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ABSTRACT

Object selection and manipulation are fundamental to interacting with objects in Virtual Reality
(VR) systems. Existing object selection and manipulation techniques in VR are primarily based
on mid-air interaction with virtual hands or ray pointers. They are simple and intuitive but are
often criticized in the literature for being imprecise, ine Lcieht, and cumbersome. Speci [cally,
these techniques are insu Lcieht for complex VR interaction scenarios that contain small,
distant, and occluded targets and require e Lcieht, precise, versatile, and prolonged operations.

This thesis presents occlusion visualization techniques, integration strategies of complementary
modalities of gaze and body surfaces, and predictive systems based on target prediction models
to enhance virtual hands and ray pointers for complex VR interactions. Findings from a series
of user studies demonstrated that the proposed solutions could select and manipulate small,
distant, and occluded targets in an e [edtive, e [cieht, comfortable, and satisfying manner.
Overall, our technical solutions and [ndings can inform the future design of more usable and
useful 3D user interfaces for VR systems.
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Chapter 1
INTRODUCTION

Object selection and manipulation are indispensable for interacting with virtual objects in
Virtual Reality (VR) headsetd B 21]. Users perform selections to identify the target of interest
and execute manipulations, including translation, rotation, and scaling, to further transform the
target into a desired con guration. Compared to desktop- or tablet-based systems, interacting
with VR headsets fundamentally di ers because users are fully immersed in a 3D digital
space with co-located virtual objects. They can observe a target from di erent angles, touch,
grab, point, pull, push, and even squeeze the object. Because of this signi cant di erence in
experiencing the 3D world, VR technology requires unprecedented, new ways of interaction.

Fig. 1. Le: A user is grabbing a blue cube through Virtual HandHiand Physics LalRight: A user is
pointing at a virtual goggle through Raycasting ixirtual Virtual Reality

Historically, there are two seminal selection and manipulation techniques that both leverage
mid-air gestures and movements for input: Virtual Hand and Raycasti@ (see Figure 1).
Virtual Hand creates a virtual replica of users' physical hands in the VR space, and the user
can use the virtual hands to grab and manipulate virtual objects. Raycasting emanates a virtual
ray into the environment from (typically) the physical hand position, and the user can control
the ray to point and interact with objects. These techniques are simple, straightforward, and
intuitive for 3D interaction and have been employed in many o -the-shelf applications.

However, the literature has also pointed out known usability issues with these techniques.
Performing actions in 3D space is inherently di cult§2 64. Simple mid-air interaction
techniques such as Virtual Hand and Raycasting can be imprecise and ine cient in completing
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Chapter 1 - INTRODUCTION

a 3D interaction task’, 83, especially when users cannot feel the physical properties (e.qg.,
shapes, textures, weights) of virtual objects. Furthermore, the Heisenberg e ect where inputs
such as a button click could disturb the position of the input device and result in a di erent
selection point [L89 also plague these techniques. Additionally, it can be cumbersome to
use Virtual Hand and Raycasting for a prolonged period because of the gorilla arm e ect a
feeling of heaviness in the arm [16, 63].

Meanwhile, VR interaction scenarios can be complex because of the added depth dimension.
For example, VR application scenarios such as immersive data analyfids medical train-

ing [143, and interior design g may involve complicated visualizations (see Figure 2 left).
Therefore, targeted objects of interest can be small, distant, o -screen, and even fully occluded.
It is di cult to acquire and manipulate such targets with Virtual Hand and Raycasting. In
other application scenarios like 3D modellingT], the task may require interaction techniques

that are e cient, precise, versatile, and comfortable for prolonged usage (see Figure 2 right).
While Virtual Hand and Raycasting may work ne for generic interactions with unoccluded,
properly-sized buttons, menus, and virtual objects, they may not be su cient for these more
complex applications because of the aforementioned usability issues.

Fig. 2. Le : Animmersive data analytics scenario¥irtualiticsthat involves selecting and manipulating
small, distant, and occluded targets. Right: A 3D modeling scenariGiavity Sketclhat requires
precise, versatile, and prolonged operations in VR.

1.1 Research estion

To summarize what we have discussed so far: Virtual Hand and Raycasting, which are the
most prevalent mid-air techniques for object selection and manipulation in VR, have limited
capability in dealing with more complex application scenarios that contain small, distant,
and occluded targets and require e cient, precise, versatile, and prolonged operations. This
challenge motivated the following overarching research questiB®j in this thesis.
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Chapter 1 - INTRODUCTION

RQ. How to enhance Virtual Hand and Raycasting for target selection and manipulation
in complex VR interaction scenarios?

To further specify theRQ, it is essential to clarify the meaning of complex VR interaction
scenarios and enhance within the scope of this thesis.

1.1.1 Complex VR Interaction Scenarios

As brie y mentioned in the previous section, the complexity of VR interaction scenarios
comes from two viewpointsenvironmentandtask

Environmenta complex environment may contain (1) small targets, typically smaller than

1 in angular size, to be deemed as challenging for selectic], (2) distant targets, which

are outside of the arm-reach distance, and (3) occluded targets, which are partially- or
fully-obscured by other distractors in an environment.

Task a complex task may require (1) precise and e cient input in completing the assignment,
(2) low-fatigue, comfortable, and satisfying user experience in a prolonged interaction
scenario, (3) versatile input that can support a multitude of functional requirements. These
task requirements are closely connected to the measurements that will be introduced next.

1.1.2 Measurements

To enhance Virtual Hand and Raycasting in ful lling the task requirements in a complex
VR interaction scenario, we aim to optimize the proposed solutions in the following ve
measurements (namely theEg. We modify and extend 1SO-924711], the international
standard of usability measures, and the established usability metrics in human-computer
interaction (HCI) [66] to a more granular, domain-speci c version.

E ectivenessThe accuracy with which users achieve speci ¢ goals. Common metrics include
error rate, the percentage of incorrect completions in the tested set of trials, and error
distance, the distance o set between target and user-completed con gurations.

E ciency. The time used in relation to the results achieved. Example metrics include selection
time, the time taken to complete a successful target selection, and manipulation time, the
time taken to manipulate a target into a desired con guration.

Ergonomicshe physical and mental workload associated with results achieved. The physical
workload can be assessed through, for example, hand/arm movements and questionnaires
like Borg-CR1019. The mental workload is normally quanti ed through NASA-TLX5H.

ExperienceJsers' feelings and satisfaction when performing tasks with the evaluated
solutions. These data are normally collected from questionnaires such as UEQ-S [150].

3



Chapter 1 - INTRODUCTION

Table 1. The solutions provided in this thesis are promising in small, distant, and occluded target
selection and manipulation. They have been demonstrated to improve the existing solutions in the
measurements of th&Es

Article | Article Il Article Ill Article IV
Occluded Visualization Gaze Support On-Body Support Intelligent Suggestion

. Small X X X X

£ Distant X X X X
" occluded X X

E ectiveness X X X

« EC|ency. X X X X

& Ergonomics X X

P Experience X X X X

Expressivity X X X X

ExpressivityThe solution's ability to be applied for a wide range of interactive applications
or new use cases. Expressivity is typically demonstrated through sample applications.

1.2 Contribution

In this thesis, we contribute solutions to addreR€). More speci cally, we enhance Virtual
Hand and Raycasting for target selection and manipulation in complex VR interaction scenarios
by incorporating occlusion visualizations, additional input/output modalities, and computa-
tional models (see Table 1). All solutions consist of interaction techniques or frameworks that
have been proven to help handle complex VR interaction scenarios, with additional ndings
from user studies to guide interface designs.

Our solutions are distributed in the four research articles (Article I-1V). These solutions aim to
expand the human-computer communication channel for more complicated VR interaction
scenarios and optimize the communication process to make it more usable and useful (see
Figure 3). More speci cally, the solutions consider how users may bene t from receiving
helpful task-related information with additional virtual contents (e.g., occlusion visualizations),
extending their inputs and outputs to other modalities (e.g., eye gaze and on-body surfaces),
and automating their input commands to a VR system (e.g., intelligent suggestions).

Article | discusses how occlusion visualizations such as multiple viewports, virtual X-rays, and
object displacements can improve object selection, especially for fully-occluded targets. With
the help of additional visualizations displayed in the virtual world, users are provided with
extended capabilities to manually adjust their views and selections for completing a task.
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Chapter 1 - INTRODUCTION

Fig. 3. The proposed solutions in this thesis aim to expand the human-computer communication
channel and optimize the communication process for complex VR interaction scenarios.

Articles Il and Il illustrate how complementary modalities, including eye gaze and body
surfaces, can augment the mid-air selection and manipulation process. By designing how mid-
air interfaces may collaborate with other modalities, users can expand the human-computer
communication process to other e ective channels, which delievers a richer set of interaction
vocabulary in VR.

