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(a) Minimap in VR.

(b) Dropping off a ball at a target.

(c) Comparing room and corridor.

Figure 1: (a) a participant holds a ball. This ball must be dropped off into a specific container. On the minimap, the correct
container is shown (green). (b), the participant drops off the ball into the correct container. (c), a participant standing on the
edge of the corridor comparing its depth to the depth of the room. The minimap indicates a larger corridor as observable by

the user.

ABSTRACT

With non-Euclidean spaces, Virtual Reality (VR) experiences can
more efficiently exploit the available physical space by using over-
lapping virtual rooms. However, the illusion created by these spaces
can be discovered, if the overlap is too large. Thus, in this work, we
investigate if users can be distracted from the overlap by showing
a minimap that suggests that there is none. When done correctly,
more VR space can be mapped into the existing physical space,
allowing for more spacious virtual experiences. Through a user
study, we found that participants uncovered the overlap of two
virtual rooms when it was at 100% or the overlapping room ex-
tended even further. Our results show that the additional minimap
renders overlapping virtual rooms more believable and can serve
as a helpful tool to use physical space more efficiently for natural
locomotion in VR.
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1 INTRODUCTION

Enabled by Virtual Reality (VR) technology, users can immerse
themselves in digital worlds and experience them in great detail. Re-
cent VR technology improvements allow for higher resolutions [16],
more precise tracking [2], and low latency [7]. As a result, the im-
mersion into VR increases. With the latest devices being standalone,
removing disruptive cables, users can freely move by natural lo-
comotion within the available physical space. Thus, the question
arises of how users can explore unlimited virtual worlds which
exceed the available physical space.

Previous work investigated different approaches for locomo-
tion in VR. Prior work evaluated how users can move around in
VR similar to video games, typically with joysticks, controllers, or
gamepads [3]. However, these approaches often result in motion
sickness [10]. Therefore, point and teleport locomotion emerged as
an alternative approach [6]. However, studies showed that these
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techniques limit the immersion and potentially result in the disori-
entation of users [12, 19]. To address these problems, researchers
have investigated more natural locomotion approaches, namely
redirected walking [1, 14, 17] and non-Euclidean spaces [18, 20].
While redirected walking seems to function best with additional
hardware such as electric muscle stimulation [1], non-Euclidean
spaces do not rely on any additional hardware components, and
thus, can be implemented on any VR device.

Non-Euclidean spaces showed great potential for natural locomo-
tion in VR [18, 20, 21]. Especially the combination with distractions
enables interesting approaches to further reduce the need for phys-
ical space [5]. Therefore, we ground our research on top of these
approaches to answer the following research question: Can a vi-
sual distraction and reassurance that suggests the integrity of the
experienced VR environment hide its non-Euclidean nature?

To answer this question, we employed a minimap as a distractor
from non-Euclidean VR environments. Our minimap shows a non-
overlapping VR environment, while in fact, it overlaps to a certain
degree. We opted for a minimap as it is easy to implement and
can be used in any VR experience but at the same time is not fully
researched. To explore our approach, we conducted a user study
with twelve participants. Our participants traversed virtual rooms
using a VR-head-mounted display (HMD), natural walking, and our
minimap. We increased the overlap of our rooms in five different
levels to uncover the threshold until the overlap was recognized.
Our results show that our participants uncovered the overlap of
the virtual rooms when it was at 100% or extended even further.
Our findings can support designers and developers implementing
more convincingly non-Euclidean spaces in VR, and thus, further
reduce the physical space needed for natural locomotion.

2 NON-EUCLIDEAN SPACES IN VIRTUAL
REALITY

Non-Euclidean spaces — often referred to as “impossible spaces”
[18] - are virtual worlds that cannot exist in reality as they violate
the Euclidean geometry of 3D space. First explorations of such
impossible spaces demonstrated that virtual rooms could overlap
to a certain degree (e.g., see Figure 2a), and thereby, enlarge the
usable virtual space without users noticing [18, 20, 21].

The term “impossible spaces” in the context of VR was introduced
by Suma et al. in 2012 [18]. In their pioneer work, they maximized
the exploration of Virtual Environments (VEs) by natural walking
through self-overlapping virtual rooms. As an example, one can
consider two rooms in VR connected through a corridor. We can
create a virtual overlap of these rooms without the two rooms
visually intersecting in VR, but in reality, these rooms share parts or
the physical space available depending on how much they overlap
virtually. Suma et al. investigated different levels of overlapping
virtual rooms (0%-75%). Their evaluation showed that the rooms
were judged as being impossible above an overlap of 55.57%.

