelet transforms[63] to the captured images before
using them to create the virtual reconstruction. For the reference
style input, we took screenshots from the pass-through video of
our Meta Quest 3 HMD. The captured images were paired with the
most similar style image before running the style transfer.

The style transfer reduced the differences in color representation,
making the resulting reconstruction’s texture match the visuals of
the pass-through cameras more closely.

Figure 4 shows the effect of the style transfer on a single input
image, while figure 5 shows a comparison of screenshots from the
pass-through feed, a reconstruction without style transfer, and the
final reconstruction with style transfer.

4.2 Visual Noise
Once the virtual reconstruction is available in the HMD, there is
another source of dissimilarity between the reconstruction and the
real environment. The Quest 3’s pass-through AR already contains
a small amount of visual grain originating from the camera stream.
Because of this, we found that the virtual reconstruction, which

1https://rd.nytimes.com/projects/assembling-a-camera-rig-to-capture-complex-
spaces-in-3d/, last visited: 11.09.2024
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Figure 4: Comparison of one of the raw input images with
the result of applying the style transfer to it

Figure 5: Comparison of pass-through feed with reconstruc-
tions before and after the style transfer

did not have any of this visual noise, looked static and artificial in
comparison, lacking the visual movement caused by the noise.

To solve this problem and further increase the similarity between
reconstruction and real environment, we manually added visual
pseudo-random noise, based on an asset from the Unity Asset Store2,
both to the AR and the VR part of the application. This noise was
stronger than the pass-through cameras’ noise, and it was displayed
on everything, that was supposed to be perceived as part of the
real world. Intentionally virtual objects, like paintings or the cubes,
were excluded from the noise.

This way, the lack of camera noise on the virtual reconstruction
did not stand out as much any more, while the noise also had the
benefit of covering up small defects or unevenness in the mesh and
the texture. Figure 6 visualizes the noise’s effect on the pass-through
feed, and figure 7 shows the same for the final reconstruction.

Figure 6: Effect of the visual noise on the pass-through video
feed

2https://assetstore.unity.com/packages/vfx/shaders/fullscreen-camera-effects/old-
movie-270021, last visited: 11.09.2024

Figure 7: Effect of the visual noise on the reconstruction

4.3 Virtual Cubes
Next, the users were instructed to interact with a few virtual cubes
in AR before starting the actual task. They could use the Quest
3’s hand tracking capabilities to pick up virtual cubes, stack them
and throw them around. This allowed the users to accommodate
with interacting in a pass-through AR application and create an
individual and unique structure with the cubes, which we preserved
in the reconstruction after the switch.

The purpose of this was for the users to be able to recognize their
own custom cube placement, whenever they looked at the cupboard
with the cubes. Our assumption was that this might strengthen
their belief that the reconstruction they are seeing is still the AR
scene in which they initially interacted with the cubes. Among
others, the cubes can be seen in figure 7.

4.4 Body Representation
Whenever the user is inside the virtual reconstruction, the HMD
is essentially running VR. This means that the user’s body is not
visible anymore. When the body is at the center of attention but
is invisible, this might break the AR illusion. In case the body is
not in the center of attention, it is again a source of dissimilarity
between the virtual reconstruction and the real environment.

To solve this problem, we added a virtual avatar for the user in
AR and in the reconstruction, increasing the similarity between the
reconstruction and real environment. We used an avatar3 slightly
larger than the user’s body, most importantly at the arms, to occlude
most of the real body in AR and therefore make it less apparent
that it is not visible in VR.

The initial problem can be seen in figure 8, where the user’s
hands and arms completely disappear in the virtual reconstruction.
First, we added visual representations for the hands, which were
included in the Quest 3’s hand tracking implementation provided by
Meta’s SDK (figure 9). Then we extended the virtual representation
with a full-body avatar. Provided with a rigged avatar, the Quest 3
offers upper body tracking and lower body prediction based on its
inside-out tracking cameras. Figure 10 shows the combination of
the hand visualization with the avatar’s arms and hands, and the
view looking down on the body is depicted in figure 11.

Combining the hand visualization with the avatar, rather than
only using the avatar, made it look like there is still something

3https://www.mixamo.com/#/, last visited: 11.09.2024
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below the avatar’s hands, even in the virtual reconstruction. This
might make the difference less apparent when the real hands are
not visible any more.

Figure 8: Comparison of the pass-through feed and the re-
construction without any virtual body representation

Figure 9: Comparison of the pass-through feed and the re-
construction with a virtual hand representation

Figure 10: Comparison of the pass-through feed and the re-
construction with both the virtual hands and the avatar

4.5 Distraction Task
Without any task, users might explore and closely examine their en-
vironment, reducing the opportunities for exploiting inattentional
blindness. To address this problem, we introduced a distraction

Figure 11: Comparison of the pass-through feed and the re-
construction when looking down on the feet in the final
implementation

task. Users were supposed to look at a sequence of virtual paintings
and images, memorizing their content, with limited time for each
painting. Having to memorize the paintings’ content with time
pressure introduced cognitive load, strengthening the effect of inat-
tentional blindness. Actively guiding the users’ attention toward
virtual paintings also reduced the attention on the environment.

