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Figure 1: Continuous Movement Pad Technique - Player placing a movement pad.

ABSTRACT
Locomotion is a fundamental component in many virtual reality
(VR) games. However, few techniques have been designed with
game’s demands in mind. In this paper, we propose two locomo-
tion techniques for fast-paced VR games: Repeated Short-Range
Teleports and Continuous Movement Pads. We conducted a user
study with 27 participants using these techniques against Smooth
Locomotion and Teleport in a game-like scenario. We found that
Movement Pads can be a suitable alternative for games, with com-
petitive performance on various criteria such as time, damage taken,
usability, workload, and user preference. On the other hand, Re-
peated Short-Range Teleport displayed lower usability and higher
mental workload.

CCS CONCEPTS
• Human-centered computing → Virtual reality; • Applied
computing → Computer games.
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1 INTRODUCTION
Locomotion techniques are an integral part of modern first-person
Virtual Reality (VR) games, as they enable players to explore ex-
pansive levels using standard controllers. The most common tech-
niques in games, such as Half-Life: Alyx [25] and Bethesda Games
Studio’s The Elder Scrolls V: Skyrim VR [21], are Teleportation
(Point-and-Teleport) and Continuous Movement (also known as
Smooth Locomotion or Steering-based) [2, 9]. Teleportation moves
the player instantaneously to a target location indicated by point-
ing, while Continuous Movement steers the player in the direction
indicated by the controller orientation or thumbstick.

Despite their need, locomotion techniques are usually of sec-
ondary importance to players, which are primarily concerned with
achieving game objectives like gathering items, fighting enemies,
or dodging attacks. Because most techniques require controllers,
they limit opportunities for environmental interaction. In addition,
commonly used locomotion techniques do not support game move-
ment patterns very well, such as moving backward while facing an
enemy, moving sideways, or following a specific trajectory.

In this paper, we propose two techniques for fast-paced first-
person games inspired by route-planning techniques. Route-planning
techniques divide locomotion into a planning phase and an execu-
tion phase [17]. This can be advantageous in dynamic and complex
scenarios since it moves some of the intricacies of movement to the
planning phase and frees the controller for interaction. However,
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planning can also make the techniques more complex and cum-
bersome for simple movements, since more steps are required to
move.

Compared to Teleportation and steering, techniques with plan-
ning elements have been significantly less explored [19]. This re-
search contributes to addressing this gap by answering the follow-
ing question: What is the effect of planning locomotion techniques
on user performance in a game-like environment compared to more
standard techniques such as Smooth Locomotion and Teleport.

The contributions of this work include:
(1) The design of two new techniques: Continuous Movement

Pads and Repeated Short-Range Teleport.
(2) An evaluation with 27 participants of performance and char-

acteristics of the techniques, alongwith a comparison against
Smooth Locomotion and standard teleport techniques.

2 RELATEDWORK
Here we review prior work most closely related to ours: node-based
techniques and planned-movement techniques.

2.1 Node-based techniques
Node-based movement is a selection-based technique where the
player selects a target to travel to [17]. Rotation can also be adjusted
by the system or kept the same as the user’s initial viewpoint upon
moving from one node to another. Games such as Batman Arkham
VR have extended this idea to provide several nodes which the
player can select [22]. Recently, Meta, developer of the Quest 2
HMD, completed adding node-based instant movements to all the
home environments within the Quest 2 standalone headset [16].

Habgood et al. describe a node-based technique which trans-
lates the user quickly and continuously between nodes individually
placed by hand within the scene [12]. The technique was compared
to teleport [5] and controller-based smooth locomotion and was
found to have reduced feelings of motion sickness. The technique
washarder to use than Teleport but easier than Smooth Locomotion.
No significant difference in Presence scores was observed.

An issue with node-based techniques is how to place nodes at
the desired locations efficiently. Li et al. proposed a method for
automatically generating teleport graphs by predicting visually
desirable positions [18]. The authors observed that positions gener-
ated by the method are often more desirable for users. One reason
is that, unlike the algorithm, participants did not necessarily know
the locations offering the best view before actually going there.
This was also reflected in participants doing fewer teleports with
the proposed method. Unfortunately, calculating the node positions
is expensive, precluding it from being used in real-time: updating
the teleport graph takes 30 seconds in an Intel Core i7-9700 CPU
with an NVIDIA GeForce RTX 2070 GPU.

2.2 Planned-Movement Techniques
The essential feature of route-planning or path-planning is that
they have an active and a passive phase [17]. First, the user actively
plans their movement, and then the system passively takes them
through the path. The path can be defined in a variety of ways.
For example, in Bowman et al. route planning technique, the user
uses a stylus to mark points on a 3D map [4]. In Igareshi et al., the

path is drawn directly on the screen and projected into 3D space
[11]. Route planning can be considered a type of semi-automated
technique. As with the case of node-based techniques, they have
been less explored than techniques based on walking, steering, or
manipulation [19].

