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ABSTRACT

Many elementary tasks in Virtual Reality (VR)—such as pointing, locomotion,
and command selection—are still predominantly performed through uniman-
ual interaction, even though the non-dominant hand often remains available.
When these tasks require multiple sequential steps, their frequent use can
increase overall interaction time and user effort. By engaging both hands
in complementary roles, some of these tasks can be streamlined into more
efficient, parallelized actions without sacrificing intuitiveness. This thesis,
Concert, investigates how bimanual input can optimize such underexplored
opportunities through three novel interaction techniques. The first, Conduc-
tor, is an intersection-based 3D pointing method where the dominant hand
controls an aiming ray while the non-dominant hand positions an intersecting
plane to determine cursor depth. Compared to Raycursor, a state-of-the-art
VR pointing technique, Conductor enables faster and more accurate target
selection. The second project, Fly The Moon To Me (Locomoontion), extends
Conductor to 3D object manipulation for locomotion, integrating vertical
(height) and horizontal (planar) adjustments into a single fluid operation.
Users generate a preview copy of a target object, reposition it precisely in
3D space, and then align the original object and surrounding environment
to the preview. In a teleportation task, Locomoontion outperformed Point &
Teleport and Point & Tug, reducing completion time and physical effort. The
third project, Drum Menu, accelerates command selection through bimanual
shortcuts inspired by marking menus. Users select commands by joystick
rotation, stroke drawing, or directional pointing, with the bimanual variant
granting simultaneous access to two menu levels. In user studies, bimanual
configurations were faster than unimanual ones for a 4-item layout, with
participants preferring the bimanual joystick menu; however, 8-item layouts
increased error rates among experienced users. Collectively, these studies
show that many common VR tasks can be made more efficient through care-
fully designed bimanual interaction, providing concrete design guidelines for

integrating both hands into future immersive systems.
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INTRODUCTION

Have you ever noticed that behind each beautiful piece of music, almost all
instruments require the coordinated use of both hands to perform complex
compositions? These movements, which involve the harmonious collaboration
of both hands, are referred to as bimanual interactions. In contrast to uni-
manual input [74], where only one hand is active, bimanual input introduces
an additional dimension of control within the same timeframe. This extra
dimension leverages the full potential of our natural dexterity, enabling users
to intuitively perform tasks with two simultaneous dimensions of input [51,
149]. Apart from musical instruments, another common example of bimanual
input improving efficiency is bimanual text input. Typing with two hands
on a physical keyboard is the standard method for fast typing, and much
research has been dedicated to adapting this technique to other input devices,
such as touchscreens or even fingertip-based interfaces [11, 84, 98, 143], in
order to improve the typing speed. As a result, bimanual interaction has
significant potential to enhance efficiency.

VR has emerged as a transformative technology, offering new ways to
interact with digital environments. A key advantage of VR is its ability to
provide users with true depth perception and spatial awareness through stereo
vision, which creates a realistic sense of three-dimensional space. Combined
with immersive engagement—where users are fully surrounded by the virtual
environment and can interact naturally—VR delivers a highly compelling and
presence-rich experience. As the field grows, the focus has moved from just
improving visual quality to creating a more complete and deeply immersive
experience for users. For example, instead of creating 3D models on a 2D
screen, the user can create them in VR in a more immersive and intuitive way.
To achieve that, some interactions are required in VR, like 3D pointing [7,
8, 60, 76, 97, 113, 114, 146, 148] to point at an object, locomotion [13, 69, 86,
120, 122, 138] to navigate in the 3D work space, and command access [19,
20, 47, 48, 68, 85, 110, 140, 154] to perform necessary commands. Interaction
can be defined in various ways [52], such as Dialogue, Transmission, Tool
Use, and other forms. In this thesis, small interactions that serve a simple

goal are referred to as elementary interactions. However, such tasks can be



INTRODUCTION

time-consuming in VR environments [3], partly because they require users to
perform multiple sequential steps — that is, completing one step only after
finishing the previous one. For example, when selecting a two-level menu
with one hand, the user must first select an item in the first level, and only
then select the corresponding item in the second level. By contrast, if the
interface allows parallel execution, different steps can be carried out at the
same time. For instance, the user could use one hand to select the first-level
item while the other hand simultaneously selects the second-level item. This
raises the question: Can these sequential steps be expedited by performing
them in parallel using both hands?

The central goal of this thesis is to answer that question by designing new
interaction techniques that enable users to perform two steps simultaneously
using both hands, rather than sequentially with the dominant hand. By
leveraging bimanual input, these techniques aim to reduce task time and
enhance efficiency, offering a more seamless and productive experience in
virtual environments.

A large body of work in VR has focused on unimanual interaction, often
leaving the other hand unused. For instance, in pointing, single ray casting
is the most popular solution for VR selection; however, it can be challenging
when objects are occluded, as users must perform a second step to confirm
which object on the ray should be selected [7, 109, 146, 148]. Another example
is VR locomotion, where users navigate a virtual environment. Traditional
teleportation techniques allow users to change their viewpoint in 3D space
by specifying a target location, but they often lack height adjustment. This can
result in time-consuming remedial interactions to reach the desired position.
Command access in VR is also commonly implemented using unimanual
techniques. Prior work has explored hierarchical menus with different layouts,
such as linear panels [91] and pie menus [39, 91]. Marking menus, a command
selection technique, have also been investigated in VR and shown to hold
great potential as a shortcut mechanism [136]. Although these techniques
enable essential VR interactions, they are still predominantly unimanual,
leaving the other hand idle. This reliance on sequential input often increases
task time and reduces efficiency. This motivates the focus of this thesis on
bimanual interaction in VR.

This thesis investigated how bimanual interaction in VR can enhance user
efficiency by augmenting dominant-hand interaction with simultaneous non-
dominant hand input. The work focused on three primary objectives. First, I

introduced Conductor, a novel bimanual interaction technique designed to



1.1 RESEARCH GOALS

improve pointing, an essential task in VR environments. Second, I applied
Conductor to the task of locomotion, exploring how bimanual input could
facilitate more intuitive navigation in virtual spaces. Third, I examined the
role of bimanual input in improving command selection tasks through the use
of shortcut mechanisms. Through the development and evaluation of these
techniques, this research not only demonstrated the potential of bimanual in-
put to enhance VR efficiency but also contributed to a broader understanding

of its application in immersive environments.

1.1 RESEARCH GOALS
1.1.1  Main Research Objective

At a high level, the research objective of this thesis is: Explore the potential
of simultaneous bimanual interaction in VR to improve user efficiency of
elementary interactions achieved sequentially by one hand. Through my

work, I contribute the following;:

* an understanding of the advantage of bimanual interaction and the possi-

bility of incorporating it into VR tasks;

¢ designs and techniques that take advantage of bimanual input to create

more efficient and smooth VR experiences.

* quantitative and qualitative findings to shed light on user experiences and

inform future exploratory design endeavours.

1.1.2  Project Description and Research Questions

I completed three research projects to investigate different types of abstract
ideas and explore how to translate them into concrete design alternatives. I

briefly describe them below, and the research questions they aim to address.

CONDUCTOR - 3D POINTING In Chapter 3, I explore how to enhance
3D pointing technique in VR with bimanual interaction. Conductor is an
intuitive, plane-ray, intersection-based, 3D pointing technique where users
leverage bimanual input to control a ray and an intersecting plane. Conductor
allows users to use the non-dominant hand to adjust the cursor distance on

the ray with a plane to "cut" the ray while pointing with the dominant hand



1.1 RESEARCH GOALS

Concert: Leverage simultaneous
bimanual interaction in VR/AR to
improve user performance of
elementary interactions achieved
sequentially by one hand.

|
v v v

Fly The Moon To Me: VR
Locomotion technique combines
horizontal positioning step and
height adjustment step together.

Drum Menu: Shortcut command
access technique combines first-level
and second-level menu selection
steps together

Conductor: 3D Pointing technique
combines ray-casting step and depth
adjustment step together.

Figure 1.1: Outline of how three projects contribute to the research goal.

at the same time. Conductor achieved the research goal by combining the
ray-casting step and depth adjustment step together. It also explores two
modes, manual mode and semi-automatic mode, and provides an empirical
evaluation of those two techniques. Conductor provides a fundamental mech-
anism of rapid pointing in 3D space using two hands, which could be applied
to another project in this thesis.

FLY THE MOON TO ME - 3D LOCOMOTION 3D locomotion in VR often
requires users to first navigate to a horizontal position and then adjust their
height. With the introduction of Conductor, which enables rapid pointing
in 3D space, can Conductor be leveraged to facilitate teleportation in 3D
environments? In Chapter 4, Fly the Moon to Me is proposed to answer the
second research question: how to accelerate 3D locomotion with bimanual
interaction? Instead of moving the user like most of the locomotion tech-
niques, Fly the Moon to Me technique moves the object users want to interact
with. It empowers users to create a preview copy of the object that they want
to approach, manipulate it to any ideal 3D position and direction to the user
using Conductor, and then seamlessly snap the original object to the preview,
along with the rest of the virtual world. Fly the Moon to Me fulfills the
research goal by combining the horizontal positioning step and height
adjustment step together.

Current VR Head-Mounted Dis-

plays (HMDs) provide a few shortcut mechanisms for fast command access to

DRUM MENU - VR COMMAND ACCESS

control applications and environments. Command access in a menu typically
requires careful visual targeting for multiple depths, which can be distracting

and slow when immersed in gaming or trying to achieve efficiency on VR

The title, Fly
the Moon to Me,
echoes the jazz
standard  Fly
Me to the Moon
[53]—a nod to
its timeless ele-
gance and sense
of reaching
beyond.



1.2 THESIS OUTLINE

HMD devices. Considering this motivation, my last research question is:
How can bimanual input accelerate command access in VR? In Chapter 5, I
present Drum Menu, a bimanual, controller-based shortcut technique derived
from the idea of traditional pie menus, featuring three input methods, de-
signed for 4-item and 8-item layouts. Users can select commands by rotating
the joystick, drawing a stroke, or pointing in different directions. Users first
perform the selection on the non-dominant controller to select the first-level
item, then perform on the dominant controller to select the second-level
item. With enough rehearsal, users can enter the expert mode by making the
selection on both controllers to access two levels at the same time. Drum
Menu contributes to the research goal by combining 2-level menu selection
steps together.

This thesis argues that augmenting elementary VR interactions with bi-
manual input can significantly reduce task completion time compared to

traditional one-handed sequential interaction.

1.2 THESIS OUTLINE

The remainder of this thesis is organized as follows.

In Chapter 2, I provide an overview of related work on 3D interactions,
including 3D pointing, VR locomotion, and command access techniques in
VR and other computing devices, as well as bimanual interaction studies.

In Chapter 3, I describe the methodology and results for Conductor, a
bimanual 3D pointing technique, and the design guidelines.

In Chapter 4, I apply Conductor technique to locomotion, and describe the
methodology and results for Fly The Moon To Me, a bimanual VR locomotion
technique, with the interaction design guidelines.

In Chapter 5 I describe the methodology and results for Drum Menu, a
bimanual VR command access technique designed for VR controller. Three
variants of Drum Menu are developed and compared with the unimanual
variants. I also provide the interaction design guidelines for VR command
access.

In Chapter 6, I draw conclusions, summarize limitations, and suggest

possible future work.



RELATED WORK

In this chapter, I review research that informs the design of my work on
extending elementary VR interactions with bimanual input. Elementary tasks
such as pointing, locomotion, and command access serve as the building
blocks of complex VR experiences. To motivate and situate my contributions,
I first introduce key concepts in bimanual interaction, which provide a the-
oretical basis for why two-handed input can be effective. I then examine
existing approaches to pointing, locomotion, and command access in VR,
highlighting both their strengths and limitations. Throughout, I emphasize
how these techniques relate to the opportunities for enhancing VR interaction

through bimanual designs.

2.1 BIMANUAL INTERACTION

Bimanual interaction in HCI has a fairly long history. As early as 1963,
Sutherland developed Sketchpad [127], a drawing application that allowed
users to press buttons with their non-dominant hand while drawing with
a stylus using their dominant hand. Bimanual interaction can be divided
into two categories: asymmetric bimanual interaction [44] and symmetric
bimanual interaction [72].

Asymmetric bimanual interaction, described by Guiard’s kinematic chain
model [44], refers to the two hands performing different but complementary
roles. One hand often plays a dominant (precise) role, while the other acts in a
supportive (coarse or guiding) role. For example, recent work on asymmetric
bimanual gestural interaction leverages left-hand gestures to determine the
input mode and right-hand actions to point or provide input [75]. Hinckley
et al. [50] also found that performance was best when the non-dominant
hand held an object and the dominant hand operated the tool. This provides
further evidence that setting the context with the non-dominant hand and
performing the action with the dominant hand is more effective than the
reverse. Leganchuk et al. [74] discovered that bimanual input offers benefits
such as improved time-motion efficiency due to increased degrees of free-

dom (DOF) and reduced cognitive load, compared to traditional unimanual
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methods. When assigning tasks to both hands, functions requiring coarse or
orienting actions are typically better suited to the non-dominant hand, while
those requiring precision or fine control are better assigned to the dominant
hand.

As for symmetric bimanual interaction, Latulipe proposed the Symmetric
Interaction Model [72], in which both hands perform similar or identical
roles, often in a coordinated or mirrored fashion. Typing on a keyboard is
one example of this interaction style. Another common example is playing
a musical instrument like the piano, where both hands contribute equally
but may play different notes or rhythms in a coordinated manner. Similarly,
using two joysticks to control a bimanual robotic system or operating flight
simulator controls also exemplifies symmetric interaction, as both hands
perform the same type of task in parallel. In digital sculpting or 3D model-
ing environments, users may use two styluses or controllers—one in each
hand—to manipulate virtual objects simultaneously, performing sculpting or
editing actions from different angles. In multi-touch interfaces, tasks such as
zooming, rotating, or panning images using both hands involve coordinated,
often symmetric, interactions. Even collaborative drawing tasks, where each
hand operates a different brush or tool with equal importance, reinforce the
principle of symmetric interaction—particularly when there is no fixed domi-
nant or supportive role and the user switches fluidly between hands. These
examples highlight that symmetric bimanual interaction emphasizes func-
tional equivalence and temporal coordination, rather than role differentiation,
and supports a more flexible and interchangeable use of the hands.

Together, this body of work establishes that bimanual interaction can in-
crease efficiency and reduce cognitive load. However, relatively little research
has examined how these benefits translate to VR’s elementary tasks. This gap
motivates my investigation of bimanual input in pointing, locomotion, and

command access.

2.2 CONCEPTS OF INTERACTION IN HCI

Hornbaek and Oulasvirta’s paper “What Is Interaction?” [52] provides a struc-
tured overview of prominent concepts of interaction in Human-Computer
Interaction (HCI) research. The authors argue that interaction can be un-
derstood in multiple ways, each offering a distinct lens for studying and

designing human-computer systems. They identify several interaction types:
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¢ Interaction as Dialogue: Interaction is viewed as a cyclical communication
process, where users and systems exchange information through turns or
stages. This emphasizes mapping user intentions to system actions and

feedback for natural, understandable exchanges.

¢ Interaction as Transmission: Here, interaction is treated as the transfer of
messages over a channel, focusing on throughput, reliability, and efficient

encoding and decoding of information between humans and computers.

¢ Interaction as Tool Use: Interaction is understood as using computers as
instruments to accomplish tasks, emphasizing the manipulation of tools

from a third-person perspective.

¢ Interaction as Optimal Behavior: This perspective sees interaction as users
performing optimally within a system to achieve desired outcomes, such

as minimizing errors or maximizing efficiency.

¢ Interaction as Embodiment: Emphasizing first-person experience, inter-
action emerges from the intentional coupling of user and environment,
highlighting the influence of context and bodily engagement on how inter-

action unfolds.

¢ Interaction as Experience: This type centers on the user’s subjective expe-
rience, including expectations, moment-to-moment feelings, and reflection,

framing experience as central to interaction rather than a side effect.

¢ Interaction as Control: Interaction is framed as managing or controlling
the system to achieve goals, focusing on cause-effect relationships and

feedback mechanisms.

This thesis primarily adopts the dialogue perspective on interaction. El-
ementary interactions can be seen as short dialogues, or brief exchanges,
with the computing system. Pointing, locomotion, and command access each
reflect the user’s intentions in these interactions. In contrast, tasks that build
upon these elementary interactions and require extended engagement—such
as constructing a 3D model or completing a game level—are considered

complex tasks.

2.3 POINTING

Having introduced the basic models of bimanual interaction and the concept

of interaction, I now turn to the elementary VR tasks where these models
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may be applied. The first of these is pointing, a fundamental mechanism for
selecting, manipulating, and placing objects. This section reviews 3D pointing
techniques in VR, covering Virtual Hand, Virtual Pointing, occluded object
selection methods, and 3D object placement.

2.3.1 Virtual Hand

In their survey of virtual and augmented reality-based pointing techniques,
Argelaguet and Andujar [3] divided selection metaphors into two broad
categories: virtual hand and virtual pointing. The virtual hand metaphor [90]
uses a projected hand, typically located near the user, to support 3D object
selection.