Article 1V demonstrates the optimal use of context-aware computational models to o er
prompt, intelligent suggestions to boost user performance and experience. Rather than entirely
relying on users' manual input, the predictive models infer users' intentions implicitly and
provide helpful task automation.

Our solutions and ndings advance the understanding of more usable and useful 3D user
interfaces and will bene t future research and applications in handling a variety of novel VR
interaction scenarios.

1.3 Thesis Outline

The rest of the thesis is organized as follows. Chapter 2 provides a systematic literature review
that aims to identify ongoing research challenges in VR object selection and manipulation,
summarize the corresponding solutions, and categorize measurements that are essential in
determining the success of a solution. Next, Chapter 3 describes the methodologies that we
employed to complete the research work, such as design prototyping, user studies, and data
analysis. We also discuss the ethical considerations within our studies.

Chapters 4, 5, 6, and 7 present four articles (Article I-1V) that introduce new solutions for
enhancing Virtual Hand and Raycasting for target selection and manipulation in complex VR
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Chapter 1 - INTRODUCTION

interaction scenarios. Speci cally, Chapter 4 presents interactive visualizations that can help
with fully-occluded target selection. Chapter 5 and Chapter 6 illustrate designs incorporating
gaze and on-body surfaces into the selection and manipulation process. Chapter 7 demonstrates
an optimization framework to provide timely intelligent suggestions based on target prediction
models to assist object acquisition in VR.

After presenting the research publications, Chapter 8 re ects on the ndings of this thesis
and summarizes the solutions that can help handle complex VR selection and manipulations.
In addition, we envision the future selection and manipulation techniques and point out
promising research directions. Finally, Chapter 9 concludes with a summary of this thesis.



Chapter 2
LITERATURE REVIEW

Through more than 50 years of development of 3D interactions in VR, originating from
Sutherland's work on interactively determining the viewing angle through head orientations
in 1968 B3 164, a multitude of solutions have been proposed for virtual object selection and
manipulation. These solutions range from artifact inventions to empirical stud&d.p7 177,
span across interaction techniques and devices to computational moégld,[148 194, and
extend over user input and feedback mechanisms [7, 43, 90, 168].

With the rapid development of selection and manipulation solutions, our literature review
aimed to answer the following questions: (1) What core challenges in VR selection and manip-
ulation have researchers been trying to address? Are there new challenges emerging with the
development of technology? (2) What are the state-of-the-art solutions for these challenges?
Why are these solutions considered successful in solving the challenge? Answering these
guestions is critical to determining the backbone topics and emerging trends from the scattered
endeavors and ensuring the robustness and validity of our research practices.

We conducted a systematic literature review of 106 publications on object selection and
manipulation in VR headsets to answer the questions. We categorized eight research challenges
that the literature aimed to tackle, including those more relevant to this thesis regarding
complexity in 3D interaction scenarios (e.g., small, faraway, occluded, out-of-view targets) and
emerging trends such as context integration and collaborative manipulation. We also present
existing solutions to these challenges. Furthermore, we classi ed nine success measurements
used by previous research when resolving the challenges. This thesis has applied these crucial
measurements extensively, especially Biege ectiveness, e ciency, ergonomics, experience,

and expressivity). Finally, we summarize our recommendations regarding research practices
and directions for future VR selection and manipulation studies.

2.1 Scope, Related Surveys, and Contributions

2.1.1 Scope and Definitions

The topic covered by this review isobject selection and manipulation in VR headsgis
section describes our scope and clari es the inclusion and exclusion criteria.

Y1 Object Selection and Manipulati@ject selection refers to acquiring or identifying one
or multiple objects from an entire set of objects available. Object manipulation concerns

7



Chapter 2 - LITERATURE REVIEW

the further act(s) of handling the selected object, which can be broken down into sub-tasks,
including positioning (changing object position), rotation (adjusting object orientation), and
scaling (modifying object sizeBJ. In this work, we focus on manipulations that preserve
the shape of objects (i.e., spatial rigid object manipulati@fj]. Furthermore, we focus on

the selection and manipulation of general virtual objects rather than solutions developed
for selecting a speci c object type (e.g., key selection in text entry, location selection for
teleportation).

Y2 Fully-immersed VR heads@&tsis work focuses on VR technology that completely immerses

a user in a computer-synthesized virtual environmenit) (i.e., does not involve the direct
presence of real-world objects). The challenges and solutions of selection and manipulation
can be di erent in other immersive technologies that a ord 3D user interfaces, such as AR and
MR, compared to VR because of the involvement of real-world objeld§ [ In other words,

this review focuses on 3D user interfaces through the perspective of VR interaction, which may
or may not be applicable to other settings. Furthermore, we focus on VR head-mounted/worn
displays (HMD/HWD, or more colloquially, VR headsets), which means that the visual display
devices should be coupled to a user's head. Therefore, stationary VR displays (i.e., displays that
do not move with the user), such as tabletop VR displays and CAVE, which a ord di erent
interaction capabilities from VR headsets, are considered out of the scope of this research.

2.1.2 Related Surveys

Several related surveys aim to create a new classi cation or taxonomy of di erent 3D selection
and manipulation techniques in the literature. Dang's 2007 reviéi] provides a chronological

view of 3D pointing techniques. It classi es them based on 3D pointer- or selection ray-based
control and how pointing is enhanced (e.g., reducing cursor movement distance, increasing
target size, or both). Argelaguet and Andujar's 2013 survBlriot only categorizes the
technigues based on their intrinsic characteristics (e.g., selection tool types and how a user
controls the tool) but also covers human pointing models and factors that may in uence user
performance in selection tasks (e.g., target geometry and object density). LaViola et al's 2017
book [83 (which updates Bowman et al.'s 2005 bodkl]) discusses techniques for 3D selection
and manipulation based on a classi cation of their metaphors: grasping, pointing, surface,
indirect, bimanual, and hybrid. Weise et al's 2019 papet{ also classi es 3D selection and
manipulation techniques according to their di erent characteristics (e.g., metaphor, degree-
of-freedom, reference frame). Mendes et al's 2019 surt6¥ feviews 3D virtual object
manipulation techniques, from desktops to immersive environments. It proposes a taxonomy
based on environment properties and types of transformations. Overall, these taxonomies
provide structured ways of viewing the 3D interaction techniques in the literature and o er
helpful insights into designing new 3D user interfaces.

8



Chapter 2 - LITERATURE REVIEW

Other than creating new classi cations of the techniques, more relevant to our work are
surveys that identify signi cant design challenges with 3D interfaces and research trends
for future work. Hinckley et al's 1994 surve\6f] synthesizes design issues and potential
solutions for developing e ective free-space 3D user interfaces. For example, they identify that
users may have di culty understanding 3D space and o er solutions such as multi-sensory
feedback to resolve this issue. They are also concerned about issues related to, for instance,
dynamic target acquisition and ergonomics. Hand's 1997 suriy ¢verviewed state-of-
the-art 3D interaction techniques at that time and highlighted the research opportunity of
usability testing for future work. Similar to these surveys, our work aims to determine research
challenges and solutions and identify future research directions. We achieved this through a
systematic literature review to provide an updated view of the early surveys, given the recent
advancement of VR technology.

Bergstrom et al.'s 2021 revievit§ derives guidelines on how to conduct and report object
selection and manipulation studies in VR. Task types, experimental settings, target parameters,
and dependent variables of such studies were analyzed in detail. The goal is to inform the design
of future research studies. Other surveys overlap with our topic and inform the analysis in this
paper [1]. These include, but are not limited to, a review of mid-air interactiord], a survey

of interaction with large displays [4], and a review on distant object selection methods [88].

2.1.3 Contributions

This review focuses on determining (1) the primary challenges research papers aimed to
solve in VR object selection and manipulation research and (2) the existing solutions to
these challenges. While numerous research papers are published annually, it is essential to
summarize the scattered research endeavors and analyze critical research challenges and the
corresponding state-of-the-art. This helps us re ect on the existing practices and identify the
backbone topics and emerging trends in the research eld. Furthermore, our work surveys
and evaluates (3) how researchers measure their success under each research challenge. These
essential measurements guide the development of our solutions.

2.2 Methodology

We followed the PRISMA guidelined 13 to select relevant publications for analysis. Our
initial information sources of publications came from online databases and the most relevant
literature review papers. We then applied the four-step process (identi cation, screening,
eligibility, inclusion) to derive our nal corpus. Figure 4 gives an overview of this Itering
procedure.
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Fig. 4. PRISMA flow diagram of our systematic review.

