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“The goal then becomes identifying needs which are not ideally met in the
medium of physical proximity, and evolving mechanisms which leverage the

strengths of the new medium to meet those needs.”

— Hollan & Stornetta, 1992
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Technology-mediated collaboration for physical tasks — where a novice manipulates
real objects in their space with the guidance of a remote expert — helps extend expertise to
remote and often resource-strapped environments. The spatial and immersive nature of emerging
technologies like eXtended Reality (XR) promise to make this collaboration more natural and
intuitive in ways that traditional screenbound collaborative systems can’t. However, a plethora of
challenges remain before it can fulfill this promise, and several key aspects of the design space
are yet to be explored.

In this dissertation, I first introduce a framework for XR-mediated collaborative physical

tasks that aims to serve as a cohesive resource for both the design of collaborator interfaces
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and the exploration of the unique capabilities spatial and immersive technology bring to remote
collaboration. I then design Mixed and Virtual Reality interfaces for both experts and novices
and evaluate them in realistic settings. These evaluations expand our understanding of XR as a
collaborative medium and highlight the challenges associated with supporting the situational
awareness experts need to partake in object-focused communication. An in-depth review of
existing collaborative XR systems adds to the discourse and uncovers key design opportunities
to enhance support for communication during physical tasks. This dissertation also highlights a
core assumption within the field and challenges the need to fully support experts’ environment
awareness through a view of the task environment. I do this by leveraging the context-aware
capabilities of the technology to provide alternate information representations and communication
mechanisms that minimize the information foraging collaborators need to perform within the
task environment to sustain object-focused communication. Controlled experiments evaluate the
impact of these techniques on the collaborative experience and showcase how they reduce task
load while increasing task performance and communication efficiency.

Put together, this work lays the foundations for rich collaborative experiences that go
beyond the constraints of face-to-face interactions while making it easier and more sustainable

to scale real-world expertise.
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Chapter 1

Supporting Remote Collaborative
Physical Tasks

From baking and construction, to flying an aircraft and performing surgical procedures,
purposeful physical tasks where we alter real world objects around us have driven human
development and fundamentally shaped our societies. While some of these tasks have found
digital equivalents as technology developed, those that are intricately tied to the environment they
occur in remain crucial across a variety of domains like manufacturing, design, and healthcare.
These physical tasks are typically complex in nature and require a high degree of skill and tacit
knowledge that is gained through exclusive training and honed over time with repeated practice.
Today, this specialized knowledge is becoming increasingly distributed with skilled personnel
often being concentrated in urban centers [208] — which means the expertise required to perform
tasks like surgery [253] or aircraft repair [191] is not always locally available.

Advances in telecommunications and collaborative technology over the past few decades
have made working with each other over distances an easier, richer, and more ubiquitous experi-
ence. This technology-mediated remote collaboration has allowed for more distributed teams
and shifted how we structure and leverage the expertise required for tasks. With technological
systems that support remote collaboration, remote experts who are geographically removed from
the task environment can provide procedural guidance to local novices who manipulate the

objects in the task environment [93]. The expertise, tacit knowledge, and decision making skills



offered by the expert can make task completion easier, more efficient, and less error prone for
the novices, especially in time-critical settings. For example, technology has allowed remote
experts to assist with crime scene investigations [242] and enabled trauma surgeons to remotely
guide emergency patient care at a moments notice [183].

Most collaborative systems, however, are built to support activities that can be performed
without reference to a spatial or physical environment [93] (like video conferencing or editing
a document together) and provide insufficient support for physical tasks that rely on it [94].
Collaborative systems explicitly designed for physical tasks is therefore key to expanding access
to the expertise required for it in both geographically distributed teams as well as in resource-

strapped scenarios.

1.1 The Promise of Extended Reality

Extended Reality (XR)

Mixed Reality (MR)

—> <«
Real Augmented Augmented Virtual
World Reality (AR} Virtuality (AY) Reality (VR)

Reality-Virtuality (RY) Continuum

Figure 1.1. Milgram and Kishino’s reality-virtuality continuum.

The virtuality continuum (Fig. 1.1), initially introduced by Milgram and Kishino [211]
describes one end of the continuum as “’reality”, which is the perception of the physical envi-
ronment around us without the use of any technology. The other end of the spectrum is Virtual
Reality (VR) where users are immersed in a completely virtual, computer-generated environment.
Anything in between is referred to as Mixed Reality (MR) which includes both augmenting the
physical environment with digital content (Augmented Reality), and integrating real objects into

a virtual environment (Augmented Virtuality). Extended Reality (XR) is an umbrella term that



covers any technology-mediated experience within this continuum.

Today, the concept of MR and XR has expanded beyond visual displays and can mean
a variety of different things [282]. Fundamentally, in this dissertation, I think of XR as a
collection of display, input, and tracking technologies that enable spatial and immersive user
experiences that can enhance human perception [282, 274]. I recognize that no single device
today captures the full potential of what XR can offer, and that XR experiences often include
additional capabilities like haptics, human-environment interaction, hand tracking, sensors, and

motion tracking [290, 263].

A Natural Collaborative Medium for Physical Tasks

Given the inherent spatial nature of physical tasks tasks, the immersive and spatial
nature of XR makes it well-suited to be a collaborative medium for it because it can provide an
environment where collaborators can feel like they are in the same 3-dimensional space [289]
(Fig. 1.2 shows an artistic depiction of this vision). This can improve their shared context and
restore their natural ability to understand and interact with digital information, collaborators, and
both local and remote environments with relative ease. In general, these technologies allow for
communication behaviors similar to face-to-face collaborations, especially when compared to
traditional collaborative interfaces on screens [26].

Mixed Reality (MR), in particular, seamlessly blends our physical and digital worlds [212,
211] and is is capable of understanding the real world and presenting virtual content within
it. When compared to video conferencing, previous research has shown that MR facilitates a
reduced separation between task and communication spaces, a higher degree of social presence,
and more natural communication behaviors [26]. Recent years have thus seen an increased
interest in commercial applications as well as an uptick of research efforts towards MR-mediated
collaboration [323, 77] for physical tasks.

While experiencing the digital content alongside the real world is beneficial for collabo-

rators in the physical task environment, the environment of the geographically separated user is



Screenbound XR-Mediated
Collaboration Collaboration

Figure 1.2. A vision of how XR-mediated collaboration can differ from screenbound experiences.

typically not relevant. The flexibility of technology choice this provides have led researchers
to use a range of devices for remote collaborators including Virtual Reality (VR) which can
present 3D visual content in a spatial manner which enables full depth perception and allows
users to perceive environments in a similar manner as they would a physical space in the real
world. The recent advances in the technology including better display technologies, environment
understanding, more processing power, and higher network bandwidth have made it possible for
features like real-time 3D reconstructions or digital twins to recreate the experience of being in a
real physical space that is geographically separated from the user [227, 46, 190, 301]. With this,
remote experts can engage with the task environment more naturally [278] and provide guidance
to local novices in manners similar to collocated settings — something that can be especially

beneficial for complex physical tasks [136].

Beyond Imitating Collocated Settings

While XR has the ability to recreate the experience of collocated settings, the constraints
of the technology like restricted field-of-view, limited resolution and color depth, and varied

ergonomic issues [26] means that viewing the world through these devices is simply not the same



as viewing it through the naked eye. It is important to note that the impact of these constraints
will be minimized as technology advances. However, I argue that the seams and discontinuities in
the collaborative experience [140] will remain even the technology-mediated collaborative space
is indistinguishable from one in the real world. This is primarily because even if collaborators
experience virtual content through stimulation of their extroceptive senses, their introceptive
senses will likely remain unaltered [274]. For example, even if remote collaborators were fully
immersed in a flawless reconstruction of the task environment that’s impossible to tell apart from
the real thing, they would still be aware of the fact that they aren’t physically present in that
space.

Moreover, while face-to-face interactions are often treated as the gold standard systems
that support collaboration should strive towards, CSCW researchers have challenged this ap-
proach in the past. Most notably, Hollan and Stornetta called for telecommunication systems that
go beyond “being there” [132], focusing on leveraging the unique capabilities of technology will
help us create collaborative systems that are seen as more than just replacements for physical
proximity and could even help us overcome the deficiencies of collocated communication.

The specific technology used as the collaborative medium heavily impacts the design
space available to explore communication mechanisms that diverge from those used when
collaborators are present in the same space. In fundamentally modifying the perceptive and
sensory experience of a space, XR in particular offers us (probably to a larger extend than
traditional media) the flexibility of malleable space-time perceptions [77] and new types of social

interactions [113] that can go beyond what physical proximity offers.

1.2 The Challenge with Physical Tasks

While most synchronous collaboration technologies (like video conferencing) are de-
signed to support tasks that can be performed without reference to the real world [94], physical

tasks require it as they are fundamentally tied to the environment they occur in and the objects



within it. Providing communicative support for a collaborator removed from this environment
this becomes a non-trivial task. When it comes to collaborative systems that allow remote experts
to provide MR-mediated guidance for physical tasks, researchers have explored a number of
rich interaction techniques that leverage the unique capabilities of the technology. For example,
remote collaborators can use hand gestures [10, 237], virtual replicas [224] of task objects, or
environment annotations [210, 45, 105] to engage in epistemic actions [169] and communicate
technique in ways that are not entirely possible when working remotely without the visual and
spatial capabilities of XR.

However, these communication mechanisms require substantial environment awareness
to partake in. For example, to gesture towards a task object or sketch a circle around it to direct
a novices attention towards it, a remote expert would need to know the position of that object
in the task environment. In fact, the role shared visual information of the task environment
plays in physical tasks is very well documented in CSCW literature, and is almost always
seen as indispensable for remote collaborators to gain situational awareness and ground their
object-focused communications more effectively [174]. Providing remote collaborators with a
view of the task environment is therefore typically seen as a non-negotiable feature.