The basic virtual hand technique is relatively straightforward to implement
[90]. As in real-world interactions, users can target objects that are within
arm’s reach; for more distant objects, users must first move near the objects
before being able to select them. To address this shortcoming, techniques
such as the Go-Go technique [104] combine some form of a virtual hand
with an extendable arm interaction. Specifically, within a restricted range,
users leverage the virtual hand technique. However, when the hand moves
further than a cutoff from the body, the hand’s depth, or distance from the
user, is magnified via a CD Gain function to allow users to acquire more
distant targets. Ninja Hands [112], a competing technique to Go-Go, leverages
multiple virtual hands in VR and maps their movements to the real hand to
reduce the distance to the target. This is achieved by placing these virtual

hands at different locations in the virtual environment.

2.3.2  Virtual Pointing

In contrast to the virtual hand technique, raycasting has been the focus
of significant research regarding improved performance [3], primarily due
to a desire to select distant objects in virtual environments. One challenge
with selection in 3D virtual environments is that objects near the user appear
larger (due to perspective) and can occlude objects of interest that are “behind”
nearby objects. To address occlusion, techniques such as Outline Pursuits
[115] enable users to trace a moving stimulus on the outline of objects with
eye gaze to select occluded objects. Some techniques utilized a two-step
selection for occluded objects by spreading them into a menu and then
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select, like "Flower Ray" [42] and "SQUAD" [67]. Similarly, Gyrowand [49]
utilizes extra gestures to choose the targets. In their work on volumetric
displays, Grossman and Balakrishnan [42] proposed four advanced raycasting
techniques that enable users to select occluded objects on the same ray. One
of their techniques, depthray, mimics the Go-Go technique in that users
move the controller either toward or away from themselves to select objects
along the ray. Finally, RayCursor [7], a recently developed pointing technique,
presents significant performance benefits when targeting densely populated
virtual environments. It achieves this by combining the Raycasting metaphor
with depth control (as in Grossman and Balakrishnan [42]) via the touchpad
located on some commercial VR controllers. Other than leveraging the cursor,
previous works also explored other metaphors i.e., cone-like ray [49, 79] to
improve larger range selection, or using Bubble Cursor [41] mechanism to
facilitate VR target selection [83].

My work in Conductor project explores bimanual selection. I am not the
first to explore this domain: different symmetric and asymmetric bimanual
selection techniques have been proposed for volumetric displays, in particular,
work by Ulinski et al. [130, 131]. However, Ulinski et al.’s research identified
best practices in the design of bimanual selection techniques, yet the perfor-
mance of these techniques in virtual environments in comparison to optimal

unimanual techniques was not assessed.

2.4 VR LOCOMOTION TECHNIQUES

Beyond selection and placement, VR interaction also depends on effective lo-
comotion, which can be understood as placing oneself within the environment.
Reviewing locomotion techniques allows us to see how existing designs might
be extended or rethought through bimanual control. The following subsec-
tions review representative continuous, discrete, and 3D-specific locomotion

techniques.

2.4.1  Continuous Locomotion Techniques

A large body of VR Locomotion techniques has been explored in the past.
Walking, one of the most intuitive ways to travel, provides a continuous way to
navigate in VR. Some walking techniques allow users to walk in the real world

but with modifications, such as rescaling the walking space [1] or altering
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the direction mapping between real and virtual world [4, 71, 96, 107]. While
those techniques reduce the necessary space, they still demand unobstructed
areas. To enable stationary locomotion in VR, in-place locomotion techniques
were developed. One of the most significant issues with in-place locomotion
techniques is motion sickness [10, 55, 62] resulting from the visual and
vestibular mismatch when the user remains still while the VR experience
shows they are moving rapidly through a virtual environment. To mitigate
motion sickness, some techniques incorporate physical movements during
locomotion to compel the mind that the body is in motion. Walking-In-
Place [128] is one of the most popular solutions for this design. Devices like
treadmills [32, 54, 118] or cycling [35, 93] were also developed for simulating
walking. Other body movements like arm rolling [87], jump [141], finger
simulating walking [63, 145], or swimming [57] were also introduced for the
compelling purpose.

2.4.2 Teleportation

In contrast to continuous locomotion techniques, teleportation [13], a discrete
method of movement in VR, typically allows users to specify a point and then
instantly move the user there. Certain teleportation methods allow users to
indicate the desired direction [13, 37] after teleportation during the process
of selecting the teleportation destination. Apart from being triggered by con-
trollers, other body parts like eye [106], foot [139], and wrist [18] were created
for teleportation as well as for bare hand VR teleportation. Different proxies
like gate [55] or portal [34] were also introduced for teleportation. Buttussi et
al. [14] compared teleportation, joystick, and leaning-based locomotion tech-
niques in a VR travel task. The result revealed that joystick and leaning-based
techniques elicited similar levels of VR motion sickness, while teleportation
techniques had no significant impact on the participants” well-being. In ad-
dition to that, Frommel et al. [36] also found that teleportation provided the
least discomfort and the highest scores for enjoyment, presence, and affective
state.

2.4.3 VR Locomotion in 3D

Certain methods were introduced that enable users to thoroughly navigate
through 3D virtual environments by incorporating height adjustments during

11
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locomotion. Skyport [86] controls a cursor on a ray shooting from the con-
troller, using a touchpad to control the distance of the cursor, and the user
would then be teleported to the cursor’s position. However, it cannot control
the direction after teleportation, and the precision is limited. Weissker et
al. [135] created a preview of the users’ avatar and moved it by specifying the
2D position and elevation above the position using the controller. Specifying
the 2D position and elevation could be done simultaneously, two-step, or
separately, with their own advantages and disadvantages. However, the final
view remains unknown, and the direction is not supported. Point-Tug [12, 24,
80] techniques, inspired by ladder-climbing motion, allow the user to grab the
world and tug to move the world. Originally, it would support the x-z plane
but not vertically in the y-axis. In the experiment of Fly the Moon to Me, I
extended it to 3D and treated it as a refining step for the Point&Teleport tech-
nique, and combined them, comparing with Locomoontion. Some approaches
also explored how to use existing tools for 3D movement, like ladders [58, 7o,
119], virtual stairs [70], ramps [29], elevators [132]. Actions like jumping [141],
swimming [57], and flying [88, 116, 151] were introduced as well, with the
benefits of reducing VR sickness. However, because most techniques require
separate actions for height adjustment, they disrupt the continuity of move-
ment and increase cognitive load. This limitation points to an opportunity for
more fluid designs—such as leveraging bimanual input—to embed altitude

control directly into continuous locomotion.

2.5 COMMAND ACCESS

In addition to moving and selecting objects, VR experiences often require
accessing commands. Command access provides a third pillar of elementary
interaction, and examining both 2D and VR-specific approaches reveals de-
sign strategies and gaps that motivate our own techniques. The following
subsections review 2D marking menus, VR-specific command selection, and

hierarchical menu designs to contextualize this opportunity.

2.5.1 2D Marking Menus
Marking menu is a radial menu interface that enables users to select com-

mands by making quick gestures or marks. It supports both novice mode

and expert mode. Novice mode requires a visual search to locate the item

12
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and then select it with a gesture or stroke, which can be time-consuming and
disruptive. In expert mode, selection could be done instantly without visual
search [6, 68, 152, 153]. In these marking menus, the user starts in expert mode
without a visible menu, but can easily switch to novice mode by displaying
a GUI menu. When the user places a stylus or pointer in the input space, a
radial menu appears, allowing them to select an item by stroking in the corre-
sponding direction (novice mode). As a result, it enables smooth transitions
from novice to expert usage. Kin et al. developed a bimanual marking menu
technique for touch screen, which reveals the bimanual variant is 10% ~ 15%
faster than the unimanual marking menu [64]. However, how to integrate
bimanual interaction in 3D virtual environment and the performance remains
unknown. Shengdong et al. developed Simple Marking Menu that breaks
multi-level gestures from one single “zig-zag” compound mark to several
simple strokes [153]. It eliminated ambiguous marks due to scale invariance

and reduced space requirement.

2.6 VR COMMAND SELECTION

Alongside direct manipulation of the environment, a common need in virtual
environments involves selecting commands. In modern commercial systems, it
is common for VR-based systems to support command selection by displaying
a command palette in front of the user and allowing the user to target
individual widgets. For example, tutorials on creating user interfaces using
Unity leverage the UIHelper prefab to support ray casting to control pointer
position, coupled with UI Canvases to render clickable widgets.

By far the most common command selection technique in commercial
VR application design leverages the linear panel menus described in the
aforementioned tutorial, but other styles of interaction have been explored
over the past few decades [27, 66, 136]. Specifically considering pie menus, the
menu design adopted by Drum Menu, there are several variants of hierarchical
pie menus for 3D virtual environments [39, 65, 94, 105]. Azai et al. introduced
an on-body hierarchical menu in mixed reality [5], where menus are projected
on the forearm. They include a rotation-based interaction; however, their
rotation-based interaction involves using one hand to rotate the menu on
the other arm, as one would rotate a bracelet. Armstrong [78] also explored
the menu around the non-dominant arm and how to optimize the layout
of such arm-anchored Ul. However, these on-body menus are not designed

for shortcuts as they require visual engagement. Monteiro et al. explored
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the performance of radial and panel menus with two placements (fixed
on the wall or handheld) in VR and found that a traditional panel menu
with a fixed wall placement performs better than others; their technique
employed a round touchpad for radial selection [91]. Santos et al. discovered
that the selection time on radial menus is faster than that of linear menus
with a ray cast interaction, where one uses a directional mark (as in marking
menus [68]) to access menu items. Wentzel et al. [136] conducted evaluations
of marking menus in VR, comparing them against raycasting and direct
input techniques. They studied both single-level menus (8 and 24 items)
and hierarchical two-level menus, measuring task completion time, error
rate, and usability. Their results showed that marking menus are fastest for
small item sets, and hierarchical organization improves performance and
reduces selection complexity, even with larger sets. While their work provides
a solid foundation for understanding marking menu performance in VR,
it does not investigate sequential bimanual hierarchical access, rotational
wrist-based shortcuts, or joystick-based shortcuts, all of which are central to
our study. StickyPie [2] is a marking menu technique that allows for scale-
independent input by estimating the landing positions of saccades, enabling
expert-level behaviour. However, it requires additional eye-tracking hardware,
which is less popular and more expensive. While many such techniques
exist, none have specifically explored the effectiveness of sequential bimanual
hierarchically arranged and access commands as I do in our studies.
Although a variety of 2D and VR menu designs have been explored, they
generally rely on unimanual or sequential interaction, which can slow down
access during complex tasks. This limitation suggests an opportunity for
bimanual techniques to enable faster, more parallel, and context-sensitive

command access.

2.7 SUMMARY

In summary, the literature on VR interaction demonstrates a rich set of
techniques for pointing, locomotion, and command access, but these are
overwhelmingly designed for unimanual input. While foundational models
of bimanual interaction suggest clear benefits in efficiency and cognitive load,
few VR techniques systematically explore bimanual designs for these elemen-
tary tasks. My work addresses this gap through three projects: Conductor,
which investigates bimanual selection; Fly the Moon to Me and Locomoon-

tion, which extend locomotion with two-handed interaction; and Drum Menu,
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which explores bimanual command access. Together, these contributions build

on the reviewed literature to propose and evaluate novel ways of augmenting

elementary VR interactions through bimanual input.
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CONDUCTOR

Pointing is an elementary interaction in virtual and augmented reality envi-
ronments, and, to effectively support selection, techniques must deal with
the challenges of occlusion and depth specification. Most of the previous
techniques require two explicit steps to handle occlusion. In this Chapter, we
propose Conductor, an intuitive, plane-ray, intersection-based, 3D pointing
technique where users leverage bimanual input to control a ray and intersect-
ing plane. Conductor allows users to use the non-dominant hand to adjust
the cursor distance on the ray while pointing with the dominant hand. We
evaluate Conductor against Raycursor, a state-of-the-art VR pointing tech-
nique, and show that Conductor outperforms Raycursor for selection tasks.
Given our results, we argue that bimanual selection techniques merit addi-
tional exploration to support object selection and placement within virtual

environments.

(@) (b) (c)

Figure 3.1: (a) Conductor uses a ray (green line) from the dominant hand and a
virtual plane from the non-dominant hand to control a cursor. (b) Manual
Conductor. Similar to Bubble Cursor, the target closest to the intersection
of the virtual plane and the ray will be selected (light blue ball). (c) Semi-
Automatic (SA) Conductor. Similar to RayCursor or Raycasting, only the
target on the ray and closer to the intersection of the plane and the ray
will be selected. Users could move the plane roughly close to the target
together with the accurate ray pointing to quickly locate the target even
with occlusion.
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3.1 INTRODUCTION

As VR headsets increase in resolution and responsiveness, increasingly im-
mersive visual experiences are available to a broad set of end-users. However,
one challenge with VR is how best to interact within these environments [3].
Motivated by the increasing availability of cost-effective, high-performance
VR headsets, there exists a large and ongoing body of research in interaction
techniques to support target acquisition within virtual environments [8, 60,
76, 97, 113, 114, 146, 148].

Selection within VR environments is challenging because these environ-
ments, rather than being populated by a series of 2D targets as on a computer
display, are populated by targets and objects of interest arranged in a 3D
world where issues of depth variation and occlusion confound interaction -
for instance, when nested components in a 3D CAD model obscure each other,
or when avatars block props in a VR game. A significant area of research
within these environments focuses, specifically, on how to support rapid,
fluid targeting given partial [7] or full [101] occlusion within the 3D content
contained within these spaces.

In this work, we evaluate bimanual selection in virtual environments.
There are three primary premises that support bimanual targeting in virtual

environments.

1. State-of-the-art AR and VR systems normally support bimanual tracking,

either through bimanual controllers or some other capture mechanism;

2. When performing unimanual targeting in virtual environments, users’ non-
targeting hand is often not engaged in another task and so is frequently

available to support targeting;

3. It is intuitive to combine actions of the non-dominant and dominant hands

in real-world manipulations [43].

We acknowledge that there is a role for unimanual selection in virtual envi-
ronments. In some situations, the user’s non-dominant hand may be engaged
in another task or the hardware may only support unimanual tracking (e.g.,
pointing with a personal device [60]). However, acknowledging that there
is a role for unimanual targeting, we also posit that there may be a role for
bimanual selection, but whether there is or not is unclear. More specifically,
while many targeting techniques have been developed for VR environments,

including both unimanual and bimanual techniques, it is not clear what the
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relative performance of bimanual techniques, either existing or proposed, are
compared to state-of-the-art unimanual targeting. Is there a role for bimanual
targeting at all? Does it provide performance advantages over state-of-the-art
unimanual techniques?

This project evaluates a bimanual selection technique, Conductor (Figure
3.1), that represents an extension of the RayCursor technique. In RayCur-
sor, ray-based unimanual depth-aware pointing is supported via raycasting
(tracking the pitch and yaw angles of a single controller), and a touchpad on
the controller supports depth control along the ray. Conductor is a bimanual
selection technique that combines raycasting (controlled with the yaw and
pitch of the dominant hand) with depth selection (controlled via the yaw
angle of the non-dominant hand) using an intersecting plane. It also describes
an experiment that evaluates the performance of Conductor against the Ray-
Cursor technique [7], evaluating the speed of target acquisition within a VR
environment. Conductor outperforms RayCursor, both in task completion
time and in input accuracy. This argues for the viability of Conductor as a
viable alternative 3D selection technique to RayCursor, focused particularly
on contexts where bimanual input via dual controllers has been deemed a
useful trade-off for enhanced targeting performance.

In terms of bimanual input theory, Conductor is an asymmetric technique:
the dominant hand performs precise pointing, while the non-dominant hand
provides coarse depth adjustment, consistent with Guiard’s kinematic chain
model [44]. The two hands act largely in parallel rather than sequentially,
with the non-dominant hand setting the selection plane while the dominant
hand simultaneously refines the target.

The remainder of this chapter is organized as follows. We first review
related work on selection in virtual and augmented reality environments.
Next, we describe the design of Conductor and an evaluation of its efficacy
for selection tasks. We conclude by discussing the implications of this work

for interaction in virtual environments.

3.2 BACKGROUND AND RELATED WORK

In Chapter 2, we discussed related work on general VR pointing techniques
and occluded VR pointing techniques. In this section, we present a deeper
exploration of the background related to intersection-based selection and
the Ray + Cursor technique, which forms the foundation of the Conductor
technique.
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3.2.1  Occluded Objects Selection Techniques

Selecting occluded objects is a challenging task in VR. Some techniques use
a filter surface to divide objects and make some objects invisible to reduce
occlusion [17, 30, 31, 101]. A typical approach is to use a surface and make
objects closer to the user than the surface transparent, allowing the user to see
through close objects to more distant objects. Other techniques allow users to
look “around” objects; for example, VMirror allows users to create a mirror
to find occluded objects [76]. Finally, techniques like Gimlenses enable users
to look "through" occluded objects by digging holes in complex geometry [22,
102, 103]. Most of those techniques require two explicitly separated actions
to access the object. Additionally, many of these techniques modify the way
objects are displayed. One benefit of RayCursor is that the view of objects in

the virtual environment is not transformed in any way.