2.2.1 Systematic ery Searches within Online Databases

To identify relevant, high-impact papers on object selection and manipulation in VR headsets,
we rst performed systematic query searches within online databases, including ACM Digital
Library, IEEE Xplore, Wiley Online Library, Scopus, Taylor & Francis Online, and Springer Link.
The publication venues included in the search were CHI, UIST, VRST, SUI, CSCW, Ubicomp, DIS,
IUIl, TOG, IMWUT, PACM HCI, TOCHI, IEEE VR (including 3DUI), ISMAR, TVCG, Computer
Graphics Forum, IJHCS, Computer & Graphics, IJHCI, and Springer VR. These venues were
selected based on the authors' expertise in HCI and VR, as well as their impact, according to
Google Scholar Metrics.

To identify publications that are primarily relevant to object selection and manipulation in VR
headsets, we usedelection manipulation, and virtual reality as our initial search terms in
publication titles and iteratively derived their synonyms based on the literature present in the
publication venues mentioned above. The new terms identi ed wegpeinting, acquisition,

VR, 3D, and immersive We did not include the terminteract (as for object interaction)
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or search the publication abstracts for keywords as they returned a large number of irrelevant
records from the online databases. We documented our detailed search process and results
in our supplementary material. A simpli ed example query in ACM Digital Library, without
including the publication venues, is:

Title:((acqui* OR point* OR select* OR manipulat*) AND (virtual OR VR OR 3D OR Immers*))

Here, * denotes any number of unknown characters (wild cards). We thus were able to include
other word forms such asmanipulate, manipulating, and manipulation. The word virtual

was used to capture similar wordings of virtual reality environments such astual environ-
ment and virtual object manipulationin total, we obtained 392 records from searching the
databases.

After obtaining these initial records, we rst screened their titles and abstracts to exclude
papers that were irrelevant to our exploration (e.g., constructing a 3D point cloud). This
process left us with 242 publications. Next, we assessed the full text of these publications for
eligibility according to three criteria: (1)not about object selection and manipulation; (2) not in
VR headsets; (3) not a full paper. The rst two criteria were based on the scope of this research.
We also excluded posters and extended abstracts as they do not usually have the same level of
maturity as full papers. At the end of this Itering procedure, we were left with 69 publications.

2.2.2 Records from Relevant Literature Reviews

In addition to performing query searches, we also examined all references in the three most
relevant literature review papers to extract further papers relevant to our topic. This was to
ensure that we included impactful papers that were not published in the selected publication
venues or did not use our keywords in the title (e.g., objederactioninstead ofselectioror
manipulatior). The literature review papers we used were: Argelaguet and Andujar's survey
on 3D object selection techniques for virtual environments in 2053 Bergstrom et al.'s
papers on guidelines for evaluating VR object selection and manipulation in 2031dnd
Mendes et al.'s survey on 3D virtual object manipulation in 20199. We assessed the papers'
titles and full texts to exclude less relevant papers using the same criteria and made sure to
remove duplication in the collected papers. At the end of this process, we were left with 37
publications.

2.2.3 Dataset and Coding Process

In total, we collected 106 publications (69 from online database query searches and 37 from the
three most relevant literature reviews) as the corpus for further analysis. With this corpus, we

rst coded the challenges, research goals, proposals/methods, and measurements of success in
text elds by collecting quotations from the papers. We then iteratively de ned and categorized
challenge types across the papers and further distilled 8 core challenges. Both preliminary and

11
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nal challenge types were coded categorically. We also coded relevant information such as
contribution types, solution types, study types, and success measure types categorically by
referencing the categories in previous resear@ij[and iteratively de ning them. Some papers

had made multiple contributions and proposed various solutions, and we thus distinguished
their primary and secondary contributions and solutions in our coding. Readers can nd more
details in our coding manual.

2.3 Overview of Contribution Types

We investigated the contribution types of the 106 publications in our corpus according to
Wobbrock and Kientz taxonomyl[8g. Figure 5 summarizes the results. A signi cant portion of

the papers contributed newrtifacts(42 papers, 39.6%), including, for example, new interaction
techniques for occluded target selectiotd2 174 199, systems for grasping renderin@f,

119, and novel haptic devices/[ 43 87. Another mainstream of the papers focused on
empiricalcontributions (49 papers, 46.2%), where user studies were carried out to evaluate or
compare technological solution8(, 127, ne-tune design parametersl44 187, investigate

the e ects of a factor [LO, 7§, or explore design possibilitiesOf, 191. There were four
methodologicgbapers (3.8%) on standardizing the research practices in VR object selection
and manipulation L3 19 20 137. Eight weresurveypapers (7.5%) that have provided a new
taxonomy of the techniquesdl, 103 or intended to answer speci ¢ research questioriZ].

Three papers (2.8%) havéheoreticabmphasis on initiating new design spaces or frameworks
that could motivate new interaction techniqued 11 129 16Q. Note we classi ed qualitative
models, such as models that predict selection endpoifits 194, as either empirical or artifact
contributions. While these models may have predictive power, they do not aim to provide
a systematic set of statements that explains the fact (e.g., why the endpoints distribute in a
certain way), which is an essential component of a theoretical contributidd]. None of the
papers has the primary contribution of datasets or opinions.

2.4 Research Challenges and Existing Solutions

We identi ed eight research challenges and their corresponding solutions for VR object se-
lection and manipulation research. We iteratively de ned these eight core challenges by
surveying the problems research publications in our corpus aimed to solve and their research
goals. Throughout our categorization process, we wanted to capture popular research chal-
lenges that have already attracted many researchers to try to address them. We were also
interested in identifying emerging topics that now have a limited number of publications but
may still be promising for future research to consider. Table 2 summarizes these research
challenges and solutions.

12
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Fig. 5. Number of publications under the contribution types proposed by Wobbrock and Kietg]

We note that our categorization of the research challenges is not mutually exclusive, and
many papers presented within each section may tackle one or more challenges. Our goal
was to capture and classify the primary obstacle that a research paper aimed to resolve and
the main solution o ered by the paper. Through this process, we can draw a clear picture of
the representative themes in the VR selection and manipulation literature. We also note that
we excluded general surveys that do not tackle speci c challenges (but summarize them or
their solutions) b, 31, 57,64, 79 105 163 and an early programming implementation of basic
interaction techniques [142] in this analysis.

2.4.1 Complexity in 3D Interaction Scenarios

Though VR technology may create unprecedented opportunities for new types of interaction,
developing appropriate VR interfaces for selection and manipulation is not trivial. As illustrated

in the introduction of this thesis, Virtual Hand and Raycasting may not be su cient for more
complex scenarios that contain small, faraway, and occluded targets or require precise, versatile,
and prolonged operations. Therefore, the papers under this theme aim to develop optimal
selection and manipulation interfaces for simple and more complex 3D VR interaction scenarios.

In the following, we present thirty-four papers that address complexity in 3D interaction
scenarios. Among the selected papers, most of them (27 papers, 79.4%) primarily contributed
new artifacts, including (1jnteraction techniqueghe fusion of input and output for users to
complete tasks in human-computer dialoguess[169, (2) devicesthe hardware pieces em-
ployed by users to communicate with a computé& 65 99, and (3)modelsthe computational
assistance thatimproves the usability of an interface through user behavior predic@@nThe
remaining papers (7 papers, 20.6%) primarily presented empirical contributions. Empirical user
studies were carried out to derive (#lesign knowledgthe body of knowledge that can be used

in similar application scenarios, e.g., the advantages and disadvantages of a techiitje [
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Table 2. A summary of research challenges and solutions on VR object selection and manipulation.

1 Complexity in 3D Interaction Scenarios
Challenge - Selecting and manipulating 3D virtual objects in VR headsets can be challenging because the
interaction scenarios may contain small, faraway, occluded, out-of-view, and multiple targets and the tasks
may require precise, versatile, and prolonged control.
Solution - Developing optimal selection and manipulation designs for simple and complex (e.qg., distant,
occluded, out-of-view targets) VR scenarios.

2 Underexplored Interaction Spaces and Factors
Challenge - Understanding new opportunities (i.e., design spaces or ways of interaction) and considerations
(i.e., factors that in uence user behavior or responses) of 3D user interfaces.
Solution - Conducting usability studies on (1) possible ways to o er new interaction (e.g., 3D eyes-free
selection) and (2) scrutinizing how speci c factors (e.g., the presence of multimodal feedback and visual
avatar) in uence user performance, experience, and behavior.

3 Unknown Comparative Usability
Challenge - The lack of understanding or guidelines of the relative usability between di erent solutions
to inform which method(s) to choose under a given situation .
Solution - Conducting usability studies on comparing alternative choices of devices (e.g., game controller
vs. 3D pen-like device), modalities (e.g., gaze vs. hand vs. head), and techniques (e.g., Raycasting vs. Virtual
Hand).

4 Ergonomic Issues: Workload and Fatigue
Challenge - Limitations regarding users' physical interaction space (e.g., space constraints).
Solution - Developing technigues that aim to ful Il users' comfortable requirements.