A consequence of this has been that despite the increased interest in commercial applica-
tions from the public and an uptick of research efforts towards XR-mediated collaboration over
the recent years [323, 77], a key goal for remote collaborator interfaces have been to increase its
users sense of presence in the task environment by immersing them in computationally recreated
versions of it. In general, the physicality of the task, the importance of workplace awareness, and
the ease with which we gain this awareness and communicate in real physical spaces have made
it extremely challenging to design interfaces that truly go beyond recreating physical proximity.
Today, we don’t know what an interface that breaks past this boundary would entail and it is

unclear what the benefits of it would be.



1.3 Towards Enhancing Support for Collaborative XR

The concept of adjacent possible, originally proposed by Kauffman [154], is an abstract
notion that has been used as a framework to structure innovation in a variety of research fields
including design [28]. When applied to the design of technological systems, the actual describes
the current state of the field which includes the systems in use today as well as the knowledge
of the underlying conceptual components and the relationships between them. The adjacent
possible refers to the opportunities available for innovation that are outside but near the current
state of knowledge, where known technologies and approaches are combined in generative ways
to yield novel results. The ability to engage in design explorations that grow the boundaries of
the adjacent possible requires a systematic understanding of the actual. A crucial step towards
understanding the state of the field is to distinctively outline what it means to support physical
tasks at a distance, and understand the impact of the technology capabilities available for it.

Today, there are two key aspects missing that make this endeavour challenging:

The Lack of Theoretical or Conceptual Frameworks Native to Collabora-
tive Extended Reality

In the past, models and theories that provide an understanding of human communication
have played a crucial role in facilitating the progress of traditional collaborative systems in
less hit-or-miss ways [1]. They offer a humanistic perspective of how people interact with
technology [123, 20], assist in the framing of new research paths, act as a guide for innovation
and design practice, and offer new ways to evaluate these systems [257, 128]. However, in going
beyond screen-bound experiences, the 3-dimensional and immersive interaction capabilities of
XR comes with its own unique characteristics and challenges. Additionally, in presenting virtual
content that can be perceived and interacted with in manners similar to real objects, XR can
fundamentally change the collaborator’s situated experience in their environment. Therefore,

while extremely valuable, insights from research on collocated and technology-mediated com-



munication might break down when applied to MR, and existing communication models alone
provide an incomplete picture of the different aspects of MR-mediated collaboration.

MR-specific collaboration theories or frameworks for physical tasks are even more scarce
with Marques et al.’s ontology for evaluation [204] and Chastine et al.’s model for referencing
in collaborative AR [44] being the two major efforts in the space. Additionally, most of the
work that offers a review of the space use dimensions that primarily focus on the underlying
technology but don’t provide a way to describe the qualities of the user experience [77]. As
a result, researchers and practitioners are left with very few design guidelines and theoretical
scaffolding to guide them [148].

While it is natural for emerging technologies to lack theoretical foundations, advances
in MR are changing the nature of human interactions in ways we don’t quite understand [30].
Creating impactful, usable systems that move the field towards maturity will require a more
structured approach where we build on existing theories in generative ways [20] and develop
more “native” models that specifically describe the XR-mediated collaborative experience.
These native models, in turn, allow us to articulate guiding questions that drive the successful

exploration of the adjacent possible.

The Lack of User-Centered Design and Evaluation of XR Interfaces for
Remote Collaboration in Realistic Settings

General research on MR-mediated remote collaboration dates back to the 1990’s with
work like the SharedView [179]. Since then researchers have built collaborative MR systems
with various features like presenting collaborators as avatars to each other, sharing virtual content
to supplement communication, and allowing a remote user to place spatial cues in the local
collaborator’s workspace. When looked at through the lens of technology development models
like the BRETAM trajectory [96], MR-mediated collaboration is very much at the replication
stage where there is little grounding foundation for research explorations and the collective

insights gained primarily stem from empirical reports of successes and failures. There is,



therefore a sense that we have just begun exploring the vast design space of collaborative MR
systems, with several key research directions yet to be pursued. Understanding how to cull this
design space and build effective collaborative systems is key to furthering this research field in
the most impactful manner.

The majority of current research efforts focus on creating individual systems and explor-
ing technological innovations and interaction techniques [204, 77]. A large reason for this is
because the technology has only recently matured to a point where researchers can focus on the
nuances of supporting technology, and not on creating the enabling technology [77]. In a survey
of MR user studies, Dey et al. [66] found that only 15 of the 369 studies conducted between 2005
and 2014 involved collaborative systems, and only a few of those collected communication or
behavior focused measures with most of the studies and design frameworks primarily focused on
usability [231]. Additionally, there has been very little research focusing on user-based interface
design approaches. Until 2004, out of all the publications in primary venues for AR, only 14%
of articles were HCI-related and only 8% of those contained any user-based experiments [288].
A more recent review of publications reporting on AR applications for assembly tasks found
that while 39% of the articles deal with assembly guidance, only 8% focused on effectiveness
evaluation and only 4% conducted usability evaluations [330].

More recent works for MR-mediated collaboration provide a range of contributions,
from enabling technology [?] to user evaluations of new interfaces [224] to new interaction
modalities [239]. However, even these recent efforts take place in lab settings that don’t fully
resemble a realistic task and provide a very high level evaluation of the system. Therefore, while
existing work has showcased the potential for XR technologies to provide richer collaborative
experiences for remote guidance, we don’t fully understand how these features impact the quality
of remote collaboration since studies of collaborator communication and behaviors have been
relatively scarce in the literature. Therefore, there is a need to both design these interfaces with
users for real-world tasks and more in depth evaluations to understand the impact of XR features

in realistic scenarios [77].



1.4 Thesis Statement and Contributions

In my dissertation, I seek to understand how the additional visual and spatial affordances
of XR can best be leveraged to advance the support collaborative XR systems offers its users
for physical tasks. A primary objective of this research has been to explore design choices that
could break past the constraints the physicality of the task brings. More specifically, I aim to
enable remote experts to provide effective guidance that novices can easily comprehend and act
upon without the need to accumulate extensive knowledge of the task environment for it. I firmly
believe that progress towards this goal is key to making the the use of collaborative systems for
physical tasks more sustainable and ensuring access to the expertise required for it over larger

areas. To that end, the thesis I have formed posits that:

Designing information representations and communicative mechanisms that
minimize the environment awareness required for object-focused communication
during remote physical tasks provides the flexibility to create collaborative
environments that do not fully replicate physical proximity while enhancing task

performance and reducing the joint effort required for collaborative success.

I support my thesis statement through a series of research initiatives that have progres-
sively brought me closer to designing remote collaborative interfaces that go beyond recreating
physical proximity while enhancing support for both novices and experts. My overarching
research approach has been to first systematically uncover the actual — or the current state of the
field — to understand the key challenges that keep the collaboration tied to the task environment.
I then expand the adjacent possible by designing and evaluating mechanisms that leverage the
unique capabilities of XR to overcome these challenges and provide novel ways of supporting
object-focused communication during physical tasks.

Here I describe how a report of these initiatives are organized across the chapters in this

10



dissertation and list the specific contributions to the research field they offer.

A Conceptual Framework and Native Model for Collaborative XR

Chapter 2 distills the key theories and models from a variety of domains to present
a conceptual framework for designing collaborative systems. This framework describes the
relationships between the many factors that influence collaborative success, and outlines the
key design goals and collaborator needs a system should support during physical tasks. It also
proposes the dimensions of support for communication technology offers, and discusses what I
consider to be key mechanisms conducive to building systems that go ”beyond being there” [132].
This chapter also goes further to define the capabilities XR offers as a collaborative medium and
extends the framework to introduce a native model for XR-mediated remote collaboration that
showcases its impact on users’ situated experiences.

In addition to being a cohesive resource researchers and practitioners can use to design
collaborative systems that support physical tasks, this framework serves as the foundational and

theoretical scaffolding that guides the subsequent research efforts in this dissertation.

Empirical Evidence of the Support XR Offers in Time-Critical Settings

A key aspect of understanding where we currently stand in terms of supporting physical
tasks with XR is evaluating how the technology fares in realistic scenarios for real-world tasks.
Supporting remote guidance for physical tasks, in particular, is most impactful for true novices
in complex and time-critical settings where enabling accurate and fast completion of the task
is critical. Moreover, the limitations of human cognition and goals of the task in time-critical
settings ensure generalizability since features that effectively serve more constrained settings
typically remain impactful even in more flexible scenarios. Designing for time-sensitive physical
tasks, therefore, provides useful constraints that can help guide the creation of effective interfaces
by restricting the seemingly limitless design space for collaborative XR. Additionally, there have

been very few research efforts that evaluate the impact of using XR for physical task guidance in
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this setting. For these reasons, I opted to evaluate the utility of XR for physical task guidance in
time-critical scenarios as a way of understanding both the challenges of designing collaborative
interfaces and facilitating communication with XR technology today.

Chapter 4 first set out to understand the utility and feasibility of Mixed Reality guidance
cues for novices performing cardiopulmonary resuscitation during an emergency. A user-centered
iterative design process highlights a number of key considerations for designing alongside the
limitations of technology today, and an evaluation in a realistic setting outlines the benefits the
added visual and spatial capabilities of XR have over traditional media for providing procedural
guidance to novices in time-critical settings.

Chapter 5, then, provides an understanding of how the visual and spatial capabilities of XR
impacts the ease with which remote experts can provide MR-mediated procedural guidance for
novices performing trauma surgery. A participatory design study with experts and a subsequent
feasibility study with the resulting XR system highlights expert’s domain-specific information
and communication needs, and discusses how technological constraints impacts the support
collaborative systems provide for it.

