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Abstract—Target-selection-based teleportation is one of the most
widely used and researched travel techniques in immersive virtual envi-
ronments, requiring the user to specify a target location with a selection
ray before being transported there. This work explores the influence of
the maximum reach of the parabolic selection ray, modeled by different
emission velocities of the projectile motion equation, and compares the
resulting teleportation performance to a straight ray as the baseline.
In a user study with 60 participants, we asked participants to teleport
as far as possible while still remaining within accuracy constraints to
understand how the theoretical implications of the projectile motion
equation apply to a realistic VR use case. We found that a projectile
emission velocity of 147 (resulting in a maximal reach of 21.52 m)
offered the best trade-off between selection distance and accuracy, with
an inferior performance of the straight ray. Our results demonstrate the
necessity to carefully set and report the projectile emission velocity in
future work, as it was shown to directly influence user-selected distance,
selection errors, and controller height during selection.

Index Terms—YVirtual Reality, Navigation, Teleportation, Target Selec-
tion, Fitts’ Law.

1 INTRODUCTION

IRTUAL reality (VR) technology has become more

widely adopted in recent years, and the complex-
ity of developing VR applications has decreased as most
game engines support VR devices and provide default
implementations for fundamental features like navigation.
Target-selection-based teleportation or point-and-click tele-
portation (often referred to as teleportation for brevity) has
emerged as a standard for navigation in virtual environ-
ments, allowing users to egocentrically select a target lo-
cation before being automatically repositioned there [42].
Due to the relocation being instantaneous, teleportation is
more efficient than continuous methods, especially when
traversing large distances [12], [44]. Furthermore, various
studies have shown that teleportation-based travel tech-
niques prevent cybersickness as these techniques avoid
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contradictory visual cues of self-motion that can lead to dis-
comfort and are, therefore, often preferred over continuous
techniques [9], [12], [42]-[44], [57].

Teleportation is one of the most researched travel tech-
niques [38]. Multiple researchers have evaluated central
factors like spatial awareness [2]], [5], [11], [31], [33], [41],
performance [4]], [7], [12], [17], [18], [27], [33], adapted
teleportation to other degrees of freedom [45], [54], [55], or
changed their parametrization [19], [58]. A key component
of teleportation-based navigation techniques is the selection
mechanism to specify the target location, which often in-
volves the use of parabolic arcs [42]. These can be computed
using the projectile motion equation, which traces an imag-
ined projectile emitted from the controller as it falls down
to the ground due to gravity. The projectile’s intersection
point with the scene’s geometry then determines the target
location.

One parameter that is of particular relevance for telepor-
tation is the initial velocity at which the simulated projectile
is emitted from the user’s controller, as it directly affects the
maximal distance at which target locations can be selected.
While the ability to select targets further away potentially
increases navigation efficiency, this likely comes at the cost
of reduced selection accuracy as far-away targets become
more difficult to see. Although this trade-off is central to
the informed choice of teleportation parameters for a given
navigation task, it has not yet been examined empirically,
and no best practice recommendations exist up to date.
What is more, most research papers in the field do not
report on their parameter selection for teleportation, making
comparisons across publications challenging [60].

To provide scientific insights on the appropriate choice of
selection parameters for teleportation, this paper addresses
the following research question:

RQ: How does the maximal reach of the teleport parabola
affect the trade-off between selection distance and
accuracy?

To answer this question, we provide theoretical results
by looking at the mathematical background of the target
selection process as well as empirical results from a within-
subjects user study with 60 participants. In the study, par-
ticipants had to find a balance between far and accurate
teleports. Users were told to teleport as far as possible but
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Fig. 1. Overview of the environment used during our user study. Participants were positioned on a longitudinal river (a) starting at a rectangular
starting area, with various circular platforms in the form of water lilies spawned in front of them (d). Before being able to teleport onto a platform,
users were prompted to point the controller to the ground (b), so the target selection process was initiated from a defined starting point. Afterward,
users could choose a target platform by aiming with the controller so that the parabolic arc intersects with a platform (c). A textbox was attached to
the controller, showing a score based on the selected distance and the remaining number of teleports in the current task.

still be able to hit a target platform accurately. We then
analyzed how different values for the projectile’s initial
velocity, which directly affects the maximal reach, influ-
ence the chosen teleportation distance and accuracy. We
conducted our study under controlled conditions to isolate
the influence of the projectile arc velocity, which is crucial
to gain scientific insights and establish causal relationships
before introducing additional (and potentially confounding)
variables in a more ecologically valid, real-world usage
scenario.

In summary, our work led to the following contributions:

e a detailed derivation of the mathematical back-
ground of the target selection process of target-
selection-based teleportation,

o the derivation of a novel performance measurement
for teleportation techniques similar to the through-
put value of Fitts” Law,

o scientific evidence from a user study with 60 par-
ticipants analyzing the influence of the maximal
reach on the selected teleportation distance and ac-
curacy comparing ten target selection strategies (nine
parabolic arcs with different velocities and a straight
ray), showing that there is a velocity threshold at
1472 beyond which accurately selecting a target plat-
form becomes less feasible.

The analysis in our controlled scenario underlines
the importance of the appropriate parametrization of
teleportation-based navigation. They highlight that applica-
tion designers should not indefinitely increase the projectile
velocity and, therefore, the maximum reach of the selection
parabola, as targets will become increasingly challenging to
select accurately.

2 RELATED WORK

Our work is based on prior research about teleportation-
based navigation in virtual environments. In
we will first explore general research about target-selection-
based navigation and focus more explicitly on the target
selection process in

2.1

Target-selection-based teleportation, often simply referred
to as teleportation or point & teleport [6], has emerged as
a standard for VR locomotion. In a literature review by
Martinez et al. about research trends for VR locomotion [38],
teleportation was the highest-researched technique.

In the classification of travel metaphors presented by
LaViola et al., teleportation falls under the category of
selection-based travel metaphors [34], where users select a
target location from an egocentric perspective. The selection
is usually made via a tracked device from which a ray is
cast into the environment [6], [42]. The intersection point of
that ray with the geometry in the scene then determines the
target location. The target location can be confirmed with a
trigger, and the user’s viewpoint instantly transitions to the
selected location.

To formalize this more generally, Weissker et al. provided
a classification for target-based travel techniques [57]. They
suggest that teleportation, amongst others, can be broken
down into four sequential steps. 1) target specification: the
user specifies a target location based on some form of selec-
tion mechanism, 2) pre-travel information: the user receives
visual assistance to specify the target location or to com-
prehend the forthcoming transition, 3) transition: the user
transitions to the specified target location either instantly
or in a speed-up motion potentially with a fade-to-black
animation, and 4) the optional post-travel feedback.

Target-Selection-Based Teleportation
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To get an overview of different teleportation techniques,
Prithul et al. conducted a mini-review about teleportation
[42]. They included papers that featured an empirical eval-
uation using head-mounted displays. Starting from two
popular sources from Bozgeyikli et al. [6] and Bowman et
al. [5]], articles were selected according to these criteria. In
the end, 27 papers were taken into account. The papers
were clustered into either 1) comparative studies between
teleportation and other navigation techniques, and 2) ad-
vancements to teleportation. Results across publications
showed that teleportation causes almost no cybersickness
and improves performance but reduces presence and in-
creases spatial disorientation.