Warren et al. used a similar approach to investigate how hu-
mans gain spatial knowledge [15]. They created two virtual maze
environments. One contained wormholes that teleported users be-
tween different locations while the other did not. They compared
how users build spatial knowledge of these environments after they
have traversed them. Warren et al. found that users tend to develop
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a labeled graph of the environment rather than a global Euclidean
map. Such graphs contain approximate local metric information
but are geometrically inconsistent. This emphasizes the inability
of humans to keep track of the exact Euclidean structure of space,
and thus, can be exploited to fit large virtual worlds into limited
physical space.

Vasylevska et al. investigated the impact of various layouts of
self-overlapping rooms in VR on the perception of users [20]. Differ-
ent sequences of self-overlapping rooms with a different number of
turns, varying door positions, and symmetric or asymmetric walk-
ing paths. They designed different layouts of virtual rooms and
let participants explore them using natural walking. They found
that the overlap of rooms was stronger perceived in right-angled
layouts than in curved layouts. Based on the combination of im-
possible spaces and change blindness, Vasylevska et al. introduced
a redirection technique called flexible spaces [21]. Dynamic lay-
out generation enables unrestricted natural walking in large VE
through the procedural generation of room layouts that fit into the
tracking space. Thereby, they abandoned detailed spatial knowl-
edge and extended the possible overlap up to 100%. To maintain the
integrity of Euclidean geometry, Vasylevska et al. exploited change
blindness. They changed the layout of the VE depending on the
user’s position and rotation to prevent the user from noticing.

Ciumedean et al. used a task as a distraction incorporated in the
VR narrative to hide its overlapping architecture [5]. Through the
distraction, an overlap up to 60% remained undetected. Without the
distraction, the overlap was discovered at 40%. To further enhance
this, distracting the user is promising. Similar to this approach that
used a distracting task [5], we developed a visual distraction and
reassurance in form of a minimap. This minimap implies to its users
that the VE is non-overlapping, and thus, distracts the user while
walking in non-Euclidean VR environments. In the following, we
evaluate our approach in a user study.

3 EVALUATION: USING A MINIMAP AS A
DISTRACTOR FROM NON-EUCLIDEAN VR

In the following, we introduce how we used a minimap to imply a
Euclidean virtual space, although it is not. Therefore, we developed
a VR application that consists of two rooms that overlap to a cer-
tain extent (see Figure 2a). Our participants traversed these rooms
by natural walking. In sum, five consecutive levels with increas-
ingly overlapping rooms. We incentified our participants to use the
minimap through a specific task. Through that, we explored how
the minimap affects the recognition of the non-Euclidean VR and
determined when our participants recognized the mismatch.

3.1 Study Design

To investigate the minimap as a distractor in VR, we invited 12
participants to a lab study. Our participants fulfilled a task that
requires them to walk through our VR environment with five lev-
els containing increasingly overlapping rooms. Our participants
started in a room with 40% overlap (see Table 1). In previous work,
participants recognized the overlap at this threshold when no dis-
traction or reassurance was used [5]. Also, our initial overlap is 10%
below the threshold reported by Suma et al. [18]. The last room was
overlapping 160% of the area of our basis room (see Table 1). Here,
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an overlap over 100% means that the overlapping room is larger
than the overlapped room. We decided on the limit of 160% as it is
more than twice as large as thresholds from the literature [18]. We
recorded the entire study and encouraged the participants to think
aloud while walking. This helped us to uncover when participants
perceive the overlapping architecture. We concluded the study with
semi-structured interviews.

3.2 Task and Minimap

For our study, we developed a task that required our participants to
use the minimap in each level. The objective was to pick up a ball in
one room and place it inside a specific container in the other room.
The other room contained three containers. Hence, our participants
had to look up the correct container on the minimap (see Figure
2b). For each level, this was repeated three times.