Both these chapters offers empirical evidence that expands our understanding of the
benefits and limitations the visual and spatial capabilities of XR bring to remote collaborative
physical tasks. Chapter 5, in particular highlights the key challenges associated with supporting

the situational awareness required for experts to partake in object-focused communication.

A Communication-Focused Overview of the Design Landscape

A systematic understanding of the design space existing XR-mediated collaborative
systems occupy is a crucial step towards furthering the field and enhancing the support available
for object-focused communication in a methodical manner. Chapter 6 presents a review of the
field and analyzes the communication-focused features of existing systems that enable working
together on a physical task from a distance today. An in-depth analysis of the support offered for

referencing — the communication process most tied to the physical task environment, as well as

12



the situated experience associated with experts’ task environments uncovers key research gaps

that could drive future design explorations.

The Design and Evaluation of Interaction Techniques that Reduce the
Joint Effort Required for Object-Focused Communication

Armed with an in-depth understanding of the phenomenon of collaborative XR, the
nuances of supporting physical tasks, the current design landscape for it, and the key challenges
ahead of us, the final research thread in my dissertation sought to expand the repertoire of design
choices available to practitioners with interaction techniques that reduced the effort required
from collaborators for object-focused communication.

Chapter 6 presents two design strategies that ease the referencing for collaborators during
physical tasks — explicitly representing the spatial information required for it, and (partially)
offloading aspects of the communication process to the collaborative system. It also presents a
controlled experiment that evaluates two interaction techniques that embody these strategies, and
discusses the impact explicit representations and offloaded communication has on experts’ need
for environment awareness and spatial information during collaborative physical tasks. A key
takeaway of this exploration is that spatial information can be superfluous when communicative
responsibilities are shifted from the expert to a spatially-aware collaborative system.

Chapter 7, then, exploits this key takeaway to design an immersive interface for remote
experts that is hybrid between their own familiar workspace in the real-world and the physical task
environment the novice in need of guidance is operating from. A comparative study evaluated
the use of this interface against one that fully recreates the novice’s environment on both single
and repeated use to uncover the impact a familiar and spatially-stable interface has on the
experts’ ability to provide guidance. Results showcase that such an interface leverages expert’s
existing spatial memories to enhance their ability to provide effective procedural guidance while
maximizing the benefits of the immersive nature of XR.

These two chapters expand the design space for collaborative XR and demonstrate how

13



remote physical tasks can be supported without fully replicating physical proximity. It also
showcases the benefits of designing interaction techniques minimize the experiential overhead
remote collaborators need to undertake to use their expertise during collaborative physical tasks.
In particular, chapter 6 and 7 offers alternate communication mechanisms and information
representations that individually and collectively reduce the task load and visual search both
novices and experts need to perform within the task environment to sustain object-focused
communication while increasing task performance and communication efficiency.

Overall, the work in this dissertation provides a conceptual lens and specific design ideas
that empower practitioners to create rich collaborative experiences for physical tasks that go
beyond the constraints of face-to-face interactions while making it easier and more sustainable

to scale real-world expertise.

Authorship Statement

Although I am the principal author of the research discussed in this dissertation, it is also
the culmnination of years of collaboration with my advisor, Nadir Weibel, and my colleagues at
the University of California San Diego. To acknowledge the contributions of my collaborators, I

use first-person plural pronouns in the following chapters when appropriate.
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Chapter 2

A Conceptual Framework for Designing
Collaborative Systems

Thesis Question: What are the design considerations associated with supporting
collaborative physical tasks at a distance? How does Extended Reality impact
the experience of remote collaboration?

In this chapter, I present a conceptual framework that can serve as a comprehen-
sive guide for researchers and practitioners looking to design effective remote
collaborative systems. The framework includes summative models that provide an
overview of the various communications mechanisms at play during collaborative
physical tasks, and isolates the user needs and design goals to be supported for
collaborative success. It also introduces and discusses the dimensions of com-
munication support technology can offer to outline the design space for remote
collaborative systems. Finally, it defines the capabilities of XR as a collaborative
medium and introduces a native model for XR-mediated collaborative physical
tasks that highlights its impact on collaborators’ situated experiences.

2.1 Collaboration through Mediated Communication

At its core, collaboration is about people communicating with each other to coordinate
the action required to achieve a common goal. Therefore, collaborators’ attention and efforts
during any task are split between two functional tasks and spaces [50]. The first is the domain
task that occurs within the task space where effort is spent towards completing the task at hand.
The second is the communication task that occurs within the communication space and involves

exchanging and understanding information between each other. The two heavily influence each
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other — complex domain tasks increase how much effort collaborators’ need to put into the
communication task, and the difficulty of engaging in communication makes completing the
domain task harder. However, the complexity of the domain task isn’t fundamentally dependent
on the technology, and the effort it takes to partake in the communication fundamentally defines
the success and adoption of a collaborative system [111].

Given that, the primary design goal for any collaborative system should be to reduce
the effort required for the communication task. Collaborative physical tasks, in particular,
require extensive and complex coordination that is intricately tied to the task environment [174,
50]. Designing interfaces for geographically separated collaborators, therefore, demands an
understanding of both the communication processes required for this coordination and how
technology can support it.

There are a plethora of research articles and design resources that help us better under-
stand how we make sense of the world, the various communication mechanisms at play, and how
distance and technology impacts them [1, 337]. However, isolating the relevant design factors
and how they relate to each other is non-trivial with relevant research being extremely fragmented
and vastly multidisciplinary [115, 243] spanning multiple fields from psychology, philosophy,
and linguistics to cognitive science and computer-supported cooperative work (CSCW). In the
rest of chapter, I discuss key takeaways from communication and cognitive theories to isolate the
various factors that need to be considered when designing for remote collaboration on physical
tasks. I distill these factors into summative models for both collocated and technology-mediated
collaboration and outline the collaborator needs that need to be supported for a successful
collaboration. I then introduce a model for XR-mediated collaboration that highlights how the
visual and spatial capabilities of the technology impact collaborators’ embedded and embodied

experiences during collaborative physical tasks.
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Figure 2.1. A conceptual model for collocated collaboration where two collaborators share the
physical task environment. Depicted is the interpersonal communication channel in , the
environment input and interactions with task objects in blue, and cognitive-physical cycle of
generating awareness, building common ground, and taking action in pink.

2.2 The Mechanics of Communication for Physical Tasks

Physical tasks where people perform actions on concrete objects in the real world [94]
The mechanics of communication provides an overview of the various concepts that come into

play during a collaborative physical task that drives the communication task forward.
INTERPERSONAL COMMUNICATION CHANNEL

A number of existing models conceptualize communication from a primary lens of how
information moves between collaborators. Classic models of communication under information
theory like the Shannon-Weaver model of communication [270] and Berlo’s SMCR model [23]
describe communication between two people as information that flows between a sender and a
receiver through a channel or medium. While these models tend to treat communication as a one-
way process, others like Schramm’s Model of Communication [268] treats communication as a

circular process where all participants are both receivers and senders. In general, most models

17



that focus on information flow and those are derive from it retain the concept of an interpersonal
communication channel. The model in Fig. 2.1, depicts the interpersonal communication
channel in as bi-directional arrows between collaborators through which both verbal and

non-verbal communication is exchanged.
ENVIRONMENT INPUT AND THE ROLE OF TASK OBJECTS

Physical tasks in particular, are inherently spatial since the work is primarily carried out
on or through real objects in the task environment. Collaborators also use the physical features
and spatial relationships of these task objects in the direct conversation they engage in with each
other. Both the domain task and the communication task for physical tasks is therefore intricately
tied to the position and relations between collaborators, objects, and their environment [174, 226].
In general, collaborators observe, make decisions, and act on the environment input they receive
from their physical world to partake in the collaboration.

The model in Fig. 2.1 includes elements from the people-artifact framework [68, 84] and
depicts the functional relationship between the task objects in the environment and collaborators
in blue. These objects are acted upon by one or more collaborators who are also able to perceive
the state of the task through their appearance, physical features, and spatial relationships. For
example, when a collaborator acts on or controls a task object, they experience feedback from the
object itself. The other collaborator then observes the effects of this action through a phenomenon

called feedthrough.
AWARENESS, COMMON GROUND, AND COMMUNICATIVE ACTION

Individual contributors of a physical task engage in a sophisticated process of generating
awareness, building common ground, and taking purposeful and meaningful action to move the
task forward. Models like the perception-action cycle [95, 2] and the human-action cycle [222]
emphasise how we make sense of the world through interaction with the people and artifacts

in it. The key aspects of these theories are captured in Fig. 2.1 in pink and can be divided into
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two processes — the cognitive cycle which describes the mental aspect of communication that
isn’t directly observable, and the physical cycle which talks of the observable physical-bodily
aspect of communication where collaborators make decisions and take actions based on their

understanding of what needs to be done.
The Cognitive Cycle and Information Needs

A major focus of existing literature has been how collaborators generate situational
awareness [73] and the mutual knowledge required for successful communication [52]. One
of the most notable concepts raised by Clark and Brennan is that of grounding in communica-
tion [51]. Grounding is the interactive process of establishing common ground — knowledge
that collaborators have in common (and are aware that they do) — without which there can be no
collaboration. Collaborators continuously accrue common ground based on the information they
have available to them as the communication and the task progresses [226].

Grounding fundamentally requires collaborators to have an awareness of their environ-
ment, of the state of the task, and of their collaborators’ actions and intentions. Simply put,
awareness 1s “knowing what is going on” [78] and answers “who, what, where, when, and how”
questions [121] using information gleaned from the communication channel or directly from the
environment itself. The human perspective on how awareness is achieved has been covered in a
number of theories and models [219, 121], with Ensley’s model of situational awareness [78]
being highly cited in CSCW. These models often describe awareness in a hierarchical fashion
with the perception and comprehension of lower level information leading up to compounded,
higher levels of awareness [285].