4.6 Covering a Large Part of the FOV During the
Switch

Executing the switch while the user is looking at their environment
could make potential changes caused by differences between the
virtual reconstruction and the real environment visible to them.
While it would be possible that the user does not notice it due to
inattentional blindness, this still poses a risk of the switch being
noticed. In order to reduce this risk, a large part of the user’s FOV
had to be filled with virtual content during the switch. This strongly
reduced the amount of visual changes in the environment visible
to the user, therefore increasing the chance of the switch being
unnoticed due to inattentional blindness. As the distraction task
already contained looking at virtual paintings, we utilized this to
make sure the majority of the user’s FOV is covered as well. At
first, the paintings were hidden through a grey placeholder. The
users had to stand close to the picture frame and look at its center
in order to display its painting. The timeframe, during which the
virtual painting took up a large part of the FOV, could then be used
to execute the switch.

Figure 12 shows two screenshots, approximating the user’s FOV
while looking at a painting, both before ("pass-through") and after
("final reconstruction") the switch.

5 Implementation
Figure 13 shows an overview of the steps required for implement-
ing SwitchAR. The following section is going to explain how we
implemented each of these steps in Unity (version 2022.3.10f1). The
code of our Unity project will be made available for public access4.

4https://github.com/wombacher/UIST25-SwitchAR
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Figure 12: Comparison of looking at a painting in the pass-
through feed with in the reconstruction

Figure 13: SwitchAR’s pipeline, with the tricks applied at
each of the four steps

5.1 Reconstruction
At the time of writing, the Quest 3 did not provide real-time access
to its pass-through camera feed, which would be necessary for
generating a virtual reconstruction of the environment at runtime.
However, with the recent access to the camera stream, in the future
the reconstruction could potentially even be created in real-time on
the device. For our implementation, we prepared a room that was
not changed for the duration of our project. This way, we could use
photogrammetry to generate a reconstruction once in advance, and
then use that reconstruction in the application later on. We took a
few steps to make the photogrammetry reconstruction easier. First,
we removed most of the furniture in the room to make its geometry
simpler. Then we blocked the natural light coming through the
windows to get controlled lighting by the lamps on the ceiling.
Finally, we attached ArUco markers to all large, featureless surfaces,
like the white walls and grey cupboards. This was necessary to
prevent holes in the reconstruction, which occurred whenever the
pictures contained too few features to be aligned with each other.

Once the room was set up, we built a camera rig with three Sony
Alpha 7R IV cameras, paired with Tamron 28-200mm 1:2.8-5.6 Di
III RXD lenses. After taking about 3000 pictures of the room, we
applied the style transfer explained in section 4.1 to them.

After the style transfer was done, we used the RealityCapture5
photogrammetry software to calculate a virtual reconstruction,
including both the mesh and the texture. For performance reasons,
we simplified the mesh to 250 000 triangles, allowing the Quest 3 to
render it without a drop in frame rate. Because of differences in the
rendering between RealityCapture and Unity, combining multiple
textures resulted in dark lines along the texture seams in Unity,
5https://www.capturingreality.com/, last visited: 11.09.2024

which were not present in RealityCapture. To circumvent this, we
restricted the reconstruction to use a single texture only, with the
maximum resolution of 16384 by 16384.

The final reconstruction we chose still contained some obvious
defects. The worst of them were located at positions, where the
users would typically not frequently look at them, like some holes
in the ceiling, shown in figure 14. One of the lamps in the room
was also not reconstructed well. As we presumed that it might
occasionally be visible in the users’ FOV, we cut out that part of the
reconstruction. Instead, we replaced it with a manually modelled
version of the lamp. Figure 15 compares both versions of the lamp.

When preparing the implementation for the user study, we also
placed a virtual curtain into the environment. The curtain was
visible all the time, blocking the view on one end of the room. This
allowed us to have an interviewer in the room with the participant,
hidden behind the curtain to prevent the risk of breaking the illusion
of still being in AR, which would arise when the interviewer is not
visible anymore after the secret switch to VR. Figure 16 shows one
end of the room being hidden by the virtual curtain.

Figure 14: Example of some of the final reconstruction’s de-
fects

Figure 15: Comparison of the lamp from the photogrammetry
reconstruction with the manually modelled one

In order to align the virtual reconstruction with the real world,
we implemented a manual two-point alignment. By placing two
anchor points with the controllers, we could correctly scale, move
and rotate the virtual reconstruction. Once we were content with
the reconstruction’s alignment, we used the spatial anchor feature
of the Quest 3 to store it, eliminating the need to do the alignment
process again every time the application is started.
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Figure 16: A virtual curtain hiding one end of the room

The virtual reconstruction was then finalized with some of the
tricks explained earlier, namely the visual noise (section 4.2), virtual
cubes (section 4.3) and virtual body representation (section 4.4).