5 Imprecise Rendering of Visual and Haptic Realism
Challenge - Enabling realistic visual and haptic rendering during object selection and manipulation under
hardware limitations and form factor constraints.
Solution - (1) Proposing algorithms for realistic hand rendering, (2) building devices for simulating
di erent haptic features (e.g., textures, shapes, and sti ness), and (3) conducting usability studies to explore
methods that can improve perceived visual and haptic realism.

6 Underdeveloped Evaluation Methodology
Challenge - Standardizing the practices of evaluating selection and manipulation solutions to allow the
generalization of results across studies.
Solution - Building relevant testing framework, testbeds, and guidelines.

7 Limited Support for Collaborative Object Manipulation
Challenge - Simultaneous manipulation of a virtual object with multiple users.
Solution - Building framework and technigues to enable simultaneous object manipulation.

8 Context Integration and Work ow Optimization
Challenge - Integrating selection and manipulation into the broader context and work ow.
Solution - Developing techniques that consider the context and simplify the work ow.
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(2) design recommendations and guidelittes explicit set of rules that inform future de-
signs [LO7 168 199, (3)desired design parametdige setting of design parameters where the
proposed solution can be the most usefal], and (4)modelqd 194, verbal or mathematical
representations that describe and predict the characteristics of human-computer interactive
dialogues 9. We elaborate on existing solutions for VR selection and manipulation as follows.

Y1 Selection Approach&sany proposed techniques improved the selection e ciency and
accuracy by adjusting the criteria of how the selection of a target is determined. Rather
than requiring a tiny virtual pointer to be exactly on the targeted object, an enhanced
technique may select the closest object to the point@rl61, scale up the cursor sizelg 99,
leverage computational models to predict the intended tardgel [L94, or introduce crossing-
based 69 or multi-step selection techniqueslpg. Techniques also added an extra dimension
of movement (moving along the depth dimension) to the Raycasting poin#of distributed
multiple 3D cursors across the spaceld. Moreover, they incorporated multi-modality support
with pen-based input (that leveraged dexterous movements of ngegs) and synergetic
gaze and head-based input [153].

Other selection techniques were developed to handle more complex 3D VR environments
that contain distant, occluded, out-of-view, or multiple targets. While a user can only select
objects within the arm-reach distance with Virtual Hand, assistant techniques may extend the
movement of the virtual hand18 134 or create a reachable replica of the virtual environment

or its elements 128 163. For partially or fully-occluded targets, existing techniques, including
our research presented in Chapter 4, leveraged dis-occlusion visualizations (e.g., making
distractors transparent or translating candidate objects into new locations) to identify the
target [174 199. Techniques also modi ed selection mechanisms (e.g., gaze-based outline
pursuits [1573, Bézier curve-modi ed selection ray4{]) to acquire such occluded targets
more robustly. For an out-of-view target, proposed techniques may guide the user towards
its location through, for example, vibrotactile cue87. If there were multiple targets in the
scene, techniques could create a selection volume via, for example, a volumetric cube, a lasso,
or a virtual tablet and further progressively re ne the selection [72, 114, 162].

Y2 Manipulation ApproacheEhe literature presented two main methods to improve the
usability of VR object manipulation: degree-of-freedom (DoF) separation and control-display
ratio (CD ratio) adjustment. DoF separation-based techniques reduced the number of DoFs
being controlled simultaneously compared to Virtual Hand (which has 3 axes for translation,
rotation, and scaling). For example, researchers adapted 3D virtual widgets similar to those
used in desktop CAD software (e.g., Unity, Blender) for VR heads$8p 107 10g. They
further enabled user-de ned 3D anchor points or transformation ax&§, [L0§. CD ratio
adjustment-based techniques dynamically increased or decreased the movements of the virtual
hand compared to the corresponding physical harid§ 134. For example, scaling up the
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movement may allow coarse, rapid manipulation while scaling it down may enable more
ne-grained transformation 47, 48. Additionally, previous research has also combined Virtual
Hand and Raycastinglb7 173, designed nger gestures for rotation controllp7, allowed
users to impersonate an under-manipulated objett§, and incorporated gaze input into the
manipulation process [195] (our research in Chapter 5).

2.4.2 Underexplored Interaction Spaces and Factors

One primary goal of HCI research is to understand users' needs towards computing interfaces
and map out new spaces of designs. Shifting from traditional 2D interfaces like PC screens
and tablets, many research questions exist on how to best leverage the 3D virtual space for
interactions B3. Speci cally, there is a need to understand the new opportunities (i.e., design
spaces or ways of interactiorbp, 6(J) and considerations (i.e., factors that may in uence user
behavior or responses) that 3D interfaces may bring. Therefore, determining underexplored
interaction spaces and factors is another major challenge that many papers aimed to resolve
in the literature.

Twenty-eight papers in our corpus aimed to explore new interaction spaces and factors that
may enhance VR selection and manipulation. The majority (24 papers, 85.7%) focused on
empirical contributions through discovering design knowledge, design recommendations and
guidelines, desired design parameters, and models. There was one survey paper on conducting
a meta-analysis to derive guideline3€, two theoretical papers on a frameworki[L] and a
conceptual model16Q of underexplored spaces, and one artifact paper on a novel device to

0 er new ways of interaction [55].

A collection of papers examined new design spaces to o er interaction. They considered, for
example, the feasibility of eyes-free target acquisitidri [, 199 191, 203, the practicability of
freehand pointing without a selection ray30, 104, and the usefulness of modifying control-to-
display mappings (input scalelp, 81, 187, direct vs. indirect input B1], and cursor o set [89).
They also tried to understand how users prefer to select and manipulate objects il¥R [
184. Moreover, they investigated the locations of providing 3D virtual interfaces (e.g., arm-
anchored P1], smartphones §1], fovea and periphery regions7f, user's own body 11,

and a display attached to the facBq]) and the spatial and temporal aspects of selecti@6().

Another set of works scrutinized how speci ¢ factors presented in user interfaces may in uence
performance, kinematic features, and user perception during VR selection and manipulation
tasks. These factors include multimodal feedba6k [nteraction delity (e.g., widgets vs.
physically grabbing items)J43, the presence of a virtual avataB]3 36, the aptitude and
experience of individuals183 189, perception of redirection 37, the absence of haptic
feedback during VR manipulatior®[/], and object features like size and distance (e 18 194).

16



Chapter 2 - LITERATURE REVIEW

Other works explored the impact of device-related factors on VR selection, including vergence-
accommodation con ict [10], stereo de ciency [11], and jitter of input device [12].

2.4.3 Unknown Comparative Usability

While numerous new solutions have been developed for interactions in VR every year, their
comparative usability is not always clear, such as e ectiveness, e ciency, and satisfac@éh [
The lack of understanding or guidelines of the relative usability makes it hard to choose a
more suitable approach for di erent applications. To solve this challenge, some research is
dedicated to comparing the usability among di erent VR selection and manipulation solutions.
These studies aim to inform the design decision which method(s) to choose under a given
situation.

Notably, comparing usability among di erent solutions is common in the relevant literature.
The unique point of the research studies summarized in this category is that they typically do
not propose new interactions or explore new interaction spaces. In contrast, they leverage
existing solutions and compare them under new conditions.

We identi ed fteen papers in our corpus where the primary goal was not to develop new
methods but to perform rigorous empirical evaluation studies that compare choices of de-
vices 3, 17,80 112 127, modalities P9 39,68 112 124 13§, and techniques{8 103 135

136 177. They all were empirical contributions, focusing on developing design knowledge,
guidelines, and recommendations. For example, existing studies compared displays (e.g., VR,
AR, and PC screens) and input devices (e.g., handheld controller, bare hand, 3D pen-like device,
and mouse) for object selection and transformation tasgs300, 127. A few studies measured

the performance of di erent input modalities (e.g., eye, hand, head, and muscle contraction)
for VR object selection9, 68 124 13§. They also analysed feedback modalities like auditory

and force and derived design guidelines based on the study resBfsMoreover, researchers

also conducted empirical studies to compare the ability of DoF control during object manipula-
tion [ 7§, visualization techniques for precise object alignmefdfj and xed vs. handheld
menus for selection [177].

2.4.4 Ergonomic Issues: Workload and Fatigue

Ergonomic assessments on workload and fatigue have been applied extensively to evaluate
and compare di erent selection and manipulation approach&§ [ Measurements through
self-reports (like NASA-TLX%§ and Borg CR1019) are often included in studies as accom-
panying metrics. However, existing VR interactions may still require large, cumbersome body
movements, overlooking the limits of a user's physical interaction space, comfortable require-
ments, and mobility issueslfL5 179. Therefore, recent research investigates the challenge

of improving user comfort within constrained, physical, and operational spaces during VR
interactions.
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Our corpus presented two papers that address ergonomic issues related to workload and
fatigue during VR interaction. Both papers primarily contributed new artifacts that leveraged
new interaction techniques, while one also proposed design recommendatiofé Montano

et al. [119 proposed an optimization-based retargeting strategy to relocate visual targets to
more convenient reaching positions. Wentzel et dl7f investigated non-linear virtual hand
ampli cation functions to improve arm ergonomics while maintaining body ownership. Both
methods made the VR interaction experience more comfortable and accessible.