3.3 INTERSECTION-BASED SELECTION

In heavily occluded 3D spaces, some mechanism is needed to support selec-
tion along varying depths. One such technique that has been proposed in
the literature, and the technique that I leverage for Conductor, is a technique
that I label intersection-based pointing. Within this domain, TiltCasting [101]
enables intersection-based selection by rotating a virtual plane in a 3d scene
and selecting the target intersecting the virtual plane. While TiltCasting effec-
tively supports 3D targeting and placement, its primary evaluation was on
traditional 2D displays, rather than in virtual environments and HMDs.
Specifically in the domain of virtual environments, and most similar to
Conductor [149], iSith [142] is an intersection-based pointing technique that
uses two rays emanating from the index fingers of each hand. The point
that represents the shortest distance between the two rays is considered the
current cursor location. Like Conductor, iSith shares the advantages of a nearly
unlimited range of interaction and supports easy selection of occluded objects.
However, one challenge with iSith is that the user must carefully align both
rays; if the pitch axes of the two rays differ, the cursor can drift away from the
visual intersection of the two rays, making control very difficult. As a result,
while iSith has been proposed as an intersection-based, bimanual pointing
technique in the literature, its performance against competing techniques has

not, to the best of my knowledge, ever been evaluated [142].
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(a) (b) (d)

Figure 3.2: Target selection with Conductor. The grey plane is not visible to users. (a) Manual mode Conductor selects the
target closest to the intersection of the ray and the plane. (b) Manual mode Conductor selects the target closest to
the intersection, even if there is a target on the ray farther from the intersection (the target with a yellow dotted
circle). (c) Semi-Auto (SA) mode Conductor always selects the target on the ray regardless of the distance from the
intersection. (d) Semi-Auto mode Conductor selects the target on the ray closest to the plane.

3.4 RAY + CURSOR

In VR, many unimanual selection techniques have been proposed in the
literature (see [3, 7, 42]). In Conductor, I focus on comparing with one specific
recently proposed unimanual VR-based selection technique, RayCursor [7].
RayCursor is an improvement of Raycasting. Similar to Depth Cursor [42] and
Ro et al. [109], it also attaches a cursor to the ray. RayCursor also examines
three different transfer functions to map finger movement on the touchpad of
a VR controller to the cursor movement along the ray. The result indicates
that the best transfer function is based on the finger speed, with a maximum
and minimum cutoff. RayCursor provides two modes: Manual RayCursor
and Semi-Automatic RayCursor. Manual RayCursor allows users to move
the cursor based on finger movement on the touchpad. Semi-Automatic Ray-
Cursor enhances Manual RayCursor by enabling the cursor to automatically
move to the closest target on the ray, a variant of BubbleCursor [7, 83].

3.5 CONDUCTOR

Both Conductor and RayCursor can be viewed as techniques where a location
along the ray is incorporated into pointing without modification to the scene.
In RayCusor, the cursor location, i.e. the depth along the ray, is controlled
via the touchpad on the controller being used for pointing. In Conductor, the

cursor location is controlled via the yaw angle of the non-dominant controller.
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Conceptually, we can describe Raycursor as an unimanual pointing tech-
nique where yaw and pitch represent direction, and the touchpad is used
to manipulate depth. Similarly, Conductor is a plane-ray, intersection-based,
bimanual pointing technique where the manipulation of the ray, as with Ray-
Cursor, is controlled by the dominant hand, and the intersecting plane, i.e. the
depth, is controlled by the yaw angle of the non-dominant hand. Users direct
the ray to point at a desired target and control the depth in RayCursor by
manipulating the touchpad and in Conductor by moving the plane with the
non-dominant hand via left-right movements, i.e., by adjusting the yaw angle
of the non-dominant controller. The benefit of using a plane is that it is more
intuitive compared with incrementally adjusting the cursor distance with a
joystick or touchpad. The user can point to the target with the non-dominant
hand while using the dominant hand’s ray, rather than having to monitor
the current cursor position and estimate the distance to the target. In the
controller’s local coordinate system, RayCursor allocates 3 DOF for position,
2 DOF for ray casting, and 1 DOF on touchpad for cursor distance. Conductor,
by contrast, uses 3 DOF for position in both hands, 2 DOF for ray casting in
the dominant hand, and 1 DOF for plane positioning in the non-dominant
hand.

To visualize interaction, the plane can be shown:

* as an infinite vertical plane,
* as a triangular vertical plane whose point intersects the ray

* or as a line emanating from the non-dominant controller and intersecting

the ray

The point along the ray, what RayCursor calls the “cursor location”, can be
calculated using the distance between controllers and the angular deviation
between the two controllers. Essentially, the distance calculation is performed
in exactly the same way as binocular disparity is used by one’s eyes to focus
on different depths in a visible scene. In Figure 3.2, we show both the vertical
plane (in shaded grey) and a yellow dashed line highlighting location along
the ray. In default mode (and in our experiments) the dashed yellow line
(see Figure 3.2) emanates from the non-dominant hand controller along the
intersecting plane to the ray to provide a target location and the vertical plane
is hidden. The vertical plane in Figure 3.2 is depicted for convenience here to
aid the reader in visualizing Conductor.

As with RayCursor, Conductor exists in two variants: a manual variant and

a Semi-Auto variant, distinguished as follows:
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* Manual Conductor: Manual conductor selects the target closest to the inter-
section of the plane and the ray (Figure 3.2 (a)(b)). In the case of Figure
3.2 (b), there is a target on the ray close to the right controller. However,
since there are targets closer to the intersection, the target closest to the
intersection but not on the ray will be selected. Target selection is confirmed
via the dominant hand trigger.

¢ Semi-Auto Conductor: Semi-Auto Conductor combines the benefits of Con-
ductor and Raycasting. If any single target exists on the ray, that target
will be selected (Figure 3.2 (c)). If multiple targets exist on the ray, the
target closest to the intersection of plane and ray will be selected(Figure 3.2
(d)). Users can do precise Raycasting with their dominant hand controller
and manipulate the non-dominant hand plane to approach the target at
the same time. This strategy addresses issues of occlusion. Users can also
short-circuit the Semi-Auto refinement and select the target closest to the
intersection, as in Manual Conductor, via the non-dominant index trigger

if necessary.

As well, as with Raycursor, to support smooth ray and plane movement,
we used the 1€ Filter [15] with parameters set as mincutoff = 0.1 and =
50 to smooth the ray for targeting. These parameters were identical to those

used in RayCursor [7].

3.5.1 Conductor versus iSith

While, as we note in related work, Conductor has some similarities to the
iSith technique [142], it is, in practice, quite different, and we clarify those
differences here. Recall that the iSith technique uses two complementary rays
controlled by two controllers and joins the closest points of two rays together
with a line segment. It then places a selection point at the midpoint of this line
segment. iSith can be visualized as a symmetric bimanual technique where
the user manipulates two rays connected by a spring frictionlessly attached to
both rays, and the user then places the midpoint of the spring on the target
to be selected.

Exploring the research literature, it became clear that iSith, while proposed,
had not been evaluated, so in our exploration of bimanual pointing techniques,
we implemented iSith and piloted it. However, in our pilots, we observed
that a minor change in controller angle, especially the pitch of one controller,

could dramatically change the locations of the closest points on the two rays.
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For example, imagine that to select a desired object, the user must raise the
selection location upward while keeping the depth location (distance from the
user) constant. If the user raises one ray, i.e. increases the pitch angle on only
one controller, then the selection point moves in toward the user (or out away
from the user) very rapidly rather than moving directly upward. To move the
selection point upward, users must move both hands upward simultaneously.
This is not too difficult if the initial pitch angle of both controllers is similar.
However, if the pitch angles differ, it becomes increasingly complicated, and
control of the selection location becomes unpredictable for the user.
Conductor, in contrast, uses a form of asymmetrical bimanual interaction
influenced by Guiard’s kinematic chain model [44]. The non-dominant hand
sets a spatial plane of reference for interaction along the ray. This reduces to
1 DOF the action of the non-dominant hand, which, in our pilots, increases
the stability of the selection location. Also, and most importantly, it better
allows users to predict the cursor position even when moving their two hands

simultaneously.

36 CONTRASTING RAYCURSOR AND CONDUCTOR

The primary goal of RayCursor and Conductor is to address situations where
multiple potential targets exist along a ray, i.e. when more distant targets are
occluded. To accomplish this, both techniques augment the ray with a depth
pointer. The primary difference is in how depth is controlled: via a touchpad
unimanually, or via dual controllers and inter-controller angular deviation
bimanually. Our experiment aims to compare the selection performance of
RayCursor’s variants [7] to Conductor’s variants. We evaluate 4 techniques in
this task: Manual RayCursor, Semi-Auto RayCursor, Manual Conductor, and
Semi-Auto Conductor.

3.6.1  Participants

12 participants (10 male, 2 female) were recruited from the local university
and the community. All were right-handed. Seven of them were run in person
and five were run remotely. Nine of them experienced VR for the first time.
Three of them are familiar with VR, including one is a VR researcher. Each

participant received $10 as remuneration.
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36 CONTRASTING RAYCURSOR AND CONDUCTOR

3.6.2  Apparatus

We use a replication of the study conducted in Baloup et al. [7] with minor
differences in hardware. The experiment used a PC Intel Core i7-9700K PC
with NVIDIA RTX-2080 Ti GPU for in-person study and an Oculus Rift
S VR headset. The application was programmed in the C# language with
Unity3D Version 2019.4.7. Participants manipulated a pair of Oculus Touch
controllers with a joystick on each. For the RayCursor techniques, users used
one controller in their dominant hand. The users used the joystick on the
controller to control the depth of the cursor along the ray. For the Conductor
techniques, users controlled the position and rotation of two controllers
together to manipulate the ray and plane. Target selection was performed by
pressing the dominant controller’s trigger using the index finger.

In the original RayCursor experiments, the VR controllers were equipped
with touchpads. However, Baloup et al. [7] note that RayCursor performs
well regardless of whether the controller includes a touchpad or joystick.
Because the Oculus Touch controllers are equipped with joysticks instead of
touchpads, we set new parameters for RayCursor as per Baloup et al. to fit
the joystick: k1 = 0.6, k2 = 3, v1i = 0.3, v2 = 0.9. We preserved the scale of
k1/kz2 and vi/vz in the original RayCursor paper to maintain the CD gain
of the original implementation. We performed an initial pilot evaluation of
this RayCursor variant to ensure consistent performance with the original

RayCursor implementation prior to our experiments.

3.6.3 Methodology

We replicated the environment and task in RayCursor [7] with minor modifi-
cations to create additional occlusion.

The 4 techniques were balanced by a Latin square between subjects. Fol-
lowing the RayCursor task protocol, we also used 2 target SIZES and 2 target
DENSITIES. The 2 target sizes were 8cm (= Spj¢) and 4cm (= Sg;pqy1) in diam-
eter, and the 2 target densities were 60 targets (= Dpjgp,) and 30 targets (=
Drow)-

Identical to the RayCursor protocol, all the targets were distributed inside
2 spheres of 6ocm diameter, randomly in front of the participant. The closer

sphere was 1m away from the participant, and the farther was 4m.
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36 CONTRASTING RAYCURSOR AND CONDUCTOR

In RayCursor ’s experiments, occlusion was limited, i.e., as noted by Baloup
et al., “All targets were at (sic) sight when the user was looking at the virtual
wall with the virtual display” ([7] p. 9). While targets may have been occluded
from the controller’s location, targets were always at least partially visible
from the perspective of the participant. Our concern was that participants
could raise or lower the controller to point around targets in RayCursor.
We therefore modified the experiment to create greater target occlusion.

Specifically, we:

* Raised the height of two centres of the target spheres from 8ocm to 140cm
so that the closer group of targets could create occlusion when selecting
from the farther group of targets, especially for the condition with Dy,
and Sg;q.

* Because more distant targets are more likely to be occluded by nearer
targets, we chose the farthest nine targets in each group for users to select
to build additional within-group occlusion.

One challenge with full occlusion is that participants cannot visually locate
targets. This may be why RayCursor limited occlusion in their experiments.
To ensure participants could visually locate targets in both RayCursor and
Conductor conditions, all targets in both conditions were semi-transparent
blue, and the target to be selected was solid yellow.

Participants were required to select the targets alternating between the
closer group and the farther group. When the participant selected the correct
target, the selected target would flash green and the controller(s) vibrated for
1oms. If an incorrect target was selected, the selected target would flash red
and the controller(s) would vibrate for 200ms. The trial would be marked as
an error, and the participant was required to reattempt selection until it was
correct. There was a virtual scoreboard in front of the participant behind the
targets indicating the current error rate, and the participants were asked to
maintain an error rate below 4% to balance accuracy and speed.

Each participant watched a series of short videos introducing the technique
before beginning each technique. They could experiment with the technique
during the instruction videos and started one practice run with Sg;e and
Dyign to familiarize themselves with the experiment.

They then started the experiment with 3 blocks of the 4 counterbalanced
(via a Balanced Latin Square) techniques combining different sizes and targets
(Drow + SBig, Drow + Ssmail, Dyign + SB,'g, Dyign + Ssyan)- Participants were

allowed to rest between runs. Each combination of technique x size x density
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36 CONTRASTING RAYCURSOR AND CONDUCTOR

contained g trials. In summary, this yields 4 TECHNIQUES x 2 DENSITIES
x 2 SIZES x g trials x 3 blocks = 432 data points per participant, or, for 12
participants, 5184 data points for analysis.

After participants completed the selection task for each technique, the
participants were asked to complete a computerized form of the NASA Task
Load Index (NASA-TLX) questionnaire [95] and respond to four additional
questions on similar 20-point scales. They completed the questionnaire using
their headset and controller. The study took about 30 minutes.

3.6.3.1 Hypotheses

We wish to evaluate the performance of our bimanual Conductor technique
against RayCursor. Therefore, our primary hypothesis is that Bimanual Con-
ductor outperforms similar RayCursor variants in time and error rate. More

specifically:

* Hi: Semi-Auto Conductor outperforms semi-auto RayCursor in time and

error.
¢ H2: Manual Conductor outperforms manual RayCursor in time and error.

Finally, leveraging NASA-TLX and custom questionnaire data, our hope
is that overall workload measures or user preference are not significantly

impacted by switching from an unimanual to a bimanual targeting technique.

3.6.4 Performance

To analyze the data, we used a repeated measures three-way ANOVA with
TECHNIQUE, DENSITY, and SIZE as independent variables. Holm-Bonferroni
corrected post hoc pairwise t-tests are used for further analysis. Normality
was corrected using a Box-Cox transform. When sphericity was violated,

degrees of freedom were corrected using Greenhouse-Geisser (¢ < 0.75).

3.6.4.1 Task Completion Time

We removed outlier data points with selection times more than 3 standard
deviations from the task mean. This removed 74 data points (1.4%) in total.
Because a Shapiro-Wilk normality test revealed normality on task completion
time was violated (p < .001), a Box-Cox transformation was applied to time

(lambda = -0.63), and the transformed data passed the normality test.
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Figure 3.3: Task completion time for target selection task. Error bars are 95% CI.

Figure 3.3 shows the task completion time for target selection. There was
a significant main effect for TECHNIQUE on task completion time (F333 =
34.4, p < .001, 72 = 50). Overall, the Conductor techniques (SA_Conductor
and manual Conductor) were faster than their corresponding RayCursor
variants. Focusing, specifically, on the Semi-Auto techniques, Semi-Auto
Conductor(mean = 1.46 sec) was 21% faster than the Semi-Auto RayCursor
technique (SA_RayCursor) (mean = 1.77 sec, p < 0.001). Manual Conductor
(mean = 1.89 sec) had a similar advantage over manual RayCursor (mean =
2.49 sec, p < 0.001), and performed approximately on-par with Semi-Auto
RayCursor (mean = 1.89 sec vs 1.77 sec, ns).

Although there was no significant main effects for DENSITY nor SIZE,
significant interaction effects of TECHNIQUE x DENSITY (F; 35149 = 12.05,
p < .01, 7% = .05) and TECHNIQUE x SIZE (F333 = 9.07, p < .001, 7% = .03)
were found. Figure 3.4 shows the average task completion time for different
sizes of targets. A post-hoc test revealed there were significant differences in
task completion time between Dy, and Dyyjg, with the Semi-Auto RayCursor
technique(p < .001) and between Sg;, and Sg;;,,; with the Semi-Auto Ray-
Cursor technique (p < .001) and Semi-Auto Conductor technique (p < .001).
As shown, Semi-Auto Conductor performed better with larger targets than
with smaller targets. However, with Semi-Auto RayCursor, the larger targets
slowed selection because of occlusion. For the same reason, with a higher
density of targets, the selection speed with Semi-Auto RayCursor slows.

This result indicates that the Semi-Auto RayCursor technique is more prone
to occlusion or, conversely, Semi-Auto Conductor is more resilient to occlusion.
However, note that, overall, for selection, Semi-Auto Conductor outperforms

Semi-Auto RayCursor by a statistically significant margin.
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Figure 3.5: Error rate for target selection task. Error bars are 95% CI.

3.6.4.2 Error rate

A three-way ANOVA revealed significant main effect for TECHNIQUE(F; 33 =
10.1, p < .001, %2 = .13) and SIZE(Fy1; = 7.5, p < .05, y% = .04) on error rate.
There was no interaction effect. Figure 3.5 shows the error rate for each tech-
nique. With all four techniques, the error rate was less than 10%. The error rate
of Semi-Auto Conductor was the lowest (2.5%) and it was significantly lower
than Semi-Auto RayCursor (5.4%) (p < .001), and both manual techniques.
Manual Conductor had the highest error rate, but, interestingly, while man-
ual RayCursor outperformed manual Conductor by a statistically significant

margin, Semi-Auto RayCursor did not outperform manual conductor.

3.6.4.3 Questionnaire

Our questions indicate participants had a positive impression of the Semi-
Auto Conductor technique compared to other techniques. A one-way ANOVA
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Figure 3.6: Additional questionnaire results for each technique. The questions were as
follows: "quick™: I can control it quickly. "Precise™: I can control it precisely.
"3D": I can feel that I'm controlling the cursor in all three dimensions.
"Overall": Overall, I like this condition. Error bars are 95% CI.

revealed a significant main effect for TECHNIQUE(F;3 = 7.4, p < .001, né =
.15) on NASA-TLX Mental workload and significant difference between Semi-
Auto RayCursor and Semi-Auto Conductor techniques (p < 0.01).

