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Fig. 1: SATOR consists of two modes: an air mode (a-b) where a ray cursor is used and a ground mode with either a ray (c) or an
arc (d-e). a) Distance control: move the cursor along the ray by either vertically tilting the controller or rate-based using the joystick.
b) Target location is automatically clipped when the cursor is moved on top of standable geometry. When the user teleports on top
of standable geometry, the ground mode is activated, which is either: c) a straight ray or d) a parabolic arc. e) The arc can also be
activated in the air to select targets on the current elevation level.

Abstract— Traditional target-selection-based teleportation depends on the intersection of a (curved) ray with the scene’s geometry,
which limits navigation to points on the ground, restricting users’ navigational freedom. While previous techniques exist that permit
mid-air target selection, they are not optimal for transitioning between air and ground navigation, leading to inaccurate or lengthy
interaction sequences. In this paper, we introduce SATOR, a new 3D teleportation technique designed to enable efficient and accurate
navigation to both ground and mid-air targets by combining and enhancing previous approaches. Informed by the literature, we
implemented four different parametrizations of our technique and compared them to a previously published technique that also enables
both ground and mid-air target selection. Our user study with 30 participants indicates that SATOR is more efficient, accurate, and
easier to use than the baseline. As a result, SATOR effectively helps users get an overview of the environment, observe features at
different heights, or maneuver quickly around larger obstacles.

Index Terms—Virtual Reality, 3D User Interfaces, 3D Navigation, Head-Mounted Display, Teleportation, Flying, Mid-Air Navigation.

1 INTRODUCTION

Target-selection-based teleportation, often simply referred to as telepor-
tation, has emerged as a standard method for navigation in Virtual Real-
ity (VR), allowing users to egocentrically select a target location before
being automatically repositioned there [42]. Because the relocation is
instantaneous, teleportation is more efficient than continuous methods,
especially over large distances [10, 45], and prevents cybersickness by
avoiding contradictory visual cues of self-motion, making it a preferred
technique over continuous navigation [8, 10, 42, 43, 45, 60]. To specify
the target location, traditional teleportation techniques rely on the inter-
section of a (parabolic) ray with the scene’s geometry, therefore limiting
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navigation to points on the ground plane or on top of smaller adjacent
platforms. While ground-based navigation is usually sufficient for
tasks that replicate real-world scenarios, unrestricted three-dimensional
navigation allows users to teleport to mid-air targets in order to gain
an overview of the environment, observe environmental features at
different heights, or maneuver quickly around larger obstacles. While
previous work exists that extends the target specification process to
allow a fast and accurate selection of mid-air targets, many papers only
look at the process of mid-air target selection in isolation [15,33,34,37].
However, in virtual environments, we usually have geometry where
users can stand on, and we therefore expect a mix in navigation se-
quences, requiring frequent transitions between the ground and mid-air
or to stay on the same elevation level for multiple teleports in order to
inspect or interact with an object. The target specification process in
prior work also often relies on a straight ray, which limits performance
for ground movement compared to a parabolic arc [16, 19, 48].

To approach these limitations, the work of Weissker et al. introduced
techniques that enable users to change the elevation of a previously
selected target point on the ground plane [58]. This approach preserves
ground movement via a parabolic arc, but also enables users to stay
on the same elevation level while in the air, which reduces visual jitter
when teleporting in small intervals. However, the process of specifying
the point in the air becomes slower as it is not possible to specify
the mid-air point directly. Instead, users have to aim at a point on
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their current elevation level, which is then moved into the air, further
decreasing accuracy, as the point’s accuracy in the air depends on the
accuracy of the point on the current elevation level.

In this paper, we present a novel technique called SATOR: Seamless
Aerial Teleportation Optimized Ray-cursor that combines the accurate
and fast target specification approach of straight ray target selection,
while also considering a seamless transition to ground teleportation
or to targets on the same elevation level. In an empirical user study
with 30 participants, we compare our technique to the best-performing
technique from Weissker et al. [58] to answer the research question of
what the most efficient, accurate, and comfortable way is to specify mid-
air target locations, without compromising ground or same elevation
level maneuverability. Our contributions can be summarized as follows:

• SATOR, an integrated 3D teleportation technique for seamless
navigation to both ground and mid-air targets

• The derivation and implementation of four SATOR parametriza-
tions, informed by related work

• Scientific evidence from a user study with 30 participants com-
paring SATOR to a baseline from Weissker et al. [58], showing
that SATOR is more efficient, accurate, and easier to use, and a
comparison of the four parametrizations of SATOR with recom-
mendations for future use

2 RELATED WORK

Navigation is one of the most fundamental tasks in VR applications,
consisting of the motor component travel and the cognitive component
wayfinding [32]. While physical walking is the most straightforward
and intuitive way of travel, showing several benefits such as high
accuracy and presence [47,53,54,61], its capabilities are often restricted
by the limited size of the physical tracking space.

In steering-based approaches, users move in a continuous motion
throughout the virtual environment by specifying an input vector whose
length is usually determined by a joystick or touchpad, and the direction
is determined by a tracked device like the controller or the VR headset
[32]. The direction vector is often projected on the ground plane to
mimic real-world walking behavior. In these cases, moving to other
elevations, such as inside buildings, can be done using steps [50],
ramps [14], ladders [29, 50], or elevators [56]. This, however, does not
allow users to navigate freely in 3D space to get a better overview of
the environment, observe objects from different elevations, or move
more efficiently over obstacles. To do so, one can remove the constraint
and have the input vector point in any direction, which is often referred
to as flying [1, 38, 46].

An alternative to steering is target-selection-based teleportation,
often referred to as teleportation or Point & Teleport [6]. It has emerged
as a standard for VR locomotion and is one of the highest researched
locomotion techniques identified in the literature review of Martinez
et al. [36]. Compared to steering, it is more efficient, especially for
traversing larger distances [10, 45], and it has been shown to be less
prone to cybersickness than steering-based approaches [8, 10, 42, 43,
45, 60] although teleportation compromises on spatial awareness [3,
9, 26, 30, 40]. In the classification of travel metaphors presented by
LaViola et al., teleportation falls under the category of selection-based
travel metaphors [32]. Although different input metaphors are used
for teleportation (e.g., [5, 13, 57]), the most widespread approach uses
a tracked device from which a ray is cast into the environment, and
users select a target location from an egocentric perspective [6, 42].
The intersection point of that (parabolic) ray with the geometry in the
scene then determines the target location. If users want to select a
target location in mid-air, other approaches are necessary as the target
location cannot be determined by the intersection point of the ray. For
more information about teleportation-based travel, refer to Prithul et
al.’s mini-review of different teleportation techniques [42].