2.4.5 Imprecise Rendering of Visual and Haptic Realism

With advances in optics and audio technologies, current VR headsets can provide people with
an improved sense of presence in simulated realities, creating a fully immersive experigce [
However, realism often breaks when users attempt to grab and manipulate virtual objects: their
virtual hands/ ngers can pass through the object]9g, and they cannot feel" the physicality

of the object in the real world 144 149. For Virtual Hand-based selection and manipulation
methods that mimic real-world experience, the challenge is to discover realistic visual and
haptic rendering techniques under hardware limitations and form factor constraints.

We identi ed four papers on achieving visually realistic grasping of objects during VR manip-
ulation. Three were primarily artifact contributions on new rendering systems, and one was
an empirical contribution that evaluated alternative visual representations. Oprea el & [
proposed a system that automatically ts a hand to the shape of virtual objects during grasping.
Delrieu et al. B4, and Sorli et al. 159, realizing there might be inherent mismatches in the
tracked hand and the virtual hand during hand-object manipulation without a real physical
object, introduced strategies that balance between the tracked and the simulated hand to enable
ne manipulation. Dewez et al. 35 considered the visual realism of users' avatars when using
techniques that adjust the CD ratio during selection and manipulation (e.g., GoiG4)and
examined dual representations of a user's virtual body.

Our corpus also included ve papers on providiragtiveor passive haptid® enable haptic
renderings like textures, shapes, sti ness, and weight of objects during VR manipulation. Four
were artifact contributions on new haptic devices, and one was empirical contributions on
determining design parameters for more believable haptics. A few papers focused on active
haptic techniques that exert forces onto virtual contact areas through haptic devices to simulate
a compelling interaction experiencé]. Schorr and Okamural49 and Lee et al. $7] built
wearable devices to trigger haptic feedback on users' ngertips. In contrast, others examined
passive haptic approaches that leverage a pre-de ned set of physical props as proxies of virtual
objects. For instance, Arora et all][used custom-designed LEGO bricks to simulate various
object shapes. Feick et all further used composable shape primitives and connectors to
simulate the haptic sensations of a complex virtual model. While providing a matching physical
prop for every virtual object is not scalable, Samad et ali4 created illusions of the changed
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weight of virtual objects with limited physical props by adjusting the CD ratio within an
appropriate range.

2.4.6 Underdeveloped Evaluation Methodology

A valid, reliable, and reproducible evaluation methodology is the cornerstone for assessing the
usefulness and e ectiveness of a new method for selection and manipulati8q [Results
yielded under rigorous evaluation methodologies can accumulate replicable ndings, provide
design guidelines, and potentially enable the comparison of techniques across studies [13].

The initial obstacle of this space was to build a representative set of VR interaction tasks, task
parameters, and evaluation metrics so that the research ndings could be generalized beyond a
particular experimental setting]9, 20, 83 137. However, with the evolution of VR technology,

the challenge shifted towards designing evaluation studies that may consider a variety of
new, important factors that are not covered in a canonical task setting while preserving
generalizability [L3 199. Ultimately, these methodological works aim to standardize the
practices in technique evaluation [13].

Our corpus contained ve papers on standardizing evaluation methodologies of object selection
and manipulation in VR. Four methodological contributions involved testbeds, frameworks,
and design guidelines that inform how to conduct empirical studies. One empirical contribution
investigated whether speci c factors could in uence the validity of user evaluations.

Poupyrev et al. 137 and Bowman et al. 19 20 formalized the early testbeds for technique
evaluation. Poupyrev et al1]37 presentedVRMAT a testbed containing three basic interaction
tasks (select, position, and orient) with their corresponding independent variables and evalua-
tion metrics. Bowman et al.][9, 2( further suggested that an interaction task (e.g., colouring

an object) can be broken down into several sub-tasks (e.g., selecting an object, selecting a
colour, and applying a colour). Each sub-task can be achieved by various interaction techniques,
which can be evaluated by manipulating important outside factors (like task characters and
environments). More recently, Yu et alL9g investigated the potential issue of disengagement
with long, repetitive selection experiments and evaluated motivational strategies to incentivise
participants during such experiments. Bergstrém et dlj[analyzed research works in evalu-
ating object selection and manipulation from 2000 to 2019 and proposed recommendations
and checklists on task design and result reporting for guiding future studies.

2.4.7 Limited Support for Collaborative Object Manipulation

When multiple users collaborate in VR, a common need is to move and modify objects within
the virtual space cooperativelyl, 14(Q. For example, users may need to assemble a complex
object together L 75, modify a 3D data visualization concurrently for exploratioi4, 39,

and place digital furniture at di erent locations for con guration testing14(. Existing
research identi es the challenge of simultaneous manipulation of a virtual object with multiple
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users B4, 129 13Q 156 179. When two or more users want to manipulate the same virtual
object, it is essential to determine who should control the object for better e ciency and user
experience.

Our corpus captured two papers on providing simultaneous object manipulation in VR headsets.
There was one theoretical contribution and one artifact contribution. Pinho et 829 intro-
duced a conceptual frameworkCpllaborative Metaphdthat considers which input technique

to use, how to combine them, and how to display a user's action to others in a collaborative
task. They also presented interaction techniques that, for example, allowed users to control
di erent transformations (like managing either translation or rotation) or employ di erent
input techniques (using either Raycasting or Virtual Hand). Wang et arq proposed an
interaction technique that determines the dominant manipulator based on a viewport quality
function that examines quantities like object visibility and distance of the target.

2.4.8 Context Integration and Workflow Optimization

Though selecting or manipulating an object is typically treated as individual tasks in research
studies, they are associated with scene and interaction contexts in realistic applications. For
example, a selected object may belong to a group of closely-related objects, which are often
manipulated together17€¢. A manipulation gesture may result in multiple consequences
because the same gesture is used for several tadks. PJ. Integrating selection and manipu-
lation techniques into the broader context and work ow is another challenge based on the
literature.

We identi ed three recent papers that proposed new artifacts (speci cally, interaction tech-
niques) on this topic. Mardanbegi et al. propodegeSeeThroughat simpli es the process

of tool selection and application: users can visually align a target object with the tool at
the line-of-sight to apply the tool to the object, rather than performing a tedious two-step
operation of rst selecting the tool and then selecting the targéiJ. Chen et al. proposed a
technique that resolves ambiguous hand manipulation gestures (e.g., hand movements can
either displace or stretch an object) with a pop-up menu that can be interacted with head
gaze R7). Wang et al. developed a method that considers scene context information, such as
object semantics and interrelations, when selecting or moving an object. For example, the
technique can automatically adjust the yaw of a chair during translation to make it face a
nearby table [176].

2.4.9 Summary Statistics

We analyzed how the number of publications under each challenge changed over the years.
The results are summarized in Figure 6. The total number of publications has signi cantly
increased in recent years (since 2017) because of the advancements made in the o -the-shelf
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Fig. 6. Number of publications under each challenge by year.

headsets and development kits. Note that our literature review was initiated in early 2022, so
limited publications were captured for this year.

The topics of complexity in 3D interaction scenarios, underexplored interaction spaces and
factors, and unknown comparative usability have remained attractive and mainstream since
the 1990s. There are also emerging themes where all relevant publications appear in more
recent years. Researchers gained interest in resolving ergonomic issues related to workload and
fatigue, rendering more precise and believable visuals and haptics, and integrating selection
and manipulation techniques into a broader interaction context. One interesting observation is
that the publications on evaluation methodology were present early in 1997 and 1999, remained
silent between 2000 and 2019, and were picked up again until more recently (2020 and 2021).
Also, the topic of collaborative object manipulation appeared in 2002 and was continued in
2021.

2.5 Measuring Success

According to the presented research challenges and solutions, we further investigated and
re ected on how authors of the selected papers measure the success of their solutions. Based on
the literature, we rst categorized nine success measures (e ectiveness, e ciency, ergonomics,
experience, robustness, expressivity, realism, behavior, and consistency). We then analyzed
how these measurements were applied in each research challenge.
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2.5.1 Measures

We rst summarised and categorized the success measures used in the papers. During the
iterative development process, we borrowed concepts from Hornbaek's wogkdn usability
measures while extending the original classi cations (e ectiveness, e ciency, and satisfaction)

to a more detailed, domain-speci c version with nine measures. For example, we distinguished
e ciency in terms of completion time and workload into two di erent usability measures

(e ciency and ergonomics) to improve the granularity. We also introduced new dimensions
more relevant to VR selection and manipulation research, such as robustness, expressivity, and
realism.