Figure 17: Comparison of the pass-through feed and the re-
construction in the final implementation

5.2 Switching From AR to VR
With the final virtual reconstruction of the room we could toggle
between pass-through AR and VR. While the small 2D screenshots
do not accurately represent the experience within the HMD, figure
17 shows a side-by-side comparison of the pass-through AR and
the final reconstruction for reference. The supplementary materials
also contain two 360-degree images, showing the reconstruction
before and after the style transfer. These are still flat images, lacking
the three-dimensionality of the actual reconstruction used for our
implementation, but they provide a good representation, especially
when viewed inside a VR HMD.

For the type of switch, there is a variety of possible options to
choose from. After some internal testing, we settled on the following
setup. When instantly turning on or off the virtual reconstruction to
switch between AR and VR, we found that the user perceived a lot
of visual movement in their periphery. This can be explained with
a higher density of rods in the periphery of the human vision[9],
which are sensitive to motion. The perceived motion arose from
inaccuracies in the reconstruction and its alignment, for example
causing an edge of a cupboard to slightly jump in one direction.
By gradually fading the reconstruction’s opacity over a duration of
three seconds, the visual movement perceived at any one moment

could be reduced, as any offsets and other changes were spread out
instead of happening at once.

At this step, we also applied the distraction task, as explained in
section 4.5, and the trick of covering a large part of the user’s FOV,
explained in section 4.6.

5.3 Perceptual Manipulation
Once the users have been brought from AR into VR without them
noticing, PMs, that only work in VR, can be applied in what is
perceived to still be AR. The manipulation technique we chose
for our implementation is RDW[41]. During development, we first
tested curvature-based RDW, which worked fine. However, as it
was easier to predict where users are going to end up, and it was
sufficient for our purposes, we later used rotation-based RDW. In
situations, where the users were expected to turn 180 degrees, our
implementation applies small rotation gains, rotating the virtual
world around the user to amplify or reduce the rotations by up to
five percent. This way, the users can be guided along a predictable
sawtooth trajectory instead of walking back and forth between the
same two fixed positions. In figure 18, the perceived straight path
is marked in green, while the red path shows the actual path taken
by one of the participants from the user study.

The implementation only applies fixed relative rotation gains
without matching the absolute total gain to a predefined target gain.
Because of this, differences in the way users turn and walk lead to
varying amounts of rotation manipulation and therefore different
offsets between the reconstruction and the real environment.

While it was not part of our user study, the control over the
users’ rotations offered by this RDW implementation would also
be sufficient to apply haptic retargeting[3].

Figure 18: Top-down view of the room, including the paths
one of the participants walked relative to the virtual recon-
struction (green, straight) and relative to the real room (red,
sawtooth-pattern)

5.4 Switching Back From VR to AR
Our implementation also includes an option to mostly resolve the
reconstruction’s misalignment caused by the PM. To achieve this,
the negative values of the initial rotation gains are applied in reverse
order. In combination with the distraction task (section 4.5) and the
paintings covering part of the user’s FOV (section 4.6), this then
allows switching back to AR without the user noticing it.
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Figure 19: Procedure of the user study

6 User Study
In order to validate our implementation of SwitchAR, we designed
the following user study. The main focus was to investigate the
feasibility of an unnoticed switch from AR to VR. RDW was in-
cluded in the user study as an exemplary PM to demonstrate the
robustness of this switch. Our intention was to choose a PM that
was widely used and kept the user inside the reconstruction for a
longer duration. We wanted to test the robustness of our illusion
and assess if we were able to potentially manipulate the user over
a longer duration without them noticing.

6.1 Study Design
The three things wewanted to investigate in the user studywere the
noticeability of the AR/VR switch, the noticeability of the RDW, and
the repeatability of SwitchAR. The repeatability denotes whether
the switch and PM still work after the users experienced the mis-
alignment and learned that they are being manipulated.

Overview. As visualized in figure 19, the study was designed as
a sequence of three rounds of the participants using the system,
each directly followed by an interview. While using the system,
the participants walked back and forth between two virtual picture
frames on opposing walls. Every time they reached a frame, they
had ten seconds to look at a new picture and memorize its content.
While theywere looking at the first picture, the application switched
from AR to VR. From this point on, whenever the participants
turned around to walk towards the next picture, the system applied
rotational gains to gradually create an offset between the virtual
reconstruction and the real world. This way, the picture frames
appeared next to their previous position in the real room every
time, while preserving their original position in the misaligned
virtual reconstruction. In rounds one and three the application then
restored the original alignment, as explained in section 5.4, in order
to switch back from VR to AR with the user still wearing the HMD.

The participants were supposed to position themselves in front
of the wall, looking straight at a logo attached to the wall before
taking off the HMD after the final picture. By doing this, any offset
along the wall would be easier to spot when taking off the HMD.