To have users benefit from the full potential of unconstrained 3D nav-
igation, our work in this paper explores approaches to realize efficient
and user-friendly mid-air target selection with seamless ground transi-
tions. The following sections summarize related work that addresses
3D object selection (Section 2.1) and 3D target selection (Section 2.2)
to formalize the research gap our work addresses.

2.1 3D Object Selection

Not all 3D object selection techniques can be adapted for selection-
based travel, as the number of selectable objects is usually restricted
and informs the selection process. Therefore, most object selection
techniques rely on a ray and some form of intersection mechanism
with a set of pre-defined selectable objects (e.g. [12, 35, 39, 52]). In
the following, we will focus on 3D selection techniques that do not
rely directly on ray-object intersections as these are more versatile and,
therefore, potentially applicable to target selection for teleportation as
well. For a comprehensive overview of selection techniques, refer to
Argelaguet et al. [2].

The Go-Go technique from Poupyrev et al. does not rely directly on
object intersections, and could therefore be adapted for mid-air target
selection [41]. Instead, the technique scales the reach of the user’s
arm in a non-linear fashion, allowing users to grasp objects at greater
distances. The drawbacks, however, are that it can become quite tiring,
especially since navigation is a fundamental task that is carried out
frequently. Range is also limited by some factor of the user’s reach,
and due to the non-linear scaling of the user’s arm, it can be difficult
to maintain accuracy, especially when selecting distant targets. We
therefore did not consider it for our implementation.

While the DepthRay technique from Vanacken et al. [55] or the
RayCursor technique from Baloup et al. [4] use a ray, it does not rely
on intersecting with an object. In both techniques, the user can manu-
ally move a cursor along the ray to specify the depth of the selection
point. The closest object to that point is then selected. This approach is
beneficial for selecting objects in densely populated environments. Se-
lecting a target location during teleportation presents a similar problem,
as freely selecting a target location can be seen as selecting infinite,
densely packed objects. Therefore, this type of cursor lends itself well
to specifying target locations during teleportation, which is why we
decided to focus on this approach.

2.2 3D Target Selection

Most prior research papers that explicitly focused on mid-air target
selection for subsequent teleportation relied on the ray cursor principle,
similar to the object selection technique from Baloup et al. discussed
in the last section [4]. The proposed approach involves a straight ray
that is emitted in the controller’s forward direction, and some form of
distance control mechanism that lets users move a cursor along the ray.

Drogemüller et al. suggested a ray cursor where the cursor’s distance
is controlled using the controller’s touchpad [15]. In their SkyPort
technique, Matviienko et al. revisit this idea and also suggest a second
variant of the ray cursor, where the cursor moves along a parabolic arc
emanating into the sky [37]. They also suggest that the target location
should be specified in relation to the controller’s position. Results
showed that the straight ray outperformed the parabolic arc in speed
and accuracy. However, as the experiment was conducted in mid-air
only “to avoid confusion” it did not consider any form of air-to-ground
or ground-to-air transitions [37]. To improve this in future work, they
suggest that in hybrid spaces, where a transition between air and ground
is necessary, a parabolic curve could be activated manually via a button
press or automatically based on the controller’s horizontal angle.

In the ray cursor implementation from Lim et al. [34], the distance is
fixed at 20 m if the ray does not intersect with an object, or the intersec-
tion point minus a safety margin, so users are not stuck inside a wall or
obstacle otherwise. Lee et al. also used a ray cursor and suggested that
the distance can be automatically controlled by the system based on a
signed distance field [33]. Weissker et al. used a different approach [58].
Their implementation considers transitions between ground and air and
is based on a parabolic arc rather than a straight ray. Instead of directly
specifying the target location, they suggest first selecting the target
point on the current elevation level before moving it up or down verti-
cally. The addition of the mid-air selection step as an additional degree
of freedom of the target specification process was implemented in a
simultaneous (while aiming, the target point can be moved vertically
with the touchpad), two-step (the target point is fixed on the current
elevation first and tilting the controller up or down moves the point
vertically accordingly), or separate (users teleport horizontally first,



Fig. 2: The SATOR technique follows a state machine with two main
modes: a ground and an air mode. In ground mode, we implemented
and compared a (straight) ray and a (parabolic) arc for ground navigation.
In air mode, a ray cursor is used, where the depth of the cursor along
the ray can be moved by using the joystick or by tilting the controller.
The transitions between both states depend on the tool used for ground
navigation.

and then move vertically afterwards separately) approach. In the end,
while both the two-step and simultaneous approaches performed well,
the two-step approach was faster, had less task load, and was preferred
by more users.

Another approach was presented by Kim et al. that uses both hands
[28]. Their implementations use two straight rays, with the target
location determined by where both rays intersect. They compared
their approach to the simultaneous technique from Weissker et al. [58].
While the results show advantages of their crossing rays approach, the
evaluation was, however, focused on target selection only, and users
were not actually teleported. It is therefore not clear how well the
technique works for (rapid) sequential teleportations.

2.3 Summary

Most existing mid-air selection techniques use a form of ray cursor, in
which the distance is controlled by the controller’s touchpad [15, 37]
or is automatically determined by the system [33, 34]. However, none
of them consider navigational requirements like staying at the same
elevation level, ground-based movement, or transitions between ground
and air or vice versa. Therefore, in the case of ground-based movement,
they rely on the user to freely select appropriate positions in the vicinity
of the ground with the ray cursor. The approach from Weissker et
al. works similarly to traditional Point & Teleport, where a parabolic
arc and the intersection point of a projectile following that arc with
the scene’s geometry determines the target location, which can then
be moved up and down in addition [58]. While this technique does
consider staying on the same elevation level and transitions between
ground and air, first specifying the location on the current elevation
level before moving the point vertically reduces efficiency and accuracy,
as the mid-air target cannot be specified directly, and the accuracy of
the point in the air depends on the accuracy of the point on the current
elevation level. To combine the advantages of all previously presented
interaction paradigms, our work in this paper proposes a combination
of the fast and efficient approach of the ray-cursor method with the
consideration for ground maneuverability, similar to the technique pro-
posed by Weissker et al. [58]. Combining these aspects, our technique
differs from related work by using a direct mid-air target selection ap-
proach, while still considering same level maneuverability and enabling
seamless air-to-ground and ground-to-air transitions.