Our additional questions also indicate that participants had a positive im-
pression of the Semi-Auto Conductor technique compared to other techniques.
A one-way ANOVA revealed a significant main effect for TECHNIQUE(F; 39 =
5.9, p < .01, 72 = .29) on perceived speed (quick) and a significant difference
between Semi-Auto RayCursor and Semi-Auto Conductor techniques (p <
.05). We identified no statistically significant differences between the manual
variants. Figure 3.6 shows the additional questions and their result. Please
note that, for our custom questionnaire questions, as with the NASA-TLX, we
preserved the convention that lower scores indicate better performance. As
with the NASA-TLX, the additional questions were on a 20-point scale where

left (0.0) is "Strongly Agree" and right (20.0) is "Strongly Disagree".

3.6.4.4 Synthesis

Considering our initial hypotheses for this experiment, we find that Hz is sup-
ported, i.e. the Semi-Auto variant of Conductor has performance advantages
over the Semi-Auto variant of RayCursor. However, results for H2 (manual
variants) is more mixed. While manual Conductor is faster than Manual
RayCursor (by approximately 33% on average, a significant speed up), error
rate was also higher by a statistically significant margin. Overall, the Semi-
Auto Conductor technique had the lowest error rate, outperforming manual

Conductor and Semi-Auto RayCursor by statistically significant margins.
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3.7 DISCUSSION

Finally, questionnaire results provide evidence that Conductor is no worse
than RayCursor in terms of user preference and overall workload load, i.e.
that the incorporation of bimanual techniques does not prohibitively increase
physical or mental workload. In particular, from custom questionnaire data,

Semi-Auto Conductor is perceived to be quicker than RayCursor variants.

3.7 DISCUSSION

We find that, for target selection timing, our bimanual technique, Conductor,
outperforms RayCursor by a statistically significant margin, particularly in its
semi-automatic form. Therefore, we posit that, for target-aware selection tasks,
bimanual selection via Conductor provides faster selection with lower error
over RayCursor. We do note that in manual cases, i.e. if pointing facilitation
techniques cannot be leveraged, throughput advantages may be more mixed
as the higher speed of bimanual Conductor may be offset by a possible
increase in error rate.

One question that can be posed in any replication experiment is whether
or not our comparison was fair. We address this from two perspectives: first,
whether our implementations of RayCursor was disadvantaged in some way
compared to the implementation of Baloup et al. [7]; and second, whether
Conductor represents a valid baseline comparison versus RayCursor.

Considering the first point, alongside evaluating relative performance,
our results provide an additional opportunity to contrast our RayCursor
implementation to the original implementation of Baloup et al. [7]. The
average selection time of our implementation of RayCursor (mean = 2.79
sec) and Semi-Auto RayCursor (mean = 1.93 sec) in our study were virtually
identical (within 7oms) of the original RayCursor implementation in Baloup
et al.’s studies (mean = 2.72 sec and 1.88 sec, respectively). The error rate
of RayCursor (4.7%) and Semi-Auto RayCursor (6.5%) in our study were
slightly higher than the original study results (3.8% and 2.4%); Even though
the error rate is small in number, only 4.1 points. However, it is relatively
large: (6.5 — 2.4)/2.4 = 1.71 = 171% increase compared with the previous study.
We assume that this may be the result of higher occlusion of the targets due
to the increase in target density in our experimental configuration (recall that
RayCursor was never evaluated with fully occluded targets in the original
study).

Second, was Conductor versus RayCursor a fair comparison. We note that

there are alternative bimanual pointing techniques for virtual environments.
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Some of these techniques use enhanced visualization techniques (e.g., enlarg-
ing the targets using a lens on the non-dominant hand [133], rearranging or
distorting space in some way [30], or rearranging targets [42, 67]). These are, in
our estimation, less of a fair unimanual-bimanual contrast against RayCursor
because of the modification to the underlying scene. Many other techniques
within the literature focus on both visual search and selection by making
objects transparent [17, 125, 126], potentially slowing bimanual selection and
thus disadvantaging bimanual techniques. Essentially, we believe that our
technique represents the most direct generalization of RayCursor to biman-
ual interaction without added enhancements or complexity to advantage or
disadvantage techniques one way or the other.

Overall, if rapid targeting is desired in virtual environments (which is
the premise of our work, RayCursor, and many other proposed depth and
occlusion-resistant interaction techniques [7, 42, 104, 131]), then Conductor
can be a viable selection technique for incorporation into virtual environments.
This is not to say that Conductor should universally replace the RayCursor
technique in implementations. In some instances, for example, due to the
presence of only one controller or encumbrance during interaction of the
non-dominant hand controller, unimanual selection techniques such as Ray-
Cursor are needed. However, in many instances during target selection, the
non-dominant controller is at rest with no assigned task. In these contexts,
leveraging a bimanual technique to enhance throughput (via higher speed
and lower error) may be desirable.

Beyond an analysis of individual techniques, there is a more generalized
observation that our research results present. To the best of our knowledge,
while unimanual and bimanual targeting techniques do exist in the literature
for targeting in virtual environments, we were unable to identify studies
that contrast the performance of bimanual versus unimanual techniques.
However, performing such studies is important to the design of user interface
systems and techniques in virtual environments, because, as we note in the
introduction, if no benefit exists to bimanual techniques, then it is unclear why
one would ever consider designing a bimanual technique, i.e. if unimanual

performs at least on par, then there is no role for bimanual input.

38 FUTURE WORK AND LIMITATIONS

While our result shows that Conductor techniques outperform RayCursor

in terms of target selection tasks when bimanual input is permissible, we
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would also like to explore if Conductor could be applied to other interactions,
including placement or docking tasks in virtual environment interaction.
RayCursor, itself, has never been evaluated on these tasks, so this comparison
will further our understanding of the trade-offs of unimanual and bimanual
techniques in virtual environments.

Regarding the experiment design, we would also like to explore more
parameters, like more target sizes and densities, or factors, like target distance.
And whether there is a better algorithm could help improve the overall
performance under those conditions.

Considering limitations, we note four. First, unlike in the initial RayCursor
implementation, where touchpad-equipped controllers were used, our con-
trollers incorporated joysticks. To control for this, we piloted to ensure similar
performance, and we also contrast our implementation of RayCursor’s perfor-
mance to performance values reported by Baloup et al. [7] in their published
work. Current and previous studies” groups exhibited similar operational
times when using different devices (the difference between the two groups
was within 50ms).

Understanding the performance of both touchpad and joystick controllers
is valuable due to the fact that both are commonplace alternatives for VR
control.

Second, due to the global health context of the experiment, suitable partic-
ipants were hard to find, and some of our participants had to perform the
experiment remotely using their own equipment (note that we did ensure
identical hardware). While this is less ideal than a lab-based environment for
careful experimental control, one advantage to VR-based experimentation
is that virtual environments can be leveraged to control what is seen by
participants, and controllers have similar performance across a broad range
of contexts. While this is a potential limitation on the experimental validity
of our results, it is controlled for via our within subjects design, and the
increase in ecological validity trades off as an advantage against this potential
limitation.

Third, while not a limitation of our experiment itself, we remain somewhat
surprised that the incorporation of a depth cursor along a ray proposed by
RayCursor in Baloup et al.’s 2019 paper is novel, but we, like Baloup et al.,
cannot identify any competing references. The challenge with depth incorpora-
tion may have been the identification of an appropriate gain function to make
cursor/depth manipulation controllable, a significant challenge that Baloup
et al. effectively solved. That said, regardless of the novelty of ray-aligned
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depth manipulation, the contrast of unimanual and bimanual techniques we
present remains valuable because it highlights the complementary role that
these interactions can play in virtual environments.

Finally, some may question our use of RayCursor as a standard for com-
parison and may, instead, point to other techniques as a contrast. We chose
RayCursor because it is a recent, high-performance, unimanual selection tech-
nique optimized to handle selection in environments where target occlusion
occurs and without modification to the underlying scene. Other unimanual se-
lection techniques exist (see [3] for a review) and several bimanual techniques
continue to be proposed (e.g. [103]). We believe that contrasting new novel
bimanual techniques with unimanual equivalents or beyond will continue to

provide a valuable understanding of techniques’ strengths and weaknesses.

3.9 CONCLUSION

In this chapter, we present Conductor, a bimanual technique modification of
the RayCursor technique for target selection in virtual environments with
two variants, Manual Conductor and Semi-Automatic Conductor. Through
an initial carefully replicated experiment, we show that Conductor provides
statistically significant performance enhancements to RayCursor, a state-of-
the-art unimanual target selection technique for virtual environments. By
distributing roles across both hands, Conductor leverages the dominant
hand to control the pointing ray, while the non-dominant hand defines an
intersecting plane to determine target depth at the same time. We discussed
the future work and limitations of Conductor, and we believe that it could be
a promising technique for VR selection.

33



FLY THE MOON TO ME

Teleportation - changing the point of view in 3D space by specifying a position
- is one of the most common locomotion solutions in VR. However, it currently
lacks a mechanism to adjust the height in 3D space, and it is difficult for users
to predict the exact final view after the teleportation. Users are relocated to a
place without knowing what the final view will look like. As a result, they
often need to perform remedial interactions to achieve their ideal position,
which can be time-consuming and effort-intensive.

In this Chapter, we present Fly the Moon to Me (Locomoontion), a novel
technique that enables users to bring their destination to themselves through
object manipulation. Users first create a copy of the object they want to
approach as a preview by selecting it, then bring it to an ideal position
and direction using existing object manipulation techniques, and then snap
the original object to the preview together with the rest of the world. A
controlled experiment with 18 participants via a teleportation task reveals
that Locomoontion is more effective than the traditional Point&Teleport

technique with grabbing the world as a remedy to adjust the final positioning.

4.1 INTRODUCTION

VR is widely used in both recreational and productive domains. Locomotion
is one of the elementary interactions in VR [69], which enables users to
move in VR and interact with distant virtual objects in a large VR space. For
example, in a VR museum application, users can move between different
collections to examine them more closely. Similarly, in a virtual house viewing
application, prospective buyers can move to the windows, the sofa, or other
areas to inspect the property. Walking by feet, the most immersive [120,
122] and least discomforting [56, 82] VR locomotion technique, could be
limited by real-world space constraints, including limited tracking space and
physical blockers in the room [46, 138]. Additionally, moving to different
heights within a virtual space can be difficult when users are limited to
walking on the physical floor. For example, in a VR drawing application,

users may need to reach higher or lower areas to create large-scale paintings

34



4.1 INTRODUCTION

Direction Movement Confirm and Teleport
Other Other
Oblects Destination Obiects Destination
Object Object

Previ vgJ'created

Before Select Object Se/eCtlon 9) to the intersection )

. . of plane and ray Trigger released
and Preview Creation Trigger pressing
and joystick rotating
Other Other
Objects L Objects P
Destination Destination
Object Object @ c 1@ @ di
D = N ] <y .
S » Position Movement Cancellation
Preview created Other Ooht_::s
and snapped Objects Destination ! Destination
9 9 to the intersection Object Object
of plane and ray
Trigger pressing
T
a b 9. . | q
Preview created
and'shapped U Q

9 to the intersection 1)

of plane and ray
Trigger pressing Move two controllers to
make the intersection backward
c2 d2

Figure 4.1: Workflow of Locomoontion, a precise 3D locomotion technique in VR. a) Find the object that the user wants to
approach and point with semi-auto Conductor. b) Press the index trigger on the dominant controller to select the
object. Locomoontion will make the world semi-transparent and create a solid copy of the object as a preview of
the final teleportation view. The preview will be snapped to the red cursor on intersection of the plane on the
non-dominant controller and ray on the dominant controller, as per manual Conductor. c) Users can manipulate
the preview by c1) rotating the joystick to rotate the object or c2) moving the object in 3D space with manual
Conductor. d) To finalize, users can either d1) release the index trigger, snap the object to the preview, together with
the rest of the world, or d2) move the intersection backwards of the ray shooting direction to cancel Locomoontion.

or murals. Similarly, in VR architectural walkthroughs or games, users may
need to inspect ceiling fixtures, lofted spaces, or elevated platforms. Several
locomotion techniques have been developed to mitigate these challenges and
allow users to adjust their height above the ground safely and efficiently.
Locomotion techniques could be categorised primarily as two types of
movement: discrete and continuous [86]. The most popular discrete loco-
motion in current VR systems is teleportation [13, 18, 37, 86], which allows
users to be moved instantly after a destination is selected by pointing to
the ground. Other teleportation techniques would involve a preset location,
such as portals [34] and gates [55]. It is easy to learn and enables fast long-
distance movement, but it can be difficult to predict the user’s appearance

after teleportation. They assumed users could simply walk to their desired
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location for short-distance adjustments, but these refinement movements can
be time-consuming and potentially ergonomically problematic [137]. Such
challenges are particularly pronounced for seated users or individuals with
mobility impairments. There are precise continuous "remedy" interactions like
Point&Tug [12, 24, 80]. However, this approach may be less efficient, requiring
additional physical effort and potentially disrupting workflow. Moreover, tra-
ditional point-to-the-ground and teleportation techniques would not support
3D movement at different heights, which requires the remedy interactions to
specify the height. With continuous locomotion techniques, users could move
in the virtual environment continuously, but may experience more motion
sickness due to the mismatch of the static physical body and the moving
world. Therefore, various interactions were designed to mitigate the problem
by reducing the visual area to a small area in the centre [10] or asking users
to perform some actions such as walking in place [128], flying [88, 116, 151],
swimming [57], and cycling [35, 93]. However, they would easily introduce
fatigue, thus not being suitable for long-time use. Continuous techniques also
tend to require more time for the same locomotion task compared to discrete
techniques [137]. Our research question thus is: How to enable quick and
precise 3D discrete locomotion in VR?

In this work, we present Locomoontion, a 3D VR locomotion technique
simultaneously enabling location (xy-plane), height (z-axis), and orientation
with high precision, fast speed, and low physical effort. Instead of moving the
user to the desired position in VR, we employ a novel approach to “bring” the
destination object to the user for previewing the teleportation results - fly the
moon to me, rather than fly me to the moon. We envision this technique being
particularly useful in scenarios that require precise locomotion over visible
distances — for example, when the goal of movement is to position oneself
for an object manipulation task. The Locomoontion technique comprises the
following steps:

* Selection And Preview: Users select the target objects that they intend to
teleport toward. A copy of the object will be generated as a visual preview,

clarifying the object’s post-teleportation state.

¢ Direction And Position Adjustment: Users refine the preview’s 3D posi-
tion and orientation to align it with their desired interaction location using

Conductor, a 3D pointing technique, and direction with the joystick.
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¢ Teleportation: Once users finalize the preview’s placement, the original
object is moved to the preview’s confirmed location, followed by the rest
of the world.

Locomoontion uses Conductor to support 3D position manipulation during
teleportation. With Conductor, the dominant hand controls a pointing ray for
precise target specification, while the non-dominant hand controls a cutting
plane that simultaneously defines the target’s height and position context.
The cursor position is given by the intersection of the ray and the plane.
In this way, Locomoontion integrates height adjustment with 2D positional
control into a single unified interaction, rather than treating them as separate
sequential steps. From the perspective of bimanual theory, Locomoontion is
an asymmetric, parallel technique: the non-dominant hand sets the spatial
frame (plane + height) in parallel with the dominant hand’s precise pointing,
consistent with Guiard’s kinematic chain model [44].

To assess the performance of Locomoontion, we conducted a controlled
experiment with 18 participants to compare our technique with the most
popular point and teleport technique for teleportation tasks. We adopted a
within-subjects design involving 3 DISTANCE, 3 HEIGHT, and 4 ANGLE
conditions. The result shows that Locomoontion achieved less task completion
time for both overall (2.4 seconds faster) and among all conditions, also with

less physical fatigue.

4.2 BACKGROUND AND RELATED WORK

In Chapter 2, we discussed related work on general VR locomotion techniques.
In this section, we present a deeper exploration of the background related to
object manipulation techniques, which are used for manipulating the preview

object.

4.2.1 3D Placement

If we consider the virtual world, including the users themselves, as 3D
objects, then locomotion essentially becomes a 3D placement, or docking task.
This task involves either placing themselves somewhere within the virtual
environment or placing the entire world relative to their position, which
aligns with the underlying logic of Fly The Moon To Me. Therefore, in this

section, I will provide some background on 3D placement.
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In 3D placement, Berard et al. [9] evaluated the mouse against 3 DOF
input devices. Somewhat surprisingly, they found that the 2D computer
mouse outperformed special-purpose 3D controllers for 3D placement tasks.
One challenge with generalizing their work to virtual environments is that
they assume a user seated at a desk, interacting with 3D content. As virtual
environments — augmented realities — become increasingly embedded into
real-world environments, users often must interact with 3D content when
standing or moving.

Surprisingly, despite the significant body of past research exploring tar-
geting in 3D spaces, raycasting techniques have been rarely evaluated for
placement tasks. However, many of these techniques can be used in placement
as easily as in targeting. For example, Raycasting variants [42, 109], including
RayCursor [7], typically have some indicator of depth attached to the ray,
and this depth indicator can be freely manipulated to control position. Vir-
tual hand techniques, also support placement in a relatively straightforward
manner.