Before starting with the first round, the basic concept of AR
and the purpose of the study were briefly explained. As the actual
intentions about the secret switch to VR could not be disclosed to
the participants at this point, they were told the study was sup-
posed to investigate memory abilities in AR. To achieve this, they
supposedly were to take part in a picture memorization task in
AR. They were debriefed at the end of the experiment, with the
interviewer disclosing the actual purpose of the user study and the
exact process with the secret switch and the subsequent RDW.

First Round. The first round started out with the participants
interacting with the virtual cubes through hand tracking, as ex-
plained in section 4.3. The process following this was switching
from AR to VR, applying RDW to create an offset, resolving the
offset again and then switching back to AR. This way, the first
round served as a test of whether the pipeline works under ideal
conditions, with completely unsuspecting users. In this round, the
participants looked at a total of eleven paintings.

After this first round, the first interview, which was supposed
to find out two things, was conducted. First, the participants were
openly asked whether they noticed anything in their environment,
allowing them to report any strange or unexpected occurrence.
Next, we specifically wanted to make sure that the RDW had not
been noticed. The participants were asked to mark some of the
paintings’ positions on a 2D map of the room in top-down view.
If they placed all spots on the same two positions, we could tell
they did not notice the manipulated painting positions. In case
they placed the spots next to each other, they were asked to clarify
whether they thought the paintings were actually placed next to
each other or not. We suspected some participants might just place
them next to each other on the map in order to not make them
intersect and cover each other.

Second Round. In the second round, the application did not re-
solve the offset, which also meant that it did not switch back to
AR at the final picture. Therefore, we expected the offset to be
noticeable when taking off the HMD. The purpose for this was to
investigate participants’ reactions and their explanations for sud-
denly being in a different position in the room. As the offset was not
resolved, less paintings were required than in the previous round.
Therefore, participants only looked at eight paintings.

The second interview consisted of three parts. It again started
with openly asking for anything the participants noticed. Following
this, the participants were asked for their explanation of how the
offset happened, giving us some insights about which parts of our
pipeline they might have noticed. After the participants gave their
own explanation, they were told about the RDW manipulating
them, causing them to end up in another spot in the room than
they expected. Finally, the interviewer let the participants mark
painting positions on the map again, this time asking for different
paintings than in the first interview.

Third Round. The process of the third round was the same as
for the first one, except for the cube interaction. The participants
were redirected with the misalignment being resolved afterwards,
finishing the round in AR again. However, this round was supposed
to test the repeatability of the switch and the RDW, as participants
had already experienced the offset in round two.

The final interview contained the open question about anything
the participants noticed again, as well as the painting position
placement on the map. Next, they were asked for an explanation
of why there was an offset in the second round, but not in the
others. Following this, a sequence of four questions was asked to
determine which steps of our pipeline the participants noticed or
understood. (1) Did you notice that the environment changed?, (2)
Have you been in AR for the whole duration of the study?, (3) Did
you notice a point in time when you changed from AR to VR?
and (4) Did you notice that there was a photogrammetry/virtual
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reconstruction of the room? This approach to determining whether
a participant noticed the unexpected switch was inspired by a set
of user studies investigating inattentional blindness with similar
procedures[20, 21, 46, 48].

Wrap-Up. After the final interview, the interviewer explained
to the participants what actually happened in each of the three
rounds. They were told about the switching between AR and VR,
the memorization task being a distraction, the RDW and the actual
purpose of the experiment. They were also offered to have a look at
the virtual reconstruction through the HMD again, this time telling
them about some cues and defects that can be used to distinguish
it from the real pass-through camera feed.

6.2 Participants
In total, 20 participants were recruited, with a mean age of 24.58
years and a standard deviation of 3.92 years. The ages ranged from
a minimum of 20 to a maximum of 35, while one of the participants
preferred not to disclose their age. Thirteen of the participants were
female and the remaining seven male. On five-point Likert scales,
the participants reported a mean VR expertise of 2.8 (standard de-
viation 1.01) and a mean AR expertise of 2.55 (standard deviation
1.05). The concept of RDW was known to six participants before
taking part in the user study, while only three knew the concept of
photogrammetry. None of the participants had used photogramme-
try themselves before. The experiments had an average duration of
49 minutes, and participants were compensated with €15.

6.3 Data Analysis
For the open questions about anything the participants noticed, the
answers were coded to identify those that mentioned the switch
from AR to VR. For the final four questions, two of the authors
discussed the responses to code the participants into four groups,
based on their level of understanding of the SwitchAR pipeline. The
transcribed participant responses with the codings and groupings
are included in the supplementary materials for reference.

When placing the painting positions on the map, most of the par-
ticipants made an explicit statement about whether they perceived
the paintings to be at the same two positions every time, or whether
they were actually placed on different positions on the wall. Across
the three rounds, there were five instances, where a participant did
not give such an explicit statement. However, in all of these cases
the positions were placed in clusters with a maximum distance
between them of less than four millimetres (converted to actual
space on the tablet that was used). Therefore, they were considered
as representing the same positions, contributing the small offsets
to inaccuracies in using the trackpad.