E ectivenesst ectiveness represents the accuracy and completeness with which users
achieve speci c goals as according to ISO 9241][ Speci ¢ measures used in our corpus
include error rates (e.g., percentage of incorrect selectidtis §6), error distances or
rotations (e.g., o sets between the target and the actual inp8%,[104 107 179), false
positives/negatives (e.g., in a group selection scenatitj167), and task completion (e.g.,
completion rates 48 51]). They also involve prediction accuracy of a modél 61, 194

and may get incorporated into throughput measures [6, 68].

E ciency. The ISO 9241 (2018 version) de nes e ciency as resources used in relation
to the results achieved such as time, human e ort, and materiaig]] To make it more
speci c to our tasks, we considered e ciency as the time cost associated with the results
achieved. The typical measure in our corpus is task completion time (e.g., cursor move-
ment time [127, selection time 99, manipulation time [34]). They also get involved in
throughput measures [91].

Ergonomic3/Vhile ergonomics is a broad term in certain contexts, we here restrict it to the
physical or mental workload associated with the results achieved. Objective quanti cation
(approximation) of ergonomics employed in our corpus include hand/arm movement dis-
tance PG 199 and RULA (rapid upper limb assessment) scar&q. Subjective measures
related to ergonomics contain questionnaire results from NASA-TIE¥ [ Borg CR10179,
customized scales of fatigue and comfort [96, 127], and qualitative feedback [90].

Experiencél his encapsulates users' feelings and satisfaction when performing tasks with
the evaluated solutionsdy. These data are normally collected from questionnaires. The
measures include, but are not limited to, overall impressidfi[ general user experiencéa [ g
199, satisfaction pg, preference 19 111,127, sense of control$1, 6§, body ownership B3

35 87,144 179, ease-of-usel53 177, fun [51, 107, perceived performances[l, 96 173,
perceived ease of learnin@7, 47], perceived usability 103, intuitiveness R7, 9§, sense

of presence §6 179, immersion [L43, engagement 143, obtrusiveness 112 199, and
sickness [182, 191].
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Robustnesa robust solution remains useful under di erent testing conditions, especially

if the solution has been evaluated to achieve good performance under more challenging
scenarios. It can also mean that a derived conclusion performs consistently across multi-
ple studies. For example, researchers have tried to evaluate their solutions under di cult
scenarios (e.g., wider or untested conditions for a predictive modi@fj[and high occlu-

sion scene 96 157) to test their robustness. They have also performed meta-analyses to
determine robust conclusions [13, 36].

ExpressivityThis means that a solution can be applied for a wide range of interaction
scenarios or even enable new use cases. To demonstrate expressivity, researchers often
present a section of application scenarios in the paper (e4R,179). For instance, when
introducing the haptic devic&irtualBrickg 7], the authors also detailed example applications
such asits use in rst-person-shooter games, shing, disco, etc. Additionally, a framework or
testbed may illustrate its expressivity through sample techniques and use cages79 137.

RealismRealism (sometimes dubbed as naturalnegs 159) is de ned as how well the

way of interacting with virtual objects corresponds to the way of interaction in the physical
world. We consider it separately from experience measures as it emphasizes the cognitive
judgment of physical-virtual mismatches more than the interaction experience itself. Realism
is also di erent from body ownership, the psychological mapping of one's real body to a
virtual body [155, and sense of embodiment, the illusion that the co-located virtual body
has e ectively replaced their physical bodybf]. Realism is typically assessed through
customized scalesSfl, 112 159, discrimination tasks (e.g., weight discriminatioi{4 149),

or a qualitative interview [144].

BehaviorUser behaviors are likely to change if a new solution is adopted. Several papers
in our corpus have demonstrated that di erent approaches could in uence interaction
strategies 172 195, movement pro les [6, 182 194, and Fitts's law parametersg 169. A

few showed that their solutions could encourage positive behaviors in an interaction context.
For example, the solutions can increase user participatibrd, cursor speed127, and
maximum reach distance3f. They can also decrease the number of iterations to complete
a task [L39, the number of target re-entries1[0, 11], and the number of times that users
press the trigger button [49].

ConsistencyCconsistency, in our case, means that a solution could maintain its performance

over an extended period. A few papers in our corpus have checked the performance of their
solutions in a prolonged interaction scenario. They found the performance (e.g., completion
time and error rates) could be in uenced by learning/practicingq 168 183, fatiguing,

and disengagement [199].
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Fig. 7. Top: The likelihood of success measurements being used by the authors to argue their interaction
techniques, models, devices, and systems to be be er than or comparable to previous or other
alternative approaches in artifact papers. Bo om: The likelihood of success measurements being used
in empirical, methodological, theoretical, or survey papers to evaluate the potential solutions.

2.5.2 How Solutions Address Each Research Challenge

We assessed how success measures were used in each paper, which aimed to address the
aforementioned research challenge. In artifact papers, a success measure refers to the evidence
the authors provide to claim their proposed interaction techniques, models, devices, and
systems, to be better than or comparable to previous or other approaches. In empirical,
methodological, theoretical, or survey papers, all the evaluation metrics were considered as the
success measures we assumed that the authors considered the evaluation metrics essential
for a successful solution to use them in the study. Because of this inherent di erence between
contribution types, we analyzed them separately.

We rst investigated the likelihood (percentage) of success measures being used to evaluate
the solutions to each research challenge (Figure 7). We removed a challenge category for
measurement percentage analysis if it consisted of fewer than 5 papers (i.e., a small sample
size). We then performed additional analysis to o er insights tailored to the contribution types.

Y1 ArtifactsFor the challenge of managing the complexity in 3D interaction scenarios, the
corresponding artifact papers emphasized more on e ectiveness (13/27, 13 out of 27 papers),
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e ciency (10/27), experience (12/27), and expressivity (9/27) to demonstrate the success of
their solutions. That is, the proposed solution was often argued to achieve better performance,
such as faster completion and fewer errors, provide more satisfactory user experiences, and be
suitable for various application scenarios. Ergonomics (6/27) and robustness (4/27) measures
were less often used in the arguments, and there was little attention to realism, behavior, and
consistency measurements.

Regarding the challenge of the imprecise rendering of visual and haptic realism, the dominant
measurement was experience (5/7), followed by e ectiveness (3/7), e ciency (3/7), expressivity
(3/7), and realism (3/7). This indicated that while the solutions might be proposed to improve
realism, they could also enhance user experience (e.g., body ownership, sense of embodiment)
and performance. The solutions were often demonstrated to remain useful in many application
scenarios.

Further analysis of all artifact papers suggested that when a solution achieved better perfor-
mance (e ectiveness or e ciency), the probability that it outperformed other solutions in

the experience measure was 76.9% and in the ergonomics measure was 34.6%. If performance
was improved, the likelihood that the artifact performed superior in both e ectiveness and

e ciency measures was 34.6%. There were 24.4% of the solutions performed better in more or
equal to four measurements.

Y2 Empirical, methodological, theoretical, and suFaethe challenge of complexity in 3D
interaction scenarios, the empirical papers employed similar measurements as in the artifact
papers. More papers evaluated e ectiveness (5/7), e ciency (6/7), ergonomics (3/7), and expe-
rience (4/7), with limited analysis on robustness (1/7). One paper (1/7) measured consistency
in learning the techniques over time.

When exploring new interaction spaces and factors, a large number of papers focused on
standard measurements such as e ectiveness (18/27), e ciency (17/27), and experience (14/27).
Ergonomic measures, including fatigue and workload, were also used in some cases (8/27). Only
a few papers assessed robustness (1/27), expressivity (2/27), realism (1/27), and consistency
(1/27) measures. As behavior measures(4/27), there were explorations on whether the potential
solutions could encourage positive user behaviors, such as decreasing the re-entry rate.

Similarly, more frequent measurements when comparing alternative solutions were e ec-
tiveness (9/15), e ciency (14/15), ergonomics (9/15), and experience (11/15). There were also
limited analyses on expressivity (1/15), realism (2/15), and behavior (3/15).

For developing evaluation methodologies, the papers mainly demonstrated that their frame-
work or testbeds could achieve the desired purposes (e ectiveness: 4/5) and be adapted to
new application scenarios (expressivity: 3/5). One empirical paper also investigated the e ect
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Fig. 8. Le : How new artifacts outperform alternative baselines in di erent success measurements
across years. Right: How successful measurements were employed in empirical, methodological, theo-
retical, and survey papers across the years.

related to e ciency, ergonomics, experience, and consistency when adjusting the evaluation
methodology.