Virtual Hand techniques including Go-Go [89, 9o, 104, 137], are considered
one of the most natural solutions for manipulating the location and/or ro-
tation of a distant object in VR. The User controls a 3D cursor in VR with
controllers or bare hands and translates the offset to the cursor position. How-
ever, these techniques often require a significant amount of time, especially
for distant objects, which can lead to increased fatigue. OrthoGaze [81] allows
the gaze to manipulate the object along three orthogonal planes in VR. Yu et
al. [147] also proposed four designs for gaze-supported object manipulation
combined with hand motion. However, they won’t support depth changes
beyond the user’s hand reach. In contrast, World-In-Miniature techniques [99,
123] involve scaling the world and manipulating the world to access objects.

Some 3D selection techniques also offer potential for 3D object manipula-
tion, as they can control a cursor in 3D space, not limited to selection only.
One solution involves placing a cursor on a ray and using a controller to
control the cursor depth on the ray, for example, using a touchpad [7] or a
smartphone [109]. There are also bimanual cursor control techniques that use
a ray [61, 142] or a plane [149] on the non-dominant controller to intersect the
dominant controller’s ray and control the cursor accordingly.

There weren’t many techniques that were designed or evaluated for docking
tasks, so I would list some pointing tasks that could also be used as docking
techniques. For the techniques that attach a cursor on the ray [7, 109] would be
able to perform docking tasks. For the virtual hand style pointing technique,
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4.3 LOCOMOONTION TECHNIQUE

Go-Go [104] and its improved version [9o] allow users to remap the distance
of the virtual hand and real hand along the ray with a non-linear function
to reach further positions. Wentzel et al [137] used a Reach-Bounded Non-
Linear function to improve the user’s reach by 10% while maintaining the
body ownership. Vuibert et al evaluated the 6 DOF docking task performance
with several mid-air input techniques [133].

4.3 LOCOMOONTION TECHNIQUE
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Figure 4.2: Preview rotation algorithm (a) A collision point (red) on the ray, which
is also the cursor position. (b) Then, calculate the preview rotation Ax.
Draw a line from the centre to the collision point, and shoot another new
invisible ray from the preview centre with an angle difference of Ax from
the line. The new ray will intersect with the outline of the preview at a
new collision point. (c) Rotate the preview from the centre by Aa. The new
collision point will rotate together with the preview. (d) The new collision
point will rotate together with the preview, and then move the preview to
the position where the new collision point is at the same position as the
cursor (previous collision point).
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4.3 LOCOMOONTION TECHNIQUE

Locomoontion is a VR locomotion technique that leverages Conductor [149]
to fulfill 3D position manipulation during the process of teleportation. It
consists of the following key steps shown in Figure 4.1. Our vision is that
the preview-based teleportation workflow will help reduce the task time,
especially when reaching different heights.

Normal vector
of the plane
Ray

Facing
direction

‘~/

Figure 4.3: Cancel Algorithm: Compute the dot product between the plane’s normal
vector and the pointing ray. If the result is greater than zero, the system
enters cancellation mode.

Object Selection and Preview Creation (Figure 4.1-ab): Locomoontion
utilizes Semi-Auto Conductor to select the object the user wants to interact
with by pressing the dominant controller’s index trigger. It automatically
creates a copy of the object as a preview. As mentioned earlier, the preview
will then be attached to the red cursor, located at the first collision point of
the ray and the preview. Subsequently, the cursor, along with the preview, is
instantly snapped and attached to the intersection of the plane and the ray
for position movement.

Position Movement (Figure 4.1-c2): Once the preview and cursor are
snapped and attached to the intersection, the preview will continually follow
the intersection of the plane and ray. Users can adjust the preview’s position
using manual Conductor. The user keeps pressing the index trigger on the
dominant controller to move the copy with Manual Conductor. The copy
looks identical to the original object, while the rest of the world, including
the original object, will turn semi-transparent.

Direction Movement (Figure 4.1-c1): Users can also rotate the dominant
controller’s joystick clockwise or counterclockwise to change the direction
of the object. To activate rotation, the user needs to push the joystick to
the boundary. The user can then rotate the joystick against the boundary
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Figure 4.4: The settings of the experiment. (a) The participant is at the same height
as the blue target. (b) The participant is 1m higher than the blue target.
(c) The participant is 1m lower than the blue target. The solid blue box is
the Front (0°) condition. The semi-transparent boxes are Left (90°), Back
(180°), and Right (270°) angle conditions. Only one box would be visible
in one angle condition. The distance between the user and the object
could be 1m, 3m, or 1om. The yellow box attached to the user is 0.1m
lower than the user’s head location (VR HMD coordinate) and 0.35m in
front.

41



Object

Target
Participant 6

S

Dominant VR Controller Joystick
rotating to point at ground

a)

Object

Participant
Target

Yo

=

Press controller palm triggers
to grab the world and pan/rotate

c)

4.3 LOCOMOONTION TECHNIQUE

Object

Participant
Target

&
©

Release joystick
to teleport there

b)

Object

Participant
Target

%

<

Release controller palm triggers
when reaching the destination

d)

Figure 4.5: The implementation of the Baseline technique. The participant is going
to reach the target position. (a) The participant is rotating the joystick
to shoot a ray pointing at the ground. It would be somewhere close to
the destination. (b) The participant releases the joystick to teleport there
with the same height. (c) The participant presses the two-palm trigger on
the controller to grab and pan or rotate the world. (d) The destination is

reached.



4.3 LOCOMOONTION TECHNIQUE

clockwise or counterclockwise. Based on our pilot testing, the Control-Display
Gain (CD gain) of the joystick rotation to object rotation is set to 1/3, which
means 3 degrees of joystick rotation would lead to one degree of preview
rotation.

To keep the preview outline always snapped to the cursor, we developed an
algorithm to maintain that relationship as shown in Figure 4.2. To calculate
the rotation angle, we first define how the preview is rotated and moved
from the current frame to the next frame. In the current frame, there is a
collision point on the dominant controller’s ray, which is also the cursor
position. Then, calculate the preview rotation Ax. Draw a line from the object
centre to the collision point, and shoot another new invisible ray from the
preview centre with an angle difference of Ax from the line. The new ray
will intersect with the outline of the preview at a new collision point. Then
rotate the preview from the centre by Ax. The new collision point will rotate
together with the preview, and then move the preview to the position where
the new collision point is at the same position as the cursor (previous collision
point). To prevent jitter while pushing the joystick against the boundary, such
as accidentally leaving the boundary at a certain angle, the rotation won’t be
completed until the thumb leaves the joystick.

Confirm and Teleport (Figure 4.1-d1): The previous two steps allow users
to move and rotate the preview freely in 3D space. Once the preview is in the
desired position and direction, the user can release the dominant controller’s
index trigger to confirm. At this point, the original object that the user selected
will be relocated to the preview position and direction, along with the rest of
the world. By nature, Locomoontion can also facilitate height manipulation.
Users can simply select the ideal height, and move it lower or higher and
close to the user, given that the object is attached to the cursor.

Cancellation (Figure 4.1-d2): When users intend to stop teleportation, they
can always initiate cancellation by positioning the intersection point in a
manner that contradicts the ray shooting direction, and then release the index
trigger to confirm the cancellation. The algorithm is as follows (Figure 4.3).
It first calculates the normal vector of the plane towards the ray side; then
performs a dot product between the normal vector and the ray vector. If the
dot product is greater than zero, then it is cancelling the teleportation.
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A AR AR

Figure 4.6: Screenshot of Locomoontion technique. a) Selecting the object with Con-
ductor. b) Moving preview closer with Conductor. c) Rotating the preview
using the joystick. d) Fine-tuning the position until the yellow box is fully
inside the blue box (turn green).

4.4 EXPERIMENT

We designed a controlled experiment to evaluate the performance of Loco-
moontion by comparing it against the traditional Point&Teleport technique
with Bimanual Point&Tug as a baseline because it is the most common tele-
portation technique in current VR applications and games [40, 45, 121, 129].
We designed a 3D navigation task involving positioning a box to assess their

respective performance. We hypothesise that:

* Hzi: Locomoontion is faster than Point&Tug, since Locomoontion takes less

time for refining the position and is able to adjust height quickly.

* H2: Locomoontion requires less physical demand than Point&Tug, because

it requires less physical movement when adjusting the height.

4.4.1  Experimental Task

As shown in Figure 4.4, the task of the experiment asked users to move to
a specific place around an object with those two techniques, which mimics
the use case that they want to teleport to and interact with some part of
an object. Two distinct boxes were presented: a larger blue box around the
object to indicate the target location, and a smaller yellow box attached to the
participant to represent their respective location. Users needed to move to an
ideal location that could put the yellow box fully inside the blue box.

We selected this task to specifically highlight the refinement aspect of our
experiment. While many VR studies focus on long-distance navigation chal-
lenges [37, 86, 135] — they often overlook short-distance refinement, assuming

users can effortlessly "quickly navigate" to precise targets. However, even
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4.4 EXPERIMENT

minor positional adjustments can become time-consuming, induce ergonomic
strain [137] , or introduce usability barriers. This issue is amplified for seated
users or individuals with mobility impairments, where subtle movements

may require disproportionate physical effort or compromise accessibility.

4.4.1.1  Task Design

The task is designed to be performed in a seated position. In particular,
there would be a white box (referred to as Object) in front of the user in VR,
which mimics the object that the user may want to interact with. The white
box is 0.3m in width and depth and 2.5m in height (0.30m, 0.30m, 2.50m).
The distance between the participant and the object would be 1m, 3m, or
1om. There is also a semi-transparent blue box attached to the object, which
indicates the target position that the user needs to move to. The size of the
blue box was o0.15m in width and o.0ym in depth and height (0.15m, 0.07m,
0.0ym). The blue target could appear in four directions: front, back, left, and
right of the object, and also three heights relative to the user, which could be
1m, om, and -1m (relative to the user’s height).

The purpose of this setting is to simulate the scenario in which the user
needs to move upward, stay the same height, and move downward. There
would be a yellow box that is smaller than the blue box and always attached
to the user, and always in front of and o.1m lower than the user’s eyes. The
yellow box indicates the user’s position. The size of the yellow box is 0.05m
smaller than the blue box in width, depth, and height (0.10m, 0.02m, 0.02m),
which restricts both the location and orientation. The goal of the task is to put
the yellow box fully inside the blue box. The blue box would change from

blue to green when the yellow box is fullyy inside it.

4.4.1.2  Task Procedure

At the beginning of each trial, the white object turned transparent to allow
the user to locate where the blue box target was, since it might be behind
the white object. Participants could take as much time as they wanted to
locate the blue target. Then, participants pressed the A button on the right
controller to start the trial. Once A was pressed, the system recorded the
start time, and the white object turned solid. The participant then performed
the locomotion technique until the yellow box was fully inside the blue box.
When they finished the locomotion, the trial ended, and the completion time

was recorded.
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4.4 EXPERIMENT

4-4.2  Baseline: Point&Teleport and Bimanual Point&Tug

We chose the Point&Teleport and Bimanual Point&Tug, the most popular
3D teleportation technique, as the baseline (Figure 4.5). This combination
has been adopted by several VR applications and games in current VR
applications and games [40, 45, 121, 129]. Point&Teleport allows users to
rotate the dominant hand joystick to shoot a ray pointing at the ground.
The pointing position represents the location of the teleportation, and the
joystick direction represents the direction that the user will be facing. Once
the joystick is released, the user will be teleported to that position with the
same height. In order to refine the position and direction, users could also
use Bimanual Point&Tug technique. Users can press the two palm triggers to
grab the whole world, and pan or rotate it in any direction, which is similar

to picture manipulation on the touchscreen.

4.4.3 Participants and Apparatus

We recruited 18 participants from a local university via mailing list and word-
of-mouth, six women and 12 men, ages 22 to 35. All of the participants were
right-handed. Five of them are familiar with VR. Participants received $25
Amazon Gift card as compensation in local currency.

We developed an experiment platform with C# in Unity 3D 2021.3.27.
We use Oculus Quest 2 as the VR Headset, and the experiment platform is
running as a standalone app installed inside the Oculus Quest 2.

4.4.4 Design

We employed a within-subjects design with three primary independent vari-
ables:

e TECHNIQUE with 2 levels (Baseline, Locomoontion);

e DISTANCE with 3 levels (1m, 3m, 1om);

e HEIGHT with 3 levels (-1im, om, 1m).

And a random factor DIRECTION with 4 levels (Front (0°), Left (90°), Back
(180°), Right (270°)).

The order of TECHNIQUES was counterbalanced with a Latin square.
Participants first finished all the trials for one TECHNIQUE and then started
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4.5 PERFORMANCE

the other. Within each TECHNIQUE, DIRECTIONS were combined into
one block, which means one block would contain four trials with all four
DIRECTIONS in a random order and the same DISTANCE and HEIGHT
conditions in a block. The combination of DISTANCE and HEIGHT was also
executed in random order. Once all the conditions were performed within a
TECHNIQUE, we repeated the same sequence 2 times, thus 3 repetitions in
total.

The dependent variable of our experiment was task completion time, which
was computed from the time when participants confirmed finding the blue
box position by pressing button A in the right controller, to the time when
the locomotion technique finished and the yellow box was fully inside the
blue box.

In summary, we collected: 2 TECHNIQUES x 3 HEIGHTS x 3 DISTANCES
x 4 ANGLES x 3 REPETITIONS = 216 data points per participant.

4.4.5 Procedure

The researcher first went through the experimental procedure, making sure
that the participants understood the experiment, and then instructed the first
technique to the participants. The research took 1 block (4 trials per block) to
show how the technique works, and then the participants tried it themselves
for another 2 blocks. They had 1 repetition to practice and 3 repetitions for
the real experiment. Participants were allowed to take a break between blocks.
When they finished the first technique, they performed the same procedure
again for the second technique. After they finished all the techniques, they
were asked to complete a 21-point (0—20) NASA-TLX questionnaire and
invited to a semi-structured interview. The overall experiment took around

75 minutes for each participant.

4.5 PERFORMANCE

For each combination of participant, TECHNIQUE, DISTANCE, HEIGHT,
and ANGLE, the task completion times more than 3 standard deviations
from the mean time were excluded as outliers. In total, 40 trials (1.5%) were
removed.

To analyse the data, we used a repeated measures ANOVA with TECH-
NIQUE, DISTANCE, and HEIGHT as the independent variables, and ANGLE
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Figure 4.7: Task completion time for locomotion task. Error bars are 95% CI.

being grouped. Holm-Bonferroni corrected post-hoc pairwise t-tests were
used for further analysis. Normality was corrected using a Box-Cox trans-
form. When sphericity was violated, degrees of freedom were corrected using
Greenhouse-Geisser.

4.5.1  Task Completion Time

Figure 4.7 shows the task completion time for the overall locomotion task.
A repeated measures ANOVA indicated a significant main effect for TECH-
NIQUE on task completion time (F; 17 = 32.17, p < .0001, 72 = .38). Overall,
Locomoontion (Mean = 4652.8 ms) was faster than Baseline (Mean = 6669.3
ms).

Moreover, there were significant main effects for HEIGHT (F,34 = 17.13,
p < .0001, 7% = .03) and DISTANCE (F, 34 = 74.25, p < .0001, 72 = .11) on task
completion times as well.

Figure 4.8 shows the task completion times for different height condi-
tions, and Figure 4.9 shows the task completion times for different distance
conditions.

Post-hoc comparisons indicate that Locomoontion was significantly faster
than Baseline in all conditions for both height (Table 4.1) and distance (Ta-
ble 4.2). Locomoontion also had a stable time at around 4000 ms across

conditions.
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Figure 4.9: Task completion time for different distances. Error bars are 95% CIL.

Table 4.1: Task time (ms) for different height conditions

Height | Locomoontion (ms) | Baseline (ms)
-1m 4727.6 6684.4
om 41314 5594.6
im 5097.2 7726.2

4.5.2  Task Completion Time Over Repetitions

Looking at task time over repetitions (Figure 4.10), we notice that both tech-

niques showed a learning curve at some level. Even after one repetition of
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Table 4.2: Task completion time (ms) for different distance conditions

Distance | Locomoontion (ms) | Baseline (ms)
m 4684.6 5700.6
3m 4434.8 6156.6
10m 4838.6 8149.9
9000 ~
8000 A
2 7000 -
o
£ 6000 A Tech
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3000 T T T T
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Figure 4.10: Task completion time over repetitions. Repetition o indicates the practice
run. Error bars are 95% CI.

practicing for both techniques, the Baseline had a steeper learning curve than
Locomoontion. For Baseline, the third repetition was 1277 ms faster than the
tirst repetition; however, for Locomoontion, the difference was 625 ms. This
result suggests that Locomoontion could achieve a more stable performance
under the same amount of training than Baseline. We did not perform a
formal ANOVA on learning effects because our main interest is the overall
performance comparison, and the 95% confidence intervals already give a
clear indication of learning trends, which is sufficient for interpreting relative
stability between techniques.

In general, the results support Hi.

4.5.3 Questionnaire Results

We also analysed participants’ perceived workload using the NASA-TLX
questionnaire on a 21-point scale (the lower, the better). Figure 4.11 shows the
results, and Locomoontion (Mean = 7.00) significantly outperformed Baseline

(Mean = 11.25) in Physical Demand, which supports H2. This indicates that
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Figure 4.11: NASA-TLX results on a 21-point scale (the lower is better).

users may be less fatigued using Locomoontion to perform the teleportation
task.
While there were no significant differences for all other dimensions, the

average ratings of Locomotion were lower than those of Baseline.