Depending on the specific implementation, route-planning tech-
niques can take longer than simpler techniques such as teleporta-
tion or a controller-based Smooth Locomotion. Igareshi et al. found
that drawing took more time than manipulating a 3D avatar with
arrow keys in a fast modality and via an animated point-and-click
flying technique when animated through the path. However, in a
separate modality where the user was instantly teleported to the
end of the path, it took significantly less time than using arrow keys
but comparable time to the flying technique without animation.

A limitation of traditional route-planning techniques is that once
the plan is done, the execution is automatic. While this is reasonable
for fly-throughs, it becomes an issue in dynamic scenarios where
a previously planned path can suddenly become undesirable be-
cause of obstructions, enemies, or the appearance of better options.
Another related issue is that only one path can be created. Even if
path execution is paused, is not clear where to go next.

3 TECHNIQUES DESIGN
Our goal was to design techniques that provide a better balance
between planning and execution. Since movement is a secondary
task, visualizing future positions could result in more precise move-
ment and less cognitive load. We explored and implemented seven
techniques for visualizing and defining intermediate points for
locomotion. We looked for designs that allowed players to:

(1) Plan two or more future positions;
(2) Quickly replan during runtime;
(3) Execute simple movements with little overhead.
After initial pilot testing, we selected two techniques for fur-

ther investigation: Repeated Short-Range Teleports (RSRT) and
Continuous Movement Pads.

(1) Press and point
to travel direction

(2) Move forward to teleport
between points

2 meters 2 meters 2 meters

Figure 2: Repeated Short-Range Teleports (RSRT) diagram
showing movement estimator dots that change positions
based on the controller’s direction and movement and a line
showing the current movement up to 2 meters based on the
user’s controller movement. Upon the line reaching two me-
ters or releasing the trigger button, the user will be moved to
wherever the line ends. The movement will then be repeated
as long as the user keeps moving their controller.

Repeated Short-Range Teleports (RSRT) is a gesture-based ex-
tension of Teleport. To initiate the technique, the user points the
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controller in the desired travel direction and presses the trigger but-
ton. Instead of just showing the destination (as in a regular teleport),
Repeated Short-Range Teleports indicates the next three teleport
locations along the controller direction. The user can then teleport
to each point sequentially by moving the controller forward or
backward. Similar to regular teleport, the player can reorient the
controller at any point and modify the location of the next teleport
points at any time (Figure 2).

The insight behind this technique is that once a teleport destina-
tion is “locked”, the player can quickly move between two known
protected locations (origin and destination) without the need to aim
again. This also allows the player to look forward while moving
backwards or sideways, knowing exactly where the movement will
end. In addition, the player can use the middle point to interact with
the environment and stay there as little time as required to shoot,
press a button, or engage with the environment (e.g., grab a pickup
on the way to safehouse). The technique allows fast planning, with
minimal overhead when compared to a regular teleport. While in-
termediate points can be adjusted to fall in strategic places (behind
a cover, close to an item, etc.), RSRT offers less degrees of freedom
than techniques where each point can be specified independently.

The distance between each teleport location was empirically
set to 2 meters. This can be represented by the equation: move-
ment_per_frame =𝑚𝑎𝑥 (Δℎ𝑎𝑛𝑑_𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 · 15 · 10𝑚/𝑠, 10𝑚/𝑠)· fram-
etime. Teleport is initiated when the scaled hand has passed two
meters. This is done by tracking how much the player has moved
their hand between the current and previous teleport locations.
This allows most users to move over three dots in a single arm
extension.

Continuous Movement Pads (CMP) is a hybrid node-based tech-
nique that allows new nodes to be placed at any time. Players can
place pads on the ground by holding the trigger button for 0.5 sec-
ond, pointing a parabolic arc to place the pad (maximum range of
∼ 15 meters), and then releasing the trigger button. Once at least
one pad is placed, players can select a pad to move by pointing the
controller towards it. The pad closest to the user within a speci-
fied angle (60 deg) is then highlighted. To initiate the movement
the player quickly presses the trigger button (< 0.5 second). Any
number of pads can be placed before movement. To keep the en-
vironment clean, we limit the number of simultaneous pads to 10.
If this number is exceeded, the oldest placed pad is deleted (Fig-
ure 3). Since the movement between pads is continuous, we use a
navigation mesh to go around any obstacles between them.

The rationale behind CMP is to give players the ability to execute
complex or simple planning with the same technique. Unlike RSRT,
the points don’t need to be in a single line, and unlike traditional
route-planning, the points don’t need to form a single path. In
addition, even when not explicitly planning, the last pads function
as a breadcrumb that allows players to quickly trace back their steps
if they need to retreat. Unless pads are very close to each other, the
60 degrees selection angle allows players to select a pad by roughly
pointing in its direction (e.g., backward). As with RSRT, players
may deviate from the planned path mid-execution by setting a new
destination. Finally, the pace can be entirely managed by the player.