6.4 Results
Across all three rounds, no participant reported having noticed the
switch. Overall, the mean offset between the physical room and
the virtual reconstruction caused by the RDW was 44.87cm, with a
standard deviation of 19.41cm. Using the data of round two only,
the round in which the offset was revealed on purpose, the offset
was 55.46cm, with a standard deviation of 21.31cm. Despite that,
only one of the twenty participants consistently reported varying
painting positions.

Figure 20: Number of participants noticing the switch and
varying painting positions

Noticing the switch or RDW during usage. As visualized in figure
20, no participant reported noticing the switch in any of the three
rounds (e.g. "No. It’s always the same"(P6), "I just followed the arrow,
I didn’t notice anything"(P12), "Ah, no"(P13), "No, nothing"(P19),
or "Nope. Should anything be noticeable?"(P20)). Participants that
mentioned noticing something mentioned only things unrelated to
the switch (e.g. the time available for each painting being too short
(P3) or a change in the number of paintings (P10)). The rest of the
answers can be looked up in the supplementary materials.

In the first round, eighteen participants did not report that the
paintings’ positions varied, with P11 and P14 being the only two
participants to do so. In the second and third round, P11 was the
only participant reporting varying positions, making them the only
participant to do so across all three rounds.

Noticing the offset at the end of round two. The mean offset re-
vealed on purpose when the participants took off the HMD was
about 55cm, with a standard deviation of about 21cm. 16 of the
participants did not seem to notice or react to this offset. In that
case, they were instructed to look at the logo on the wall again,
first through the HMD and then without the HMD, giving them
another chance to notice the offset. Following this, three of them
still did not notice it. Among them, two had relatively small offsets,
about 17cm for P13 and 34cm for P19. However, P3 had an offset of
roughly 84cm, which they still did not notice. This might have been
enabled through change blindness, based on the short interruption
caused by the HMD blocking the view when taking it off.

Post-rationalization. We used the question after each exposure
("Did you notice anything?") as the metric to measure if participants
were able to notice the switch to VR. In our final four questions,
we gradually revealed more about the underlying mechanism, e.g.
by asking about VR, and therefore consider the responses as a
post-rationalization of participants. We were interested if, once we
revealed parts of our concept, participants would be able to deduce
in hindsight how and where the switch could have happened.

Based on these final questions, the participants were coded into
four groups. Group 1 mentioned nothing of the things that were
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Figure 21: Post-rationalization: Level of understanding of
SwitchAR’s pipeline

asked for, showing the lowest level of understanding and noticing
anything (13 participants). Group 2 only mentioned the virtual re-
construction once it was brought up in our question (3 participants).
Group 3 mentioned that, in hindsight, they were probably not using
AR all the time, but they did not identify the moment of the switch
(2 participants). Group 4 was able to deduce the probable moment
of the switch but did not notice when it happened (2 participants).

Thirteen participants did not gain any insights (e.g., "Nope. I
thought that was the room the whole time." (P3)) into the SwitchAR
pipeline, placing them in group 1 (figure 21). The three participants
in group 2 (P5, P8, P19) only mentioned that there could have been
a virtual reconstruction, e.g. "That was my theory about the shift.
But I thought it wouldn’t look that realistic."(P5). They did not report
anything related to the switch or the reconstruction at the previous
questions. When asked if they were constantly in AR, P7 and P15
mentioned they could have not been using AR exclusively, e.g. "I’m
not sure about round two. Because if I had seen the whole real world,
I would have seen the logo in the right place. And I didn’t."(P15).
However, they were not able to identify the moment of the switch,
placing them in group 3. Finally, the two participants in group 4
(P12, P17) were able to correctly deduce the moment in which the
switch must have happened, e.g. "Mh, probably when I looked at the
pictures. And then focused on... the picture frames."(P17). However,
this was only done after we explicitly asked about a switch to VR,
andwhen asked before if theywere constantly in AR, P17 responded
with "Mmm, yes". Overall, all participants in each group were not
able to notice the switch during the experiment.

7 Discussion
In the following, we discuss our findings along three main points:
(1) Feasibility, (2) Generalizability and (3) Misuse.

Feasibility. As no participant was able to notice the actual switch
in any of the three rounds, our experiment demonstrated the feasi-
bility of SwitchAR to transition users from an AR environment into
a VR environment without them noticing the change and still believ-
ing they were interacting in the real world (AR). Additionally, with

only one participant perceiving the rotational gains, it is possible
to apply VPPMs like RDW in an AR context using SwitchAR.

Following the reveal of the RDWafter the second round, the third
round allowed us to investigate the repeatability and robustness
of the system. For 18 of the 20 participants, the knowledge of the
RDW did not reduce the effectiveness of SwitchAR or allow them
to better understand the system. This is in line with the findings
of Simons[47] in a follow-up project of their original inattentional
blindness experiment[48]. They found that the expectation of a spe-
cific unexpected occurrence, in our case the RDW, did not improve
the chance to notice other unexpected occurrences, like in our case
the switch between AR and VR.