3.3 Procedure

First, we welcomed our participants to our lab. The participants
filled out our consent form and permitted audio and video record-
ing throughout the study. After that, they were provided with the
Oculus Quest 1 HMD and were situated in a free area of a large
and empty room. They put on the HMD and followed the instruc-
tions inside the VR app. First, the app informed them of the five
levels they should traverse. The VR app reminded them of thinking
aloud during the study. Next, the app introduced the objective of
the task — picking up blue balls in one room and bringing them to
containers in the other room. The participants were told that the
minimap indicates the correct container to drop off the ball. After
the participants acknowledged the introduction, the app once more
reminded them of thinking aloud. Then, the participants entered
the VR on Level 1 (40% overlapping rooms). They were picking up
the blue ball (see Figure 1a) and dropping them off into the indicated
container (see Figure 1b). After a ball was dropped off correctly,
the participants were told by the app to walk back to the initial
position. After they positioned themselves correctly, they could
enter the next level. Between each level, we asked the participants
if they noticed anything about the environment to find out if they
noticed the overlap without hinting too much towards the illusion.
After five levels the app showed an ending screen that told the
participants that they can close the app and take off the HMD. After
that, we conducted semi-structured interviews. We did not tell the
participants that they were facing a non-Euclidean VR environment
in advance.

3.4 Apparatus

To explore the influence of our minimap, we developed a VR app in
Unity3D. The app consisted of two rooms (see Figure 2a). A wall in
every room (see Figure 2a, highlighted in green) can be adjusted to
manipulate the room size. From each room, the user could enter a
corridor that is separated from the rooms by a wall (see Figure 2a,
highlighted in blue). In VR, the minimap was floating in front of
the participants and followed their movement (see Figure 1a). The
minimap showed a red arrow indicating the participant’s position, a
blue circle indicating the ball that needs to be picked up, and a green
square i.e. the target container (see Figure 2b). To illustrate what the
participants were facing during the study, here are two examples.
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Table 1: The five Levels with the virtual rooms and their
overlap percentage which we used for the evaluation of
the minimap in non-Euclidean VR. The last column shows
the overall number of participants that uncovered the non-
Euclidean VR illusion at the respective level (+ indicates the
number of participants that uncovered the illusion at the
given level). The base room is shown as a reference of size
but was not included in the study.

Level Overlap/Extent Room Width # Participants
of Base Room noticed overlap

Room 1 40% 2.10m 0/12 (+0)

Room 2 70% 2.55m 1/12 (+1)

Room 3 100% 3.00m 6/12 (+5)

Room 4 130% 3.45m 8/12 (+2)

Room 5 160% 3.90m 8/12 (+0)

Base Room 0% 1.50m -

The two maps in Figure 2b show two different VEs. The left minimap
shows an environment that does not overlap. As the environment is
quadratic, the minimap is quadratic too. The minimap on the right
of Figure 2b is stretched on the x-axis indicating a larger VE with
no overlap but in fact, the two rooms are overlapping by 50%. That
means that the user would traverse back into the physical area of
the first room while in VR enters the second room. To reassure that
the virtual rooms are non-overlapping, we stretched the map. To
have enough space to use our app safely, we prepared an empty
room of approximately 5m X 8m at our department. The minimap
was always active and could not be disabled by the participants.

3.5 Participants

We recruited 12 participants (9 male, 3 female, 0 other) with a mean
age of 30 years (SD = 7.50, Med = 28 IQR = 5.50). We asked the
participants to rate their previous experience with 3D games and
VR on a 5-Point-Likert Scale. They reported having good experience
with 3D games (Med = 5) and some experience with VR (Med = 3).

3.6 Results

In the following, we present the results of our investigation of
the impact of the minimap as a distractor from non-Euclidean VR
environments along with qualitative feedback. Therefore, we used
thematic analysis to group the feedback of the participants. Two
researchers coded statements independently then employed an
affinity diagram [8] of the open codes and organized the codes
into groups, which were then further refined into themes using an
online whiteboard?.

Illusion Threshold with a Minimap. Eight out of our 12 partici-
pants stated that they uncovered the overlap within the environ-
ment. One while traversing the rooms with 70% overlap, five while
traversing the rooms with 100% overlap, and the remaining two
while traversing rooms with 130% overlap. Hence, the illusion was

Miro. https://miro.com, last retrieved March 8, 2022
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(a) Virtually Overlapping Rooms.

(b) Minimap for a 0% overlapping environment and a 50% overlapping environment.