(3) Press to travel

(1) Point and long press to
add pads

(2) Point to select
an existing pad

Figure 3: Continuous Movement Pads (CMP) in the planning
(1) and selection (2, 3) phases. In the planning phase, the user
holds the trigger button for at least 0.5 seconds and releases
it to place a pad at the end of a parabolic arc starting from
the user’s controller. In the selection phase, the user points
to an existing pad and then quickly presses and releases to
move to the selected pad continuously.

4 TESTBED DESIGN
To evaluate the different techniques regarding their general usabil-
ity and performance, we designed a first-person shooter game level,
based on the Unity FPS Microgame [23]. We extended the demo to
include common features found in these games, including multiple
rooms, moving targets, cover walls, pick-up items, and ramps.

The level was laid out in six key checkpoints in the following
order: the starting room (A), a room with a single enemy with three
walls for cover (B), a maze area (C), a corridor with two covering
walls along with a single enemy guarding a coin (D), a room with
two enemies guarding a single coin (E), and a final boss room (F)
(Figure 4). Participants use one controller to move around with a
locomotion technique and the other to grab the items in the level
by clicking the grip button on the Vive controller.

The starting room (A) was designed to acclimate the player to
the selected technique. It included flat areas with no enemies and
two ramps. Participants were guided in this room until they were
comfortable moving around and up-down the ramp. The timing
started after grabbing a coin near the exit of the room.

The intermediate rooms (B, D, and E) were designed to give
players a sense of urgency and danger. They were set up with
different configurations of enemies and hiding surfaces. Enemies
followed the player at 2.5 meters per second once they were inside
a detection range of 20 meters. When they are within 10 meters
of the player, they start shooting at 1 shot per second. The bullets
are shot in random directions within 5 degrees from the player’s
center to allow them a chance to dodge the shot. Each enemy had a
starting health of 150 and could take up to 10 shots from the player
before dying. Players also started with 150 health units, and each
enemy shot would do 10 damage. They could check their remaining
time and health by looking at their wrist.

To evaluate locomotion accuracy and precision, we included a
maze leading from room C that mimics a platformer-type game. In
this maze, three coins were placed on platforms for the player to
grab. To get each coin, the player would have to traverse the maze
without falling off the edges of the walkways. Players had to collect
the coin in the middle of the room and could optionally collect the
other two. Playerswere advised to leave this areawhen they reached
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Figure 4: Layout of the testbed. Left - A) starting room, B) single enemy room with three walls for cover, C) ramp to the maze
area, D) corridor with two covering walls and a single enemy, E) room with two enemies and a coin, F) final boss room. Blue
areas are ramps connecting different rooms. Right Bottom - Overview of areas A, D, and F. Right Top - Maze area. A) 1.5m wide
walkway, B) 0.75m wide walkway, C) zigag walkway made of cubes 1x1 meters that broke 3.5s after stepping on them.

120 seconds left on the in-game timer so they could complete the
rest of the level. To provide variation in getting the coins, the
walkways had three separate variations. The first variation was
a wider walkway (MA) of about 1.5 meters, the second variation
was a walkway (MB) half that size at about 0.75 meters wide, and
the third variation was a zigzag-like glass walkway (MC) made of
cubes 1x1 meters that broke after 3.5 seconds after the player has
stood on them. Players could fall by moving too close to the edge
during real walking, Smooth Locomotion, or RSRT. They could also
fall by placing a pad off the edge and moving to it with CMP. If the
player fell off the walkway and into the area below, they would be
taken back to the beginning of the maze area. No damage would
be taken, and the only thing lost to the player would be time to
complete the rest of the level.

The last room (F), forces the player to change movement patterns
by going through a methodical, extended fight against a much
stronger enemy. The turret in this room has a detection range of
30 meters, 500 health units, and can shoot at the player at a rate of
2 shots per second with a bullet spread of 5 degrees. The turret is
protected by a shield, that when active makes it invulnerable. To
start attacking, the player must first collect six coins placed along
the sides of the walls around the boss. Upon collecting the sixth
coin, the shield would drop for five seconds giving the player time
to shoot at it. After five seconds, the shield would come back up.
The shield would stay up at this point until the turret rotates fifteen
degrees. The shield would drop for five seconds. So in order to shoot
at the enemy again, the player has to expose themselves to danger
in order to make it rotate and have the shield drop again. Defeating
the turret requires players to keep moving to complete the level.
This mimics boss battles in games, providing a bigger challenge to
the player and a reason to understand and explore the features of
each technique in a fun and strategic way. Upon killing the boss
turret, the player would complete the level.