In earlier papers, the target location is often specified via
a straight ray. In recent years, parabolic arcs have been used
more often due to their ability to teleport on top of elevated
terrain or over obstacles. Out of the 27 papers considered by
Prithul et al. [42] in their mini-review about teleportation,
seven papers used a straight ray [6]], [7], [11], [18]], [31], [37],
[41], while 13 used a parabolic arc [4]], [12], [14], [15], [17],
[25]-127], [33], 1351, [36], 53], [56]. The remaining papers
used either a direct form of target specification or did not
rely on a tracked controller.

In this paper, we will explore target-selection-based tele-
portation and look more closely at the target specification
step, where users select a target location using a parabolic
arc with various velocities or a straight ray, which is essen-
tially a parabolic arc with infinite projectile velocity.

2.2 Target Specification

While the target specification step is fundamental to telepor-
tation, implementation details are often inadequately spec-
ified. For example, Zielasko and Weissker analyzed 61 pa-
pers derived from a systematic review about navigation in
VR and identified multiple problems regarding their repro-
ducibility [60]. For teleportation-based techniques, the au-
thors identified that the target specification process should
mention the shape of the selection tool and the object to
which it was attached. In case the selection tool is not
a straight ray, parameters describing the appearance and
maximum reach should be provided. Of the 27 teleport
papers they analyzed, only 5 reported the maximal reach.
In addition, in the mini-review from Prithul et al., [42], only
one paper [27] out of the thirteen that used a parabolic arc
specified the velocity of the projectile used to visualize the
arc, while four said that they used the default implemen-
tation of the Steam VR plugin for Unity [12], [17], [26] or
Unreal [4].

In the following sections, we will look at papers that
report implementation details about the target specification

distance in [Section 2.2.1| and accuracy in [Section 2.2.2] If

papers mentioned the initial velocity of the parabolic arc,
we calculated the maximal reach based on which
we will cover in more detail in

2.2.1 Target Specification Distance

Griffin et al. compared four navigation techniques, two
“handsbusy” (steering via the trackpad and teleportation)
and two “handsfree” (head tilt and walking in place) tech-
niques in a large indoor environment [27]. For teleportation,

3

the authors used a parabolic arc with a velocity of 6 .
Based on the given velocity, we computed the maximal
teleportation distance to be around 5.07 m. The value was
chosen based on the walking-in-place method, so it is equal
for all navigation techniques that they compared.

Freitag et al. developed an interactive system that aids
users in the exploration of unknown indoor environments
(university, dungeon, office) by suggesting unvisited points
of interest [23]]. In addition, users were able to freely explore
the environments using teleportation. The authors specified
that the teleport parabola had a maximal range of 7 m but
did not provide additional reasoning for that.

Badr and De Amicis developed three advancements of
teleportation by adding: 1) a Mini-Map showing a top-down
view of the user’s surroundings, 2) a Portal Preview showing
a preview of the target location, and 3) a X-Ray Vision
that makes buildings transparent and lets users teleport
to potentially obscured locations [48]. The user study had
five conditions: a baseline condition with only teleportation,
three conditions where one of the advancements was added,
and a fifth condition with all advancements present. In all
conditions, a parabolic arc with a maximal distance of up to
118 m was used to specify the target location. The authors
did not provide any further details as to why this value
was chosen. In the baseline condition, users teleported an
average distance of about 3,901.84 m spread over 129.08
average teleports. This would result in an average distance
per teleport of 30.23 m.

Simeone et al. developed a navigation technique called
“SpaceBender” that “bends” the environment to prevent
users from leaving the tracking space [49]. Their technique
was compared to a redirection technique called “Stop and
Reset” (based on Cools et al. [16]) as well as teleportation.
Users were tasked to traverse a 100 m long linear corridor.
The parabolic arc in the teleport condition had a maximal
range of 10 m.

Ke et al. compared a novel locomotion in place technique
to teleportation [30]. The movement speed of their walking-
in-place technique was calculated as “HeightOfUser/0.45”
[30]. They also tested different factors of the walking speed
up to a factor of 10. The maximal range of the parabolic arc
used for teleportation was set to be equal to the maximal
speed of the walking-in-place method. Together with the
average user height of 172.3 cm that they reported in their
user study, we were able to calculate that they set the
maximal range of the teleport to 38.3 m.

Weissker et al. compared the effects of teleportation and
steering on spatial updating and simulator sickness [57].
Participants had to teleport a path of 300 m divided by three
path segments in an outdoor city environment. The distance
of the parabolic arc was set to 180 m, so it was possible to
cover a path segment in a single jump and potentially pro-
voke spatial disorientation to measure differences between
steering and teleportation.

Bhandari et al. developed a teleporting technique called
Dash that uses a fast but continuous transition so users
perceive some optical flow but not too much to induce
cybersickness. In their study design, users had to teleport
along different waypoints, which were positioned five to
eleven meters apart as “selecting a waypoint that was more
than 13 meters away was difficult” [3]. Based on the max-
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imal distance of the waypoints, they settled for a velocity
of 10 ™* as the speed of the continuous transition. Based on
the given velocity, we computed the maximal teleportation
distance to be around 11.67 m. The target selection was done
in an empty outdoor environment by directly selecting the
waypoints with the trackpad.

Feld et al. analyzed different transition effects for
pointing-based teleportation and their effects on cybersick-
ness in a minimalistic and detailed environment [19]. In
their study design, users had to teleport along a 300 m
long path. The maximum teleport distance was set to 15 m,
requiring users to teleport more often to experience the
transition effect they analyzed.

Paris et al. looked at path integration and compared two
continuous techniques to two discrete ones in an outdoor
environment [41]. In the teleport condition, the authors
used a straight ray with a length of 20 m to specify the
target location. However, no reason was provided for this
restriction.

Many papers report that they used the SteamVR plugin
for Unreal'|or Unit [4], 112]], [17], [26], which uses a value
of 10 “* resulting in a maximal teleport distance of around
11.69 m. Newer implementations might rely on the default
implementation of game engines, e.g., the XR Interaction
toolkiﬂ from Unity has a maximal teleportation distance of
around 10 m while the VR templateﬂ of Unreal uses a value
of 6.5 %, which would result in a maximal teleportation
distance of around 5.73 m. The presented papers illustrate
that the selected maximum distance differs vastly across
publications (from 5.07 m to 180.00 m with a median
of 11.68 m), which motivates a more thorough empirical
comparison of different parametrizations.

2.2.2 Target Specification Accuracy

Accuracy is an essential factor during travel and often
in contrast to efficiency. During steering, for example, the
steering law states that users have to reduce their speed
when the movement requires more accuracy [59]. As the
target specification step during teleportation is a type of
selection task, a similar effect can be expected. However,
this effect has not yet been analyzed and quantified in the
context of teleportation.

First work in this direction has been done by Sind-
hupathiraja et al. [50]. They compared uni-manual with
bi-manual hand-based teleportation and the influence of
the user’s posture. To compare the different teleport vari-
ations, they propose a modified version of Fitts’ Law—a
mathematical model to predict selection time based on the
distance and width of the target—to measure and compare
the teleport performance and accuracy. The focus of their
evaluation, however, was not on the target specification but
rather on the target confirmation step. The target confirma-
tion was either done by a gesture using the aiming hand
or the free hand or by using dwell time. The targets were
position at 3 m and 9 m laterally and &3 m vertically.
Targets had a fixed width of either 0.2 m or 1.35 m.