We capture the essence of these hierarchies to outline collaborators’ information needs
during physical tasks by classifying the different elements that constitutes awareness into two
broad categories (Table 2.1) — primary awareness which refers to what collaborators can directly
observe from the task environment and their collaborators, and secondary awareness which

constitutes higher levels of awareness.
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Table 2.1. Classification of the constituents of awareness necessary during collaborative physical
tasks.

Key Constituents of Awareness During Physical Tasks

Refers to awareness of the task environment and the task objects
Primary (like tools) within the environment. This includes being able to
Environment | observe the active task space, being aware of the presence of task
Awareness objects, and knowledge of the spatial layout between collaborators

. and objects in the environment.
Primary

Awareness

Refers to the ability to perceive other collaborators working on the
Primary physical task. This includes an awareness of who is there
Collaborator | (presence), what they are saying (speech), where they are (location),
Awareness | where they are looking (gaze), what they can see (view), what can
they reach (reach), and what they are currently doing (action).

Refers to knowledge that is inferred from the information that makes
up primary awareness and to make up higher levels of awareness
and understand their significance with respect to the context at
Secondary Awareness hand. For example, task status awareness is a secondary form of
awareness that can be gleaned from knowledge of the task objects
and collaborator actions. Another form of secondary awareness
could be inferring collaborator intent based on their gaze.

The Physical Cycle and Communicative Needs

Collaborators’ awareness and perception of common ground influence the communicative
actions they take in the physical cycle that is then relayed to each other through the communi-
cation channel. These actions can be both verbal and non-verbal. The verbal spoken dialogue
exchanged between collaborators is typically a crucial aspects of interpersonal communication.
People also use non-verbal forms of communication that include (but are not limited to) facial
expressions, posture, eye gaze, head direction, movement, and hand gestures. These non-verbal
gestures can be illustrative or indicative (when people gesture as a part of conversation, either to
emphasize or illustrate aspects of dialogue - like pointing) or emblematic (where the gesture is
made in place of a speech act - like a thumbs up for “okay”).

Typically, the more common ground collaborators have, the easier it is for collaborators

to communicate and work together, and the more it allows them to use mechanisms that make
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communication more seamless. If collaborators realize that their action isn’t understood by others,
they will engage in further action to repair any misinterpretations and revise their assumptions
about the common ground [51]. However, this can be quite taxing, and theories like Collaborative
Discourse Theory [252, 53] and the Principle of Least Collaborative Effort [54] emphasize that
people will preemptively choose actions that minimize the collaborative effort required to present
and understand it during a collaborative task. For example, experts will use domain-specific
jargon if they assume others have a similar expertise level, but will switch to novice-friendly
language if they sense that their actions are not being understood. Additionally alternative
descriptions like “the box from the last step” and deictic expressions like “give me that one” that
can be disambiguated with context become possible with shared space and history as the task
moves forward.

Now, communication between an expert and a novice during physical tasks is primarily
about giving and receiving procedural guidance which heavily revolves around referring to
objects and describing actions to be done on them [93]. Observations of communicative actions
during physical tasks [87, 114, 94, 351, 197] reveal that experts and novices engage in four
crucial communication processes (Outlined in table 2.2): referencing [44, 147], communicating

technique [94], acknowledgement, and outlining strategy [69, 53].

Table 2.2. Key communication processes collaborative physical tasks rely on.

Key Communication Processes During Physical Tasks

The process of referring to target (task) objects in the environment,

Referencing and having that reference understood by others.

The process of describing actions or manipulations to be performed

Communicating Technique on those target objects and having that understood by others.

The process by which collaborators communicate a confirmation of
Acknowledgement their understanding of a message or of an action being performed
successfully.

Collaborators also engage in communicative action that serves to
Outlining Strategy provide context for individual actions, discuss, or plan the task going
forward.
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2.3 Technology-Mediated Collaborative Physical Tasks
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Figure 2.2. The impact of distance: A conceptual model of the mechanics of technology-
mediated collaboration during physical tasks.

Advancements in technology have allowed us to circumvent the constraints of natural
human communication [337] and partake in synchronous collaboration across distances in
meaningful ways. While a shared physical space affords people symmetric and easy access to
information (Fig. 2.1), remote collaborators lose access to information about each other and
geographically separated collaborators in particular lose access to information about the task
environment [283]. Fig. 2.2 models this experience of technology-mediated communication and
depicts the collaborative system in , with the system (Sg) used by the remote user (Cg)
shown as separate from the system (S7) used by the local user (Cr).

Notice that the interpersonal communication channel through which coordination occurs
in collocated settings is replaced by individual communication channels between each collab-
orator and the system they interact with. Additionally, collaborators removed from the task
environment no longer have the ability to directly control or receive feedback or feedthrough

from task objects. This means that the remote system (Sg) becomes the sole source of information
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its user (Cr) uses to generate the environment awareness [73, 78] required for the object-focused
communication [51, 54] the collaboration relies on. The local system (S7) typically senses some
input from the task environment that can be passed on to the remote user. And while not always
necessary, it could also have the ability to control task objects (for example, remote collaborators
could control a robot arm to manipulate objects in the task environment). The local system’s
interaction with task objects is thus depicted as a bi-directional arrow.

In general, the design space of the features that can make up a collaborative system is
driven by the collaborator needs it caters to and the technology that enables it. These features, in
turn, impact the ease with which users can partake in the communication task as well as their
situated experience during a collaboration session (Fig. 2.3). We discuss these aspects in the

remainder of the session.
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Figure 2.3. Every collaborative system is designed based on the collaborator needs and tech-
nology capabilities available, the features of this system in turn impacts the ease with which
collaborators can communicate and the situated experience associated with it.

2.3.1 The Impact of Distance on Communication Bandwidth

When collocated, people enjoy a dynamic establishment of shared context, a natural
recognition of non-verbal cues, and an intuitive interchange of focus between their communica-
tion task space (with mutually viewable objects) and their fellow collaborator(s) — all which add
to the ease of establishing common ground and the richness of the communication in collocated
settings. These communication benefits, to a large extent, are due to the richness and amount of

verbal and non-verbal cues that can be shared and interpreted by collaborators [174, 337]. In
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other words, the extent of information exchange that being in the same physical space allows for
makes face-to-face communication a “high bandwidth” setting.

The bandwidth metaphor, which categorizes a communication medium based on how
much information can be transmitted and received by the five human senses or input streams [340]
has been integral to some of the earliest work on mediated communication and is most notably
seen in variations of the media richness theory [58]. Technological constraints like computational
capabilities and network throughput limit how much information can be relayed and the repertoire
of actions a user is afforded by a communication channel. For example, a remote collaborator is
only aware of aspects of the environment that the technology is designed to transmit. Similarly, a
local user using an audio-only system cannot sense and understand non-verbal gestures even if
the remote user is interacting with a video conferencing system, forcing the collaboration to rely
on verbal communication.

In general, technology-mediated communication typically comes with a reduced view
of the task environment, diminished cues from collaborators, and limited ability to use ges-
tures [297]. This added layer of distance and technology induced constraints disrupt the ordinary
flow of information extraction and situated cognition that is taken for granted in collocated
settings [226] — it introduces seams and discontinuities in the collaborative experience that
change how people communicate as they are forced to learn new ways of working that accom-
modate the technology [140]. For example, Gutwin found that people started working more
independently and waited longer to take their turn to cope with technology-related delays in
the communication [120]. When comparing face-to-face and video-mediated communication,
Doherty-Sneddon et al. [69] also found that video-mediated communication had more formal
turn-taking with longer turns, fewer interruptions, was less spontaneous, and non-verbal gestures

were harder to convey and tended to be ignored.
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Figure 2.4. Information from both the communication and environment channels is sensed by
the five input streams (visual, aural, tactile, olfactory, gustatory) and used to build awareness and
common ground in the cognitive cycle (top), which in turn influences collaborator decisions and
the actions they take in the physical cycle (bottom). The cognitive cycle drives collaborators’
information needs and the physical cycle specifies what actions need to be supported.

2.3.2 Collaborators’ Communicative Needs

Facilitating mechanisms for rich interpersonal communication during remote collabo-
ration is a non-trivial feat, and building effective systems requires careful consideration of the
individual user needs the remote or local system should caters to. While the exact user needs will
vary with the specific scenario and task the system is designed for, the cognitive-physical cycle
(discussed in Sec. 2.2) that outlines how collaborators make sense of and act on information can
serve as a guide for the key information and communicative needs collaborative systems need to
design for. This process is also visualized in Fig. 2.4 — The cognitive cycle drives collaborators’

information needs and the physical cycle specifies what actions need to be supported.
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* Action Needs: When collaborating across distances, each user can engage in task object
manipulations that drive the domain task forward, communicative actions that move the
communication task forward, or interface interactions that control their experience with
the system. Designing support for communicative actions, in particular, is especially

crucial as no communication can take place without it.

* Information Needs: Collaborators’ ability to take actions, however, fundamentally re-
volves around their ability to obtain and make use of information pertinent to the task at
hand. Now, not all elements of the task environment or collaborators are equally important
for a physical task. For example, it is often more important for collaborators to be aware
of state of the task objects than it is for them to be able to see each others faces during
physical tasks. Designers should, therefore, determine what information is necessary for
each user to build the awareness required for the communication processes physical tasks

rely on [78, 174].
2.3.3 The Impact of the Medium on Support for Communication

The communication mechanisms collaborators can partake in is heavily dependent on
the specific medium or technology employed for each system and how effectively it can convey
different types of information and user actions. It is however important to note here that people
are very good at adapting their communication styles and modifying the mechanisms they use
to suit the medium at hand [314]. Beyond a surprisingly low threshold, the communication
bandwidth and the technology don’t impact the successful completion of a task [176]. For
example, experts successfully guide novices through complex medical procedures over an audio
call today [291]. What changes, however, is the ease of partaking in communication [226] and
the perceived quality of the collaboration.