4.5.4 Interview Results

All participants agreed that Locomoontion was easy to adjust the height.
Most participants found Locomoontion was faster once they got familiar with
how the technique worked and less physical movement (P1, P3, P4, P5, Py,
P9, P10, P11, P12, P13, P14, P15, P18), although it might take more time to
learn (P1, P6, P8). Some participants mentioned that Locomoontion was more
intuitive and natural, as they could see how the object was moving, and
they were controlling the object (P1, P3, Py, P12). Other participants found
that the Baseline was intuitive and easy to learn, especially those with some
experience with VR (P4, P5, P6, P10).

For direction control, participants said that the joystick controlling the
direction could be a bit challenging in Locomoontion in terms of small precise

control (P5, P8), but it got some praise for its overall performance from P4 and
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P1o. However, for Baseline, participants commented that direction was hard
to identify in far distances since the arrow was small, or when the participant
was close to the ground since the point of view was almost parallel to the
ground (P10, P12). This is an inherent limitation of Point&Teleport.

As for different distance conditions, participants reported that it was hard
to locate the teleportation position with Baseline. For example, pointing more
than once and teleportation with the first time just approached the object
closer (Py, P11). But Locomoontion performed similarly in all conditions (P7).
Motion sickness was only reported by P9, who found Baseline would lead to

minor dizziness.

4.6 DISCUSSION

In this section, we discussed several insights obtained from our design and

evaluation of the Locomoontion technique.

4.6.1  Task Time Over All Conditions.

Locomoontion interestingly performs very similarly in all conditions with
around 4 seconds to complete the task, since the distance and height did not
affect much once after selecting the object with Semi-Auto Conductor. We only
set 1m higher or lower than the user for height conditions, but Locomoontion
would likely outperform much more if the height variance is larger. We look
forward to the future usage of the technique in VR games, 3D authoring
tools, and other applications. One of the reasons why Locomoontion is faster
could be that Locomoontion has a simpler workflow compared with Baseline.
Locomoontion requires locating the position, selecting the object, rotating the
object, and moving the object, which is, in general, more continuous in the
mindset. However, Baseline needs to locate the position, select the teleporting
point, teleport and check the current place, locate the ideal position, and refine
the position with rotation or height adjustment. Teleporting and checking the

new place would cause a break in the workflow.

4.6.2  Task Time Over Repetitions.

As mentioned before, we found that Locomoontion had a smooth learning

curve compared with Baseline in terms of task completion time. We asked
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participants to get hands-on and practice one repetition that was not included
in Figure 4.10, given the fact that participants may want to explore the
technique within the practice repetition in a casual way. However, even if
we took the practice repetition data as an informal way to compare, we still
found Baseline (Mean = 8036ms) was slower than Locomoontion (Mean =
5387 ms). This result could again provide some confidence that Locomoontion
is easy enough to acquire.

4.6.3 Fine Tuning

During the experiment, we observed that participants could quickly move
the preview close to themselves but then took additional time to make fine
adjustments, especially when the direction was significantly misaligned. This
could be due to the challenging nature of the task we designed, which
required precise direction changes. We aimed for a highly accurate locomotion
technique, resulting in a high constraint: placing a 0.1m x 0.02m x 0.02m
box entirely inside a 0.15m x 0.07m x 0.07m box—just 0.05m larger along
each axis. This level of precision is more demanding than the techniques in
previous studies discussed in the "VR Locomotion in 3D" section, which may
have had less functionality than our approach.

For the baseline condition, direction changes could be easily and intuitively
accomplished with the Bimanual Point & Tug method, similar to grabbing
and rotating an object in the real world. However, rotating the joystick re-
quires precise thumb control and careful visual monitoring of the direction,
particularly given the small margin for error. Once the direction is confirmed,
participants need to adjust the preview’s position, and the threshold for how
deeply the yellow box can be placed within the blue box is significantly im-
pacted. As illustrated in Figure 4.12, when the direction deviates considerably
from the object’s orientation (right), the space available for the yellow box
inside the blue box diminishes compared to when the orientations are parallel
(left). This mechanism was intentionally designed as a penalty for directional
inaccuracy.

However, in scenarios where orientation is less restricted, we anticipate that
Locomoontion would demand less mental effort and be preferred over the
baseline. Interestingly, some participants adjusted the direction by rotating
the joystick while simultaneously modifying the position by pressing the
dominant controller’s index trigger. This strategy allowed them to avoid
restarting the entire procedure of joystick rotation, thereby completing the
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Object Object

Figure 4.12: The depth of the yellow box can be put into the blue box under dis-
tinct direction differences. If the direction varies a lot from the object
orientation, the room for the yellow box to be placed inside the blue box
(right, denoted by S2) is less than that with the parallel orientation (left,
denoted by S1) by S1 - S2 = S3.

task more quickly. This approach could be included as a tip for novice users

in future instructions.

4.6.4 Tutorial for Locomoontion.

Locomoontion and Conductor are relatively new techniques compared with
the baseline. Therefore, it is important for designers and developers to pro-
vide a systematic and intuitive tutorial system to help future users quickly
learn these techniques. For example, when introducing the Conductor tech-
nique—unfamiliar to most users—designers could display a large plane
attached to the non-dominant controller during the tutorial to illustrate how
Locomoontion works. In real-world use, this could be replaced with a smaller
plane or a simple line as a visual indicator, minimizing obstruction to the
view. Another useful tip for the tutorial is to encourage users to select at a
height similar to the destination, which enables faster vertical alignment of

objects.

4.7 LOCOMOTION, OR DOCKING TASK?

The behavior of Locomoontion is very similar to a docking task, in which
users move or rotate objects to different positions or orientations. Consider
the baseline technique, Point&Tug: the user points at the ground and then
moves there. This is essentially a docking task, where the “object” being

moved is the user themselves, relocated to the pointed location. For the “Tug”
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part, the world is treated as a single object and moved accordingly. In my
view, locomotion can be considered a special form of docking, in which users
treat themselves as an object that can be moved or rotated to obtain the
desired view. This perspective broadens the future of locomotion techniques,
as any efficient docking or pointing technique in VR has the potential to
improve locomotion by replacing the Conductor technique. In this sense,
Locomoontion becomes a "portal” that connects these two different tasks.

48 LIMITATIONS AND FUTURE WORK

We designed the Locomoontion technique with scenarios that require moving
to precise positions over visible distances in mind, such as navigating a
confined space to manipulate objects. Our experiment focused on evaluating
this process of precise movement, especially with regard to the position
refinement process. We acknowledge that Locomoontion may not be suitable
for all scenarios, and our study did not comprehensively explore possible
use case. In this section, we discuss the limitations of the technique and
experiment, and suggest directions for future work to further improve upon
it.

4.8.1  Locomoontion Technique

We identify ways in which the locomotion technique can be further optimized.

Direction Control: As mentioned in the previous section, we found that
some participants complained about the precision for direction control in
Locomoontion. The current implementation is a direct 1/3 CD gain mapping,
but the performance might be improved with other CD gain functions [16,
150]. Exploring the optimal CD gain function for joystick use is worthwhile.

Scaling Factor for Different Sizes of Object and World: Due to the limited
independent variable that could be analysed by ANOVA and total experiment
time. SCALE condition is not included in this experiment. We would also
be interested to know how Locomoontion would integrate and perform
when scaling the scene is enabled. Furthermore, the scene in the current
experiment setting contains only one object with one size. It is also worth
exploring when the scene is more complex and the ideal object size varies.

The virtual environment could be complicated, and we can only evaluate

55



48 LIMITATIONS AND FUTURE WORK

limited conditions. And we are curious about whether Locomoontion could
keep a stable performance in the other conditions.

For small and distant objects, Locomoontion might be challenging, as it
is harder to select the object. However, it is also possible to optimize it by
enlarging the collider of small objects or grouping small objects together to
make selection easier.

Valid Teleporting Location: We did not set any constraints for the object,
which means it is still possible for users to “enter” the object, which sounds
unreasonable. However, we emphasise that in our experiment, we focus on
investigating general teleportation tasks to one object, as the first attempt
of validating our new technique. Moreover, in some scenarios, like 3D edit-
ing, constraints on users” locations are not necessary when they are editing
the objects. We do acknowledge that the teleporting location constrained
by physical objects is important in some cases, such as gaming. It can be
easily resolved by adding location checking in our current implementation.
Additionally, Locomoontion requires at least one existing object in the scene
as an anchor for teleportation. In sparse environments such as open out-
door spaces, Locomoontion would be ineffective on its own due to a lack of
available anchors. In such cases, it would need to be combined with other
position-based techniques to support movement across diverse environments.

Fly The Moon Away From Me: Conductor has a high precision for close
position pointing, which makes it reliable when moving the preview from
far to close in Locomoontion technique. However, if the user wants to move
away from the object and have a bird’s-eye view of the world, the precision
might be limited. That is because when the intersection is far, the angle of
the plane and ray could be very small; thus, a minor change of the angle
or controller position would lead to a large distance difference. One way to
mitigate this issue is to remap the real plane when the plane-ray angle is
large (Figure 4.7). In addition, the Locomoontion technique assumes that the
users want to face the selected object after teleportation. This limitation may
be mitigated in dense environments, where numerous alternative anchors
are available. However, in other cases, additional refinement steps may be

required to adjust the orientation.

4.8.2  Study Design

We outline aspects of our study design that may restrict the applicability of

our results and point out avenues for future work.
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Baseline Selection: The Locomoontion technique allows for simultaneous
adjustment of location (xy-plane), height (z-axis), and orientation. To the best
of our knowledge, no other such technique exists at the time of the study. Thus,
when selecting the baseline for comparison, we had to combine and/or en-
hance existing techniques to ensure they also supported manipulation across
all three dimensions. We chose Point&Teleport and Bimanual Point&Tug
due to their widespread usage [40, 45, 121, 129]. While we believe this is a
reasonable baseline that allows us to understand the utility of object-based
teleportation techniques represented by Locomoontion, we do recognize that
other options exist. One alternative is to modify the Pointé&Teleport variant
with height adjustment outlined in [135] to allow orientation adjustment as
well. The advantage of this option is that it would be a fully discrete tele-
portation technique, the same as Locomoontion, unlike the current baseline,
which includes the continuous Point&Tug technique. On the other hand, the
shortcoming is that this technique already reserves the joystick for height
adjustment. Adding orientation control would require either overloading the
joystick (e.g., through mode switching) or utilizing another input mechanism
- both of which could significantly increase cognitive load for users. Overall,
we believe there is no single best baseline, and trade-offs must be consid-
ered. Future work could focus on comparing Locomoontion with a variety of
techniques to evaluate it more thoroughly.

Task Selection: The user study is designed to investigate the effectiveness
of Locomoontion in scenarios where locomotion is used to position oneself for
object manipulation, a type of use case often overlooked in existing locomotion
studies [37]. We chose the simple task of moving to the correct position in the
correct orientation in a space with a single object to comprehensively evaluate
the utility of Locomoontion during refinement stages, across various relative
positions to the target object. However, we acknowledge a trade-off between
thoroughly evaluating simple settings and exploring more complex scenarios
and tasks. The task we selected may effectively highlight this specific use case,
but its applicability to more complex situations remains uncertain. To fully
understand Locomoontion’s practical utility, more complex tasks — such as
navigating through a labyrinth — would be necessary; this remains an avenue
for future work.

Another point of interest is participants” perception and acceptance of ma-
nipulating certain objects, such as moving a building within an outdoor city
environment. While such interactions are possible through Locomoontion,

it remains unknown how participants would feel about this rather unortho-
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dox operation. Future work should take into account users” psychological
responses and expectations, and explore adaptations of the technique to better

align with user intuition and comfort, as needed.

4.9 CONCLUSION

We present a novel VR locomotion technique, Fly the Moon to Me (Locomoon-
tion), allowing users to select an object, create a preview of the selected object
to provide a clear understanding of the view after teleportation, and employ
Conductor to manipulate the preview with high precision. By leveraging
bimanual input, Locomoontion enables users to adjust spatial position and
height simultaneously in a single coordinated action, reducing sequential
corrections and accelerating locomotion tasks. The experiment conducted
with 18 participants demonstrated the superior performance of Locomoontion
over the traditional Point&Teleport technique. Users experienced reduced
task completion times and reported less physical fatigue, indicating a more
efficient and comfortable locomotion experience with Locomoontion.

In conclusion, Locomoontion shows promising potential to enhance loco-
motion experiences in VR, offering users the ability to navigate and interact
in the virtual environment with greater ease, precision, and comfort. Further
research and improvements on Locomoontion could open new avenues for

immersive and seamless locomotion in VR applications.
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DRUM MENU

Current VR HMDs offer limited shortcuts for rapid command access, which
often require users to navigate menus through precise visual targeting at
multiple depths. This process can be slow and distracting, particularly during
immersive gaming or productivity tasks. While marking menus have shown
effectiveness as a shortcut command access mechanism in VR [136], their
potential integration with 6 DOF controllers and 2 DOF joysticks in VR
environments remains largely unexplored.

In this project, we introduce the Drum Menu, a bimanual shortcut command
access technique derived from the idea of traditional pie menus, featuring
three input methods, designed for 4-item and 8-item layouts specifically for
VR controller command access. Users can select commands by rotating the
joystick, drawing a stroke, or pointing in different directions. Bimanual input
enables simultaneous access to two menu levels. A controlled user study
reveals that drum menus are faster than the unimanual versions for the 4-item
layout. Additionally, users prefer the bimanual joystick drum menu with
the 4-item layout given its short task time, low error rate, and low physical
movement. For the 8-item layout, stroke drum menus are found to be less

error-prone for expert users compared to the other techniques.

5.1 INTRODUCTION

Alongside the input of data or text [144], one frequent target of research
innovation is command selection [140]. Besides menus and buttons [19],
researchers have explored how best to access command shortcuts [20, 85],
how to design command gestures [110, 140], and how to leverage rehearsal
[47, 68] and cross-modal learning [48, 154] to support rich, rapid command
selection for 2D displays.

Recently, VR experiences created by HMDs have been becoming more and
more popular in various applications, including gaming and productivity
tasks. However, it presents unique challenges for command selection. Nav-
igating a menu and inputting shortcuts are two common ways that users

utilize to select commands on computing devices. Currently, most VR applica-
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Figure 5.1: Drum Menu is a bimanual rapid command access technique in VR with
three variants derived from a 2-level pie menu. a) Bimanual Joystick
Drum Menu. Users begin by rotating the joystick on the non-dominant
controller to different angles to select the first-level item, then the joystick
on the dominant controller to select the second-level item. They could
select two levels sequentially or simultaneously, which also applies to
the rest of the Drum Menus. b) Bimanual Stroke. Similar to a pen-based
marking menu, users can press a button to draw a stroke pointing to the
item in the vertical plane. Users need to access two levels with their non-
dominant controller and dominant controller. They can release the button
on the dominant controller to confirm selection. ¢) Bimanual Rotation
Drum Menu. The menu is always positioned in front of the controllers.
Users can rotate the controller upward a bit to point to the upper item or
leftward to select the left item, the same as the rest. They need to access
two levels with their non-dominant and dominant controller. There will
be a short delay between the button being pressed and the menu being
visible.

tions use menus to support command selection, which highly require visual
engagement and ray pointing [39]. They could be friendly and familiar to
novices, but become slow and disruptive for expert users and advanced use
cases [20]. Users have to spend time on finding the item and match the item
with the expected action in their mind, and a visible menu will occlude the
main content [68]. On the other hand, due to a lack of buttons on controllers,

compared with keyboards, shortcuts are rarely available for VR HMD users.

60



5.1 INTRODUCTION

With the emergence of productivity tasks on VR devices [33, 129], there is a
demand for developing rapid command selection mechanisms.

Marking Menu is a radial menu technique allowing users to select com-
mands by drawing a quick stroke pointing to the item. It supports both novice
(GUI) and expert (gestures) users with a mechanism of transitioning from
novice to expert [21]. Most of the previous marking menu techniques are
developed for 2D interfaces like desktops or tablets, with single 2D input
devices like a mouse and a touch screen. Mid-air marking menus were also
explored [39, 77, 108], but only unimanual input was discovered, and to the
best of our knowledge, expert mode performance has not been evaluated.
Furthermore, all of the VR marking menu techniques were only mapping 3
positional DOF information to 2D space [39], and compared among them.
However, most of the current VR devices come with two controllers with 3
DOF positional and 3 DOF directional information, plus additional 2D touch-
pads or joysticks. Thus, two possible avenues remain the potential to increase
efficiency: 1) fully investigate the untouched input information, including 3
DOF positional, directions, and 2D touchpad/joysticks input, and 2) leverage
asymmetric bimanual input to facilitate multi-level menu access.

To fill in the gaps exploring these avenues, in this Chapter, we introduce
Drum Menu (Figure 5.1), a bimanual rapid command access technique derived
from radial menus, tailored for VR controllers. To address the two possible
avenues mentioned above, Drum Menu explores: 1) three distinct ways to
map 3 DOF positional, 3 DOF directional, and 2D joystick input to a 2D
marking menu layout (i.e., Stroke Drum Menu, Pointing Drum Menu, and
Joystick Drum Menu), and 2) integrated with bimanual interaction. All of the
Drum Menus are using a two-level radial menu layout, which is similar to
marking menus. Joystick Drum Menu (Figure 5.1a) will use the joystick angle
to select the menu items. Stroke Drum Menu (Figure 5.1b) is similar to the
traditional marking menu, which maps the 3D position trace to a 2D stroke
on a plane parallel to the VR HMD. Pointing Drum Menu (Figure 5.1c) uses
the pitch and yaw dimensions of the controller, mapping the tilt angle of the
controller to the pointing direction to select menu items.