After the offset at the end of round two, the participants were
told about the RDW, and the third round then ended without an
apparent offset. When asked about this discrepancy afterwards,
only three participants (P7, P11, P19) stated that the RDW might
have led them along a different path. The other 17 participants
either had no explanation, thought that the reason was a difference
in their own behaviour, or even thought that there was no RDW
in the third round. However, RDW was applied with the same
magnitude of rotation gains in all three rounds. Two participants
(P12, P15), which in the interviews deduced that there might have
been VR in hindsight, explicitly said that there was no VR used in
the third round any more. P15 even specifically paid attention to
potential changes in the environment in the third round, but still did
not notice the switch or the reconstruction. Based on this, it seems
to be feasible to apply the concept of SwitchAR in applications that
are being used repeatedly by the same user.

Generalizability. We consider SwitchAR to be a fundamental
enabler for perceptual manipulations in Augmented Reality. Since
we are able to unnoticeably transition users into a fully virtual
environment, we argue that most PMs that are currently used in
VR would also work in AR using SwitchAR.

Admittedly, PMs such as haptic retargeting[3] and manipulating
the perception of weight[42, 45] will require a more precise tracking
of the user’s hands and arms. However, once this technological
progress happens, there would be no conceptual problems using
the pipeline we present in this work to enable these types of hand-
arm redirections in AR. Therefore, the main focus of our research
was to demonstrate that we are able to switch from AR to VR
without the user noticing, and the following RDW was mainly an
example for demonstration and evaluation purposes. This unlocks
new application scenarios for these PMs, transferring their benefits
from VR applications to AR applications. Aside from the known use
cases of PMs in VR, the different context of AR might also enable
new, unknown use cases for PMs with unique benefits.

The presented prototype was restricted to a highly controlled
indoor environment, based on the goal of demonstrating the general
feasibility of SwitchAR as a first step. The concept of SwitchAR
can also be extended to more complex and dynamic environments,
though. A more demanding environment would then require a
more complex reconstruction as well, for example based on neural
radiance fields[32] or 3D Gaussian Splatting[18].

Misuse. We are aware that the ability to secretly transition a user
from AR to VR enables a large set of potential misuse and can be
considered a new security (and even safety) vulnerability of video
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pass-through AR HMDs. The same scenarios identified for VR by
Tseng et al.[57] are still valid for the perceived AR created by our
pipeline. Attackers could use RDW to let users fall down the stairs
or make them harm themselves with dangerous objects. We suspect
the potential for harm could even be larger in perceived AR, than it
is in VR applications, in which the users know they are perceiving
an artificial environment. Users might be less careful and more
daring, because they think they are still able to see the real world
around them, supposedly making it easy to recognize potentially
dangerous situations.

We believe that one of the reasons SwitchAR has strong potential
for misuse is its ability to undermine the "device-gap", a concept
introduced by Slater et al. [50]. When discussing potential dangers
of realism, Slater et al. argue that "the fact of putting on the HMD
itself demarcates reality from virtual reality—so that unless partici-
pants are induced to somehow forget that they are wearing the HMD,
they will not believe that the virtual scenario is a real one.". While
SwitchAR does not make users forget that they are wearing an
HMD, it does hide the fact that at one point during the experience
the users are not perceiving the real environment anymore, but a
fully virtual reconstruction.

This creates a scenario in which participants are likely not able
to distinguish what of the displayed content is currently really
happening in their environment. As discussed in prior work[4, 39],
SwitchAR is another example that raises the question about "Per-
ceptual Integrity" and "Perceptual Human Rights". Extended Reality
(XR) has the ability to fully control what users perceive in their
physical environment and how they perceive it, and it is still not
clear to what degree this has to be restricted through legal mecha-
nisms. Nevertheless, in this work our goal was to demonstrate how
known concepts such as change and inattention blindness can be
leveraged as a mechanism to enable PMs in AR. We hope that rais-
ing awareness of these capabilities will encourage the community
to explore new positive application scenarios, and the legislation
together with the companies distributing these devices to start im-
plementing more safety mechanisms to protect users and preserve
their perceptual integrity. We can imagine a future in which XR
applications will have similar permission agreements as current
smartphone apps. Users would therefore have to explicitly agree to
being manipulated, resulting in a scenario where you would have
consensual PMs.

The specific manipulation used in our SwitchAR prototype could
be potentially prevented by a system similar to Arya, proposed by
Lebeck et al.[24]. The policy of only allowing AR applications to
occupy a certain fraction of the HMD’s displays could inhibit an
unnoticed switch from AR to VR, as the physical world could no
longer be fully occluded by virtual content. However, such interven-
tion techniques would follow a similar pattern as we currently see
in the field of security, where attackers adapt to newly developed
security mechanisms, which again, as a result, will adapt to the
new attack, triggering the cycle again. Future research will have
to focus on more fundamental questions about what it is that we
are protecting. Bonnail et al.[4] discuss the concept of "perceptual
integrity," which they explain as being the "agency and trust in
what we are perceiving to be unaltered by technology"[4]. At its
core, SwitchAR is undermining this concept of perceptual integrity,

and future safety mechanisms could have "upholding the user’s
perceptual integrity" as a core goal throughout the experience.