4.1 Control Techniques
Since Smooth Locomotion and Teleport are the most commonly
used techniques in games, we included them as controls.

Our Smooth Locomotion technique uses the controller’s analog
directional to move. The user points the joystick in the direction
they would like to move. The controller used in the study uses
a touchpad. The touchpad controls the translation speed, from 0
m/s (at the center) to 5 m/s at the edge of the touchpad (along the
direction of the controller). The speed change from the center to
the edge is linear. If the user lets go of the touchpad, they decelerate
to 0 m/s.

The Teleport implementation was a simple point-and-click tele-
port. The user holds the trigger button to enable a parabolic arc.
The arc can then be used to indicate where they wish to move. After
releasing the trigger button, the player is instantly moved to the
newly designated position. To attain a comparable average speed of
5 m/s, a delay of 3 seconds was included between two consecutive
uses of the technique (cooldown). The max length of the teleport
was about 15 meters, so placing the technique on cooldown after a
teleport would lower the max speed to about 5 m/s.

To balance the techniques relative to each other, we adjusted
them to an average moving speed of 5 m/s, half of the speed used
by Bhandari et al. [1]. The value was fast enough to traverse a large
environment comfortably, yet slow enough for somewhat precise
movements depending on the technique. Our implementation did
not incorporate control over vertical movement, but the player cam-
era automatically moves up and down to follow the level elevation
(e.g., when traversing stairs). That was achieved by raycasting the
level surface to find the correct height at each point.

5 EVALUATION
We conducted a testbed evaluation to assess the techniques. In gen-
eral, we expected that planning techniques would allow players to
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follow safer movement patterns, leading to fewer hits by the ene-
mies, more precise movement, and increased level completion rates.
However, since additional planning complexity when compared
to quicker techniques like Teleport and Smooth Locomotion, we
expected an increase in the time necessary to complete the level.
Finally, because they are improvements to existing techniques, we
did not expect them to rate much worse regarding usability, com-
fort, or mental workload. Formally our hypotheses are that our
techniques will:

• H1 - result in higher level completion than (a) Teleport and
(b) Smooth Locomotion

• H2 - result in a higher completion time than (a) Teleport and
(b) Smooth Locomotion

• H3 - result in more precise paths than (a) Teleport and (b)
Smooth Locomotion

• H4 - not differ in mental workload from (a) Teleport and (b)
Smooth Locomotion

• H5 - be as comfortable as (a) Teleport and more comfortable
than (b) Smooth Locomotion

• H6 - not differ in usability from (a) Teleport and (b) Smooth
Locomotion

5.1 Study Design
The study followed a within-subjects design with four conditions:
Continuous Movement Pads, Repeated Short-Range Teleports, Tele-
port, and Smooth Locomotion. We chose a within-subjects design
so that participants could directly contrast one technique to another
and reduce the effect of individual differences. The order of the
techniques was counterbalanced using a Latin square design. On
average, the study took 60 minutes per participant.

During each trial, we measured the following dependent vari-
ables: damage taken, completion time, number of falls in the maze
area, and deaths while using a technique. The damage taken was
based on howmany overall shots the participant took from enemies
and the final boss turret. The time to complete the level is the time
in seconds after collecting the first coin in the starting area until
the participant either loses or completes the level. The number of
falls in the maze area is how many times the participant went off
the maze platform and landed on the platform beneath it.

After each technique we applied the NASA Task Load Index
(TLX) questionnaire without the weighting portion [10], the System
Usability Scale (SUS) questionnaire [6], and the Simulator Sickness
questionnaire (SSQ) [14] as an additional metric for comfort. Upon
completion of all the techniques, we conducted an open interview.
We did not include a Presence questionnaire since it was not the
goal of this study.

5.2 Apparatus
We used an HTC Vive Pro Eye with matching controllers and the
Lighthouse tracking system. The testbed ran on an Intel i7 8700K
computer, with an NVIDIA GeForce RTX 2080 and 32 gigabytes
of RAM. All techniques were implemented within Unity 3D [24],
version 2019.4.8f1.

5.3 Participants
Participants were sampled by convenience from the local university
population and screened by four main criteria: 18 years or older,
ability to follow instructions in English, perfect or corrected vision,
and no known vestibular or neurological dysfunction.

We recruited 31 participants, 4 of which were excluded because
of technical problems or for not completing all the techniques. The
age of the remaining participants was between 18 and 32 years old
(median=21). Overall, 22 participants had experience with First-
Person Shooter (FPS) games and 7 participants had experience with
VR FPS games. Most participants (23) had experience with platform
games, but only 3 people had experience with VR platform games.
Regarding VR use, 12 reported using VR once every few months, 3
reported using VR once a week, 2 reported using VR once a month,
1 reported using VR every day, and 9 reported never using VR.