3 SYSTEM DESIGN

Based on the drawbacks and suggestions from previous research, we
implemented our SATOR technique with the goal of improving effi-
ciency, user experience, and navigational flexibility. Two allow seam-
less ground transitions, our proposed technique has two main modes, a
ground and an air mode. These two main states are visualized in Fig-
ure 2, along with their transitions. In this section, we will explain both
modes and present four parametrizations of the SATOR technique. Our

implementation was designed to work with the Meta Quest 3 controller
and therefore assumes a joystick and a continuous trigger button with
no physical click. However, the system can be easily adapted to work
with other input devices as well.

3.1 Ground Mode

Ground mode is active by default when users enter the virtual envi-
ronment on the ground level. If the user is in the air and teleports
on top of standable geometry (impact normal < 45◦), the system also
automatically switches to the ground mode (see transition G1 and G2
in Figure 2), which is indicated on the user’s controller and on the shirt
of the preview avatar by a footsteps icon (see Figure 1 c-e). Based on
the implementation of common ground-based teleportation techniques
in the literature [42], we implemented two common modalities: A
(parabolic) arc and a (straight) ray. The behavior on the ground and
the transition back into the air differ for each ground tool and will be
explained in more detail in the following paragraphs.

3.1.1 Ground Tool: Ray

With the ray as ground tool, when users press the trigger button, the
controller emits a ray in the forward direction, and the intersection point
of that ray with the floor determines the target location, similar to Point
& Teleport from Bozgeyikli et al. [6]. The ray has a fixed maximal
length of 21.52 m, which is identical to the reach of the parabolic arc,
described in the next section. If the ray does not intersect with geometry
on the ground, because it intersects with a wall or points into the air,
the system will switch to the air mode (see transition A1 in Figure 2).
Releasing the trigger button results in an instantaneous transition to
the selected target location. For the ray ground tool, the transition
from air to ground and vice versa is straightforward and seamless, as
in both cases a straight ray is used. However, a straight ray for ground
navigation is not ideal, as users cannot easily teleport over obstacles,
on top of small buildings, and are less accurate due to jitter. Therefore,
as an alternative, we also propose using an arc for ground movement,
which is also commonly used for ground-based teleportation [42].

3.1.2 Ground Tool: Arc

With the arc as ground tool, when users press the trigger button, the
controller emits a (parabolic) arc in the forward direction. The arc
visualizes a projectile that is emitted from the controller with a velocity
of 14 m

s based on best practices from Rupp et al., allowing selections up
to a distance of 21.52 m [48]. The intersection point of that projectile
with the scene’s geometry then determines the target location. While
it is trivial for the ray tool when the user wants to move into the air,
with the arc, it is not clear, as users cannot simply tilt it up into the
air, as the projectile would simply fall down. We tested the proposed
approach of Matviienko et al. [37], where the switch would happen
automatically once the user tilts the controller above 45◦. However,
in testing, we found that this limits the usability of the parabolic arc
during ground navigation, as it is no longer possible to teleport on top
of larger obstacles, which often requires higher tilt angles, so the arc’s
vertex point is higher. Additionally, it limits the initial specification
of mid-air targets, as it would not be possible to have a low angle of
ascent. We therefore opted for a simple button press to switch between
air and ground mode explicitly (see transition A2 and G2 in Figure 2).
This also adds the benefit of switching to ground mode while in the air.
Doing so will activate an invisible ground plane on the user’s current
elevation level, allow them to select targets on the current elevation level
(see Figure 1 e), improving visual stability during rapid teleportations.

3.2 Air Mode

In air mode, the basic concept is a ray cursor displayed while the user
holds the controller’s trigger button. To design the input modality to
move the cursor along the ray, we followed the design space introduced
by Weissker et al. [58] that suggests three approaches when adding
additional degrees of freedom to the target selection process of tele-
portation: simultaneous, two-step, and separate. While the separate
approach was the least preferred by participants when specifying height
and scale as additional parameters, both simultaneous and two-step



have been shown to have their own individual benefits [58, 59]. We
therefore propose two approaches to control the distance of the cursor
along the ray: 1) a simultaneous approach where the joystick of the
controller is used to move the cursor while aiming, similar to previous
techniques (cf. [15, 37]) described in Section 3.2.1; and 2) a two-step
approach where the user first fixes the direction and tilting the con-
troller up- or downwards moves the cursor along the ray, described
in Section 3.2.2. The ray always has a fixed maximum length, based
on the reach of the parabolic arc in ground mode, which is 21.52 m.
Whenever the ray intersects with an object in the scene that the user
cannot stand on (impact normal > 45◦), the maximal distance is set to
the intersection point minus a safety margin of 5% of that distance, so
users will not get stuck inside objects after teleportation similar to the
ray cursor presented by Lim et al. [34].