1. SteamVR plugin for Unreal
2. SteamVR plugin for Unity
3. XR Interaction Toolkit
4.|Unreal VR Template

4

To our knowledge, no further research about selection
accuracy in the specific context of teleportation, especially
with parabolic selection rays, exists. Sindhupathiraja et
al. [50] showed that Fitts" Law can be applied to telepor-
tation in VR.

2.3 Summary

While most implementations presented in this section use a
parabolic arc to specify the target location, the range of that
arc varies drastically. The motivation behind the maximal
teleportation distance is mainly influenced by the user study
design to be comparable to other conditions tested or to be
suitable for the specific environment at hand. It is, therefore,
difficult to conclude general guidelines for implementing
teleportation techniques that are generally applicable. For
steering, the steering law suggests that there is a trade-off
between speed and accuracy. However, this has not been
analyzed yet in a teleportation context. This research gap
further motivates our pursuit of testing the maximal reach
of the teleport parabola and the influence on the selected
teleport distance and accuracy. Fitts” Law, a model to an-
alyze selection performance, might be a valuable tool for
analyzing the target selection process of teleportation.

3 MATHEMATICAL BACKGROUND OF PARABOLIC
TARGET SELECTION

In this section, we examine the mathematical background of
the target selection process and highlight initial theoretical
findings that form the basis of the hypotheses as well as
the evaluation procedure of our user study. First, we look
at the projectile motion equation and the influence of the
selection distance and the initial pointing angle on accuracy.
We then look at a modification of Fitts” Law’s throughput
value that allows us to compare different parametrizations
of the teleport parabola.

3.1 Projectile Motion Equation

A prominent way of computing parabolic arcs that are used
for the target selection process is to trace a projectile follow-
ing the projectile motion equation in the forward direction of
the controller. The point where the projectile intersects with
the scene’s geometry then determines the target location.
The line the projectile follows is constantly visualized and
updated according to the controller’s position. The coor-
dinate system we refer to and the parameters influencing
the projectile can be seen in This parabolic arc is
influenced by the controller’s position (z¢, 3o), the angle of
the controller v, the initial velocity of the projectile vy, and
the gravity g.

The projectile’s position (x: forward direction, y: up di-
rection) is given at a certain point in time ¢ via the following
equation:

T =xg+ vyt

1 1
y:yo‘f’vyt*i‘th ()

where (0, yo) corresponds to the initial position of the pro-
jectile given by the position of the controller. Based on the
controller’s pointing angle «, the initial projectile velocity
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Projectile
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Fig. 2. The projectile arc is determined by the position (z¢, yo) and angle
~ of the controller, the initial velocity of the projectile vg, and the gravity
g.

Vg is given in the forward direction of the controller. We
can bring it into the formula using v, = v cos(7) and v, =
vo sin(y) to get the following equations:

x =z + vg cos(y)t (2)
. 1 5
Y = yo + vosin(y)t — 5975 ®)

To calculate the distance given a velocity, we can use

which only has ¢ as an unknown parameter.
After rearranging |Equation 3| to ¢, we can substitute ¢ in

and get the following equation to calculate the
travel distance of the projectile:

d(vo, zo, yo) =
-+ tncos(y) (vosin(3) + (e sin())? ~ 29(-s0 +))

g

4)

3.1.1 Maximal Teleportation Distance

To get the maximal distance possible with a given velocity,
we first calculate the optimal angle to reach the maximal
distance. Contrary to intuition, the optimal pointing angle
is not precisely at 45° as the starting point of our projectile
is not on the ground level but at the user’s hand (yo > 0).
To derive the formula for the optimal angle, we can start
with which we can further simplify using the
assumption that the projectile starts at o = 0 and finishes
at the ground level (y = 0) to get the following equation:

vg cos(7y) (vo sin(y) + +/(vo sin(y))2 + 2yog)
g

d(vo, yo) =
)

We can now create the derivative of the previous formula
with respect to v and set it to zero to find the extreme points:

2 2 o sin(y)
Ad(vo, yo) _ g 05 (7) (1 * v/ 29y0+v3 sin2(~y)>
v g

g sin(y) (vo sin(c) + \/292/0 + 02 sin? (7))

9

=0
(6)

5

If we now solve for v, we get the following equation to
calculate the optimal angle at which the projectile reaches
the maximal distance.
)
- vy +29Y0
Yopt (0, y0) = cos ™! | = @)
: (V 205 + 292/0)

If we now insert the optimal angle back into

we have an equation to calculate the maximal possible
teleportation distance for a given velocity:

dmax(v()v Zo, y()) =
. . 2
20 + v €08 (Yopt) (vo sin(opt) + 1/ (v0 sin(yopt))” + 2yog)

g

®)

3.1.2 Angle—Distance Relationship

To understand the connection between the previous for-
mulas, we plotted the relationship between v and the
teleportation distance d, which can be seen in
The plot was constructed for the exemplary velocity of
10 % and a straight ray at a controller height of 1.3 m.
Note that for increasing velocities, the maximal teleport
distance of the arc moves further to the left (towards 0°)
and increases, therefore getting closer to the shape of the
straight ray. The straight ray is essentially a parabolic arc
with infinite velocity. From the plot in we can
see that the angle—distance relationship is not linear. For
example, when we look at the arc in case the user moves
the controller from 0° to 20°, the target location moves
by about 4 m, while between 30° and 50°, the target
location moves by less than 1 m. The curve’s steepness
correlates to longitudinal accuracy, while the best theoretical
accuracy is achieved when teleporting close to the maximal
range of the given velocity. Especially for larger velocities,
however, teleporting close to the maximal range becomes
challenging as the target location is far away, hard to detect,
and lateral hand-jitter increases. The limited resolution of
even modern head-mounted displays is likely to negatively
affect this even further. We can also see that the straight ray
always has worse accuracy than the arc with the steepness
approaching infinity towards 0°. So, while it is technically
more accurate in the longitudinal axis to teleport as far as
possible, it is also quite difficult to do so in practice since
lateral accuracy decreases with distance. In our user study
described in we will therefore analyze the target
selection behavior of users and discuss the results regarding
these theoretical implications. To formalize our analysis,
the following section outlines some fundamentals regarding
Fitts" Law and its application to teleportation, which we
used in a variation as an additional evaluation instrument.

3.2 Fitts’ Law

Fitts” Law is a common model used in human-computer
interaction to analyze the interplay of selection distance,
movement time, and accuracy [21], [22], [51]. The core con-
cept of Fitts’ Law is that movement time (MT) can be modeled
as a function of the distance to a target (referred to as ampli-
tude (A) or distance (D)) and the size of the target (referred
to as target width (W)). Each selection task is associated with
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Fig. 3. Relationship between controller angle and teleportation distance
for a parabolic arc (green) and a straight ray (purple). For the arc, an
initial velocity of 107 and a controller height of 1.3 m was used. A
controller angle of —90° corresponds to the controller pointing straight
down, while an angle of 0° corresponds to the controller being aligned
horizontally.

an index of difficulty (ID) calculated from D and W. A higher
ID is associated with a more difficult selection, potentially
increasing MT. The ID value can, therefore, be helpful as
it encapsulates the selection difficulty that emerges from
the angle-distance relationship discovered in the previous
section into a single parameter.