The extent to which a technological system allows its users to partake in communication
processes is fundamentally determined by two factors or dimensions — the effort required to

engage in communicative action, and the effort required to achieve the awareness needed to be
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able to take that action. In this framework, we divide the level of support offered to individual
collaborators into three broad categories across both dimensions (Fig. 2.5). We assume a verbal
channel that allows collaborators to talk to each other in real-time is a baseline level of support
systems provide for both communicative action and achieving awareness. Systems can also

enable communication processes through dedicated features that provide enhanced support [73].

Dedicated Feature

Verbal Channel Mimics Collocated Different Mechanism
Technology | ! \ |
Mediated | ! ' |
Support for .. .
Corg%mcaﬁon Hard Support for Communicative Action (C) Easy

C ‘ Dedicated Feature

A Verbal Channel Passive Visual Information Explicit Representation

I 1 1
| ' ' |
Hard Support for Achieving Required Awareness (A) Easy

Figure 2.5. Dimensions of support for communication with technology-mediated collaboration.

SUPPORT FOR COMMUNICATIVE ACTION

* Mimics Collocated Mechanisms: One way to ensure a high level of support for different
communication processes is to design interactions that enable users to partake in commu-
nicative actions that feel natural and intuitive. These techniques, therefore, aim to mimic
the communication mechanisms used for it in collocated settings. For example, being able
to gesture at or point at task objects with one’s hand allows remote users to refer to using
deictic expressions that can feel easier than having to verbally describe its location to the

local user.

* Provide Different Mechanisms: While it is undeniable that it allows for extremely rich
communication and might even have aspects that cannot be replicated [226], despite being
treated as a gold standard [141], face-to-face interactions are not perfect. Moreover, what is

possible in one medium might not be possible in another and different types of technology
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can mediate communication and present information differently. The unique affordances
of technology, then, can be leveraged to improve support for communication in new ways
that go beyond what is possible collocated settings — a concept explored by Hollan and
Stornetta in Beyond Being There [132]. For example, pointing to a cluster of objects
in collocated settings can introduce ambiguity about which object is being referred to.
However, inferring the target object using gaze tracking and modifying how the pointing
gesture is represented to the remote collaborator can remove this ambiguity [280] and
make it easy for experts to refer to things more easily. Therefore, the design space of
features that support communicative action also includes those that facilitate it through

mechanisms that are different and theoretically easier that collocated interactions.

SUPPORT FOR ACHIEVING AWARENESS

* Passive Sources of Information: Features that relay information can be passive sources
of information where visual information is captured by the system and relayed to the user
without additional computational effort. Users typically have to process the information to

isolate the aspects relevant to the task at hand.

Given the importance of visual information for communication during physical tasks [174,
315], providing features like video feeds of the task space is a key method collaborative
systems use to support their users’ need for information. While extremely useful in
enhancing the level of support for communication, video feeds are passive sources of
information as users have to comprehend where different task objects are, or where their

collaborators are looking by further processing the what the video is showing.

* Explicit Representations of Information: One way users fail to achieve the awareness
they need even when the system transmits it is when the information is presented to them
in a form that makes it hard for collaborators to glean the details relevant to them [121].
Since it is the system that transmits the information between collaborators, it can choose

to alter both what is meditated and how it is presented to the user.
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Taking advantage of the discontinuity and separation between the remote and local sys-
tems to provide information in a manner that reduces the amount of comprehension and
information processing users have to engage in is another opportunity to help collaborators
go beyond being there. Dedicated features that provide information, therefore, can do so
through explicit representations that extract aspects relevant for collaborators and present
it to them in an easy to understand manner without additional distracting peripheral infor-
mation [283]. For example, visual indicators for collaborators’ gaze [244] or view [240]
are examples of explicitly representing information that collaborators have usually have to

gauge from a view of the task space.

2.3.4 The Impact on Collaborators’ Situated Experience

Our ability to make sense of the what we are experiencing comes from an active and
pragmatic engagement with the world around us [217], and the importance of the environment
around us for cognition is underscored in theories like the situated cognition or the embodied-
embedded hypothesis [341, 167]. A core claim with these theories states that how we think and
act in a situation cannot be uncoupled from the environment that it occurs in. In modifying the
environment collaborators operate in, technological systems also impacts impacts users’ situated
experience during the collaborative task (Fig. 2.3). For example, we constantly structure the
environment we work in and partake in epistemic actions to reduce our cognitive load in a given
scenario [169]. Additionally, the tools we have available to us fundamentally change how we
engage with the task at hand [168].

The specific capabilities of the collaborative medium and the perceptual and interaction
richness it offers, therefore, will define how collaborators interact with the task environment and
each other. Moreover, different technologies will allow for different mechanisms users can use
to offload and reduce their real-time cognition. Designing effective systems with a particular
technology therefore requires a thorough understanding of the capabilities or affordances it brings

as a collaborative medium. Affordance refers to interaction possibilities of with respect to an

29



artifact or environment [106, 109]. This concept of affordances — most notably applied to design
by Norman [221] — has been used to design intuitive systems based on what the technology

offers in terms of the user experience.

2.4 The Capabilities of XR as a Collaborative Medium

Unlike screenbound interfaces, collaborative systems that leverage ubiquitous and emerg-
ing technologies like XR allow users to act within the interface itself — fundamentally changing
how users encounter the collaborative space [339]. In this section, we define the various capabili-
ties XR offers as a collaborative medium capable of supporting a myriad of complex interactions
and group them them based on what they offer in terms of the user experience. This organization
is influenced by the key capabilities of MR as a collaborative medium identified by Szalavari et
al. [289] and is summarized in Table 2.3.

Present Multi-Sensory Virtual Content (1a-e): A primary capability of MR is that
it can present content and stimuli over the full range of human input streams including two or
three-dimensional (2D or 3D) visual content, audio signals, haptics, and virtual smell or taste
cues [274]. Presenting 3D visual content, in particular, allows for full depth perception of a
virtual object and enables users to perceive it in a similar manner as they would a physical object.
Additional stimuli, like haptics, can further increase the realism of virtual objects being presented
to the user.

Modify User’s Experience with the Real World (2a-e): MR allows users to have
varying levels of visibility and engagement with the virtual content. This includes the ability
to augment or diminish the real world with information overlays or by occluding aspects from
the users view. It is also possible to completely block out the real world, as with VR devices
today. Additionally, MR can modify how reality is perceived by choosing to represent aspects in
ways that are not completely true to its nature. For example, spatial relations between objects

can be preserved without preserving the absolute distance between them. Moreover, the content
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Table 2.3. XR capabilities grouped according to what it offers in terms of the user experience.

Technology Capabilities of Mixed Reality

1. Present multi-
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Present 2D visual content

Present 3D visual content

Present audio signals

Present haptic feedback

Present virtual smell and/or taste

Augment the real world with virtual content real
Remove or diminish aspects of the real world
Warp the presentation of reality

Block out the real world

Enable the experience of remote locations
Spatially distribute virtual content around the user
Spatially anchor virtual content to the real world
Detect and track objects in the environment

Track user location and orientation within the environment
Understand natural human language

Detect user’s non-verbal behavioral and social cues
Detect user’s physiological and emotional state
Personalize virtual content and user interface
Allow freedom of movement within environment
Allow freedom of perspective within environment

Provide ability to modify environments

MR presents can also be used to recreate the experience of being in a real physical space that

is geographically separated from the user (for example, through 3D reconstructions or digital

twins).

Enable Spatial Interfaces and Understanding (3a-d): MR allows us to move beyond

screen-bound experiences and offers the opportunity to distribute the content presented to the

user in the 3D space around them. This goes beyond just visual content - for example, users

can experience spatial audio in MR environments. Content can also be anchored to particular

points in the real world, making the digital-physical experience more seamless and allowing the
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interface to use the context of the environment the user is in. This environment understanding
MR technology offers is often enabled by building real-time updated maps using a process called
Simultaneous Localization and Mapping (SLAM) and most MR devices today detect surfaces
like a floor or table with relative ease. A more specific form of this understanding includes
detecting and tracking the presence of various situation-relevant objects and their movement
in space (often with additional motion capture algorithms, or tracking devices mounted on the
objects). MR devices can also keep track of the user’s location within the environment in real
time (typically with head tracking and indications of where the user is looking).

Enable human understanding (4a-c): MR technologies offer the possibility of using
a deeper understanding of human interactions and social behavior to drive the design of an
experience. Technology can capture subtle aspects of user behavior that the interface can react
to. For example, a users speech patterns can be used to provide additional experience cues, their
body language and actions can be used as proxies for intent, and detecting their facial expressions
or physiological states could drive emotion-based design.

Provide independence of user experience (5a-c): MR allows for tailored experiences
catered to the individual users allowing for different virtual content to be experienced even within
the same physical space [289]. Users can also experience a freedom of movement within the 3D
MR environment. In addition to the freedom of perspective this offers, MR also allows users to
view a location from multiple perspectives - for example, they can view it from a first person
perspective, a dollhouse perspective, or even from the perspective of a third entity. Users might

also be able to modify aspects of their own or remote environments.

2.5 A Native Model for XR-Mediated Remote Collaboration

Fig. 2.6 highlights how the spatial and perceptual differences of XR-mediated virtual

content changes the collaborative experience during physical tasks.
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Figure 2.6. A conceptual model for XR-mediated collaboration.