During conventional ground-restricted teleportation, the user’s feet
are teleported to the specified target location, resulting in the user
standing on the ground plane. For mid-air teleportation, this would
result in the user’s feet being positioned higher when the ray is aimed
horizontally, making it harder to maintain the same elevation level. To
address this, we recommend choosing the target location relative to the
user’s controller, as also suggested by Matviienko et al. [37]. While
aiming, the ray is constantly visualized, together with a preview avatar
at the currently selected target location. Following the suggestion of
Medeiros et al., when the user is in the air, a small solid platform
is shown below the user to mitigate cybersickness, fear of heights,
and balance issues [38]. A similar, however, transparent platform to
improve visibility is also shown below the preview avatar (see Figure 1
a). The preview avatar also fades out when moved very close to the user,
so it does not obstruct the view. If the selected teleportation point is
below the controller height on top of standable geometry (intersection
normal < 45◦), the user would be stuck inside the floor. Therefore,
the location is clamped accordingly, so the user would "land" on the
ground after teleporting, triggering a transition to the ground mode (see
transition G1 and G2 in Figure 2). This is also visually indicated, as
the ray is still visualized in the controller’s forward direction, but the
preview avatar remains positioned above the ground (see Figure 1 b).
For simplicity, the position of the cursor is always initialized 0.5 m in
front of the user, allowing for small adjustments without requiring to
move the cursor. When the user releases the trigger button, they are
instantly teleported to the specified location. If the new target location
is on the ground, the behavior would automatically transition to ground
mode (see transition G1 and G2 in Figure 2). Additionally, the current
target specification process can be canceled at any time by pressing
the grab button on the controller. The following two sections provide
more details about the two different distance control mechanisms used
to move the cursor along the ray while in the air.

3.2.1 Simultaneous Distance Control: Joystick

This approach is similar to the ray cursor implemented by Matviienko
et al. [37]. While the trigger is held, users can use the joystick of the
VR controller to move the cursor along the ray. The speed of the cursor
is scaled according to the length of the ray, which in our case results in
an initial speed of 0.47 m

s , that linearly increases over the course of 2.5
s to 11.62 m

s , based on internal testing. Releasing the stick in between
resets the speed again. After releasing the trigger, users are instantly
teleported to the specified location.

3.2.2 Two-Step Distance Control: Tilt

In tilt mode, the target specification follows a two-step process. First,
the user has to aim in the intended direction by starting to press the
trigger button. When the user holds the trigger button fully pressed, a
slight vibration is played, and the ray geometry remains fixed based on
the direction when the trigger was pressed. Subsequently, the cursor
can be moved along the ray by tilting the controller up to move it
away from the user or down to move it towards the user. Based on
internal testing, we limited rotation to ±40◦ as lower values would
reduce accuracy and higher values would become uncomfortable. If
the user then releases the trigger, they will be instantly teleported to the
specified location.

Fig. 3: Route layout used during the user study, where each number
indicates a waypoint that users need to traverse to using all five conditions.
The top left shows waypoint seven up close. A waypoint is represented
by a camera, and the camera’s display shows a word that users need
to read out loud during the study. A red cone on top of the next camera,
and a ray from the current to the next camera, help users to find the next
waypoint quickly.

3.3 Summary

The SATOR technique considers target specification on the ground and
in the air by offering a dedicated mode for each aspect. In ground mode
we implemented two tools: 1) a (straight) ray that allows for a seamless
transition from ground to air without changing the visualization, as
in the air users also have a straight ray; 2) a (parabolic) arc, allowing
easier and more accurate ground maneuverability and allowing same
level maneuverability for visual stability. Users can transition to the air
by either pointing in the air in case of the ray ground tool or by pressing
a dedicated button in case of the arc ground tool. In air mode, users
have a ray cursor to be able to efficiently specify a target location. To
move the cursor along the ray, we implemented two distance control
mechanisms, tilt and joystick, based on the design space suggested
in previous work. To transition back to ground mode, users simply
teleport on top of standable geometry or activate it manually, in the
case of the arc ground tool. Our parametrizations of SATOR therefore

follows a two by two design: ground tool (ray , arc ) × distance

control (joystick , tilt ), the combination of which leads to four
conditions that we compare to a baseline in our user study.

4 USER STUDY

To get scientific insights about the efficiency and usability of our
technique, we conducted a within-subjects user study, comparing our
SATOR technique to a baseline.

4.1 Task Design

The virtual environment consisted of a small city with a variety of
buildings of various sizes to foster vertical navigation. Similar to the
task presented by Weissker et al. [58], we decided to present users
with a primed search task [51], where the route consisted of a series
of waypoints on different elevation levels, where each waypoint was
visualized by a camera. Users were required to navigate accurately on
two levels: 1) they needed to navigate close to the cameras to be able
to touch each camera’s display; 2) upon touching the display, a word
would show up on the display, and they needed to be able to read it out
loud for the experimenter. Doing so successfully would then trigger
the next camera. The next camera to go to was always marked by a
big red cone floating on top of it, together with a line from the current
camera to the next one (see Figure 3 top left). The route stayed the
same in all conditions to ensure comparability. In total, there were
18 cameras, labeled from 1 to 18 in the order they appeared along the
route. Each camera was positioned to fall into a specific category: C =
(from [ground, air], to [ground, air], elevation [same, higher, lower]),
denoting the properties of the camera placement along the route. For
example, the camera C4 air,ground,higher denotes the fourth camera in



Elevation

From To Same Higher Lower

Ground Ground 1, 13, 14 5, 15 9, 18

Ground Air 10 2, 6 16

Air Ground 17 4 8, 12

Air Air 3 7 11

Table 1: Categories of cameras placed during our route-following task,
where each number corresponds to a camera in a certain category,
named after the order they appeared along the route.

the route that the user teleports to from a lower position in the air to a
higher position on the ground (e.g., landing on top of a large building).
These categories are used to test the different design considerations
of our technique by fostering multiple ground-to-air and air-to-ground
transitions as well as navigating to waypoints on the same elevation
level. In total, there were 12 (2×2×3) types of cameras and each type
was used at least once. Table 1 shows the distribution of the cameras in
each category, and Figure 3 gives an overview of the camera placements
in the scene. The whole route had a total length of 436 m.

4.2 Independent Variables

In total, we have one independent variable with five levels or conditions:
the four variants of our SATOR technique and the two-step technique
from Weissker et al. [58], referred to as Elevator as a baseline.

4.2.1 SATOR

Based on the different ground tool and distance control mechanisms,
for our SATOR technique we implemented four variations, as described

in Section 3: arc/joystick , arc/tilt , ray/joystick ,

ray/tilt .