Y3 The usage of di erent measurements over timféigure 8, we summarized how success
measurements were applied in di erent types of papers over the years. For artifact papers,
there seemed to be a trend that more recent solutions were evaluated to outperform base-
lines in more diverse sets of successful measurements (i.e., more colors in the stacked bars).
For empirical, methodological, theoretical, and survey papers, di erent measurements were
commonly employed to evaluate di erent perspectives of the solutions across years.

2.6 Discussion

Based on our literature review, we rst discuss ndings on classic challenges and emerging
trends in the eld of VR selection and manipulation, together with an overview of the solutions.
We then discuss how success measurements have been leveraged to address research challenges.

2.6.1 Classic Challenges and Emerging Trends

By categorizing the research challenges the publications aimed to solve, we see both classic
hurdles that have been actively investigated throughout the years and emerging trends that
only contain a small number of papers for now but will potentially have signi cant in uences.

Classic research challenges were raised in the early days when there was little understand-
ing of designing appropriate VR user interfaces for selection and manipulation (Challenges
1-3). Researchers prototyped solutions to interact with objects in the surrounding 3D vir-
tual space, explored new design spaces and features unique to 3D interaction, and compared
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alternative solutions for the best performance and interaction experience. With a more ad-
vanced understanding of the space, the broad research challenges have been expanded to
a multitude of speci c sub-areas such as target occlusi@ag 174 199, eyes-free acquisi-

tion [111 19Q 191 207, multi-modality integration [90 102 153 197, and interaction with

virtual avatars [33, 36]. We have detailed descriptions of these challenges and their solutions
in Section 2.4.

There are also small but emerging topics in the eld that are worth attention: coping with the
limitations in a user's physical space, rendering precise visual and haptic realism to reduce
noticeable sensory mismatches, and integrating the selection and manipulation tasks into
broad contexts and work ows (Challenges 4, 5, and 8). We expect further evolution of these
research challenges and their solutions to a more mature state in the future. For example, with
the rise of the challenge of ergonomic issues, it seems that the researchers have been putting
more emphasis on designing for users themselves rather than their performance improvements.
The topic could be further extended to consider accessibility issues, where users might have
physical constraints with their bodies or environment-imposed situational disabilities (e.g., a
person holding groceries might not be able to use their arms for other tasks) when interacting
with VR systems §4, 116 20]. We also envision the application of Al technologies and novel
research concepts to help systems better understand the environmental context and the user's
needs and provide timely assistanc&y 126 193 and more believable experience$] 164

during VR object selection and manipulation.

Two challenges were investigated in the early days and were revisited more recently. One is
the challenge of underdeveloped evaluation methodology (Challenge 6). Though the existing
evaluation framework is still helpful in ensuring internal validity (i.e., study rigor), experi-
mental factors that could in uence the study results (e.g., target size, distance, arrangement,
density, occlusion, the presence of virtual avatar, background setting, etc.) are becoming too
overwhelming to be fully-crossed in a user study. It is thus di cult to determine to what extent

the study results could be generalized to the intended applications and whether it is suitable to
compare the results across studiegsy. The other returning challenge is the limited support

for collaborative object manipulation (Challenge 7). With the growing commercialization of
VR systems, it would be advantageous if users could complete tasks that require simultaneous
manipulation of virtual contents with collocated or remote peefs3[ 54, 13Q 14Q 180. We
expect to see more explorations that consider the unique a ordances of immersive VR head-
sets and the cooperation of multiple devices (e.g., VR headsets with AR glasses, tablets, and
desktops) in object selection and manipulation.

2.6.2 Usage of Success Measurements

According to our results, current measurements of artifacts and empirical studies center mainly
around the5Eg(e ectiveness, e ciency, ergonomics, experience, and expressivity). They cover
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both objective performance measures and subjective feelings, and the solutions should also
be demonstrated to be well-suited for various use cases. These appropriate and essential
measurements pave the way for us to resolve the research challenges.

Meanwhile, considering success measurements related to robustness, consistency, and behavior
can give a more comprehensive picture of the solution. While these measures might not apply
to every scenario, we should re ect upon them when evaluating new VR object selection and
manipulation solutions. Some example questions include (1) Robustness: does the solution
remain helpful in more extreme scenarios? (2) Consistency: does the usability of the solution
increase or decay over time, either in the short term or in the long run? (3) Behavior: how
does the solution reshape user behavior? Does the solution encourage positive user behavior?

We should also note that the successful measurements may correlate or con ict with each other.
Our analysis has shown that performance measures (e ectiveness and e ciency) correlated
with experience measures quite well; 76.9% of the proposed artifacts outperformed the baselines
in experience measures if they achieved better performance. In other cases, researchers and
designers might need to decide the tradeo between the measures like speed vs. accuracy
tradeo [133 and exibility (expressivity) vs. e ciency tradeo [97. For example, while
improving performance regarding e ectiveness and e ciency can be essential, it might not
be desirable if achieved at the expense of increased cognitive Igaipreover, users may
prefer an interface that does not necessarily improve performaric&y[139. These previous
ndings served as helpful guides for the research in this thesis.

2.6.3 Limitations of the Literature Review

Y1 Completenesa/hile we employed both systematic query searches and key literature
identi cations to build our corpus, we acknowledge that we could inadvertently miss some
relevant papers or extended abstracts (e.§37). In other words, this corpus cannot be treated

as an exhaustive and complete list of VR object selection and manipulation research. We
highlight that our goal was to identify key challenges, solutions, and success measures in the
domain, and the current corpus serves as a representative subset of the most relevant papers.
We aim to address this inherent limitation of a systematic review by making our dataset and
search queries transparent and open-source for future research to iterate and expand upon.

Y2 Reality-Virtuality Continuuntn this research, we only included relevant research built with

VR headsets but not other types of VR displays. Our rationale was based on Bowman et al.'s
research 17,99 on comparing multiple interaction techniques under di erent displays (i.e.,
CAVEs and HMDs). They found migration of techniques to other displays could sometimes
work but could also cause serious usability problems due to their di erent display properties.
Thus, it was di cult to justify whether solutions that worked on other displays could also be
transferable to VR headsets. Therefore, we restricted our scope to VR headsets for simplicity.
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Furthermore, we only investigated fully-immersive VR rather than AR and MR. Many VR
headsets o er video see-through or pass-through mode, enabling both AR and MR (e.g.,
Sutherland's early work on The Sword of Damocles3[163). We excluded them because the
presence of real-world objects may signi cantly in uence the interactions59. However,

we want to highlight that solutions proposed in other VR displays and AR and MR scenarios
(e.g., CAVE, AR glasses, volumetric displays) may also be adaptable for fully-immersed VR
headsets [83, 110, 131].

2.7 Summary

We have teased out eight research challenges in VR selection and manipulation through the
literature review. In this thesis, we provide novel solutions for the research challenge of coping
with complex 3D interaction scenarios. Speci cally, we develop techniques for fully-occluded
target selection (Chapter 4), incorporate gaze and on-body input to o er precise, versatile,
and more comfortable interaction (Chapter 5 and 6), and leverage computational models to
lower the friction in acquiring small and distant objects (Chapter 7). Meanwhile, our solutions
should inspire future researchers to resolve other challenges. For example, our computational
models in Chapter 7 consider optimizing the use of contextual information to provide the most
appropriate suggestions to users. We also explore a new design space for integrating gaze into
the existing work ow based on mid-air interaction in Chapter 5, and the techniques should

o er helpful support in a collaborative VR environment.

This thesis focuses on the success measurements of e ectiveness, e ciency, ergonomics,
experience, and expressivity (theE3. For example, we evaluate the techniques through
performance measures such as task completion time and error rate. We assess workload and
fatigue measures through hand movement distances and questionnaires, including NASA-
TLX [58 and Borg CR1015. We also deploy questionnaires, such as the single easement
guestionnaire 147 and the short version of the user experience questionnaire (UEQES]) [

and perform interviews to measure interaction experiences. We also apply the techniques to
various application scenarios to demonstrate their expressivity. These measures cover both
the objective and subjective perspectives of the interaction experience. At the same time, we
consider robustness, behavior, and consistency measures when feasible and appropriate.
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METHODOLOGY

This chapter introduces the general methodology that we applied in the research of this thesis.
Speci cally, we designed and implemented our interaction techniques through design space
formulation and VR software prototyping. To evaluate the techniques, we took a human-
centered approach that considers the end user's needs, experiences, and perspectives by
conducting multiple in-lab user studies. We describe the experiment designs and procedures
we employed to ensure the internal and external validity of the study results. We also performed
rigorous quantitative and qualitative analyses with the collected user data. Finally, we discuss
the ethical considerations when conducting user studies.