2.5.1 A Hybrid Virtual-Physical Space for Local Users

MR has been identified as the medium of choice for collaborators in the physical task
environment [26, 289] because it allows users access to the physical objects while providing
digital content in-situ and because it allows for behaviors that are much more like face-to-face
communication when compared to traditional screen-bound collaborative systems. Because of
this, we fix MR as the technology the local system is built on (Fig. 2.6, Right). Additionally,
MR also allows for the representation of collaborators in ways that feel like they are in the same
physical space as the local user. We also integrate this by depicting a representation of the remote
user (RCp) in the local users space. The combination of immersive virtual content and physical
objects in the local user’s space make up a virtual-physical hybrid task environment

Compared to traditional screen-bound experiences, immersive and spatial technologies
like Mixed Reality (MR) and Virtual Reality (VR) pair especially well with the spatial nature of
physical tasks and facilitate more natural interaction and communication behaviors [26]. MR’s
ability to understand and present information within the environment grants users instructional

and gestural cues from remote experts while maintaining environment context. This makes

33



it an effective communication medium for novices and has been shown to allow for efficient
communication, increased feelings of presence, and decreased cognitive loads among both local
and remote collaborators [323, 18].

Notice how the virtual objects and the representation of the remote user are both controlled
by the system (depicted by the uni-directional arrows from the system to it). Any manipulation
of virtual objects or interactions with representations of remote collaborators is facilitated
through the system - the user loses access to them without the system. However, since they
can be perceived in ways similar to physical objects, we include this experiential feedback and

feedthrough using dashed arrows.

2.5.2 A Virtual Task Environment for Remote Users

The physical environment the remote collaborators are in typically has no significance
to the task at hand. This then doesn’t constraint the type of technology used in remote spaces
— we depict this flexibility for the remote system in Fig. 2.6 (Left). However, the inclusion of
immersive and mixed reality technologies mean that the remote user could also interact with
virtual objects and remote collaborator in ways similar to physical, colocated settings. This is
depicted through the addition of virtual objects (VOg), a representation of local collaborator
(LCR), control arrows from the system, and experiential feedback and feedthrough arrows to the

remote user.
THE SITUATED EXPERIENCE OF VIRTUAL TASK ENVIRONMENTS

Since the physical environment of the remote collaborator is of little importance to
the task, we don’t include any physical objects on the remote side. However, the addition of
immersive virtual content fundamentally changes the experience for the remote user and is
called the virtual remote environment. In general, the freedom of technology choice for remote
experts means that there is substantial variety in the situated experience offered by the virtual

task environments and can be defined by 3 key factors or dimensions:
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* Coverage of the Physical Task Environment: The virtual task environment can offer
different levels of visual coverage of the physical task environment the local user is in. For
example, remote collaborators can be immersed in a replica or mirror of the physical task

environment, or the environment can be something completely different.

Many physical tasks have an active task space where a bulk of the action or object
manipulations that drive the task forward occurs. For instance, the surgical field and the
car engine are the active task spaces for surgery and car repair respectively. Virtual task
environment can offer remote users a view of just the active space, more than the active

space (partial space), of the full task environment.

* Spatial Presence in the Virtual Environment: It is important to note that unlike the
hybrid local environment, an imemrsive remote environment is not a mandatory aspect
of the collaborative experience for it to be considered MR-mediated collaboration. The

virtual environment for remote users can be non-immersive (if the remote system is on
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Figure 2.7. Dimensions of the situated experience provided by the virtual task environment or
the interface for remote experts. A virtual task environment can have varying levels of visual
coverage of the physical task environment as well as varying levels of spatial presence and
agency remote users can experience within it.
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a tablet or desktop computer, for example), or can be on the virtuality continuum with

technology ranging ranging from augmented reality to fully immersive virtuality.

Given that, the remote system can offer its user varying levels of spatial presence in
the virtual task environment. While spatial presence can be influenced by a plethora
of factors including technological immersion and realism of the virtual content, we use
the term to refer to the user’s subjective feeling of being physically present within the
virtual environment or the space rendered by the medium [273]. This most closely
resembles the concept of self-location or the place illusion commonly associated with

virtual reality [275, 276].

* Agency in the Virtual Environment: Remote collaborators can also have varying levels
of agency in the virtual environment. Agency refers to the sense of control a user has over
their virtual environment. Virtual task environments with low agency are those where the
remote user is a passive viewer of the virtual content around them. A high level of agency
would mean that they have a lot of control over their surrounding environment and can

change or modify the virtual content around them.

2.5.3 Asymmetric Experiences of the Mutual Collaborative Space

Unlike collocated settings where all collaborators share the same physical space, col-
laborators fundamentally operate in their own spaces with technology-mediated collaboration.
However, technology also allows them to share aspects of their spaces with each other. For exam-
ple, a remote collaborator can virtually share the physical task environment with the local user if
they are immersed in a replica of it, and a local collaborator may be able to see a representation
of the remote user interacting with virtual content in their space. This shared ground is called
the mutual collaborative space in our model. However, since this mutual collaborative space is
facilitated by the collaborative system, collaborators are still fundamentally operating in their
own space and can experience both their own space and the mutual space independently and

differently. For example, the remote collaborator can walk around the virtual replica of the task
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space without any intervention from the local collaborator, making their experience of the space
different from the local users.

Additionally, in traditional technology-mediated collaboration, remote collaborators
have the option to control physical objects in the local environment through the system. XR
democratizes this control over each others environments by allowing both remote and local
collaborators to modify and create virtual objects in each others spaces - fundamentally changing
the perceived environments collaborators operate in and possibly impacting how others think
and act during the task. In our model, this control would be an action taken by, say, the
remote collaborator, which is sensed and transformed into action within the local space via the

collaborative system.

2.6 Design Goals for Remote Guidance

One of the key characteristics of remote collaborative physical tasks is the difference in
roles the collaborators play. Remote collaborators are typically domain experts who are there
to use their tacit knowledge to provide the help novices physically in the environment need to
successfully complete the task. It is, therefore, important to consider how the different skills
experts and novices bring to the table can be combined in the most effective manner regardless
of the collaborative medium. Additionally, while novices are perceptually located in the real
environment, remote experts are perceiving the workspace through technology. This asymmetry
in their access to the physical environment means the shared task environment is dependent on
how much of it is effectively shared with the remote user and impacts how each collaborator
experiences a collaborative sessions. Designers, therefore, need to be cognizant of how these
asymmetries impact the collaboration and design to bridge the gaps it brings.

When it comes to experts, the primary design goal for the remote system is to make
it easier to provide procedural guidance. More specifically, the system should help experts

make inferences about the task environment and the novice to know what guidance needs to
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be provided and when [176] — and it should do so in a manner that allows experts to use their
specialized knowledge to establish shared context, make spatio-temporal references, and steer
the domain task with the least amount of overhead.

When it comes to novices, the primary design goal for the local system is to make it
easier to understand and act upon procedural guidance. For guidance to be effective, novices
need to receive it when their preconditions for understanding it have been met [176]. The skill
gap between experts and novices means that designers should also consider communication
mediums that can present the guidance experts provide in a way that bridges both the gap between
the communication and task space as well as any gaps in domain knowledge. For example, a
system that allows experts to use domain jargon to refer to an action while providing cues (like
an animation) that contextualizes or expands on it would reduce the overall effort required for

task guidance.

2.7 Conclusion

This chapter introduced a conceptual framework for remote collaborative physical tasks
that outlined the collaborator needs a system should be designed for and the dimensions of
support technology can provide for the communication task. It also introduced a native model for
XR-mediated collaboration that highlighted the impact of the technology on the user experience
and discussed the dimensions of the situated experience with virtual task environments. The next
two chapters focus on the design of XR interfaces for novices and experts and evaluate them in
realistic time-critical settings to uncover how the visual and spatial capabilities of XR fare in

realistic scenarios with the constraints of today’s technology.
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Chapter 3

Evaluating Mixed Reality Guidance for
Novices in Time-Critical Settings

Thesis Question: Do spatially localized instructions enhance novices ability to
comprehend and execute procedural guidance during time-critical physical tasks
when compared to screenbound instructions?

This chapter demonstrates the utility and feasibility of Mixed Reality guidance
cues for novices during time-constrained emergencies through the design and
evaluation of a Mixed Reality application that aids unskilled bystanders with
performing CPR. A user-centered iterative design process highlights a number of
key considerations for designing alongside the limitations of technology today.
When evaluated against screenbound instructions in a realistic setting, spatially
localized instructions improved response time, accuracy, and task performance
for novices.

3.1 Introduction and Motivation

Being able to comprehend procedural guidance for a physical task and act on it in a
timely manner is especially important during emergencies or time-constrained settings. However,
the need to react fast coupled with the lack of knowledge required to complete the task makes
this setting one that is particularly stressful for novices. Mixed Reality (MR) could make it
easier for novices to understand and act upon procedural guidance by integrating information
directly onto the task environment and translating information found in traditional instructions

(like text and pictures) into spatially localized visual cues. The hands-free nature of MR headsets
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also adds to it being a compelling medium to support procedural guidance for time-sensitive
high-pressure tasks.