5.4 Procedures
Upon meeting with a participant, they were welcomed and given
a copy of the information sheet to read. After, they were asked
to fill out the background questionnaire. Next, the experimenter
demonstrated the use of the HTC Vive controller and headset,
including the procedure to adjust the interpupillary distance. After
donning the headset, the participant would be given the controllers
and asked if they were ready to start the experiment. After receiving
a positive acknowledgment, the testbed applicationwould be started
and the participant would be loaded into the virtual environment.

Next, we provided the participants with basic information about
the testbed. This included the player’s health bar and the timer on
the participant’s right wrist. Participants were instructed to look
at their wrist to see the remaining heath value, which started at
150. The player was able to shoot as fast as they could click the
trigger button or could hold the trigger button to shoot every 300
milliseconds. It also included the ability to shoot by clicking the
controller assigned to the gun hand’s trigger button. Before each
technique’s run, the technique would be explained to the participant
and the participant would be given instructions on how to use it
while in the starting area of the level. In order to provide a sense of
urgency to complete the level, each technique run was limited to
300 seconds (5 minutes).

Before the 5 minutes started counting down for the actual trials,
participants could use the technique for up to 5 minutes in the
starting area to get a better understanding of it. Once they were
done practicing, they were asked to grab the starting coin to begin.
On the first technique’s run, the player was directed through each
section and how to move on to the next by either grabbing a coin
or killing enemies. Upon reaching the boss fight part of the level,
two requirements were explained. The first required action was to
collect all six coins around the turret. Doing so would cause the
shield to disappear and allow the participant to shoot at the turret.
The second required action that was explained was how to cause
the shield to drop again upon regeneration of the shield (make the
turret rotate fifteen degrees. On subsequent technique runs, the
participant was directed if they seemed confused about what they
were doing still or if they asked about what to do next.

After either killing the turret enemy, running out of time, or run-
ning out of health; the participant would then be asked to remove
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the headset and fill out the NASA TLX, SUS, and SSQ questionnaires.
The procedure was repeated until all techniques were completed.
Upon completion of all the techniques, we did a semi-structured
interview. After the interview, participants were thanked for their
time and then asked if they had any questions. The research proto-
col was reviewed by the university Institutional Review Board.

6 RESULTS AND ANALYSIS
For data analysis of non normal data and questionnaires we used
Noguchi et al.’s nonparametric multiple contrast test procedure
(MCTP) [20] using Dunnett’s test for contrast. We used the R pack-
age nparcomp, version 3.0 [15]. We compared the proposed tech-
nique to Teleport and Smooth Locomotion at 95% significance level.

6.1 Level Completion Rates (H1)
Participants would lose by running out of health after taking enough
hits from the enemies or running out of time after 300 seconds. Here
we look into the impact of the techniques on level completion.

In terms of level completion rates (Figure 5), Smooth Locomotion
and Teleport techniques resulted in the highest number of wins
with 21 wins and 20 wins respectively. Continuous Movement Pads
(CMP) resulted in fewer wins than Smooth Locomotion or Teleport
(16). Repeated Short-Range Teleports (RSRT) resulted in only 11
total wins and was the only technique with less wins than losses.

Figure 5: Number of wins and the number of losses from
either participant death or running out of time.

In comparison to Teleport (𝑤𝑖𝑛𝑠 = 20), neither CMP (𝑤𝑖𝑛𝑠 =

16, 𝑻𝑔 = −1.158, 𝑝 = .578) nor RSRT (𝑤𝑖𝑛𝑠 = 11, 𝑻𝑔 = −2.317, 𝑝 =

.085) were significantly different. In comparison to Smooth Loco-
motion (𝑤𝑖𝑛𝑠 = 21), RSRT (𝑤𝑖𝑛𝑠 = 11, 𝑻𝑔 = −3.330, 𝑝 = .010) was
significantly different. CMP (𝑤𝑖𝑛𝑠 = 16, 𝑻𝑔 = −1.542, 𝑝 = .393) was
not significantly different from Smooth Locomotion.

In terms of number of deaths, in comparison to Teleport (M=0.111),
we found no significant differences between Continuous Movement
Pads (𝑀 = 0.148, 𝑻𝑔 = 0.4, 𝑝 = .981) or Repeated Short-Range Tele-
ports (𝑀 = 0.037, 𝑻𝑔 = −1.0, 𝑝 = .658). Similarly, relative to Smooth
Locomotion (M=0.037), we found no significant differences between

Continuous Movement Pads (𝑀 = 0.148, 𝑻𝑔 = 1.4, 𝑝 = .484) or Re-
peated Short-Range Teleports (𝑀 = 0.037, 𝑻𝑔 = 0.0, 𝑝 = 1.000).

In summary, we did not find evidence for difference in completion
rate for CMP when compared to Smooth Locomotion and Teleport.
However, participants had fewer wins with RSRT, primarily due to
exceeding completion time, rather than getting hits.