While the original Fitts” Law model was developed for
1D reciprocal tapping and 2D pointing tasks, Kopper et al.
adapted Fitts” Law for distal pointing tasks [32]. Cha and
Myung showed that it can also be adapted to 3D pointing
tasks [10]. Instead of using Euclidean coordinates to calcu-
late D and W, both Kopper et al., and Cha and Myung used
spherical coordinates. Therefore, D and W become angular
values. Clark et al. further demonstrated that Fitts’ Law can
also be applied to selection tasks in VR [13]. For a more
systematic overview of the use of Fitts’ Law in XR, refer to
Amini et al. [1]].

We use the Shannon formula to calculate ID based on the
paper about best practices for Fitts” Law from Soukoreff et
al. [51] in bits:

ID =log- (%—&-1) 9)

In our case, D and W are angular values, where D corre-
sponds to the distance the controller rotates from a defined
starting point to the final position to teleport onto a plat-
form. W corresponds to the angular width of the selected
platform (see and encapsulates the longitudinal
accuracy discussed in the previous section.

According to Soukoreff et al. [51]], the ID should be
adjusted for accuracy, which essentially reduces the target
width. The adjustment for accuracy can be made with the
error rate, and the adjusted target width (We) can be calculated
with the following formula, as suggested by Soukoreff et al.
[51]:

2.066 :
We _ W X m, lf Err > 00049%, (10)
W x 0.5089, otherwise.

where z(x) represents the inverse of the standard normal
cumulative distribution or z-score, and Err the error rate

D arcCearget
arcfar

arCpear

d e

Fig. 4. Width and distance parameters to calculate the index of difficulty.
For the selection process during teleportation, target distance D and
target width W are angular values. D is the angular rotation of the
controller from a defined starting position to the final position when the
user executes the teleport (arciarget). W is the difference between the
controller angle required to get arcysq, and arcnear and denotes the
width of the target platform.

of the selection task. The adjusted index of difficulty (IDe) is
then calculated using the Shannon formula and the adjusted
target width.

D
IDe = log (We + 1) (11)
To compare different selection devices, the IDe can be di-
vided by the time required to execute the selection (move-
ment time (MT)) to calculate a throughput (TP) value [22],
[51]:
IDe

TP = —
MT

12)
given in b’%

In Fitts’” Law studies, the throughput value measures
selection efficiency and can be used to compare different
selection devices. In the context of teleportation, we un-
derstand efficiency as the ability to quickly reach a target
location. This can be achieved by either making multiple
short teleportations or by doing fewer longer ones. Similar
to repeated selection tasks, there is always an initial delay
before the next selection process begins. For teleportation,
this delay can be expected to be longer than for repeated
selection tasks because users need to reorient themselves
after each teleportation. Additionally, if the transition is
not instantaneous, this delay increases even further. The
delay affects the overall movement time towards a goal
destination, but is not modeled in the calculation of the
throughput value of a single teleport. Because this delay is
affected by multiple factors, it seems promising to maximize
the selection distance of individual teleports. In practice, this
means that, if it takes a user two seconds to select a target
five meters away and one second of reorientation after each
teleport, but only three seconds to select the final target 15
meters away, it is more efficient to spend the extra time
during selection. In order to model this as an alternative
to the classic throughput value of Fitts’” Law, we suggest
replacing movement time with teleportation distance in
Additionally, the fraction has to be flipped so
that higher values reflect that a teleport technique can be
used to teleport farther without sacrificing accuracy. This
results in the following formula to calculate our suggested
teleport performance metric (TPM) given in [m/bits]:

TD

TPM = —

IDe (13)
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The TPM value thereby increases if either the teleporta-
tion distance increases or if the selection difficulty given
by the IDe value decreases. In other words, the teleport
parametrization with the best teleport performance offers
the best trade-off between maximizing teleportation dis-
tance and minimizing the corresponding increase in index of
difficulty. We will use this value later to analyze the different
conditions in our user study.

3.3 Summary

In this section, we took a closer look at the mathematical
background of the target selection process. The most im-
portant aspect of the target specification process is moving
and rotating the controller until the arc intersects with the
desired target location. Since the angle—distance relationship
is not linear, the theoretical best longitudinal accuracy is
achieved when teleporting close to the maximal range. In
VR, however, it might be challenging to teleport to targets
at greater distances as targets become harder to see and
lateral hand jitter increases. It is, therefore, not clear how
these theoretical implications hold in a practical VR use case.
Consequently, we conducted a user study to understand the
influence of different velocities, which directly influence the
maximal teleportation distance, on accuracy and selected
teleportation distance. In our analysis, we will use our
novel teleport performance metric derived from Fitts’ Law’s
throughput value to compare the different conditions in our
user study.

4 USER STUDY

We believe that the way users teleport heavily depends
on the environment at hand. For example, it is very likely
that in a small indoor environment, a lower maximal reach
would be better as it is not necessary to teleport large
distances, while in large open scenarios with only a small
number of obstacles, larger values would be preferable to
reach a target destination faster. However, longer distances
are likely to also come with lower selection accuracy, and
it is unclear at which point the entire selection process
becomes infeasible.

Therefore, we conducted a within-subjects user study
that tested the selection of teleportation targets with dif-
ferent projectile emission velocities in a worst-case sce-
nario, which assumes that users want to teleport effi-
ciently and therefore want to maximize the teleportation
distance. Even if not all users do so in practice, this con-
trolled scenario allowed us to determine upper distance
bounds at which targets can still be selected accurately
with different velocities. These thresholds can then be
used to support system developers in choosing appropri-
ate parameters for a particular use case. The indepen-
dent variables of this study were the emission velocity
vo = {6,8,10,12,14, 16, 18, 20, 22, Infinity} and the size of
the target platform (small, medium, large).

4.1

Users were placed on a river with a sequence of platforms
in the form of water lilies in front of them (see Figure
(d)). They were tasked to perform a teleport to the farthest

Task Design

which was calculated using[Equation 7|and [Equation 8

7

possible platform that they still felt comfortable selecting
accurately. We spawned a total of 150 platforms for each
teleportation, which makes the platforms visually appear to
extend indefinitely along the river. To better see the plat-
forms and to provide some variation, we introduced a small
random jitter of at most one meter in the lateral direction
of the river. Independent of the size of the platform, there
was always a gap of 0.5 m between each platform in the
longitudinal direction of the river, requiring accuracy in this
direction as well.

Before being able to select a target location, participants
were prompted to point the controller to the ground, which
can be seen in[Figure 1| (b). The system checked if the angle
of the controller was at —90° £ 10° for one second. This
ensured that we always had a fixed starting point for the
selection. The teleportation was done in two steps. While
the trigger button was held, the arc was visualized, and
users were able to aim at a platform. To be in line with
our goal of creating a worst-case scenario, the color of the
arc was chosen to be similar to the platforms, as this might
also be the case in more realistic scenarios since the color
of the arc is usually constant (e.g. [24], [39], [40], [52]).
When the trigger button was released, the target location
was confirmed. With the grab button on the side of the
controller, the teleport could be aborted, so letting go of the
trigger button would not result in a selection. If the selected
target location was on a platform, users were teleported
to that location, and a short sound was played to confirm
the successful selection. If the target location was not on a
platform, the teleportation would be considered as failed,
and users would not be teleported. To encourage users to
avoid a failed selection, a loud, unpleasant by design, error,
and splash sound was played. Additionally, to encourage
participants to select larger distances, we awarded a score
based on the selected distance in meters. A failed telepor-
tation would result in a point reduction of 15 m. Users
could see the score they got for the last teleport at a display
attached to the controller, which can be seen in
(c). An overview of the whole environment can be seen in
Figure 1|(a).