Figure 2: (a) Top view on the two rooms: The green walls are adjusted to create rooms that are overlapping. A user that traverses
from the left room through the corridor (blue wall) into the right room would in reality walk in a smaller area than the rooms
suggest. (b) Two minimaps that are used in VR to navigate the environment. The red arrow indicates the position of the user,
the blue circle indicates the position of the ball which the user has to pick up. The green rectangle depicts the position of the
container in which the user should place the ball to fulfill the task.

uncovered on average when rooms overlapped at around 100%
(M = 103.75%, SD = 17.98, Med = 100, IQR = 7.5). An overview
is shown in Table 1. Figure 3 shows an example of the path on
the minimap next to the real walking path taken by one partici-
pant traversing Level 4 that consists of two rooms with an overlap
of 130%. We conducted a Cochran Q test to statistically compare
the nominal data (overlap detected/not detected) of the different
rooms. The test revealed significant differences (Q = 22, df = 4,
p < 0.001). A post hoc pairwise McNemar with Bonferroni correc-
tion revealed a significant difference between Room 1 and Room 4
(x?(2,12) = 6.125,df = 1, p = 0.013, r = 1.250). Four participants
did not mention that they noticed anything suspicious through-
out the study. Taking these participants into account to calculate a
lower bound, the results indicate that the threshold until the illusion
can be uncovered is higher (M = 122.50%, SD = 30.31, Med = 115,
IQR = 60). Here, we assumed an overlap of 160% (max. overlap in
this study) for the additional participants to calculate our results.

Illusion Break Through the Minimap. We asked the participants
how they have noticed the illusion. Two participants reported that
they uncovered the illusion by observing their movement on the
minimap. They noticed that the red arrow that was indicating the
participants’ position was moving faster on the minimap while the
participants were walking through the corridor that connects the
rooms. The increased speed of the cursor results from the fact that
the minimap is stretched when two rooms overlap. This is necessary
to show the participants a map with rooms arranged side-by-side
while, in fact, the rooms overlap. Consequently, the participants’
cursor moves faster in the corridor to match the movement of the
participants in reality (see Figure 3b). One of these participants
added: “[...] the corridor here is shorter, or I'm moving faster, than
when I'm in the room”. Eight participants reported that they used
the minimap to locate the ball they needed to pick up and where to
drop it off. Two participants were frequently looking at the minimap
while moving. Further, nine participants were not aware that the
minimap grew wider with each room. Further, three participants
did notice the illusion after overlaps at or above 100%. Only one
participant found the minimap slightly bothersome while moving

through the rooms because it was only needed when locking up
the item or the drop-off container location and added: T thought,
why should I look at it [the minimap], it’s clear where I need to go
[...], the level is not that complicated”.

Illusion Break Through the Environment. Six out of those partici-
pants reported recognizing that the number of steps needed to walk
from one room into the other did not match their expectations with
regards to the length of the corridor. As one participant stated that
“The corridor here is shorter [. . .] than when I'm in the room”, and
another mentioned, that “The room is bigger than it should have been
after that corridor”. Also, participants confirmed their suspicions by
standing right on the edge of the corridor. From there they could
see that the room is as deep (or even deeper, depending on the
current overlap) as the corridor is long (see Figure 1c).

4 DISCUSSION

In the following, we discuss the results and derive recommendations
for overlapping VEs.

Illusion Threshold with a Minimap. We found that, on average,
the participants uncovered the overlap when it was more than
twice as large as Suma et al’s "Impossible Spaces” who used a sim-
ilar setting [18]. In their evaluation, they did deliberative let the
participants know that there is an overlap. This poses a limitation to
our work. Future evaluations could further investigate this, by com-
paring the perception of users who know about the non-Euclidean
environment and users who do not. Nonetheless, we found that the
uncovering can happen in mainly two different ways - through
the minimap itself or the VE. We believe that the minimap pro-
vides a useful distraction but is dependent on the given scenario.
Further distracting users could block their ability to detect the mis-
match between map and environment. For example, Ciumedean
et al. embedded a distracting task into the VR narrative. Through
the distraction an overlap up to 60% remained undetected [5]. This
promises, that a combination of distractors e.g. challenging tasks or
visual navigation aids like the minimap could enable larger overlaps,
but future evaluations are needed.
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(a) The virtual walking path of one participant plotted on the minimap suggesting

a Euclidean VE.
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(b) The walking path the participant took in reality.

Figure 3: An exemplary walking path in VR and the physical counterpart. The two rooms overlapped by 130%. Color depicts

walking time starting from blue to green.