6.2 Level Completion Time (H2)

Figure 6: The times to successfully win the level. This in-
cludes only trials that resulted in wins.

Level completion time (Figure 6) was computer-measured from
the end of the starting area to killing the boss turret. Total time was
capped at 300 seconds (loss from Time). MCTP analysis showed
that compared to Teleport (M=215.2), use of RSRT resulted in a sig-
nificantly higher time to complete (𝑀 = 281.9, 𝑻𝑔 = 6.1, 𝑝 < .001).
We did not find significant differences between CMP and Teleport
(𝑀 = 237.8, 𝑻𝑔 = 1.9, 𝑝 = .207). Compared to Smooth Locomotion
(M=236.7), RSRT resulted in a significantly higher time to com-
plete (𝑀 = 281.9, 𝑻𝑔 = 4.5, 𝑝 < .001). Again, Smooth Locomotion
time to complete the level did not differ significantly from CMP
(𝑀 = 237.8, 𝑻𝑔 = 0.5, 𝑝 = .975).

In summary, our hypothesis that our new planning techniques
would lead to higher completion time was only partially supported
with only RSRT taking more time than the control techniques.

6.3 Path Precision (H3)
To evaluate path precision, we looked into the number of falls
in the maze area (Figure 7). We found that CMP number of falls
(𝑁 = 3) was not significantly different from Teleport (𝑁 = 7, 𝑻𝑔 =

−1.44, 𝑝 = .445) and significantly fewer then Smooth Locomotion
(𝑁 = 70, 𝑻𝑔 = −7.19, 𝑝 =< .001). RSRT (𝑁 = 108), on the other hand,
was significantly worse than both Teleport (𝑁 = 7, 𝑻𝑔 = 9.70, 𝑝 =<

.001) and Smooth Locomotion (𝑁 = 70, 𝑻𝑔 = 2.76, 𝑝 = .028)
In summary, contrary to our hypothesis, CMP was as precise

as teleport and RSRT was worse. On the other hand, CMP was
more precise than Smooth Locomotion but RSRT was not, partially
supporting H3b.



Planning Locomotion Techniques for Virtual Reality Games VRST 2023, October 09–11, 2023, Christchurch, New Zealand

Figure 7: Number of Falls in the Maze Area

6.4 Mental Workload (H4)
We used the NASA Task Load Index Questionnaire to assess the
overall workload score from 6 different subscales: “Mental Demands,
Physical Demands, Temporal Demands, Own Performance, Effort,
and Frustration” [10]. Usually, there are weights to these different
scales; however, in this study we used the Raw TLX version.

For the raw TLX scores (Figure 8), MCTP analysis showed that
compared to Teleport (M=4.52), RSRT (𝑀 = 8.90, 𝑻𝑔 = 5.1, 𝑝 < .001)
scored significantly higher. We did not find significant differences
between CMP and Teleport (𝑀 = 4.90, 𝑻𝑔 = 0.5, 𝑝 = .954). In
comparison to Smooth Locomotion (M=4.31), we found significantly
higher scores for RSRT (𝑀 = 8.90, 𝑻𝑔 = 5.9, 𝑝 < .001). Again,
Smooth Locomotion’s TLX did not differ significantly from CMP
(𝑀 = 4.90, 𝑻𝑔 = 0.9, 𝑝 = .745).

Figure 8: Overall raw workload score for each technique.

In summary, we did not find evidence that CMP induces higher
mental workload than the control techniques. However, we found
evidence that RSRT can be worse than Smooth Locomotion in this
respect.

6.5 Overall System Usability and Simulator
Sickness (H5, H6)

To be of practical impact, techniques need a high level of usability
and be as comfortable as existing techniques.

For the standard composite score from the System Usability
Scale Questionnaire (Figure 9), MCTP analysis showed that RSRT
(𝑀 = 40.2) scored significantly lower than Teleport (𝑀 = 83.6, 𝑻𝑔 =

−10.7, 𝑝 < .001) and Smooth Locomotion (𝑀 = 83.6, 𝑻𝑔 = −9.5, 𝑝 <

.001). We did not find significant differences in usability between
CMP (79.9) and Teleport (𝑀 = 83.6, 𝑻𝑔 = −1.1, 𝑝 = .564) or CMP
and Smooth Locomotion (𝑀 = 83.6, 𝑻𝑔 = −1.2, 𝑝 = .488).

Figure 9: Mean usability scores of the SUS responses.