Drum Menu leverages bimanual interaction to support rapid two-level
command access. Each hand is associated with one level of the menu: the
non-dominant hand selects the first-level menu, while the dominant hand
selects the second-level menu. In contrast to Conductor, where the two hands
play asymmetric roles (context vs. precision), Drum Menu is designed as a

more symmetric technique, since both hands contribute equivalent actions
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by selecting menu items. Furthermore, Drum Menu supports both sequential
and parallel usage: novices typically perform the two selections sequentially
(first-level, then second-level), while experts can transition to parallel input,
selecting both levels at once. This dual mode of operation aligns with theories
of bimanual skill acquisition, where sequential asymmetric coordination can
gradually evolve into fluent parallel actions. Compared to unimanual marking
menus, which require sequential traversal of menu levels, the bimanual design
of Drum Menu has the potential to significantly reduce command selection
time once users are trained.

We conducted a controlled experiment to evaluate the performance of each
Drum Menu under a different number of items. To evaluate the benefits
of bimanual interaction, we also developed unimanual variants in the user
study, which would require users to select the two levels sequentially, just like
marking menus. We designed a command access task with a 4-item menu
layout and an 8-item layout and evaluated each technique based on the task
completion time and error rate for general performance. To better understand
each technique, we also measured total hand distance and total hand rotation,
and asymmetric time, which is the time difference between selecting the
first level and the second level for bimanual variants. We found that the
4-item layout is a better layout in terms of accuracy and speed; however, the
8-item layout performs much worse than the 4-item layout. Among those
4-item layouts, the Joystick Drum Menu represents an effective mechanism
to support shortcut command selection in immersive virtual environments,
followed by the Stroke Drum Menu. For the 8-item layout, Stroke has the
lowest error rate compared with others.

In summary, the contributions of this project include:

* A bimanual rapid command access technique, called Drum Menu, in VR
with three variants (Stroke Drum Menu, Pointing Drum Menu, and Joystick

Drum Menu) derived from a 2-level pie menu.

* An in-depth analysis of results for participants” performance among three
variants compared with the unimanual version, which further generates

design implications.
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5.2 BACKGROUND AND RELATED WORK

In Chapter 2 we have discussed bimanual interaction, and VR command
access and 2D marking menu. Here, we present a more in-depth discussion

specifically centred around rotational command selection.

5.2.1 Rotational Command Selection

Drum Menu design involves wrist rotation command selection in Rotation
variants. Wrist rotation has been explored more generally in human motor
control research, and it is known that rotational targeting rotational wrist
positions follows Fitts’s Law (confirmed initially by [26] with hand unencum-
bered and replicated by [25]). Wrist rotation has been proposed in mobile
interaction as a motion gesture to control a smartwatch [25], an interaction
leveraged by several other researchers in designing systems for interaction
within two-dimensional and three-dimensional spaces (e.g. [59, 100]. In the
domain of smartphone input, wrist rotation has been used to define a motion
gesture that can act as a gestural delimiter [110], and wrist rotation motion
gestures have been commercially adopted by Motorolla smartphones as the
MotoAction to invoke the camera app. Also, the TWuiST system [92] uses
proprioceptive displacement of a smartphone, including wrist rotation, for
smartphone-based interaction, and Crossnan et al. [25] studies the use of
wrist rotation for command selection in sitting and walking mobile contexts.
There were some work has been done on the VR menu with waist rotation
[28, 39], but they all need a CD gain factor for mapping the limited waist
rotation to 360°. That is less optimal for a rehearsal-based shortcut technique,
which would break the connection between visual and physical memory.

5.3 DRUM MENU

This section outlines the motivation and design of the Drum Menu, introduc-
ing three variants: Joystick, Stroke, and Pointing-based Drum Menus.
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5.3.1 Input Modality in VR Controllers

To make full use of the potential of VR controllers, we first analyze the main
input modalities of these controllers that can be used to facilitate command
access. Most commercial VR controllers comprise the following inputs:

* Boolean input: Button, on-touch/release event of buttons, joystick, touch-

pad, and triggers
¢ 1D input: Trigger
¢ 2D input: Joystick, touchpad
* 3D input: Position, direction

Radial menus require 2D input for angular selection and a boolean input for
confirmation. For instance, pen input relies on (x, y) coordinates to calculate
direction and pen-lift for confirmation. In VR, 2D input can come directly from
joysticks/touchpads or be derived from 3D position/tilt. Confirmation can
be triggered via buttons or by transforming 1D input (e.g., trigger pressure
level).

Based on these inputs and user intuitiveness, we designed the following

Drum Menu variants:

¢ Joystick Drum Menu: Joystick for direction + on-touch/release for con-
firmation, which is a natural way to select menu items for console or VR

games.

¢ Stroke Drum Menu: Position for direction + button for confirmation, which

is adopted from the traditional marking menu.

¢ Pointing Drum Menu: Tilt angle for direction + button for confirmation,

which is similar to ray casting in VR.

5.3.2  User Interactions with Different Drum Menu Variants

Each Drum Menu follows a similar flow (i.e., activate, select, and confirm),
but with different input modalities.

Joystick Drum Menu: 5.2a, the joystick is touched to activate the menu,
which appears after 333 ms if still being touched. The menu is attached to the
center top of the controllers, parallel to the user and vertical to the ground.
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Figure 5.2: Workflows of the three Drum Menus.

Users select items by rotating the joystick, confirming by releasing. In the real
interface (Figure 5.1a), joystick rotation will lead to the rotation of the white
bar in the corresponding controllers. The selected item will be highlighted in
yellow, which applies to the rest.

Stroke Drum Menu: As shown in Figure 5.2b, the Stroke Drum Menu is
similar to the original marking menu. A button (lower button on the controller,
A or X for Oculus controllers, applies to the Pointing Drum Menu as well)
is pressed to activate the menu, which appears after 333 ms. Users draw a
directional stroke in the air, confirmed upon button release. The menu is
displayed 10 cm in front of the controller to avoid occlusion. The stroke is
mapped to a 2D plane that is vertical to the ground and parallel to the VR
HMD.

Pointing Drum Menu: As shown in Figure 5.2c, a button is pressed to
activate the menu, which appears after 333 ms. The center of the menu is
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positioned at the same height as the controller and 10 cm in front of it. It is
positioned parallel to the HMD. The user rotates the controller in the pitch
and yaw dimensions, and a ray is cast from the controller to help visualize

the item selection. The selection is confirmed by releasing the button.

5.3.3 Novice and Expert Modes for Bimanual Drum Menus

All Drum Menus support novice and expert modes, differing in activation,
selection, and display.

Bimanual novice mode: Users activate the first-level menu on the non-
dominant controller. After 333 ms, the radial menu appears, and selection
leads to the second-level menu on the dominant controller. The final command
is confirmed upon selecting an item from this second-level menu.

Bimanual expert mode: A user activates the first-level menu on the non-
dominant hand controller and quickly performs the same actions as in novice
mode within a short period, without the menu appearing. The second-level
menu is set up in real time based on the first-level selection, without explicitly
confirming the first-level selection. The user then activates the second-level
menu on the dominant hand controller and quickly selects an item without
the menu appearing.

Users can also perform two actions simultaneously, which is even faster.
We define simultaneous as the gap between the confirmation of two hands is
less than 50oms, which also covers the case where the second-level menu is

selected faster than the first-level menu shortly, as they operate independently.

5.4 EXPERIMENT
We conducted an experiment to compare the performance of the three Drum

Menu techniques as well as their unimanual version in two different layouts

(4-item and 8-item).

5.4.1 Participants and Apparatus
We recruited 12 right-handed participants, ages 23 to 31, 6 women and 6 men.

Participants were recruited from a local university and a local community

via mailing lists. They received $20 e-gift card for their time and effort. This
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Figure 5.3: 8-item layout for Drum Menus.

study was conducted both in person and remotely. The experimental software

was run on Oculus Quest 2 with Unity game engine version 2019.4.40f.

5.4.2 Procedure

Each participant first identified their dominant hand and then watched an
instructional video detailing the technique. Once they understood the tech-
nique, they began a practice block with 8 trials, either in the 8-item layout
or the 4-item layout. Each trial started with two arrow prompts (Figure 5.4
a) indicating the correct directions: the left arrow corresponded to the first
level, and the right arrow corresponded to the second level. We avoided using
word prompts to minimize the learning effect and focus on expert-level per-
formance, as our goal was to use the marking menu as a shortcut mechanism
in VR. Since all techniques were radial menus, using the same prompts was a
fair approach across all techniques.

Participants then selected the item corresponding to the prompt. After each
selection, feedback appeared in the air: a green checkmark for a correct selec-
tion or a red "x" for an incorrect one. Incorrect selections required participants
to repeat the trial until they achieved the correct response.

Upon completing the practice block, participants advanced to the main
experiment, which included 2 blocks of 16 trials each. Breaks were permitted
between blocks. After finishing all trials for a specific menu condition and
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Figure 5.4: Task workflow: a) Two arrow appear in mid-air; b) Participant selects
target item; (c) Selection confirmation.

layout, participants completed a questionnaire before transitioning to the
next layout. Once both layouts were completed, they proceeded to the next
technique. After testing all techniques, the researcher conducted a semi-
structured interview with the participants, inquiring about their experiences
with each technique across different layouts. They were also asked about their
favourite using different numbers of hands and layouts.

Each study session lasted approximately 1 hour, including breaks.

5.4.3 Experimental Design

We adopted a within-subjects design with two independent variables:

¢ TECHNIQUE (6 levels: Bimanual-Joystick, Bimanual-Stroke, Bimanual-
Rotation, Unimanual-Joystick, Unimanual-Stroke, Unimanual-Rotation),

e LAYOUT (2 levels: 4-item, 8-item) (see Figures 5.1 and 5.3).

Combinations of these factors are abbreviated as 4-Bi-Joy, 8-Uni-Str, etc. Trial

sequences were counterbalanced via a Latin square.
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Stimuli Selection: For the 4-item layout, all 16 possible items (4 directions
x 4 sub-directions) were used. For the 8-item layout, following Kurtenbach’s
marking menu paradigm [68], we selected 16 items evenly distributed across
on-axis (Up, Down, Left, Right) and off-axis (UpLeft, UpRight, DownLeft,
DownRight) directions. Four items were randomly chosen from each of
four category combinations (on-on, on-off, off-on, off-off), ensuring equal
representation across techniques.

Data Collection: Each participant completed 6 (Techniques) x 2 (Layouts)
x 2 (Blocks) x 16 (Trials) = 384 trials.

Dependent Variables: We used the following measures in our study.

* Task Completion Time: Duration from prompt appearance to selection confir-

mation.
* Error Rate: Percentage of trials with more than one incorrect selection.

o Total Hand Movement Distance: Cumulative translation distance of both

controllers.
¢ Total Hand Rotation Angle: Aggregate rotation angle of both hands.

* Bimanual Asynchronize Time: Temporal gap between first and second level
confirmations in bimanual conditions. It could give us an idea if the
participants are using the bimanual drum menu synchronously or asyn-

chronously.

* Preference: Participants’ favourite technique under different numbers of

items and layouts.

Additionally, subjective workload was assessed through the NASA-TLX ques-
tionnaire, providing six subscale scores: Mental Demand, Physical Demand,

Temporal Demand, Performance, Effort, and Frustration.

5.5 PERFORMANCE

For each combination of TECHNIQUE and Layour, task completion times more
than 3 standard deviations from the mean time were excluded as outliers. In
total, 68 trials (1.4%) were removed.

In the analysis below, a TECENIQUE X LAyout Repeated Measure two-way
ANOVA with combined TECHNIQUE x Lavyout Tukey HSD post hoc tests
was used, unless noted otherwise. Normality was corrected using a Box-

Cox transform. When the assumption of sphericity was violated, degrees of
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Figure 5.6: Task completion time for 8-item layout.

freedom were corrected using Greenhouse-Geisser (¢ < 0.75) or Huynh-Feldt
(e > 0.75).

5.5.1 Task Completion Time

In general, there was a significant main effect for TECHNIQUE on task com-
pletion time (F555 = 5.04, p < .001, 2 = 0.10), LaYout (F; 11 = 36.85, p < .0001,
% = 0.39) and TECHNIQUE X LAYOUT (Fs55 = 11.99, p < .0001, 7% = 0.17).
Figure 5.5 shows the task completion time for the 4-item layout (significance
stars are omitted to maintain figure readability). A post hoc test revealed
that Bimanual variants were faster than their Unimanual variants. Bimanual
Joystick (M =947.8 ms) and Bimanual Stroke (M =1034.1 ms) were among the
fastest techniques, with no significant difference between them. This could be
because the 4-item layout provided enough space for users to select each item,
and bimanual interaction allowed users to choose items in parallel without

waiting to select the first level.
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Figure 5.7: Error rate for 4-item layout.

Figure 5.6 shows the task completion time for the 8-item layout. A post
hoc test revealed that only for Pointing technique Bimanual variants were
slower than the Unimanual variants. Bimanual Stroke (M =1322.2 ms) and
Unimanual Stroke (M = 1359.8 ms) were the fastest ones. That could be mainly
because the angle of each item is too small, which makes the users feel less
confident in selecting without a visual search. However, if users draw the
stroke long enough, they can still select accurately eyes-free, which turned

out to be faster than the other variants.

5.5.2  Error Rate

In general, there was a significant main effect for TECHNIQUE on error rate
(Fs55 = 5.05, p < .0001, 72 = 0.15), LAYOUT (Fy 11 = 42.62, p < .001, 72 = 0.30).
Figure 5.7 shows the error rate for the 4-item layout. All of them are less
than o0.1. A post hoc test revealed that no significant error rate difference was
found among all techniques. Figure 5.8 shows the error rate for the 8-item
layout. A post hoc test revealed that Stroke variants had the lowest error rate
(0.14 for Bimanual, 0.078 for unimanual). The rest are all around or higher
than o.2. The same reason as observed in task completion time: if the stroke
drawn is long enough, users can still select accurately without the menu

showing up.

5.5.3 Total Hand Movement Distance
Total hand movement distance represents the movement of both hands from

the prompt time to the final selection, which would impact users’ physical

fatigue. In general, there was a significant main effect for TECHNIQUE on
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Figure 5.9: Total Hand Movement Distance for 4-item layout.

total hand movement distance (Fss5 = 39.67, p < .0001, 72 = 0.69), LaYouT
(Fi11 = 1441, p < .0001, 2 = 0.03).

Figure 5.9 shows the total hand movement distance for the 4-item layout.
A post hoc test revealed that Joystick variants (M = 0.048 m for Bimanual,
M = 0.05 m for Unimanual) required the least hand movement. Pointing
variants (M =0.25 m for Bimanual, M=0.32 m for Unimanual) required more
distance. Stroke variants (M =0.42 m for Bimanual, M=0.83 m for Unimanual)
moved the most. For the latter two variants, bimanual required less movement
than unimanual variants.

Figure 5.10 shows the total hand movement distance for the 8-item layout,
which is similar to the 4-item layout. A post hoc test revealed that Joystick
variants (M=0.076 m for Bimanual, M=0.058 m for Unimanual) required the
least hand movement. Pointing variants (M =0.33 m for Bimanual, Mm=0.34
m for Unimanual) required more distance. Stroke variants (M = 0.52 m for

Bimanual, M=0.60 m for Unimanual) moved the most.
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Figure 5.10: Total Hand Movement Distance for 8-item layout.
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Figure 5.11: Total Hand Rotation Angle for 4-item layout.

5.5.4 Total Hand Rotation Angle

The Total Hand Rotation Angle refers to the degree of hand movement from
the initial prompt to the final selection, which can influence users’ physical
fatigue.In general, there was a significant main effect for TECHNIQUE on total
hand rotation angle (Fs5s5 = 38.96, p < .0001, 72 = 0.60).

Figure 5.11 shows the total hand rotation angle for the 4-item layout. A
post hoc test revealed that Joystick variants (M = 35.1 degree for Bimanual,
M = 36.3 degree for Unimanual) required the least hand rotation. Stroke
variants (M =126.98 degree for Bimanual, m=170.19 degree for Unimanual)
required more rotation. Pointing variants (M = 166.92 degree for Bimanual,
M =199.20 degree for Unimanual) rotated the most.

Figure 5.12 shows the total hand rotation angle for the 8-item layout. A
post hoc test revealed that Joystick variants (M =34.15 degree for Bimanual,
M = 34.58 degree for Unimanual) required the least hand rotation. Stroke
variants (M= 143.67 degree for Bimanual, m=182.43 degree for Unimanual)
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Figure 5.12: Total Hand Rotation Angle for 8-item layout.

Asynchronize Time Diff (msec)

<
& g,'\'\o\‘ & ’Q,‘\s&

Layout x Tech

N
o

Figure 5.13: Asynchronize Time for 8-item layout. It represents how later the second
level is confirmed than the first level.

required more rotation. Pointing variants (M = 193.79 degree for Bimanual,

M = 182.43 degree for Unimanual) rotated the most.

5.5.5 Asynchronize Time

Asynchronize Time refers to the delay between confirming the first level
and confirming the second level in bimanual drum menus. The confirmation
timestamp is recorded as the moment the final item is selected. This metric
provides insight into whether participants are using the bimanual drum menu
synchronously or asynchronously. In general, there was a significant main
effect for LAYouT on asynchronize time (F; 11 = 5.68, p < .05, 17%; = 0.09).