4.2

In our user study, we tested ten different velocity values
vo from 6 “* to 22 ™* in increments of two resulting in a
maximal reach of 5.07 m to 50.91 m and an “infinite” veloc-
ity condition to simulate straight-ray selection as a baseline.
These values cover the teleportation distances reported in
most papers we presented in Smaller velocities
were deemed uninteresting as the maximal teleport distance
became trivially small. We also included larger velocities to
find an upper limit for the accurate selection capability with
parabolic arcs. The mathematical maximal range and the
optimal angle to reach it for each velocity are given in [Ta

Independent Variables

using the logged average values for the controller’s position
dmaz (00, 0.27,1.30).

Across the different velocity conditions, platforms ap-
peared in three different sizes (dsman = 0.4 M, dmedium =
0.8 m, digrge = 1.2 m) to vary the selection difficulty of
the task. The smallest size represented an average user’s
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minimum space required to be able to stand, based on the
average shoulder width of humansﬂ The larger platforms
were scaled to twice and thrice the size of the smaller
platform to linearly increase the required accuracy and
selection difficulty. While we acknowledge that human scale
perception might increase exponentially, we disregarded
even larger platforms based on initial pilot tests that demon-
strated that sizes beyond the largest platform resulted in
highly trivial selection tasks.

4.3 Dependent Variables

For each teleport, we logged the following parameters: 1)
The controller angle before the start of the selection to calcu-
late the distance value for the index of difficulty calculation;
2) the teleport distance, given as the difference from the
selected target location to the initial position of the user; 3)
if the teleport was successful. A teleportation was classified
as successful if the target location lay on a platform. The
platform is then referred to as the selected platform; 4)
the position and size of the selected platform to be able to
calculate the target width for the index of difficulty value;
and 5) the position and rotation of the controller at the time
the teleport was executed.

4.4 Hypotheses

Based on the logged data and research question, we formu-
lated the following hypotheses before the user study:

Hy: Thereis a projectile velocity threshold beyond which
the selected distances will not get larger.

Hy:  Selected distances will be higher when larger plat-
forms are offered.

Hj:  Smaller velocities will be associated with higher con-
troller heights.

H,: The number of failed teleports will increase with
larger velocities.

Hs:  The number of failed teleports will increase when
smaller platforms are offered.

Hg:  The selection performance of the straight ray will be
different from the parabolic arc.

We hypothesized that there is a visual bottleneck for larger
distances, only possible with higher velocities, where partic-
ipants cannot clearly see the arc’s end anymore and whether
it is on a platform (H;). This effect is more prominent
when teleporting onto smaller platforms, increasing the
failure rate (Ho, Hy4, Hs). For smaller velocities, the possible
teleportation distance is very small, so we hypothesized that
participants would compensate for this by holding the con-
troller higher to potentially reach the next available platform
(H3). The straight ray is very prone to jitter, as discussed in
[Section 3.1.1|(see[Figure 3), and as the ray intersects with the
platforms at a flatter angle, the intersection point becomes
less visible. We, therefore, hypothesized that the selection
performance, in general, will be different from the parabolic
ray (He).

5. Data taken from https:/ /iba.online/knowledge/en/
raeume-planen/office-planning /body-dimensions/| based on DIN
33402-2

4.5 Apparatus

The application was developed using the Unity game en-
gine (Version 2022.3.29). For data logging during the user
study, the Unity Experiment Framework was used [8]. The
application was packaged as an .apk file and was installed
on a Meta Quest 3 headset running in standalone mode
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 x 3 m. However,
participants were instructed to remain stationary in this
space. The application ran at the standard resolution of the
headset (2,064 x 2, 208 pixels per eye) at a fixed refresh rate
of 72 frames per second. To improve the reproducibility, we
made the .apk file of our application publicly available [46].

4.6 Participants

For the user study, we recruited 60 participants (30 male,
30 female), who were mainly computer science students
between 19 and 53 years old (M = 26.63,0 = 6.23)
from two different universities. 49 participants had prior VR
experience, out of which 32 do not use VR regularly. Out of
the remaining 17 participants who use VR regularly, five did
so for less than one year, four for one to two years, three for
two to four years, and five for more than four years. We also
asked the 49 participants who had already used VR before
to rate their skill level with using VR technology (Beginner:
26, Advanced: 8, Competent: 6, Proficient: 6, Expert: 3)
and what interface they have used before (Teleportation:
35, Steering: 26, Object-selection via straight ray: 28, 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, drew a random num-
ber to which the logged data was linked, and were intro-
duced to the controls. In addition to a written description,
participants also got a verbal introduction about the task
and the goal. Participants were told that they should teleport
as far as possible to get a large score but should avoid
failing to accurately hit a platform as that would result
in a large point penalty. They were also told that time
was not important. Afterward, they put on the headset,
entered their unique number, and started with a practice
task where they had to perform 10 successful teleportations.
The velocity during the practice task was the same as in
the first condition to mitigate learning effects. Afterward,
10 conditions followed, each with a different velocity. To
complete a condition, every participant had to perform
18 successful teleports. The order of the conditions was
randomized between participants. The size of the platforms
changed after each teleport in a counterbalanced random
order to ensure that six successful teleports were performed
for each velocity—platform combination. After each condi-
tion, participants were offered a short optional break. After
completing all ten conditions, participants filled out a demo-
graphics questionnaire on a tablet. In total, the user study
took 30 to 60 minutes to complete, and participants were
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Fig. 5. Plot of the teleport distance in meters over all velocities. The
dots indicate the average value per user and are color-coded for each
platform size. Lines and diamonds represent the average teleport dis-
tance over all users for each velocity and platform size. Note that the
diamonds and dots are jittered along the x-axis for better visibility, while
the lines are rendered in the center of each velocity column. The red
lines mark the maximal teleport distance for each velocity calculated
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Fig. 6. Plot of the controller height in meters over all velocities. Diamonds
indicate the average value over all users for each velocity color-coded
for each platform size. The area around the lines indicates the 95%
confidence interval.

rewarded 10 Euros as compensation. The study procedure,
including data acquisition and handling, was approved by
the ethics board of Trier University (no. 10/2023).

4.8 Results

For a general overview of our results, we calculated the
mean and standard deviations of the dependent variables,
which can be seen in To visualize our results, we
created plots using Python and Matplotlib [28]. We used
the statistics tool Jamovi [29] for further statistical analysis
of our dependent parameters with a significance level of
5%. We assumed a normal sampling distribution of our
data based on our sample size of N = 60 in the context
of the central limit theorem [20, pp. 170-172]. Our data files
are provided as supplemental material for additional clarity
[47].

Teleport Distance: For the teleport distance measure,
we created a plot split by the platform size (Figure 5).

9

We also conducted a repeated measures ANOVA with
the factor velocity and platform size for the teleport dis-
tance, showing a significant main effect of platform size:
F(2,118) = 108.38, p < 0.001, 772 = 0.648 (large effect),
velocity: F(9,531) = 116.78, p < 0.001, 12 = 0.664 (large
effect) and the interaction effect platform size x wvelocity:
F(18,1062) = 6.63, p < 0.001, ng = 0.101 (medium effect).
Since we did not formulate hypotheses about individual
velocities and because of the large number of conditions,
we omitted further pairwise post-hoc tests.