Regarding the Total Severity Score from the Simulator Sickness
Questionnaire (Figure 10), we did not find any significant differences
between the proposed techniques and controls. When compared
to Teleport (M=1.8), we found no significant difference for CMP
(𝑀 = 5.9, 𝑻𝑔 = .36, 𝑝 = .992) or RSRT (𝑀 = 3.7, 𝑻𝑔 = 0.9, 𝑝 < .813).
We also did not find any significant difference between Smooth
Locomotion (M=6.51) against CMP (𝑀 = 5.9, 𝑻𝑔 = −1.2, 𝑝 = .483)
or RSRT (𝑀 = 3.7, 𝑻𝑔 = −1.9, 𝑝 < .172).

In summary, we did not find evidence that the proposed tech-
niques induce significant higher cybersickness than Teleport or
Smooth Locomotion. Symptoms for all techniques can be consid-
ered negligible [13]. We also did not find evidence for better or
worse usability with CMP, however, usability for RSRT was lower
than Smooth Locomotion.

6.6 Participant Impressions
After completing the experiment, we asked participants to rank the
techniques and conducted a semi-structured interview about the
applicability of the techniques to a variety of scenarios.

6.6.1 Preferences. Participants were asked to rank techniques in
order of preference. We assigned 4 points for the first-placed tech-
nique and 0 for the last. The results (n=27) are shown in Table 1.
Of the four techniques, CMP was the most preferred and had the
highest overall ranking with 76 points total. Smooth Locomotion
is very close with only a one-point difference at 75 points in the
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Figure 10: Mean total severity scores for the SSQ responses.

overall ranking score. Teleport is also not far behind, with only a
nine-point difference between it and CMP at 66 points. RSRT was
ranked least preferred fifteen times out of twenty-seven and had
the lowest ranking score overall with 18 points.

Table 1: Ranks of the 4 techniques based on participants’
preferences.

CMP Smooth Teleport RSRT
Overall Rank 1 2 3 4
Ranking Score 76 75 66 18
Most Preferred 10 9 5 0
Least Preferred 3 0 1 15

We asked participants whether they would prefer using a spe-
cific technique in different types of in-game environments. In a
fast-paced environment, Smooth Locomotion was mostly ranked
first because of how it mimics movement in traditional games. In a
leisurely environment, CMP was most preferred because the pads
could be set up and used at their own pace. One response also com-
pared it to Google Maps in how it moves. In a stealthy environment,
participants mainly picked CMP because of its ability to plan where
you go and easily move and stop between them. Teleport was also
preferred, although slightly less than CMP, because you could go
over gaps or around things and the lack of considerable overall
movement.

For both fast-paced action and leisure movement, Smooth Lo-
comotion was preferred, with CMP slightly behind. Participants
ranked Smooth Locomotion as best because it allowed them to react
more quickly and better control the overall pace. Many participants
also mentioned CMP because they could choose where to go with
precise movements and control the pace to be fast or slow.

6.6.2 Learning Curve. We asked participants to list unintuitive
parts of the techniques. For RSRT, participants commented that
it was hard to see the guiding line and the position indicators of
future movement. They also found the need for hand movement
“weird” or “obnoxious”. Other responses listed RSRT as getting
easier to use once they realized they could swing their arms to

use it, a motion characterized by moving the controller in an arc
around the shoulder joint or elbow joint, or that it eventually got
easier on them physically. From observations during the study,
most participants used a jabbing motion, a movement characterized
by linearly moving the controller forwards and backwards. Some
participants listed that RSRT made the coins harder to grab and
interact with or that they felt they had a more difficult time in the
narrow spaces (such as the maze section). RSRT was consistently
the most disliked. Answers related to RSRT ranged from not being
able tomove quickly enough, to feeling hard to control, inconsistent,
or being physically draining.

We asked participants about the learning curve of the techniques.
In general, CMP was rated as easy to learn (Figure 11). Participants
mentioned that CMP became easier when they learned they could
place them beforehand, how far they could use the pads, or once
they learned that they could place multiple and move between them.
On the other hand, most participants disagreed that RSRT as easy
to learn. Even though some users indicated that it became easier
when they realized they could swing their arms.

Figure 11: Answers to the questions: I believe most people
would learn how to use this technique easily.

Some participants mentioned feeling sick, with many responses
attributing Smooth Locomotion as the cause of their sickness in the
game. Other responses included that falling within the maze area
felt most sickening or that sudden movements, small movements
(such as from RSRT), or delays could cause them to feel sick.

7 DISCUSSION
In this section, we revisit our larger research questions, and discuss
the tradeoffs of the techniques and implications for design.

7.1 General Performance
Our techniques were designed to help players plan and preview
movements before committing to them. RSRT does that by show-
ing the next three teleport points along the controller direction,
while CMP requires players to mark the pads and then select one
to move to. In this sense, RSRT is a simpler and more powerful
technique than CMP. RSRT’s preview and execution are integrated
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into a single button press, movement, and release. CMP on the
other hand, requires six button presses for the same three teleports.
Furthermore, RSRT allows players to walk backwards or towards
a previous teleport location, while CMP requires players to either
turn around or try to locate the pad without looking.