Figure 22: Basic transformations of the model manipulation
space (the blue room represents the virtual model and the
grey/brown one the physical environment)

8 Design Space for Future Applications
To present the possibilities arising from a technique like SwitchAR
we present a resulting design space grounded in the premise that
many PMs can be seen as a transformation of the virtual environ-
ment (see Figure 22 and video figure at the timestamp 04:32). In
the following we will present the type of experiences that can be
created in perceived AR when the virtual environment is translated,
rotated or scaled relative to the physical environment of the user.
Additionally, these three types of transformations can be arbitrarily
combined to achieve more manipulations. As mentioned in section
3.3, such model transformations introduce the side effect of creating
a misalignment between the physical environment and the virtual
reconstruction.

We implemented each of these transformations in our prototype
to get an impression of how they function. We have anecdotal
insights from self-experimentation, but further research is required
to fully understand how they might impact user behaviour during
and after exposure. We consider the following as a set of potential
future research directions we encourage the community to explore.

Model Translation. Manipulating the translational relationship
between the physical and virtual world enables, e.g., the ability
to amplify or reduce movements made by a user in the physical
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environment. For each step the user takes, the virtual world can
be moved in the opposite or same direction as the movement. The
user would then perceive that each step taken in the environment
is either larger or smaller, creating the illusion of moving faster or
slower. This type of manipulation was presented in prior work, such
as the seven league boots technique in VR[1, 13], while SwitchAR
allows to transfer it to AR experiences.

Model Rotation. Rotating the virtual environment could be ap-
plied to manipulate the user’s sense of balance. Tilting the virtual
floor could manipulate the user’s visual perceptions regarding bal-
ance, potentially creating conflicts with the vestibular perceptions
and conveying an incorrect sense of balance. This could be applied
to user studies investigating balance and posture[15, 28, 56, 58],
where the ability to use perceived AR instead of VR might elicit
more natural behaviour from the participants. One potential appli-
cation scenario could be to tilt the virtual floor in a way that the
user gets the perception of walking uphill or downhill to impact
the perceived effort required for walking in AR.

When testing the floor tilt with colleagues in our lab, they relied
on the floor shown in the HMD to plan their steps. At a point in
the lab where the tilted virtual floor was located above the physical
floor, one of them tried to place their foot in midair. As the physical
floor was lower than expected, they stumbled and continued to walk
very cautiously afterwards. Additionally, we had the impression
that even small degrees of floor tilting could be perceived easier
than model scaling or translations. This might be connected to the
vestibular system being more sensitive to conflicts, but future work
can explore what exact values are perceivable by the participants
and if they are different from doing these types of manipulations
in a purely virtual environment.

Model Scaling. Finally, scaling the virtual model allows, e.g., to
manipulate the perceived body size of the user. By uniformly scal-
ing the model up or down on all three axes, the user’s perceived
body size relative to the environment would decrease or increase
accordingly. As shown in prior work, a larger body height in VR can
improve the user’s confidence[26, 29]. SwitchAR could be applied
to investigate if this effect is stronger when the user believes they
are using AR.

When experimenting with ourselves and colleagues in our pro-
totype, e.g. uniformly shrinking the environment by 1% per second,
we were surprised that the ongoing shrinking or growing is not
directly perceived. Only once a certain threshold is reached, e.g.,
you are smaller than the door handle, users got the impression
that something was wrong. When leaving the reconstruction after
interacting in a different size, the perception of the physical en-
vironment was changed. Reaching for things or walking around
started to feel different and in our future work we aim to explore
how we could measure this "aftereffect" and how it could impact
the users’ motor control abilities.

9 Research Platform and Aftereffects
Research Platform. One area of application we are envisioning for

SwitchAR is as a research platform.What we presented in this paper
is that we are able to create an easy to reproduce study design that
can make a participant believe they are seeing the real world despite

interacting inside a reconstruction we have full control over. This
illusion is so robust that we were able to apply RDW without the
participants noticing. None of our 20 participants noticed that they
interacted inside a reconstruction. This means we could also use
this setup to ask new questions in the field of psychology to better
understand human cognition and perception. SwitchAR is able to
create illusions that were (to the best of our knowledge) not possible
or extremely difficult to create beforehand. Using SwitchAR, we
can create scenarios that are physically impossible, but the user
believes that they are happening. We can start asking questions
such as: What happens if during the VR-Phase we start "shrinking"
the user with every step taken? At what point does the user notice
the manipulation? How does this manipulation impact the user’s
physical actions, their trajectory or gait? While shrinking a user
in VR is something we are already able to do in a lab, the user
always knows that they are entering a digital environment that
is able to create impossible environments. SwitchAR is able to
research impossible environments while the user believes they are
interacting with the real world, not knowing we control the full
environment. This can be seen as a VR environment in which a
user is experiencing "maximum" presence. If we define presence
as "the subjective experience of being in one place", we argue that
once the user is transitioned from AR to VR, they are having the
subjective experience of being in exactly that virtual environment.