4.2.2 Baseline Technique: Elevator

As a baseline technique, we adapted the two-step technique from
Weissker et al. [58], based on the source code that was made avail-

able to us by the authors. We will refer to it as Elevator from
now on. We made only slight changes to the original implementation,
such as adjusting the colors of the preview avatar and selection ray to
align with SATOR. For the same reason, we also changed the visuals
of the platform below the user when in the air. The original technique
features a preview window that automatically appears when the target
location is at a certain threshold above or below the user. While we
believe this is a helpful addition, we also suggest adding it to our ray
cursor techniques in a final version. However, in our user study, we
excluded it because it could potentially be a confounding factor, as
we decided to focus on an isolated comparison of target specification
methods without introducing confounding variables by different forms
of auxiliary information for spatial orientation.

4.3 Dependent Variables

During the task, we logged the time it takes users to navigate to all
the cameras. The timer started after the first camera was activated and
ended after the last one was activated. As a form of efficiency measure,
we introduce the overshoot value, which is calculated as the difference
between the length of the route and the total teleportation distance. A
value close to zero would therefore mean that users teleported very
efficiently towards the cameras, without any unnecessary teleportations.
If users were less accurate, they might teleport too far and overshoot,
requiring them to backtrack, which increases the overall teleportation
distance. In addition to these aggregated measures, we logged the
number of teleports and the average specification time per teleport,
measured without idle time, from the start of the selection process until
they are teleported.

We also used a set of questionnaires to quantify established measures
of usability and user experience. The raw NASA task load score
(TLX) was used to quantify task load on a scale from 0 to 100 [21, 22].
Furthermore, the User Experience Questionnaire (UEQ) [31] was used,
which results in six scores between -3 and 3 representing the perceived
attractiveness, perspicuity, efficiency, dependability, stimulation, and
novelty of the technique. For the conditions that use the arc as a ground
tool users needed to press an extra button to activate it, which could
disrupt the flow. We therefore also used the flow short scale that features
ten flow items that are evaluated on a 7-point Likert scale and summed
up to give an overall flow score between 10 and 70 [44].

4.4 Hypotheses

While we generally follow an exploratory approach in our analysis, we
have also formulated a few general hypotheses to test formally. Our
hypotheses and evaluation will be two-fold. First, we will not consider
the individual variants of SATOR and compare the technique as a whole
to the baseline Elevator technique. By averaging the results of the four
SATOR variants, we want to show that the direct target specification
approach of SATOR, which is present in all variants, is more efficient
than the two-step approach implemented in Elevator. We therefore
formulated the following hypothesis for the analysis of SATOR vs.
Elevator:

H1: SATOR will be more efficient than Elevator.

In the second part of our analysis, we will then focus on the four
SATOR variants to figure out the best parametrization and formulated
the following hypotheses:

H2: Conditions with ray as ground tool will have a higher flow rating
than arc.

H3: Conditions with tilt as Depth Control will be faster than joystick.
H4: Conditions with arc as ground tool will be faster when teleporting

to targets on the same elevation level.

For the ray ground tool, no manual mode switch will be necessary;
therefore, we hypothesize that the flow rating will be higher. Because
tilt uses a direct mapping of the controller’s tilt angle to distance control,
we expect it to be faster as a distance control mechanism than joystick,
which uses a rate-based approach. Since the arc is a standard technique
for ground navigation, it provides greater accuracy and flexibility to
jump over obstacles. We, therefore, hypothesized benefits for ground
navigation, as well as in general when navigating to targets at the same
elevation level, with the possibility of activating the arc in the air as
well.

4.5 Apparatus

The application was developed using the Unity game engine (Version
6000.0.40). For data logging during the user study, the Unity Experi-
ment Framework was used [7]. The application ran on a desktop PC
displayed on a Meta Quest 3 headset connected via the official link
cable with the included controllers. An aftermarket head strap was
added to allow users to adjust the headset better. The physical space
was approximately 3 m×3 m. However, participants were instructed
to remain stationary in that space. The application ran at the standard
resolution of the headset (2,064×2,208 pixels per eye) at a fixed re-
fresh rate of 72 frames per second. To improve the reproducibility, we
made the application publicly available [49].

4.6 Participants

In order to determine the required number of participants, we performed
a power analysis to determine the minimum sample size using the tool
G*Power [17]. We wanted to do two types of tests: 1) a 2x2 factorial re-
peated measures ANOVA targeting medium effect sizes, an alpha value
of 5%, and a power of 80%, which required 24 participants; 2) a t-test
with the same parameters, requiring 27 participants. More information
is given in Section 5. For the user study, we therefore recruited 30
participants (17 male, 13 female), who were mainly computer science



students between 21 and 33 years old (M = 25.83,σ = 2.82) from
two different universities. 28 participants had prior VR experience,
out of which nine do not use VR regularly. Out of the remaining 19
participants who use VR regularly, six did so for less than one year, six
for one to two years, four for two to four years, and three for more than
four years. We also asked the 28 participants who had already used VR
before to rate their skill level with using VR technology (beginner: 8,
advanced: 4, competent: 9, proficient: 4, expert: 3) and what interface
they have used before (teleportation: 26, steering: 16, object-selection
via straight ray: 26, it was possible to select multiple options).

4.7 Procedure

The user study was conducted at two different universities following
the same procedure to recruit a larger and more diverse participant pool.
Upon arriving at the laboratory, participants read the task description,
filled out a consent form, and drew a random number to which the
logged data and the questionnaires were linked. Afterward, they put on
the headset, entered their unique number, and selected their handedness.
Then a short video was played that introduced the route-following
task and how to find and activate the cameras. If they had no further
questions, they were prompted by the application to press a button to
start with the first condition.

For each condition, a short video was played that explained the
controls and specifics on how to use the current technique. Then they
had to navigate along a short practice route consisting of 10 cameras.
Once they were done, they had the option to experiment freely with
the technique or continue to the main task. In the main task, they had
to follow a route of 18 cameras. Once the last camera was activated a
prompt was displayed telling them to put down the headset to fill out
a questionnaire on the PC. On the PC, users then filled out the Fast
Motion Sickness Scale (FMS) [27], which lets users self-assess their
sickness on a scale from 0 to 20, the flow short scale [44], the raw
TLX [22], and the UEQ [31] questionnaire. This process was repeated
for all five techniques. Starting with the second condition, an additional
question was added to the beginning of the questionnaire, asking users
if they understood the differences between the current and the previous
technique. It was not possible to proceed when selecting no; in that
case, the experimenter shortly explained the differences.