Despite the theoretical advantages, RSRT did not perform as
well as we expected. Participants were slow with the technique and
often exceeded the allotted time. We hypothesize that one of the
reasons is that although users could stop at the first, second, or third
location, teleportation was initiated by hand movement. Because of
the scaled-down mapping, users need to move slowly to stop once
the intermediate or final destination is reached (otherwise a new
sequence of 3 points would be activated). CMP, however, could be
used quickly and without fear of error.

On the other hand, Continuous Movement Pads exceeded our
expectations, doing fairly well when compared to Teleport and
Smooth Locomotion in terms of general usability, completion time,
damage taken, and overall effort. In terms of participant preference,
it ranked first, ahead of Smooth Locomotion and Teleport. In the
maze area, it exceeded the performance of Smooth Locomotion
regarding the number of falls, since the waypoints in connection
with the navigation mesh created a very precise path.

Another reason for Continuous Movement Pads’ (CMP) good
performance is the way it optionally extended Teleport’s basic func-
tionality. If planning is unnecessary (e.g., the path is free of danger),
players can use it as a regular teleport, placing one pad at a time and
moving to it continuously. Once a more complex situation arises,
they can seamlessly add multiple pads or use previously laid-out
pads. In other words, Continuous Movement Pads can fall back to
being used just like Teleport, but with little overhead in operation
and effort. Our test environment also did not require participants to
use planning or revisit locations, so participants would often plan
a single point at a time. This indicates that planning capabilities
were only used to a partial extent. Further studies are needed to
explore more thoroughly the use of this technique.

Although CMP performed on par with the control techniques,
repeatedly laying down the pads could become bothersome if one
tries to move in a “point-and-click” mode. A dedicated button that
places a pad and continuously moves to it upon button release may
be an improvement. RSRT could also be improved by requiring users
to restart the technique after reaching the target or implementing
a “snap to point" to stabilize hand movement.

7.2 Choosing Between Techniques
Smooth Locomotion, as shown in this study and others, can induce
more cybersickness [8, 26]. It is also less precise than Teleport and
CMP and offers no planning capabilities. We do not recommend for
applications requiring planning or precise path control. Anecdotally,
players prefer Smooth Locomotion because it is less disorienting
and feels more realistic, which could be covered by CMP.

Teleport has some qualities of planning techniques since players
can visualize and adjust the position before committing to move. As
such, it can be used when precise positioning is required. Teleport
is known for producing lower levels of simulator sickness; however,
it can also be more disorienting [3, 8]. We think Teleport is still a

good choice for applications where locations are rarely revisited or
where little planning is required.

Continuous Movement Pads allows complex planning with little
more complexity than Teleport. Because of its continuous move-
ment, we expect CMP to be attractive to Smooth Locomotion users.
In our view, CMP is a good choice for dynamic applications where
complex planning or precise path following may be required, which
is the case for most games.

RSRT is comparable in terms of simulator sickness with Teleport
since it is a discrete technique that minimizes vection-induced
cybersickness [7]. However, since it was slower, less precise, and
rated as more challenging to understand, we do not recommend its
use in its current form.

7.3 Limitations
Each technique has several parameters that can modify their be-
havior. Since we balanced all the techniques regarding average
traversal time, our findings may not be applicable when there is no
limitations on average speed. For example, a version of Teleport
without cooldown may rank higher than Smooth Locomotion. It
is also worth noting that although the major difference between
Teleport and CMP is the route planning, they also differ on how
they move between two points (instantaneously vs continuously).
This aspect may have also contributed to the observed difference
between the techniques.

Our testbed presented three challenges in the same game-like
order: maze with no enemies, mobile enemies, and a final boss.
Although we counterbalanced the techniques to distribute their
influence across the conditions, order effects for the level design
may remain. Our sample also had participants with different levels
of VR game experience and possibly familiarity with each challenge.
We only partially addressed the time constraint by reminding par-
ticipants that were staying too long in the first section. Studies
interested in the interaction between level design and technique
should look into counterbalancing challenge presentation or evalu-
ating them separately.

8 CONCLUSION
In this paper, we introduced two locomotion techniques inspired by
planning techniques. We found that Continuous Movement Pads
(CMP) provided similar performance metrics of time, damage taken,
usability, and overall workload compared to Smooth Locomotion
and Teleport. Conversely, we found that Repeated Short-Range
Teleports (RSRT) was significantly worse regarding the overall
number of victories, time, and falls. It was also harder to use and had
a higher overall workload than Smooth Locomotion and Teleport.
Participants preferred CMP the most, due to its ability to reuse
the pads and perceived precision. RSRT was the least preferred of
all the techniques. This shows that planning can improve game
locomotion, but techniques must be carefully designed to avoid
increased complexity and discomfort.
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