To further describe the relationship between different
velocity settings, we calculated the effect size of adjacent
velocities (Table 2). We labeled effect sizes that are d < 0.1 to
indicate that there is not even a small effect. A small effect is
indicated by values above d = 0.2, so we considered values
half of that to be a valid indication that the differences are
merely marginal. To get an idea about the general influence
of the platform size on teleportation distance over all veloci-
ties, we calculated mean, standard deviation, and 95% confi-
dence intervals for the three platform sizes over all velocities
(small: N = 600, M = 10.4,SD = 4.78, C1[10.0;10.8],
medium: N = 600, M = 13.2, SD = 5.88, CI[12.7;13.6],
large: N = 600, M = 14.7, SD = 7.82, CI[14.1;15.4]). The
fact that the confidence intervals do not overlap indicates
substantial differences in teleport distance between platform
sizes.

Controller Height: For the controller height, we cre-
ated a plot and performed a linear regression
analysis with the controller height over all platform sizes
as the dependent variable and velocity—excluding infinity
(N = 540)—as a covariate. A significant regression was
found (F(1,538) = 68.7,p < .001). The R? was 0.11,
indicating that the velocity explained approximately 11%
of the variance of the controller height.

Failed Teleports: The number of failed teleports for
each velocity and platform was plotted with 95% confidence
intervals . In addition, we performed a linear
regression analysis with the number of failed teleports over
all platform sizes as the dependent variable and velocity—
excluding infinity (N = 540)—as a covariate. A significant
regression was found (F'(1,538) = 184,p < .001). The R?
was (.26, indicating that the velocity explained approxi-
mately 26% of the variance of the number of failed teleports.
To get an idea about the general influence of the platform
size on the number of failed teleports over all velocities, we
calculated mean, standard deviation, and 95% confidence
intervals for the three platform sizes over all velocities
(small: N = 600,M = 2.89,SD = 3.81, CI[2.58;3.19],
medium: N = 600, M = 1.37, SD = 2.39, CI[1.18;1.56],
large: N = 600, M = 0.83, SD = 1.64, CI[0.70;0.96]). The
fact that the confidence intervals do not overlap indicates
substantial differences in the number of failed teleports
between platform sizes.

Index of Difficulty: A plot was created for the adjusted
index of difficulty, which was calculated based on
[tion 11| (Figure 8). The plot is not separated into platform
size as the index of difficulty value already incorporates
the platform size. To show that the index of difficulty
increases with increasing velocity, we performed a linear
regression analysis with the adjusted index of difficulty
as the dependent variable and velocity—excluding infinity
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Fig. 7. Plot showing the number of failed teleports. Diamonds indicate
the average value over all users for each velocity and are color-coded
for each platform size. The area around the lines indicates the 95%
confidence interval. A teleportation was considered as failed if the target
location did not lie on a platform.

(N = 540)—as a covariate. A significant regression was
found (F(1,538) = 736,p < .001). The R?* was 0.58,
indicating that the velocity explained approximately 58%
of the variance of the adjusted index of difficulty.

Teleport Performance: As discussed before in
our results showed that movement time did not
drastically change between different velocities, and there-
fore Fitts’ Law’s throughput value does not provide enough
insight to compare the different conditions (we reported
mean and standard deviations for both values in [Table 7).
The smallest movement time was M = 3.39, o = 1.31 at
6™ ) and the largest M = 4.37, o = 2.00 at 16" ). Therefore,
to analyze the teleport performance, we used our teleport

performance metric derived in [Section 3.2 and created a

plot for each velocity (Figure 9). As the teleport performance
metric is calculated based on the adjusted index of difficulty,

it is also not split into platform sizes. Similar to the teleport
distance, we wanted to formalize what can be seen visually
in the plot and, therefore, also calculated effect sizes of
adjacent velocities (Table 2). Similar to teleport distance, we
also labeled effect sizes that are d < 0.1 to indicate that
differences are marginal.

5 DISCUSSION

In this section, we will discuss the results from the user
study regarding the hypotheses and findings from the math-
ematical background discussed in We will first
exclude the straight ray or infinite velocity condition from
our analysis and revisit it in a separate paragraph where we
discuss the general differences between the parabolic arc
and the straight ray (Hg).

5.1 Hypotheses

Selection Distance (/{; and H3): From the teleport distance
plot in[Figure 5| we can see that for all platform sizes, there is
an increasing phase at lower velocities and a maximal point
after which the teleportation distance decreases again. This
is underlined by the effect sizes of adjacent velocities seen
in The table shows that while effect sizes are large

Velocity [m/s]

Fig. 8. Plot of the adjusted index of difficulty value over all velocities
calculated using Dots indicate the individual results of
each user. Diamonds indicate the average value over all users for
each velocity. The area around the lines indicates the 95% confidence
interval.
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Fig. 9. Plot of our novel teleport performance metric over all velocities

calculated using [Equation 13| Dots indicate the individual results of
each user. Diamonds indicate the average value over all users for

each velocity. The area around the lines indicates the 95% confidence
interval.

for small velocities, the differences become very small (less
than half of a small effect size) starting at 14 “* for small
and medium platforms and at 18 “* for larger platforms.
The sign of the effect size also changes, indicating that the
selection distance first rises to a maximum before values
get smaller again. The results from the repeated measures
ANOVA further indicate that velocity, platform size, and
the interaction effect of both have a significant influence on
the teleportation distance. We can, therefore, confirm Hj,
stating that there is a projectile velocity threshold beyond which
the selected distances will not get larger.

Additionally, we calculated the confidence intervals
over all velocities for the teleportation distance for small,
medium, and large platforms. The fact that confidence in-
tervals do not overlap shows that the platform size has
a substantial influence on the teleport distance, with the
highest selection distance achieved when larger platforms
are offered. We can, therefore, confirm Hj, stating that
selected distances will be higher when larger platforms are offered.

The results show that there is a velocity threshold be-
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TABLE 1
Mean and standard deviations for dependent parameters. x: N = 6 teleports per platform size - 60 users = 360, f:

N = 18 teleports - 60 users = 1080, {: N = 60 users. Optimal angle ~,;: to reach the maximal distance d,... for each velocity calculated using
Equation 7|and[Equation 8|with the average values of the controllers’ position logged during our study (xo = 0.27, yo = 1.30). The angle is thereby
in reference to the horizontal plane, so an angle of 0° corresponds to the controller’s forward vector being parallel to the horizontal plane. Teleport
distance is the distance from the user’s position to the selected target location in meters. Failed teleports refers to the number of failed teleports.