In order to mitigate learning effects, the order of the conditions was
counterbalanced using a Balanced Latin Square design, resulting in ten
different orders, with each order being completed by three participants.
After the user had completed all conditions, a final questionnaire had
to be filled out, where participants had to rank the different conditions
from best to worst and had the option to leave any additional feedback
in written form. The study concluded with the user filling out a de-
mographics’ questionnaire. The user study took between 50 and 80
minutes to complete. All participants successfully completed the user
study and were rewarded with around 10 dollars worth of local currency
as compensation. The study procedure, including data acquisition and
handling, was approved by the ethics board of Trier University (no.
10/2023).

5 RESULTS AND DISCUSSION

As mentioned in Section 4.4, we first compare SATOR as a whole
against the baseline Elevator technique in Section 5.1 before looking
at the four SATOR variants in Section 5.3, with separate discussions in
between. For a general overview of our results, we calculated the mean
and standard deviations of the dependent variables over all participants.
To visualize our results, we created plots using Python and Matplotlib
[24]. We used the statistics tool Jamovi [25] for further statistical
analysis of our dependent variables with a significance level of 5%. We
assumed a normal sampling distribution of our data based on our sample
size of N = 30 in the context of the central limit theorem [18, pp. 170–
172]. Self reported motion sickness was generally very low during all
conditions, based on the results of the FMS questionnaire, with a mean
value of 1.25 and a standard deviation of 1.95 on a scale of 0 to 20.

Elevator SATOR

UEQ Subscores t(29) p-value Cohen’s d M σ M σ

Attractiveness 1.16 0.127 0.212 1.15 1.50 1.43 0.78

Perspicuity 1.21 0.118 0.221 1.43 1.33 1.69 0.72

Efficiency 2.77 0.005 0.507 0.84 1.33 1.46 0.75

Dependability 0.94 0.178 0.171 1.26 1.40 1.48 0.61

Stimulation 0.90 0.188 0.164 1.28 1.39 1.51 0.78

Novelty -1.64 0.944 -0.300 1.19 1.21 0.80 0.90

Table 2: UEQ results of the t-test comparing Elevator and SATOR split
by each subscale. Bold values indicate significant differences.

Route Time [s]
M 251 214 230 201 211

σ 90.4 46.8 49.1 58.4 60.9

Overshoot [m]
M 71.1 32.1 26.0 29.8 27.6

σ 64.2 27.7 19.8 31.1 27.3

Number of Teleports
M 64.0 51.4 57.4 52.2 55.3

σ 24.7 14.3 13.4 16.1 18.5

Average

Specification Time [s]

M 2.09 2.34 1.94 2.16 2.01

σ 1.16 0.89 0.89 0.79 1.06

Task Load
M 23.1 19.8 21.7 15.7 19.0

σ 17.3 14.2 13.2 12.3 14.7

Flow
M 55.0 57.1 54.6 58.4 56.9

σ 9.17 6.39 8.28 6.52 8.46

Table 3: Mean and standard deviations for route time, overshoot (the
difference between the total teleportation distance and the length of the
route), number of teleports, specification time, task load and flow.

5.1 Results: SATOR vs. Elevator

To compare the dependent parameters between the averaged results
of the SATOR conditions and Elevator, we used paired t-tests and
calculated Cohen’s d effect sizes with the threshold values of 0.2, 0.5,
and 0.8 representing small, medium, and large effects [11, pp. 24–26].

Figure 4 shows the distribution of the route time, overshoot, number
of teleports, average specification time, task load, and flow scores for
each condition. The average route time was significantly higher in
Elevator (M = 251 s, σ = 90.4) than in SATOR M = 214 s, σ = 44.9
with t(29) = 3.57, p < 0.001, d = 0.651 (medium effect).

The average teleport overshoot was significantly higher in Elevator
(M = 71.1 m, σ = 64.2) than in SATOR (M = 28.8 m, σ = 19.4) with
t(29) = 3.78, p < 0.001, d = 0.690 (medium effect).

The average number of teleports was significantly higher in Eleva-
tor (M = 64.0, σ = 24.7) than in SATOR (M = 54.1, σ = 13.4) with
t(29) = 3.68, p < 0.001, d = 0.671 (medium effect).

For the average specification time, there was no significant dif-
ference between Elevator (M = 2.23 s, σ = 1.16) and SATOR (M =
2.26 s, σ = 0.81) with t(29) = 0.213, p < 0.584, d = 0.039.

The average task load was significantly higher in Elevator (M =
23.1, σ = 17.3) than in SATOR (M = 19.0, σ = 11.9) with t(29) =
2.05, p = 0.025, d = 0.375 (small effect).

Results for user experience can be seen in Table 2. The results show
that SATOR has a significantly better efficiency rating (medium effect)
than Elevator.

Figure 5 shows the results of the preference rating. Thirteen par-
ticipants ranked Elevator as the worst technique, while half ranked it
between second and fourth best. Only two participants ranked Elevator
as best.

5.2 Discussion: SATOR vs. Elevator

Our results show that users were able to navigate along the route signif-
icantly faster with SATOR than with Elevator (medium effect). While
Elevator showed similar specification times, the number of teleports
was significantly higher (medium effect), contributing to the increase



Fig. 4: Boxplots for route time, overshoot (the difference between the total teleportation distance and the length of the route), number of teleports,
specification time, task load, and flow. Note that there is an outlier for route time and overshoot that is shown above the box.

Fig. 5: Preference rating done by users at the end of the study. Numbers
indicate how often a technique was chosen for each rank.

in route time. The faster speed did, however, not come at the cost of
accuracy, as the teleport overshoot was significantly lower for SATOR
compared to Elevator (medium effect). With SATOR being quicker
and less prone to overshoots, therefore providing better accuracy, we
can confirm H1, stating that SATOR, in general, is more efficient than
Elevator.

Figure 6 shows the results of the UEQ for all conditions individually.
We can see that both Elevator and SATOR perform above average in
almost all subscales, with at least one SATOR variant outperforming
Elevator across all scales except novelty, where Elevator is rated best.
We did not find any significant differences, except for the efficiency
score, where all SATOR variants performed better. This is further
underlined by the written comments made by participants, where eight
participants noted that with Elevator, they had trouble estimating the
target point in the air based on the ground point, also subjectively
confirming H1.