We don’t typically process information that’s spatially distributed around us, and the
lack of domain knowledge with novices could make presenting information in a spatial manner
confusing, especially when compared to more familiar presentations like 2D instructions on
a paper or a digital screen. Additionally, despite the promise of the medium, today’s Mixed
Reality headsets have technological constraints that could make using it challenging. Moreover,
Mixed Reality is a relatively under explored area which means that we don’t currently have any
standards or guidelines in place for effective designing guidance cues. Given these uncertainties,
are spatially localized instructions truly better than those on a two-dimensional screen for
procedural guidance in time-constrained settings? Do the technical and ergonomic constraints
of today’s MR headsets reduce the effectiveness of any in-situ instructions MR may provide?
What is the easiest way to direct novice’s attention to areas and objects of interest in the task
environment? The research presented in this chapter aims to answer some of them by designing

and evaluating novice-focused MR guidance cues for time-critical and stressful situations.
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Figure 3.1. This chapter focuses on the hybrid virtual-physical task environment that includes
spatially-localized virtual objects that leverage MR’s understanding of real-world objects.
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In order to do this, we focus on exploring the utility and feasibility of MR in a realistic
setting where novices are confronted with a time-sensitive activity and need to react quickly
— bystander-initiated Cardiopulmonary Resuscitation (CPR) in the event of an out-of-hospital
cardiac arrest. Performing CPR usually requires trained individuals on the scene. However, given
the importance of starting CPR at the earliest possible moment to increase the odds of survival
for the victim, it is crucial for people around them to provide this care. Unfortunately, even when
standardized step by step instructions are available, most bystanders do not attempt resuscitation
due to panic or fear of failing, often at the cost of the victim’s life.

The physical nature of this task along with the need for skilled action by novices in
a stressful scenario make it a setting that is well-suited to study the impact of MR guidance
in time-critical settings when compared to traditional media. For these reasons, we chose to
design and evaluate a real-time MR resuscitation aid that helps bystanders not trained in CPR to
intervene and follow a correct procedure to resuscitate a person. We first engaged users in an
iterative multi-step design process that focused on leveraging the visual and spatial affordances
that MR provides. Then, to truly understand the effects of the additional affordances that MR
provides over traditional media, we developed an application that incorporated the resulting MR
gudiance cues, HoloCPR, and evaluated it in a between-subjects study that compares it with
traditional 2D, screen-bound instructions.

Overall, this work makes two critical contributes to further our understanding of the

implications of MR as a medium to provide procedural guidance:

1. Our in-depth design process clearly outlines a number of challenges in terms of designing
MR interfaces in the today’s technological environment, and proposes practical strategies

to overcome these challenges for time-critical situations in MR.

2. Our evaluation demonstrates that MR can be used by novices to respond to time-critical

emergencies and that its use significantly reduces reaction time and increases accuracy.
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3.2 Background and Related Work
3.2.1 Evaluation of MR Guidance in Realistic Settings

Visualizing information in the space around the user has seen many applications in fields
like manufacturing, assembly, entertainment, education, military, and even medicine, for both
training and real-time guidance [311, 272, 346]. However, over the years there has been very
little research focusing on user-based interface design approaches. Until 2004, out of all the
publications in primary venues for AR, only 14% of articles were HCI-related and only 8%
of those contained any user-based experiments [288]. A more recent review of publications
reporting on AR assembly tasks applications found that while 39% of the articles deal with
assembly guidance, only 8% focused on effectiveness evaluation and only 4% conducted usability
evaluations [330].

Despite an overall lack of user testing, pioneering work since the 1990s has enabled
MR or AR to advance to today’s standards. In 1993, Feiner and colleagues [83] described an
augmented reality system that provides explanations of, and assistance with, complex 3D tasks.
In the same period, Caudell et al. [40] devised a system to aid assembly of complex aircraft
parts at Boeing, digitizing vast amounts of instructions on a personal screen. A few years later,
Whitaker and colleagues [336] developed a method to track and register information on real
objects, allowing for virtual annotations that describe different pieces of complex systems.

Following up on these initial prototypes, more recent studies focused on comparing
and evaluating different approaches targeting procedural task guidance. Sarupuri et al. [264]
explored the use of AR to assist pallet racking and pick up tasks, and observed a significant
increase in task performance. Uva et al. created a system, the SAR Workbench [311], intended
for maintenance procedures, and Funk et al. [91] used in-situ projected instructions for manual
assembly and evaluated its long term usage in the industry. Results suggest that AR was useful
in helping untrained workers learn, but decreased performance for experts. Tang et al. performed

a more extensive study comparing the relative effectiveness of providing instructions on paper,
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a 2D laptop interface, static images on Head-Mounted Displays, and full AR on assembly
operations [296]. When used for an assembly task based on Duplo blocks, they found significant
reduction in error rate with the use of full AR. Their results also indicate decreased mental
effort, showing that AR could complement and help reduce the user’s overall cognitive load.
Henderson et al. [130] focused on using AR during the psychomotor phase of a procedural
task and conducted user studies comparing the AR system to one based on a standard LCD
screen. They found that participants were faster and more accurate with the LCD screen, but
preferred using the AR system. Recently, Blattgerste et al. [29] compared in-situ instructions on
Epson Moverio (a wearable AR system based on a glass-like support), Microsoft HoloLens, a
smartphone, and paper. Participants were given an assembly task and took less time when using
instructions on paper, but committed less errors using HoloLens.

Despite increased attention to user studies that compare MR (and the HoloLens) with
standard interfaces, it is not entirely clear whether providing MR procedural guidance can truly
help enhance novice’s physical task performance and their procedural adherence. It is also
unclear whether these mixed results stem from the limitations of technology today. Additionally,
to the best of our knowledge no work has investigated the use of MR to support novices
during time-critical emergencies. Understanding the potential of this medium to help novices
better understand procedural guidance, therefore, requires designing guidance cues for today’s

technology and studying it in a realistic setting.

3.2.2 Supporting Bystander-Initiated CPR

Each year, approximately 350,000 people in the United States experience an out-of-
hospital cardiac arrest, but only 12% survive the event, making it one of the top killers in the
US [214, 220]. Basic Life Support (BLS) is CPR combined with the use of an Automated
External Defibrillator (AED). Performing BLS immediately after a victim collapses plays a
major role in the increase of survival rates in the event of a sudden cardiac arrest. It has been

shown that chances of survival fall by 7-10% for every minute without resuscitation and if not
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provided within 10 minutes, the survival rate is close to zero [182]. However, it usually takes 8
minutes or longer for skilled medical personnel to arrive on the scene. Initial care in the first
minutes after a sudden cardiac arrest, therefore, critically relies on the action of bystanders — or
people, not part of the organized emergency response system, and often without a professional

healthcare education, who happen to be near the victim.
CHALLENGES TO BYSTANDER-INITIATED CPR

Bystander-initiated CPR in the US was found to double or triple chances of survival,
with survival rate increasing to 49-75% when an AED is used [218].! Despite evidence that
bystander-CPR is crucial for both survival and health improvements, administration rates remain
very low, reaching only an average of 30-40% [220]. Studies show that CPR provision increases
in bystanders that have CPR training, and that carefully designed interventions can help increase
CPR training [112]. For instance, a national program in Denmark that included widespread CPR
training, dissemination of CPR education kits, and improvement in dispatch-assisted bystander-
CPR, resulted in a significant increase in post-CPR survival over 10 years (1-year survival
increased from 2.9% in 2001 to 10.2% in 2010) [342]. However, it has been observed that
bystanders hesitate to perform CPR even when trained, and a significant increase in providing
CPR is only observed in bystanders with an active CPR training, one that has occurred within
the past five years [112].

Unfortunately, the complexity of resuscitation guidelines and the cost of CPR training
decreases the likelihood that the general public is able to maintain an active CPR training. More
importantly, it has also been shown that panic may influence readiness to act in an emergency
situation irrespective of prior CPR training [112]. The most commonly cited barriers are fear of
harming the victim or performing CPR improperly. Given the importance of bystander-CPR and
its potential to save lives, having additional aids on site is an important step towards improving

CPR delivery and providing real-time resuscitation aids could increase the confidence of the

Note that this varies markedly across US counties

44



bystanders, overcoming the barriers created by panic and the ability to initiate CPR.
EXISTING CPR AIDS FOR BYSTANDERS

The typical response to improve guidance for bystanders during CPR is to increase
availability of checklists and alike to guide the provisioning of CPR step-by-step. These checklists
and step-by-step guides are sometimes included in first-aid kits, or are made available in public
spaces (e.g. installed on the walls where AED devices are also located). While increased
availability is good, these guides tend to be text-based, and following them is hard, especially in
emergency situations. The use of mobile phones has been strongly encouraged for bystanders
responding to a cardiovascular emergency [173]; while this makes instructions more readily
accessible than checklists, bystanders still have to read and interpret the instructions, potentially
increasing their cognitive load in an already stressful environment. Traditional media like paper
and two-dimensional screens also require the user to switch focus between the medium and the
victim, reducing the promptness with which they can respond. There is therefore a need for
real-time contextual assistance systems to guide high-quality resuscitation.

When it comes to Mixed Reality, the rare applications focusing on CPR tend to be
designed for training purposes and also tend to lack user testing. Park et al. [232] created a
system for CPR training that provides interactive feedback using projections. Like many other
CPR training programs, this AR system is dependent on sensors embedded within a mannequin
that cannot be directly translated into a system to be used in real events. HeartiSense [180] is also
an AR system for CPR training; the authors conducted user tests using the system to validate its
accuracy. However, their participants were expert emergency responders with prior CPR training,

and as such the results cannot be translated to similar interfaces for novices.

3.3 Designing Mixed Reality Guidance Cues

Successfully guiding bystanders, especially if untrained in CPR, through the time-critical

and stressful task of resuscitation, requires an interface that allows for the intuitive comprehension
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of the information presented to them. To understand how novices would interpret and piece
together the information that their augmented environment would now offer, we employed an
iterative user-centered design approach [223]. This approach proved crucial in outlining the
design elements of our prototype MR application. In this section we detail our design process

and the elements that emerged from it. We also introduce the resulting prototype, HoloCPR.