A teleport is considered failed if the selected target location is not on a platform. ID is the index of difficulty value calculated using[Equation 9|in
bits. IDe is the adjusted index of difficulty value calculated using[Equation T1]in bits. Only one IDe value is calculated per user per velocity since
the calculation relies on the failure rate. MT is the average movement time in seconds for every user. TP is the throughput value calculated using
TPM is a novel teleport performance metric that is calculated by dividing the teleportation distance by the adjusted index of difficulty
given in meters per bits. Note that for the Fitts’ Law parameters, the results are not grouped by platform size as this is encapsulated in the index of

difficulty parameter.

vo [m/s] 6 8 10 12 14 16 18 20 22 Infinity
Yopt [deg] 37.42 40.22 41.75 42.67 43.25 43.64 43.92 44.12 44.26 0
dmaz [m] 5.07 7.99 11.69 16.20 21.52 27.64 34.58 42.34 50.91 e
Mean | SD | Mean SD | Mean | SD | Mean | SD | Mean SD | Mean ‘ SD | Mean SD | Mean | SD | Mean SD | Mean SD
Platform Size Teleport Distance* [m]
Small 474 | 038 | 723 | 075 | 998 | 1.71 | 11.63 | 3.07 | 12.62 | 440 | 1290 | 524 | 1291 | 546 | 1232 | 543 | 1154 | 534 | 798 3.40
Medium 4.91 0.29 7.52 0.34 | 1090 | 0.73 | 13.67 | 2.16 | 15.81 | 3.51 16.24 | 457 | 1726 | 555 | 16.67 | 576 | 1593 | 575 | 12.71 7.34
Large 488 | 017 | 7.63 | 042 | 11.06 | 0.79 | 14.02 | 1.69 | 16.96 | 323 | 1827 | 458 | 19.29 | 5.80 | 19.36 | 550 | 18.63 | 571 | 17.34 | 1554
Platform Size Failed Teleports™
Small 0.35 0.90 0.58 0.94 1.20 1.79 1.55 1.75 323 3.61 3.45 3.92 4.52 4.32 4.55 4.49 5.07 5.05 4.38 4.14
Medium 017 | 049 | 013 | 047 | 028 | 0.64 | 042 | 1.11 | 087 | 1.24 | 1.68 | 211 | 207 | 346 | 215 | 263 | 2.85 | 3.16 | 3.12 2.99
Large 0.10 0.35 0.12 0.32 0.08 0.28 0.20 0.58 0.37 1.07 0.75 1.39 1.13 1.51 1.43 1.49 1.37 1.69 2.75 3.07
Platform Size Controller Height* [m]
Small 1.35 0.13 | 1.34 0.13 | 1.32 012 | 1.29 012 | 1.27 012 | 1.26 012 | 1.24 0.13 | 1.23 0.10 | 1.21 012 | 1.26 0.14
Medium 1.37 0.14 | 1.36 0.14 | 1.35 0.13 | 1.33 0.14 | 1.29 0.12 | 1.28 0.13 | 1.27 013 | 1.25 0.12 | 1.25 0.13 | 1.29 0.15
Large 1.37 0.13 | 1.37 0.13 | 1.36 013 | 1.34 0.14 | 1.31 012 | 1.30 0.14 | 1.28 014 | 1.27 012 | 1.26 014 | 1.31 0.16
Fitts’ Law
DY [bits] 268 | 018 | 345 | 026 | 402 | 041 | 497 | 032 | 560 | 035 | 613 | 026 | 644 | 036 | 6.67 | 040 | 6.73 | 0.61 | 7.29 1.39
IDet [bits] 320 | 054 | 384 | 067 | 423 | 067 | 491 | 068 | 513 | 066 | 555 | 0.75 | 563 | 0.60 | 582 | 058 | 586 | 0.83 | 6.27 1.31
MT ¥ [s] 3.39 1.31 3.88 1.62 3.94 1.48 4.16 1.55 4.24 1.37 4.37 2.00 4.23 1.65 4.20 1.89 4.05 1.70 4.09 1.72
TP ¥ [bits/s] 107 | 042 | 113 | 041 | 122 | 047 | 136 | 057 | 133 | 043 | 147 | 057 | 149 | 048 | 159 | 054 | 162 | 052 | 1.71 0.53
TPM? [m/bits] 1.57 0.35 2.01 0.43 2.60 0.58 2.73 0.62 3.01 0.87 290 0.97 295 1.00 2.77 0.88 2.62 0.85 1.97 0.89
TABLE 2 further showed a significant effect. We, therefore, confirm

Effect sizes between adjacent velocity conditions. Green cells indicate
marginal differences (d < 0.1). * indicate that pairwise t-tests showed
significant differences (p < 5%).

vo [m/s] 6/8 | 810 [ 1012 [ 12714 [ 14/16 | 16/18 [ 18/20 | 20/22 | 22/Inf
Platform Size Effect Size Teleport Distance
Small -2.92% -1.36 -0.46* -0.20 -0.04 | <0.01 0.08 0.11 0.57*
Medium -6.26* | -3.91* | -1.20* | -0.51* -0.07 | -0.15 0.07 0.10 0.33*
Large -5.99* -3.53* -1.60* | -0.90* ‘ -0.22 -0.13 -0.01 0.10 0.07
Effect Size Teleport Performance Metric
-0.846* | -0.839* | -0.154 | -0.277  0.094 ‘ -0.040 | 0.136 | 0.133 | 0.531*

yond which the selection distance decreases again. This
can also be explained by the angle-distance relationship
introduced in which showed that the accuracy
is higher when users teleport closer to the maximal range. In
the user study, for higher velocities, users selected platforms
that were far away from the maximal distance. To select
these closer locations, the controller’s rotation angle was
smaller than 7y, therefore moving more to the steeper
side of the angle—distance curve in[Figure 3| which reduces
the longitudinal accuracy and made selection harder, which
likely also resulted in users selecting closer platforms. The
reduced accuracy and, therefore, more difficult selection can
also be seen in the resulting plot of the adjusted index of
difficulty in where the linear regression showed
a significant increase in selection difficulty towards higher
velocities.

Controller Height (3): From the controller height
plot in we can see that the controller height de-
creases over the parabolic arc conditions independent of the
platform size. The linear regression over all platform sizes

Hs, stating that smaller velocities will be associated with higher
controller heights. The results can potentially be explained by
the projectile motion equation where the initial controller
height y, positively contributes to the maximal teleportation
range (see[Equation 8). Therefore, users potentially compen-
sated for the small teleport distance at lower velocities by
raising the controller to be able to reach the next platform.
However, the linear regression showed that the influence of
the velocity only accounted for 11% of the variance of the
controller height, so there must be other factors as well.

Number of Failed Teleports (H, and Hj;): From
we can see that the number of failed teleports gener-
ally increases with the velocity. The linear regression over all
platform sizes further showed a significant effect. Addition-
ally, we calculated confidence intervals over all velocities for
the number of failed teleports, showing a strong influence
of the platform size since the confidence intervals do not
overlap between different platform sizes. Small platforms
consistently resulted in more failed teleports than medium
and large platforms, respectively, for each velocity. We can,
therefore, confirm H, and Hs, stating that the number of failed
teleports will increase with larger velocities and increase when
smaller platforms are offered. Overall, the increase in failed
teleports can also be explained by the distance-accuracy
relationship as the controller’s rotation is further away from
Yopt, and therefore, on the steeper section of the distance—
accuracy curve (see [Figure 3), which reduces the accuracy,
results in a higher index of difficulty value and therefore an
increase in failure rate.