Regarding task load, with SATOR users perceived a significantly
lower task load than with Elevator (small effect). Both scores can
be considered as low when compared to established meta-analyses.
In particular, the mean task load of both techniques is considerably
smaller than the mean of the 72 VR conditions surveyed by Hertzum
(M = 41, σ = 15) [23] and situated in the smallest decile of observed
scores in the more general meta-analysis of Grier (P10% = 26.08) [20].

Overall, the results of our first analysis show that both techniques
have a low task load and high usability ratings, with SATOR offering
higher efficiency, while Elevator was less preferred in subjective user
ratings. In our remaining analysis, we look at SATOR in more detail by
comparing its different parametrizations with respect to our dependent
variables.

5.3 Results: SATOR Variants

To analyze the four SATOR parameterizations, we calculated mean
and standard deviations for our dependent variables (see Table 3) and
created boxplots to visualize our results (see Figure 4). The results
of the UEQ are visualized in Figure 6. We also added the results of
the Elevator condition for comparison. Based on the design space

Fig. 6: Benchmark scores of the individual items of the User Experience
Questionnaire with confidence intervals (confidence level 95%). Dia-
monds indicate mean values for each condition.

of our technique, we performed a 2x2 factorial repeated-measures
ANOVA to test the effect of ground tool (ray, arc) and distance control
(joystick, tilt) on our dependent variables. For all ANOVAs, we also
computed the effect size η2

p and interpreted it using the threshold values
of 0.01, 0.06, and 0.14 representing small, medium, and large effects,
respectively [11, pp. 285–287].

5.3.1 Overall Analysis

For the route time, the ANOVA revealed no significant interaction
between ground tool and distance control (F(1,29)= 0.231, p =
0.634, η2

p = 0.008). A significant main effect was shown for ground

tool (F(1,29)= 4.995, p = 0.033, η2
p = 0.147 (large effect)) with ray

(M = 206 s) being faster than arc (M = 222 s). A significant main effect

was also shown for distance control (F(1,29)= 4.908, p = 0.035, η2
p =

0.145 (large effect)) with joystick (M = 208 s) being faster than tilt
(M = 220 s).

For the teleport overshoot, the ANOVA revealed no significant inter-
action between ground tool and distance control (F(1,29)= 0.527, p =
0.474, η2

p = 0.018). No significant main effects were found for ground

tool (F(1,29)= 0.006, p = 0.939, η2
p < 0.001) and distance control

(F(1,29)= 1.030, p = 0.319, η2
p = 0.034).

For number of teleports, the ANOVA revealed no significant inter-
action between ground tool and distance control (F(1,29)= 0.963, p =
0.335, η2

p = 0.032). No significant main effect was found for ground

tool (F(1,29)= 0.114, p = 0.738, η2
p = 0.004). A significant main ef-

fect was shown for distance control (F(1,29)= 6.092, p = 0.020, η2
p =

0.174 (large effect)) with joystick (M = 51.8) requiring less teleports
than tilt (M = 56.4).

For average specification time, the ANOVA revealed no signifi-
cant interaction between ground tool and distance control (F(1,29)=
1.900, p= 0.179, η2

p = 0.061). No significant main effects were found

for ground tool (F(1,29)= 1.524, p = 0.227, η2
p = 0.050) and distance



control (F(1,29)= 2.711, p = 0.110, η2
p = 0.085).

For the task load, the ANOVA revealed no significant interac-
tion between ground tool and distance control (F(1,29)= 0.315, p =
0.579, η2

p = 0.011). A significant main effect was shown for ground

tool (F(1,29)= 6.839, p = 0.014, η2
p = 0.191 (large effect)) with ray

(M = 17.33) having a lower task load than arc (M = 20.76). No signifi-
cant differences were shown for distance control (F(1,29)= 2.419, p =
0.131, η2

p = 0.077).
For the results of the flow questionnaire, the ANOVA revealed

no significant interaction between ground tool and distance control
(F(1,29)= 0.260, p = 0.614, η2

p = 0.009). No significant main effects

were found for ground tool (F(1,29)= 3.485, p = 0.072, η2
p = 0.107)

and distance control (F(1,29)= 3.128, p = 0.087, η2
p = 0.097).

For user experience, due to the large number of subscores and
resulting tests, we only report significant results. The ANOVA revealed
no significant interaction or main effects for attractiveness, efficiency,
stimulation, and novelty.

For perspicuity, the ANOVA revealed no significant interaction
between ground tool and distance control (F(1,29)= 0.130, p =
0.721, η2

p = 0.004). A significant main effect was shown for ground

tool (F(1,29)= 10.160, p = 0.003, η2
p = 0.259 (large effect)) with ray

(M = 1.95) showing higher perspicuity than arc (M = 1.44). A sig-
nificant main effect was also shown for distance control (F(1,29)=
5.982, p = 0.021, η2

p = 0.171 (large effect)) with joystick (M = 1.93)

showing higher perspicuity than tilt (M = 1.46).
For dependability, the ANOVA revealed no significant interac-

tion between ground tool and distance control (F(1,29)= 0.024, p =
0.878, η2

p = 0.001). No significant main effect was shown for ground

tool (F(1,29)= 3.405, p = 0.075, η2
p = 0.105). A significant main ef-

fect was found for distance control (F(1,29)= 5.320, p = 0.028, η2
p =

0.155 (large effect)) with joystick (M = 1.70) showing higher depend-
ability than tilt (M = 1.25).

Figure 5 shows the results of the preference rating. In general,
conditions with ray as ground tool were preferred over arc, with a small
advantage for ray/joystick over ray/tilt.

5.3.2 Analysis of Teleports on the Same Elevation

To answer H4, we analyzed only the same elevation teleportations
(cameras 1, 3, 10, 13, 14, and 17, see Table 1). We also performed a
2x2 factorial repeated-measures ANOVA. For route time, the ANOVA
revealed no significant interaction between ground tool and distance
control (F(1,29)= 0.128, p = 0.723, η2

p = 0.004). No significant main

effects were found for ground tool (F(1,29)= 3.720, p = 0.064, η2
p =

0.114) and distance control (F(1,29)= 3.015, p = 0.093, η2
p = 0.094).