3.1 Artifact Design and Prototyping

Y1 Design Space FormulatiBefore building a new interaction technique, we typically consult

the design space, which refers to the structured set of possibilities in which people can interact
with the technology in a given application scenario or under speci ¢ design constraints. For
example, in fully-occluded target selection in Chapter 4, we considered di erent occlusion
visualizations (e.g., multiple viewports and X-rays), the size and space of the visualizations,
and di erent selection techniques. In gaze-supported object manipulation in Chapter 5, we
investigated a collaborative design space of the two input modalities (eye and hand), such
as how one modality can transit to the other. These design spaces (i.e., the categorization of
the di erent design options) helped us to consider the design trade-o s and make informed
decisions about which technique to choose in a given situation.

Y2 VR So ware Prototyping and Demonstratiiter conceptualizing the designs, experiments,
and demonstrations, we implemented them in Unity 3D with the C# programming language.
We then deployed the software to VR platforms, such as the Oculus Quest.

Y3 Simulations and Reinforcement Learrimguticle IV, we employed reinforcement learning

to identify optimized solutions in computer simulations. Speci cally, we built user behavior
models that simulate how users behave under a given situation. We then employed reinforce-
ment learning agents to test di erent strategies by trial and error to maximize the reward (e.g.,
time saved for users) based on the simulated user behaviors.
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3.2 User Studies

Y1 Designin Articles I, I, and 1V, we conducted within-subject experiments to compare
candidate solutions. In this case, each participant was tested in every experimental condition of
techniques and environmental factors (e.g., target distance and densities). The environmental
factors were tailored to the goal of the experiment and were carefully selected based on the
literature and the pilot studies. Within-subject design helped control the e ect of individual

di erences and increased the statistical power. We counterbalanced or randomized the testing
conditions to mitigate the potential ordering e ect caused by such designs. We also repeated
each condition for multiple trials to improve the reliability (i.e., the resulting data accurately
represented the true performance).

Y2 Procedur®ur in-lab user studies were typically structured as follows. We rst welcomed
the participants to the experiments and requested themto Il in a pre-experiment questionnaire
to collect their demographic information, including, for example, whether they had normal or
correct-to-normal vision and their familiarity with VR equipment. We then introduced and
helped them to wear the VR device and let them get acquainted with the system in a sample
virtual space. We then required them to practice the interaction techniques and proceed to the
formal experiment. After the experiment, we asked them to complete another questionnaire
on their experience and, in some cases, also conducted an interview. We ensured participants
rested enough during the study to prevent user fatigue or disengagement [199].

Y3 InterviewWe performed semi-structured interviews in Articles I-11l to gather user feedback
on the proposed solutions. We prepared a list of questions to ask before the experiment and
probed into more details based on participants’ answers. These interviews helped to understand
the users' impressions and concerns, which were employed to iterate on our designs.

3.3 Data Analysis

We conducted quantitative analyses to determine whether our proposed solutions have sig-
ni cantly improved the intended objectives (e.g., completion time). We also administered
gualitative analyses regarding users' feedback to advance our designs.

3.3.1 antitative Analysis

We performed quantitative analyses on the experimental data in Articles I, Il, and IV.

Y1 MetricsThe quantitative evaluation metrics centered around t6E measurements of

e ectiveness, e ciency, ergonomics, and experience. We included selection time, manipulation
time, error rate, and more detailed metrics of coarse translation time and re-position time for

measuring e ectiveness and e ciency. We also used hand movement distance, hand rotation
angles, Borg CR10.f, and NASA-TLX scales5fd for estimating user workload and fatigue.
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Moreover, We quanti ed user experience through preference rankings, function usage percent-
age, and UEQ measures of pragmatic, hedonic, and overall quali§}.[ These measurements
encompass both the objective and subjective aspects of the interaction experience.

Y2 Outlier Removdr.time performance data were collected in the experiment, We typically
considered the time above or below three standard deviations from the me4d< 3BC3}in

each condition as outliers and discarded them in the analysis. These outliers could be induced
by the confusion or mind-wandering of the participants.

Y3 Tests of Significanae conducted statistical signi cance tests with repeated-measures
ANOVA (RM-ANOVA) in Articles | and Il and linear mixed models (LMM) in Article V. Both
RM-ANOVA and LMM were used to identify a signi cant e ect of a factor on a dependent
variable, such as selection time (i.e., whether the chance that a factor has an impact on the
dependent measures is below a threshold). RM-ANOVA was applied when the within-subject
factors were xed (i.e., the same levels were applied to each subject).

Before conducting the signi cance tests, we validated the normality hypothesis through
Kolmogorov-Smirnov tests, Shapiro-Wilk tests, and visual inspections. If the data appeared
non-normally distributed, we performed transformations such as aligned rank transformation
(ART) [187 to normalize the data. We also adjusted the degrees of freedom with Greenhouse-
Geisser correction, if appropriate. Additionally, we performed Bonferroni-adjusted pairwise
comparisons to identify whether the factor levels were signi cantly di erent from each other.
These analyses were common practices in the eld.

Y4 Complementary Teshs.addition to the signi cance tests, we employed e ect size measures
such as the non-parametric estimator of CL7] to complement the pairwise comparison
results. E ect size helped us understand the magnitude of di erences between the conditions,
which could not be achieved by statistical signi cance tests alone [164].

3.3.2 alitative Analysis

In Articles I-1ll, we conducted qualitative analyses on the interview data gathered from the
participants. We transcribed the interview data and coded the issues raised by the usersin a
thematic manner that concerns the frequency and importance of the issue being mentioned. In
other words, we emphasized those issues that appeared more frequently or were recognized as
fundamentally important p, 37]. We then inferred possible casual conditions of the occurrence

of the issue and elaborated on our ndings on papers. These qualitative analyses help us focus
on key user experience issues of the invented techniques, which can improve understanding
of interaction behaviors and guide future research.
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3.4 Ethical Considerations

We implemented several measures to guarantee the ethical conduct of the research studies in
this thesis. The experiment protocol was approved by the University of Melbourne Human
Ethics Advisory Group (Article I and 1ll, ethics ID: 1955876), the University Ethics Committee
in Xi'an Jiaotong-Liverpool University (Article Il), or the Western Institutional Review Board
(Article IV).

Y1 Informed Consenwe informed the participants of study-related information via a written
plain language statement. Before they agreed to participate in the study, they were given
su cient time to read a consent form. Their consent was obtained by having them sign and
return the consent form. The experiment and data collection only started once the participant
signed the consent form. Additionally, we ensured that the participants were aware that their
participation would not impact their grades if they were students at the university.

Y2 Risks, Compensations, and Monitolitig were aware of the potential risks in a VR ex-
periment, such as causing motion sickness and eyestrain. Participants were informed of the
possible adverse e ects. They were allowed to take o the VR headsets if feeling uncomfort-
able. Further, they could withdraw from the study at any point of the experiment without
explanation or prejudice. The researcher also carefully monitored the whole experiment to
spot any potential risks. After completing the study, the participants were compensated with
rewards such as gift vouchers and snacks, as written and agreed upon in the consent form.

Y3 Data Managememe collected only the necessary data for our research, such as basic
demographic information, task completion time, and oral feedback. To maintain privacy, we
anonymized the collected user data so that it is impossible to link them with identi able per-
sonal information (e.g., names). In any publication resulting from the research, the participants
were identi ed by pseudonyms such as P1. For safeguarding the data, we utilize secure
servers protected by rewalls. Access to the server was controlled through protected password
authentication mechanisms.
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Chapter 4
FULLY-OCCLUDED TARGET SELECTION

4.1 Summary

In this work, we propose interaction techniques for fully-occluded target selection in VR.
The presence of fully-occluded targets is common within virtual environments, ranging from

a virtual object behind a wall to a data point of interest hidden in a complex visualization.
However, current mid-air interactions based on Virtual Hand and Raycasting have limited
functionalities in selecting such targets without repetitively moving from one place to another
(locomotion) to discover the occluded target. Therefore, we developed ten techniques and
conducted two user studies to explore appropriate visualizations and interactions to o er
selections for fully-occluded targets.

The proposed fully-occluded target selection techniques can deal with small, distant, and
partially- or fully-occluded targets. The selected techniques were optimized for e ectiveness,
e ciency, and user experience. They were also demonstrated to remain helpful in simple and

more complex environmental settings (e.g., di erent occlusion layers, target depths, and object
densities) and various application scenarios (e.g., 3D modeling and data exploration).

Env. Task
Small Distant Occluded E ectiveness E ciency Ergonomics Experience Expressivity
X X X X X X X
4.2 Atrticle |

This is the author's version of the work for your personal use only (i.e., not for redistribution).
The de nitive version can be found in IEEE Xplore Digital Library:

Difeng Yu, Qiushi Zhou, Joshua Newn, Tilman Dingler, Eduardo Velloso, and Jorge Goncalves.
"Fully-Occluded Target Selection in Virtual RealitffEE transactions on visualization and
computer graphic&6, no. 12 (2020): 3402-3413. https://doi.org/10.1109/TVCG.2020.3023606
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