Illusion Break Through the Minimap. We found that the partici-
pants uncovered the illusion through the minimap. Suggesting a
non-Euclidean environment with a 2D Euclidean surface results
in a stretched map similar to a map of a globe where certain areas
appear larger than they are. When traversing the stretched parts
of the map, the cursor indicating the position of the user moves
faster. This can be recognized by the participants and therefore
has implications on the design of future non-Euclidean VR envi-
ronments. For example, a designer of such worlds might consider
this when using such navigation aids. For example, the map cloud
be shown while the user is standing but is hidden while walking.
Further, our minimap was stationary. Other types of minimaps that
move with the user might better hide cues that hint towards the
non-Euclidean geometry of VR environments. Such maps could be
restricted to show only parts of the area around the user, not the
entire environment. Here, cues on the side could help the user to
navigate towards a destination outside the visible area similar to
off-screen visualization techniques [4, 9]. Further, the task we used
to encourage participants to use the minimap could have influenced
the results. As participants were forced to use the minimap to solve
the task, they might tend to uncover the overlap through the map. If
there is no need to use the map the participants might recognize the
overlap faster through observing the environment. This interplay
between environment, minimap, and objective (i.e., the task) should
be carefully considered when overlapping architectures are used.

Illusion Break Through the Environment. Participants uncovered
the non-Euclidean nature of the VR through the environment. The
reduced number of steps hinted towards a violation of the Euclidean
geometry in VR. This was also observed by Suma et al. [18]. Also,
observing certain features in the VR environment helped the partic-
ipants to uncover the illusion. For example, participants observed
the length of the corridor and the depth of the rooms. When the
overlap was too large, they could clearly observe the violation. This
indicates that our participants had to distribute their attention be-
tween the minimap and the VE. They could see the next target on

the minimap but for navigation and collision avoidance they had
to focus on the environment. We conclude that our minimap does
not distract its users too much while walking, and thus, they are
still able to perceive the VE and possible violations. Future VR envi-
ronments could be built to make such observations less likely. For
example, using distractions like tasks for the user in VR from the
field of redirected walking [11] to further hide illusion or employ
distractions [5].

Recommendations and Future Work. Our results point out that
the minimap can help to distract from overlapping VR environ-
ments but is important to keep limitations in mind. VR designers
and developers could incorporate a Euclidean map into their apps to
extend the space for natural locomotion. This can be done entirely
in software and therefore can work on any VR-HMD. Also, the
minimap can be combined with existing methods like redirected
walking [17], EMS [1], or task-driven distractors [5] to form a holis-
tic solution that enhances natural locomotion experiences in VR. As
each of these methods has its limitations and thresholds, combin-
ing or adapting them dynamically could bring real value to future
locomotion experiences. Therefore, we suggest investigating such
combinations in the future. We uncovered such a limitation of our
minimap. The minimap led participants to uncover the overlapping
rooms. Therefore, we suggest that the minimap is dependent on
the scenario and could serve as additional means to hide overlap-
ping VEs. Further research could investigate new designs of maps
that manipulate the perception of VR users. For example, a user-
centered map that shows only parts of the area around the user or
maps that distort the environment and thereby suggesting a non-
overlapping architecture. Future work could get inspiration from
the field of map projections and distortion e.g. Mercator projections
that project a globe onto a plane to obtain a 2D map [13].

Limitations. As we had no control condition to compare the
effectiveness of our minimap, we had to solely rely on findings
from the literature. Previous research suggests that an overlap of
up to 50% remains uncovered by user [18]. When using task-driven
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distraction the overlap can be increased up to 60% [5], or up to
100% using procedural layout generation and change blindness [21].
Many different approaches can be used to hide an overlapping
architecture. Therefore, we suggest that a minimap posed a new
possible distraction but needs further investigation to determine its
full distraction effectiveness and limitations. We can assume that
fewer people would have noticed the overlap in a between-subject
design. Our participants were continuously introduced to overlap
changes during traversing the different levels which could serve as
a reference point to them.

5 CONCLUSION

We conclude that our work is a step towards confining the physical
space needed for natural walking in VR. In our approach, we used
a distraction in form of a minimap. This minimap suggests that
the virtual, self-overlapping environment is non-overlapping. This
helped to hide overlaps up to 100%, and thus, further decreases the
physical space needed for large VEs. In the future, VR systems or
apps could incorporate such distractions to create more sophisti-
cated and immersion preserving natural locomotion experiences.
A minimap can be implemented solely in software and can be used
on any VR device. We pointed out several benefits and drawbacks
when a minimap is used as a distractor from overlapping VEs. There-
fore, we argue that future research is needed to fully consider the
interplay between VR user, VR environment, and the underlying ob-
jective or task. Further, future research could combine our findings
with other approaches, such as redirected walking or task-driven
distractions to create infinite virtual worlds that can be explored
using natural walking.
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