Parabolic Arc vs. Straight Ray (Hs): So far, we have
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excluded the straight ray or infinite velocity condition from
our discussion. Combining the results of several depen-
dent variables allows for a more detailed comparison of
the straight ray compared to its parabolic counterparts. In
the teleport distance plot in the distance further
decreases from 22 "* to infinity, which is consistent with
our representation of the straight ray as a projectile with
infinite emission velocity. In the failed teleports plot in
we can see a similar trend. Although the bump
from 22 * to infinity is most drastic for large platforms,
it also holds for medium-sized platforms. Interestingly, the
error rate decreases from the 22 * condition to the straight
ray condition when small platforms are offered. A potential
explanation for this effect can be found by looking at the
index of difficulty plot. The straight ray has the highest
selection difficulty, and smaller platforms result in an even
higher index of difficulty value. To compensate for this,
users selected closer platforms, which can be seen in the
teleport distance plot where users only selected targets at
an average distance of 7.98 m, when small platforms were
offered, which drastically differs from the 22 % condition
where users still teleported an average of 11.54 m) for small
platforms. Because these smaller, closer platforms are easier
to select, the failure rate decreases. The selected distance
for the straight ray for small platforms is similar to that of
the 8 * velocity condition, although the failure rate differs
drastically (0.58 for vg = 8 “* vs. 4.38 for vy = oo “* failed
teleports for infinity), which further shows that the straight
ray has a high selection difficulty.

A similar explanation can potentially be given for the
increase in controller height from 22 % For the straight ray,
the intersection angle between the ray and the platform is
very flat for larger selection distances, which increases the
index of difficulty. To counteract this, participants selected
closer platforms and held the controller higher to increase
the intersection angle. Both adjustments decrease the index
of difficulty value, making the selection easier.

All of this leads us to the conclusion that the straight
ray extends the trends shown for increasing velocities. We
would, therefore, reject Hs, stating that the selection perfor-
mance of the straight ray will be different from the parabolic ray.

Optimal Velocity: The fact that the teleport distance plot
in[Figure 5|shows that there is a plateau after which selection
distance decreases again indicates that there must be an
optimal velocity beyond which selection performance gets
worse. To find this optimal velocity, we plotted our novel
teleport performance metric (Figure 9). From the change
in effect sizes seen in e plot, we can see
that there is a plateau between 14 “* and 18 =* where the
highest teleport performance is achieved. With these ve-
locities, the maximal teleportation distance ranges between
dmaz(14,0.27,1.30) = 21.52 m and d,4,(18,0.27,1.30) =
34.58 m, which is higher than nine of the twelve papers we
covered in Based on the angle-distance rela-
tionship, showing that accuracy is highest when teleporting
close to the maximal reach and the fact that we tested for the
maximal feasible teleportation distance, we suggest using
the smallest value, as we would expect users to teleport
to closer distances in a realistic scenario. Therefore, we
conclude that a velocity of 14 “* has the best trade-off
between selection distance and accuracy with a teleport
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performance of TPM = 3.01;7-. This means that for every
increase in the index of difficulty of 1 a user is willing to
accept during selection, they will gain an average of 3.01 m

in teleportation distance.

5.2 Take-Home Message

If accuracy is of importance during teleportation, our
results suggest that values beyond a velocity of 18 *
(dmaz(18,0.27,1.30) = 34.58 m) result in a reduced teleport
performance. Furthermore, if teleportation behavior cannot
be predicted due to changing environments, we suggest us-
ing 14 ™ (dmas(14,0.27,1.30) = 21.52 m) as parametriza-
tion for the initial velocity of the teleport parabola, as this
value yielded the best tradeoff between maximizing selected
teleportation distance and accuracy. We cannot recommend
using a straight ray as a target selection mechanism during
teleportation as its poor accuracy limits performance.

5.3 Limitations

We acknowledge that the study was conducted under
controlled conditions, which may limit ecological validity.
However, this level of control was necessary to isolate the
influence of the initial projectile velocity on the selection
distance and accuracy and establish a clear causal relation-
ship. Establishing such effects under controlled conditions is
an essential first step before moving toward more complex,
ecologically valid settings in future research. For example,
our virtual environment did not include any elevation
changes, rotation, or scale specification; it only required
people to teleport forward and used a stylized rendering. In
addition, our user study scenario can be seen as a “worst-
case scenario”, as we assumed that participants want to tele-
port accurately and far at the same time. It is unclear how
the results change in applications where all teleports have to
be performed in a similar distance range. In other words, if
application designers can predict how far users will teleport
beforehand, e.g., based on the size of the environment, they
should pick a velocity that has a maximal teleport distance
around the expected value based on the angle-distance

relationship (see [Figure 3) to maximize accuracy. Designers

can refer to to pick an appropriate velocity based
on the expected teleport distance. Especially for very small

environments, lower velocity values than our suggested
optimal value of 14 ** might work better. In our user study,
we assumed that users wanted to remain accurate during
the target selection, which might not always be the case. If
accuracy is not of importance, higher velocity values can be
chosen as well, which would increase efficiency as larger
distances can be traversed quicker.

Finally, we considered teleportation distance to be
a larger factor for teleport performance than specifica-
tion time, since the specification time was fairly constant
throughout the different conditions. In general, our pro-
posed teleport performance metric is just a first step in
modelling efficient target selection, and there might be
alternative ways to calculate it. It serves as an addition to
Fitts” Laws throughput value, and designers should evalu-
ate which metric better suits their purpose.
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6 CONCLUSION AND FUTURE WORK

Our research question asked about the influence of the max-
imal reach of the teleport parabola on selection distance and
accuracy. Our theoretical results showed that longitudinal
selection accuracy is maximized when teleporting close to
the mathematical maximal range as given by the angle—
distance relationship. Our user study, however, showed that
although higher velocities would allow for farther telepor-
tations, there is a projectile velocity threshold beyond which
the selected distances will not get larger anymore. Interest-
ingly, the user-selected teleportation distance decreases for
larger velocities and the straight ray, indicating that there is
an optimal velocity beyond which selection becomes too dif-
ficult, resulting in participants selecting closer targets. To get
further insights into this, we also calculated index of difficulty
values for each teleport and compared the selected index of
difficulties to the teleportation distance to get a performance
measure for teleportation (similar to the throughput value in
a traditional Fitts’ Law analysis [51]]), which can potentially
be used to compare different teleportation techniques in the
future. The results indicate that there is an optimal velocity
threshold at 14 “* beyond which teleportation performance
decreases.

Similar to previous implementations, our selection arc
follows physical laws. In VR, however, we do not need to
conform to the laws of physics. Therefore, in the future, it
might be interesting to explore alternative arcs. The user
could also manually adjust the desired teleportation dis-
tance, and the system could then automatically alter the
velocity or the gravity to an optimal value. In addition, since
the angle—distance relationship is not linear as discussed in
in the future, it might be interesting to analyze
different functions, for example, a linear function or even
higher-order functions, to potentially increase accuracy dur-
ing selection. To further improve the accuracy of the target
selection process, enhancements could be provided in the
form of, e.g., a preview of the target location, which would
mitigate the visual bottleneck of the selection process. In
addition, an input smoothing algorithm could be used to
decrease hand jitter associated with long teleportations.
Regarding our proposed teleport performance metric, we
argued that movement time is less important than tele-
portation distance for the efficiency of individual teleports,
because classic Fitts” Law does not model the delay between
teleports. In the future, a more sophisticated metric could
model these delays by considering a sequence of required
teleports to reach a goal location, rather than focusing only
on individual ones. Furthermore, it will be interesting to add
rotation specifications and include teleportations to different
elevation or scale levels to see how these aspects would
affect our results.

Overall, more detailed research on the design of telepor-
tation techniques will provide a solid basis for the informed
selection of parameters and mechanisms in the future.
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