Aftereffects. Apart from applying PMs with the goal of achieving
an effect during usage, this "maximum" presence might also allow
SwitchAR to elicit strong aftereffects. We encountered an indicator
for this when testing our prototype. One of the developers was
exploring the virtual room model, while the HMD was applying a
PM that was gradually lowering their eye height. The developer
was aware of the virtual model and the PM, but the eye height
changes were too slow to actually perceive them. After taking off
the HMD, the developer experienced hesitation when interacting
with the physical world. When grabbing the door handle, the de-
veloper saw and felt that they were moving their arm correctly to
reach the handle. However, at the same time they had the feeling
that the door handle’s position was wrong, that it should have been
higher. Despite the short exposure time of about 5 minutes and the
developer being aware of the virtual model and the PM, the system
could still affect their proprioception. For users that constantly be-
lieve they are interacting with the physical world in AR, SwitchAR
might be able to cause stronger aftereffects, especially with longer
exposure.

10 Limitations and Future Work
The concept of SwitchAR can only apply the PMs in what is per-
ceived as AR, but is technically VR, not AR. However, we argue
that this distinction is not actually relevant for the user experience.
The system starts in AR, ends in AR and only switches to VR tem-
porarily in between, whenever there is a need for PMs. As the user
does not notice these switches and therefore equally perceives the
whole usage as AR, their experience does not differ from a system
running in actual AR all the time.

The restriction to pass-through AR is a technical limitation of
our implementation of SwitchAR. The reason for this restriction
is the reliance on being able to fully occlude the real world in the
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complete FOV of the user. This is needed for replacing the real
environment with a manipulable virtual reconstruction. As soon as
technological improvements allow optical see-through AR HMDs
to cover the whole FOV with pixels that can block the light from
the physical environment, SwitchAR is able to work on the same
principles as described in this paper on optical AR HMDs.

As mentioned in the discussion, our prototype was restricted
to a highly controlled indoor environment, based on the goal of
demonstrating the general feasibility of SwitchAR as a first step.
Therefore, future work can extend the concept of SwitchAR to
more complex and dynamic environments, potentially by utilizing
neural radiance fields[26] or 3D Gaussian Splatting[16] instead of
photogrammetry.

In theory, the switch would also be possible without any distrac-
tion task or perceptual tricks. Provided a virtual reconstruction,
which is very similar to the real environment with very accurate
alignment, the amount of change and visual movement happening
during the switch would be very low. This would make it possible
to potentially switch from AR to VR at any time without the users
noticing it, even if they are currently looking at the surrounding
environment. The more defects in the reconstruction and inaccura-
cies in the alignment there are, the more distraction and perceptual
tricks are needed to hide the switch, though. The set of tricks we
applied in our implementation seemed to achieve the desired effect
in the user study. We argue that until technology provides a perfect
reconstruction, our demonstration of SwitchAR provides an easy
to reproduce system allowing researchers to explore its concept
already. However, we do not know how much each of the tricks
contributed, to which degree each of them had to be applied and
if some of them could even have been omitted completely. Quanti-
fying the impact of each of these factors is something that future
work can focus on.

Another option for future work is to run user studies comparing
RDW in VRwith RDW in AR. They could investigate, e.g., detection
thresholds, workload and fatigue to determine if the implementa-
tion with SwitchAR differs from traditional VR implementations.

Finally, using AR HMDs that provide access to their cameras
to the developers6 could enable the application of real-time recon-
struction techniques. This way, SwitchAR would not have to rely
on a controlled environment with a pre-built reconstruction any
more. Instead, the system could create a custom reconstruction of
the user’s environment at the beginning of the session.

11 Conclusion
In this work, we introduced SwitchAR, a PM for video pass-through
AR that leverages change blindness and inattentional blindness to
imperceptibly switch between the camera stream and a 3D recon-
struction of the real environment, enabling VR redirection tech-
niques in what users still perceive as AR. We presented its concept,
based on (1) Reconstruction, (2) Switch from AR to the reconstruc-
tion, (3) PM and (4) Switch back to AR, as well as a prototype
implementation with RDW as an exemplary PM. We then evalu-
ated this implementation in a user study (n=20) with three rounds
of switching from AR to VR followed by redirections. The results

6https://developer.apple.com/documentation/visionos/accessing-the-main-camera,
last visited: 08.12.2024

confirmed the feasibility of SwitchAR, with no participant noticing
the switch, and only one consistently noticing the RDW. Even after
revealing the manipulation in the second round, no participant no-
ticed the switch in the third round, demonstrating the repeatability
and robustness of the system. This unlocks the transfer of both the
benefits and the dangers of VR PMs to AR. Therefore, SwitchAR
is a foundational approach to enable perceptual manipulations in
Augmented Reality.
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