For the g4-item layout, a post hoc test revealed that there is no difference
among the three Bimanual techniques. The second level was slightly slower
than the first level, but almost at the same time. Figure 5.13 shows asynchro-
nize time for for 8-item layout. A post hoc test revealed that Bimanual Joystick
had a significantly longer asynchronize time than the others, which means

the second-level confirmation time is slower.
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Figure 5.14: NASA-TLX Results.

5.5.6 NASA-TLX Questionnaire

We used Raw NASA-TLX to assess the perceived workload of the techniques
from participants on a 7-point scale. Due to the number of techniques and
questions in NASA-TLX, we highlight some key findings in the following. As
shown in Figure 5.14, in general, the 4-item layout outperformed the 8-item
layout. Moreover, 8-item Bimanual Pointing has significantly higher mental
and physical demands than the others. That is mainly because the outward
off-axis directions (down-left for left hand, down-right for right hand) were
physically harder to reach, which requires more movement and focus to locate.
Temporal pressures were similar across different conditions. For performance
and effort questions, 8-item Bimanual Joystick and 8-item Bimanual Pointing

had the lowest score. For frustration, the differences were not significant.
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Table 5.1: User preferences for different techniques under NumberOfHand and Lay-
out.

Joystick Stroke Pointing

Unimanual-4Item 11 1 0
Bimanual-4Item 10 2 0
Unimanual-8Item 2 10 0
Bimanual-8Item 3 9 0

5.5.7 Preference Ranking

Table 5.1 shows that Joystick is preferred for the 4-item layout due to less
physical movement, less task completion time, and less error rate. While
Stroke is favored for the 8-item layout mainly because of its lower error rate
compared with other techniques, even though it requires more movement
than Joystick. Pointing is not preferred by any participants. It aligned with
the results of Task Completion Time and Error Rate.

5.6 GENERAL DISCUSSION

5.6.1  Design Implications

In the following, we extend the discussion on the differences between many
key factors characterizing the Drum Menu techniques. We derived these
implications by coordinating our quantitative results with the interviews with

the participants, as well as our observations during the study.

5.6.1.1 4-item v.s. 8-item layout

The quantitative results reveal the 8-item layout had a higher task completion
time and error rate than the 4-item layouts. All participants reported that
the 8-item layout was very difficult to select without carefully looking at
the menu. One reason is that having more items reduces the range of each
item, leading users to accidentally select neighbouring items. Participants
also reported that off-axis items (UpLeft, UpRight, DownLeft, DownRight)
were harder to select than on-axis items. They thought they were moving to a
safe angle to select the off-axis items, but often ended up selecting the on-axis
items instead. Due to the high error rate, participants had to activate the menu

and visually locate the item, which resulted in less confidence and longer task
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completion times. Only the Stroke variants were slightly better in terms of
error rate. It was primarily because it allowed a larger movement range than
the others. When participants moved their hands further, it was easier for
them to locate the correct angle without accidentally selecting nearby items.
“Moving further (using the Stroke Drum Menu) makes me feel more confident
to select the correct range even without looking at the menu. For the others, I
have to look at the menu.” (P5) But the error rate was still high compared to
the 4-item layout.

5.6.1.2 Bimanual v.s. Unimanual

Given that our goal is to explore the potential of the marking menu as a
shortcut, we focused more on the 4-item layout. For this layout, the bimanual
variants were consistently faster than the unimanual variants, with no sig-
nificant difference in error rates. Most participants preferred the bimanual
approach, as it allowed them to access two levels simultaneously, saving time.
One participant (P10) noted that the combined effort of two hands performing
individual actions was less demanding than one hand performing two actions.
However, 3 participants (P6, Pg, P1o)mentioned that the bimanual variants
required extra mental effort to coordinate both hands. “I know I can select

together, but sometimes it’s hard for me to coordinate two hands together.”
(P6)

5.6.1.3 Joystick v.s. Stroke. v.s. Pointing

In general, the Joystick and Stroke variants were the most favored. The
quantitative results also revealed a similar result, as Joystick had a shorter
task completion time and Stroke had a lower error rate. Participants found it
challenging to rotate to downward angles or outward angles (e.g., pointing
right for the right hand, pointing left for the left hand), which required
greater physical effort. Remapping the angles to more comfortable positions
could possibly mitigate this issue. The Joystick was preferred for the 4-item
layout due to its minimal physical demand (11 out of 12 participants for
unimanual, 10 out of 12 for bimanual). However, the joystick may experience
jitter issues upon release, as it can bounce back or shift angles if released too
quickly. This can be mitigated by ensuring selection only occurs while the
joystick is being touched or requiring it to be pushed beyond a minimum
threshold. However, in practice, hardware signal inaccuracies or latency may

prevent this logic from completely eliminating the jitter issue. Additionally,
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the buttons themselves should also be taken into consideration, since there
are only limited buttons in VR controllers and might also be occupied by
other functionalities, like teleporting, which limits their use case. Stroke was
preferred in the 8-item layout because of its lower error rate (10 out of 12
participants for unimanual, 9 out of 12 for bimanual), as discussed in the

previous section regarding the 4-item v.s. 8-item layout.

5.6.1.4 Design Recommendation

In comparison to the existing desktop marking menus [6, 68, 152, 153], a key
advantage of the Drum Menu lies in its support for bimanual input, enabling
users to access commands across two levels simultaneously. Given the result,
bimanual input helps users access commands faster.

As a conclusion of the discussion above, for shortcut purposes, we recom-
mend the g-item layout with the Bimanual Joystick Drum Menu due to its
short task completion time and lower physical effort. In real-world applica-
tions, the joystick is [38] still a common way to activate pie menus. But if
joysticks have been used by other functions, Stroke variants could also be a
good choice.

When an 8-item layout is required to accommodate a larger command set,
we recommend either the Bimanual or Unimanual Stroke Drum Menu. These
variants provide the necessary flexibility to handle more commands while
maintaining reasonable usability. However, it is important to note that the
increased complexity of an 8-item layout may demand a higher level of visual
engagement from users, as they may need to rely more on visual feedback
to accurately select the desired command. This trade-off between command
density and user attention should be carefully evaluated based on the specific
context of use. This study primarily focuses on evaluating expert-level com-
mand selection time, which provides valuable insights into the efficiency of
the proposed techniques. However, it is important to recognize that increasing
the number of menu items may introduce additional challenges, such as
memorization issues [152].

We recommend that designers carefully evaluate the complexity of the task
and the cognitive load imposed on users when selecting an appropriate layout.
For simpler tasks or applications with a limited command set — for example,
a customized shortcut menu containing 16 commands — a 4-item layout
may offer an optimal balance between efficiency and usability, minimizing

the need for extensive memorization while maintaining fast selection times.
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On the other hand, for more complex tasks requiring a larger command set,
an 8-item layout might be justified, but designers should consider imple-
menting additional visual cues, progressive disclosure techniques, or training
mechanisms to support user learning and retention.

Ultimately, the choice of layout should align with the specific requirements
of the application, the frequency of use, and the expected user expertise.
Designers should also consider conducting user studies to assess memorability
and error rates across different layouts, ensuring that the chosen design not
only supports expert-level performance but also accommodates the needs of
all users, regardless of their familiarity with the system. This holistic approach
will help create more intuitive and effective interaction designs that enhance

the overall user experience.

5.6.2 Limitations and Future Work

In our study, we used arrows as prompts to reduce the learning effect and
minimize experiment time. However, this approach only measured perfor-
mance in a scenario where all menu locations were fully memorized. As a
result, we could not assess how the learning effect would manifest for users
who gradually familiarize themselves with the Drum Menus over time. This
limitation restricts our ability to generalize the findings to real-world usage,
where users may not have prior knowledge of all item locations. Future
studies should investigate the learning curve associated with Drum Menus,
exploring how performance evolves as users become more proficient with
both unimanual and bimanual input methods in various menu layouts.

Moreover, we discovered some 6-item layout marking menus. We did not in-
clude this in our experiment because there were already too many conditions.
However, a 6-item layout may still be worth exploring, given the significant
performance gap between the 4-item and 8-item layouts. Participants could
consistently perform expert behavior for the 4-item layout but not for the
8-item layout due to the high error rate and the resulting lack of confidence.
We are curious about how the 6-item layout would perform for each Drum
Menu variant.

Third, we only tested with the two-level menu. However, a three-level menu
was also explored in the past [153]. Since the 4-Item layout only contains
4 X 4 = 16 items in total, the three-level menu could expand this to 4 X 4
X 4 = 64 items. However, the interaction design may need adjustment, and

memorability should also be taken into consideration.
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Lastly, in this study, we did not investigate the experience of transit. More
studies may be needed to further examine how users who are already famil-
iar with the unimanual menu would transition the experience to bimanual
variants. It could be faster because of the existing knowledge, or slower due
to the inertia. We would like to start with the unimanual Drum Menu and
then switch to the bimanual Drum Menu and compare the performance.
Additionally, we only recruited 12 participants in the experiment. Although
we reported the effect sizes, most of which are considered large (17% > 0.14)
[23], the findings could be further strengthened by additional future studies.

5.7 CONCLUSION

In this chapter, we present the Drum menu, which combines two-level menu
selection through the coordinated use of both hands. We investigate three
different ways to invoke the marking menu including Joystick, Stoke, and
Pointing. Unimanual and bimanual variants were also compared. We tested
their performance against two layouts, the 4-item layout and the 8-item layout.
In general, we recommend the Bimanual Joystick variant with the 4-item
layout as the shortcut mechanism in VR due to its short task completion time,

low error rate, and low physical movement.
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CONCLUSION

In conclusion, while unimanual input is the predominant choice in VR sys-
tems with HMDs, those interactions could be accelerated by executing them
with two hands together. Leveraging the simultaneous capabilities of both
hands, bimanual input expands the interaction dimension, complementing
existing unimanual methods for elementary interactions such as 3D pointing,

locomotion, and command access.

6.1 WHEN SHOULD WE CONSIDER BIMANUAL INPUT?

The three projects demonstrate the potential of bimanual input to improve
interaction efficiency. At the same time, it is important to consider the best
use cases for bimanual input and its trade-offs compared to unimanual input.
Bimanual input can accelerate interactions by allowing an additional input
dimension to execute another step simultaneously. However, it may come
with a higher learning curve, as it requires coordinating both hands. Users
must think about the sequence and timing of actions for each hand. This is
similar to learning the violin: teachers often have students practice the left
hand for fingering and the right hand for bowing separately. Once sufficient
muscle memory is developed, the student can perform the piece harmo-
niously. Therefore, designers should treat bimanual input as an advanced
interaction technique. It is ideal for users who need higher efficiency, while
unimanual input may be easier for beginners to pick up. Additionally, the
coordination challenge of bimanual input can be framed as a feature, ap-
pealing to users—such as gamers—who enjoy mastering difficult, skill-based

interactions.

6.2 FUTURE RESEARCH
I outline future research opportunities, offering preliminary ideas for their

design, technical implementation, and user studies to explore how people

perceive the proposed interaction techniques.
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Remapped Plane ~_ p/~.. = < —-—--_ /

Figure 6.1: Remapping the plane to mitigate the far distance imprecision issue. The
plane with a dashed line is the real plane with a small plane-ray angle
«. The plane with a solid line is the remapped visible plane with a large

plane-ray S.

6.2.1 Improve Conductor Performance Under Long Distance

In Chapter 3, the maximum distance evaluated was 10 m. However, VR
spaces are theoretically unbounded. This implies that the conductor’s effective
range could also be unlimited (i.e., when the plane and the ray are parallel).
Nevertheless, precision tends to degrade at longer distances. For instance,
if the user’s hands are 0.5 m apart and the angle between them is 1°, the
intersection point lies approximately 14.3 m away. A slight reduction of
just 0.5°—a small, natural jitter—can shift the intersection to 28.7 m. This
sensitivity raises a key question: how can we mitigate such instability?

One practical approach is to be less ambitious with range. Although VR
environments have no physical bounds, users typically interact with objects
that are within close proximity—just like in the real world. Therefore, it is
reasonable to trade some range for greater control precision. A potential
solution involves remapping the interaction plane when the angle between
the plane and ray becomes too small (Figure 6.1). Crucially, by keeping the
ray fixed and only adjusting the plane, we affect only one dimension of
the cursor’s movement (i.e., its distance along the ray). This preserves more

intuitive control compared to altering the ray itself.

6.2.2  Involve more body parts

Although the theme of this thesis is bimanual interaction, the ultimate goal is

to use the non-dominant hand to support and facilitate the dominant hand.
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But can we involve additional body parts beyond the non-dominant hand
to introduce new dimensions of input? For example, Wagner et al. [134]
explored the use of gaze as an additional input in a VR selection task—using
eye gaze for pointing and the dominant hand to control distance. I believe
other body parts, such as head movement or feet, could also be integrated
to work simultaneously with the dominant hand. So far, only interactions
involving two body parts were primarily discussed. But what if more than
two are used? Imagine gaze and both hands working in concert—something
that already feels intuitive in everyday life. Typing, which I'm doing right now,
is a good example: both hands press the keyboard while the eyes monitor
the screen to ensure accuracy. Playing the piano takes this even further,
incorporating the feet to control the soft pedal. These naturally coordinated
actions in everyday tasks suggest rich, underexplored potential for multi-part

interaction in virtual environments.

6.2.3 Involve fewer body parts

While I have discussed the possibility of incorporating more body parts, it
is also worth considering the opposite: reducing the number of body parts
involved. Can we accomplish the task using only one hand by enhancing
its expressiveness? When I talk about using one hand, I refer to the palm,
the back of the hand, the five fingers, and potentially the forearm. If you're
a Marvel fan like me, you will recall how Iron Man equips his hands with
beams from the palms, missiles from the back of the hand, and plasma
torches from the fingers. With the increasing capabilities of hand-tracking
technology in modern VR HMDs, it is worth exploring how a single hand,
through its dexterity, can perform tasks traditionally requiring two hands. For
instance, Bird [117] investigated one-handed pointing in 3D environments by
determining depth through the hand’s opening size. These explorations open
new possibilities for simplifying interaction design while maintaining rich

expressiveness and control.

6.2.4 Bimanual Haptics
So far, I have primarily discussed input into the virtual environment. How-

ever, hands are not only input tools—they are also vital sensory organs for
perceiving the physical world. For example, Haptic Links [124] explored
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electro-mechanical connectors that physically link two VR controllers to
provide dynamic and controllable stiffness and force feedback. Another ap-
proach is pseudo-haptics [73, 111], which creates a sensation of force feedback
through a mismatch between the real hand and the visual representation
of the virtual hand. For instance, if a virtual object held in the hand moves
less than the actual hand, users perceive it as heavy. In bimanual interaction,
holding a heavy object with both hands typically feels lighter than holding
it with one, and the weight distribution across the object can further affect
the perceived force in each hand. If the left side of the object is heavier, the
left hand should feel more load than the right. Understanding and simu-
lating these tactile perceptions can significantly enhance the realism and

intuitiveness of bimanual interactions in virtual environments.

6.3 FINAL WORD

The inspiration for this thesis stemmed from a simple yet profound ob-
servation: the human body is naturally adept at coordinated bimanual ac-
tions—something I see in everyday tasks like typing, playing musical instru-
ments, or even tying shoelaces. Yet, much of our interaction with virtual
environments continues to rely predominantly on one hand, leaving a vast
reservoir of potential untapped. This work has been a journey toward unlock-
ing that potential within the domain of VR.

Through the development of Conductor, Fly the Moon to Me, and Drum
Menu, this thesis explored how simultaneous bimanual interaction can sim-
plify and accelerate fundamental tasks like pointing, navigating, and accessing
commands in 3D spaces. Each project demonstrated that by rethinking the
assumptions of sequential, unimanual interaction, we can create more fluid,
intuitive, and efficient user experiences.

Of course, bimanual input is not a panacea—it introduces its own de-
sign challenges and cognitive load considerations. However, this work has
shown that when applied thoughtfully, bimanual techniques can significantly
enhance the usability of immersive environments. More importantly, these
contributions lay the groundwork for future exploration of richer input mod-
els—those that integrate multiple limbs, senses, and even modalities, such as
gaze or voice, into a cohesive interaction framework.

As VR technologies continue to evolve and find their way into more aspects
of daily life, the insights and design approaches from this thesis aim to inspire

new ways of thinking about interaction, not just as a technical necessity, but
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as a deeply human activity. My hope is that this work encourages others to

look beyond convention, to experiment boldly, and to continue pushing the

boundaries of what is possible in immersive interaction.
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ENCORE: WHY CONCERT?

As this thesis reaches its final note, one may ask: why is it named Concert?
The answer resonates in its very architecture (see Figure 7.1). Conductor
represents the musician, Fly the Moon to Me embodies the musical piece,
and Drum Menu serves as the instrument. Together, these works reflect
the core elements of a concert: musician, piece, and instrument—united
in expressive harmony. Just as the Performance sections within each work
measured its execution, so too does this thesis—as a whole—perform its
central theme: exploring the harmonious potential of virtual experiences
shaped by our two hands.

Thank you, my wonderful reader—or audience—for attending this perfor-

mance. May the echoes of this concert linger with you.

Conductor: Musician Fly The Moon To Me: Piece Drum Menu: Instrument

Concert: Performance

Figure 7.1: The Concert (the performance) is composed of three projects: Conductor
(the musician), Fly the Moon to Me (the piece), and Drum Menu (the
instrument).
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