We also looked at teleport overshoot and the ANOVA revealed
no significant interaction between ground tool and distance control
(F(1,29)= 0.045, p = 0.833, η2

p = 0.002). A significant main effect

was shown for ground tool (F(1,29)= 4.305, p = 0.047, η2
p = 0.129

(medium effect)) with arc (M = 8.92 m) showing less overshoot than
ray (M = 14.01 m). No significant main effect was found for distance
control (F(1,29)= 0.037, p = 0.848, η2

p = 0.001).

5.4 Discussion: SATOR Variants

5.4.1 Ground Tool: Arc vs. Ray

Regarding H2, we expected that the additional button to switch between
ground and air mode would result in a lower flow rating. Results of the
flow short scale, however, did not confirm any significant differences
in that regard, and we therefore cannot confirm H2 based on our data.
In the comment box at the end of the user study, participants noted that
they liked the arc conditions for allowing them to move over obstacles
(2x), and their ability to stay on the same elevation level (6x), while
others noted that the extra button or mode switch was difficult to use
(8x). In addition, in the preference rating, only ten users rated arc
conditions as best, in contrast to 18 for conditions with ray as ground
tool. Quantitative results show a similar picture, where ray performs
typically better than arc.

ANOVA results showed that arc conditions were slower (large effect),
had a higher task load (large effect), and a worse perspicuity score than
ray conditions (large effect). For overshoot, no significant differences
were found when looking at the whole route. However, if we look at
the small sub-analysis only considering waypoints where users had
to stay on the same elevation level, our results showed that arc had
less overshoot when navigating to targets on the same elevation level
compared to ray (medium effect). We also expected arc conditions to
be faster in this case (H4); however, the results did not show significant
effects for route time, and we therefore cannot confirm H4. In the end,
based on the more seamless transition, as no mode switch is required,
and the advantages in objective results and subjective preference ratings,
we recommend the use of ray as a ground tool for our SATOR technique.
However, the manual mode switch to an arc could still be added as an
optional alternative, allowing users to stay on the same elevation and
potentially providing more accuracy when navigating to targets on the
same elevation level.

5.4.2 Distance Control: Tilt vs. Joystick

When comparing both distance control mechanisms, for route time
we expected tilt to be faster than joystick and therefore have a lower
route time (H3). The results, however, show that the opposite is true,
while there were no significant differences for the average specification
time, tilt had a higher overall route time (large effect) and required
more teleports (large effect) than the joystick. We therefore cannot
confirm H3. In addition, for user experience, our results showed that
joystick had a better perspicuity (large effect) and dependability score
than tilt (large effect). Other than that, no significant differences were
shown between the two. In the preference rating, there is also no clear
winner as ray/joystick and ray/tilt were both ranked nine times as the
best technique, although ray/joystick was mentioned slightly more in
second and third place. If we look at user comments, participants also
seemed to be divided. While joystick was mentioned as being slow (4x)
and uncomfortable to use (3x), users also reported that it was easy to use
and straightforward (6x) and felt more precise (2x). The same holds for
comments about tilt, which was considered faster (3x), more intuitive
(2x), but also less precise (2x) and difficult to use because it requires
holding the trigger button before fully pressing it (2x). Although there
is a small indication towards the joystick being faster and offering better
ratings in two UEQ subscales, subjective opinions are rather divided
between the two approaches, and we would therefore suggest offering
both options and letting users decide which mode they prefer.

6 LIMITATIONS

When designing SATOR, we had to choose various parameters, like
the maximal tilt angle or the speed of the joystick. The selection of
these parameters was based on internal testing, which leaves room
for further optimizations, and potential shortcomings might influence
the results of the respective features. In addition, we did not consider
rotation specification, which is also a common feature of teleportation-
based navigation techniques [6, 42]. Because of the larger number of
conditions in our user study, we only considered a route-following task,
which only offers one perspective on the use of the tested techniques.
Although we made sure to cover a vast amount of navigation scenarios
by carefully placing the waypoints, a more open task design, like
an uninformed search task (as in [58, 59]), would make our results
more generalizable. While we considered the two-step technique from
Weissker et al. as our baseline, as it was the best performing technique,
it would have been interesting to also compare SATOR against the
simultaneous or separate approaches, which we excluded based on
the results reported in their paper [58]. Finally, in our evaluation, we
did not consider finer-grained measures like movement trajectories or
behavioral data.

7 CONCLUSION AND FUTURE WORK

In this paper, we proposed a novel teleportation-based navigation tech-
nique called SATOR that allows the selection of both ground and mid-air
targets to facilitate the free exploration of large 3D virtual environments.
We implemented four parametrizations of SATOR based on previous



research with the goal of providing a fast target specification and a
seamless transition between air and ground navigation. In a user study
with 30 participants, we compared the four SATOR variants against a
baseline. Our results showed that SATOR in general improves over the
baseline in terms of efficiency, usability, and task load. As a result, we
suggest offering a variation of SATOR when users should be presented
with the option to gain an overview of the environment, observe envi-
ronmental features at different heights, or maneuver quickly around
larger obstacles. Based on our results, we recommend using a ray
as ground tool and either joystick or tilt for distance control when in
mid-air.

For better comparability and simplicity, we decided that the ray
cursor always starts close to the user; in a future version, we could set
the initial cursor based on a distance field, similar to the ray cursor
approach from [33], minimizing cursor adjustments and therefore im-
proving efficiency even further. As users generally liked the ability to
stay on the current elevation level the parabola offers, we could either
add the mode switch as an optional addition to the ray ground tool or
add some form of snapping mechanism to the ray cursor when in the
air that makes it easier to point the ray perfectly horizontal. Restricting
the length of the ray cursor was mainly done for comparability between
arc-based conditions, but could also be increased in a future version.
However, it might be hard to see the target location at a certain distance.

In the future, we hope that teleportation-based navigation techniques
can become as expressive as steering-based techniques, while still
offering higher efficiency and inducing less cybersickness, to keep VR
accessible to a large audience.
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