3.3.1 The Iterative Design Process

The goal of the first phase of our research was to design a MR prototype that would
effectively exploit the visual and spatial representation of instructions enabled by MR, as well
as the cues that would prompt the transitions between instructions (Fig.3.2, Left). Our iterative
design methodology continuously involved novices who contributed to the implementation of
intermediate prototypes. To implement our MR prototype we used Microsoft HoloLens (Fig. 3.2,
Right), a standalone head-mounted display that renders virtual objects (which Microsoft calls
holograms)? into the user’s environment. We chose this device because of its self-contained

nature, the Unity-based SDK, and the availability of many development libraries which supports

Zhttp://www.microsoft.com/hololens/developers
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Figure 3.2. Envisioned MR prototype for expert-guided CPR. Left: chest compression instruc-
tions, and correct positioning of the hands displayed on top of a resuscitation mannequin. Right:
Microsoft HoloLens head-mounted display; note the clicker taped to the head-mounted display
as it was used for our experiment.
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rapid prototyping, allowing us to focus on the user experience and design of the guidance cues.

We recruited 16 participants (7 females), with an average age of 23 years. Participants’
background were in Computer Science (4), Cognitive Science (4), Public Health (1), Biology
(1), and Other/Undeclared (6). All of them had no or limited experience with MR or HoloLens,
and 5 of them had been trained in CPR. We engaged the participants in a four-phase iterative
design process based on (1) user testing, (2) participant interviews, (3) rapid prototyping, and (4)

prototype development.

1. User Testing: In each iteration participants used the latest prototype on the HoloLens to
try and resuscitate a simulation mannequin. They were instructed to wear the HoloLens
and follow the steps indicated by the application. Each session lasted between 10 and 15

minutes.

2. Participants’ Interviews: After testing the prototype each participant was interviewed
to shed light on the obstacles they faced. We employed semi-structured interviews [56]
to balance eliciting specific feedback on our prototype, and encouraging the participant’s
own view on MR. Topics and ideas that emerged during the interview were analyzed by

our team and discussed prior to proceeding to prototyping.>

3. Rapid Prototyping: A rapid prototyping session supported by sketches, low-fidelity paper
prototypes, and a whiteboard representation of the different entities of the envisioned

system (Fig.3.3) helped design the next iteration based on the observed user challenges.

4. Prototype Development: The resulting prototype was finally implemented using Unity
3D and deployed onto the HoloLens to be tested with the new iteration. Development

continued until we reached saturation and no new or missing design element emerged.

3When feedback from one participant did not result in enough material to warrant a prototyping phase, feedback
from up to 3 participants was analyzed before moving onto the prototype phase.
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Figure 3.3. Prototyping with HoloLens and our HoloCPR mannequin. Left: Our iterative

prototyping environment on a whiteboard. Right: Physical projection of the 3D representation
using paper prototyping.
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3.3.2 Design Challenges and Proposed Solutions

We hypothesize that mixed reality interfaces will overcome some of the problems of
providing real-time guidance on traditional media. Through our design phase we were able to
uncover a number of challenges that we did not anticipate, but resulted in key design elements that
we eventually integrated in our application, including a particular attention to current technical
limitations of MR systems, as well as users’ unfamiliarity with the medium. In the remainder
of this section, we describe the design elements that resulted from our iterative prototypes and
discuss how they contribute to the more general development of MR interfaces for time-critical

situations.
LACK OF FAMILIAR DESIGN PATTERNS FOR GUIDANCE

Over the years two-dimensional interfaces have benefited from design patterns that
emerged from common usability research —e.g. users expect interfaces to follow a sequential
direction (usually top-down, left-right) to scan for and read instructions [309]. On the other

hand, MR does not inherently offer users a way to intuitively scan the interface for information.
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Figure 3.4. Instructions for cardiopulmonary resuscitations, as seen by the wearer. Visible are
also the Circle of Attention and the Vertical Pole (right) in the middle of it.

Besides some basic guidelines,* designers are left with a mostly unknown interaction space.
This lack of familiarity with design patterns was particularly challenging in our scenario where
users had to interact with and consume information rapidly, in a stressful situation, and with
information that did not necessarily appear in the same position all the time. In the case of
time-critical emergency situations, MR instructions are spread in space (rather than on a specific
2D interface), and their position depends on the user’s relative location with respect to the victim
and the environment.

In order to support this situation, we needed to explicitly guide user attention to the
task at hand and help users establish patterns in the interface so that they could easily find the
information they needed without prior training. To guide users in the MR space, we introduced
a composite visual element that we called the Circle of Attention. The Circle of Attention is
composed of a white circle with an arrow on its perimeter, textual prompts, and any number of
additional images. Figure 3.4 shows its representation applied to rescue breaths.

In addition to the circle of attention, often it was important to guide users away from their
current gaze position (e.g. while focusing and looking at the victim’s chest), in case they needed

to attend to a different instruction. We used a Red Arrow that followed the users’ gaze to direct

“http://developer.microsoft.com/windows/mixed-reality/design
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Figure 3.5. The “Red Arrow” guides users by indicating where the important things are located
and where they should act. From left to right, the prototype shows how to locate first the AED (a,
b) and then how to grab it and position the AED’s pad correctly on the victim’s chest (c, d).

them towards the instruction they needed to attend to. Figure 3.5 illustrates how the red arrow

helps users find the AED pads elsewhere in the room and apply them correctly to the victim.
NARROW FIELD OF VIEW

A narrow Field of View (FoV) on the HoloLens causes holographic content to frequently
be cut off. [P8] noted how “the frame cut off weirdly at some parts, which made it difficult to
know whether or not there is something supposed to be projected into a certain surface” and
[P4] pointed out how “if was a little hard to see all of the instructions, so I had to look around to
actually see them all.”. Because of the limited FoV, digital content could be invisible even if it is
in the user’s natural FoV (see example in Fig. 3.6).

Although this is mostly a limitation of the current technology, we wanted to mitigate
the limited FoV and compensate it by encouraging users to use less eye movement and more
head movements when they needed to change their gaze attention. To accomplish this and allow
stationary users to be aware of information outside of their FoV, we integrated a Vertical Pole
at the center of the Circle of Attention (see Fig. 3.4) that stretches upwards vertically. When
the area of instructions is in the user’s natural FoV, but vertically outside the HoloLen’s FoV,
the vertical pole helps users direct their gaze to the center of the circle, towards the needed
information.

In addition to the Vertical Pole, we designed the arrow on the perimeter of the Circle of
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Figure 3.6. In this image, we can see how the “Circle-of-attention” points the user to where the
important information is (users move their gaze from what they would see in the left picture to
the right one). The figure also shows how the holograms in the area outside the black rectangle
are not visible for the user, given HoloLens’ narrow field-of-view.

Attention to move around and always be diagonally opposite to the user. It always points to the

center of the circle, prompting them to look towards the center to find more instructions.
CLOSE RANGES AND ERRATIC MOVEMENT

Current technical limitations inherent to many MR devices cause visual aids to disappear
when users gets too close to objects or people in front of them. Extensive movement also causes
those visual aids to shift and makes focusing on instructions more difficult. [P15] mentioned
that “moving around with the HoloLens made it a little harder to read the instructions”. Since
performing CPR means that users would both be very close to the victim and move erratically,
we needed to be able to help users hold their attention and minimize discomfort during extensive
rapid movements.

The circle of attention described above also served to help users retain their focus on the
instructions, even when in close range to the digital content and when moving extensively. In
addition, the constant presence of the circle of attention helped mitigate the effect of disappearing
holograms.® The appearance of the circle of attention and the arrow on its perimeter, as soon as
users move far enough from the objects or people in front of them, helps users to immediately

re-capture context and proceed with their intended interaction.

SE.g., when users lean in to breathe into the victim’s mouth, the head moves very close to the instructions, and
digital content disappears.
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Finally, interaction during erratic movements (e.g. during chest compressions) proved to
be problematic. While textual information always looks jittery, we found that adding enough
thickness to the border of our circle of attention helped users to keep the focus and their attention
in the correct place, and move back to that particular position if their body or gaze moved during

the erratic movements.
MANAGING HIGH USER EXPECTATIONS FOR INTELLIGENT SYSTEMS

One thing that was extremely clear from our interactions with all the participants was
that they had very high (and often wrong) expectations from the MR experience. Expectations
were especially focused on the smartness of the device, and how it would automatically assess
the situation. In particular the majority of our participants expected the device to automatically
recognize their actions and guide them accordingly.

While somewhat natural for an emerging and mostly unknown technology, we were
surprised by how this expectation recurred in many of our design sessions. In order to mitigate
these expectations, we added a clicker taped on the side of the head-mounted display (see Fig. 3.2,
Right) and asked participants to explicitly click to move to the next stage of the CPR. However,
their expectation was so severe that even after explicitly telling participants that their actions
were not recognized and to use the clicker, we received feedback like “I waited for it to move
by itself” [P3] and “I did expect a little for the headset to tell me what to do, even though I
was warned not to” [P10]. The only way to avoid these misunderstanding, was to add a textual
instruction “Click for next” in green in front of the users to remind/prompt them to do so. We
selected green because while clearly visible, its appearance is less salient than the white texts

and images used for task-related instructions.

3.3.3 The Resulting Prototype: HoloCPR

Our iterative design process yielded key observations in terms of design, interactions,

and visual components. We integrated these observations from partial prototypes into a complete
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MR application to support the real-time delivery of CPR. HoloCPR was built as a HoloLens
application using Unity 3D® and exploited the prototypes developed in our design phase. In this
section we describe the overall goal of the application, as well as its envisioned use. In the next
section we then describe how we evaluated its effectiveness.

HoloCPR has two main components, the first one is focused around the physical resusci-
tation, and the second one assists with the placement of an AED. In the event of a cardiac arrest,
users place the HoloLens on their head and activate the HoloCPR application. When users look
at the victim, the system indicates the correct placement of the two hands in the center of the
victim’s chest and instructs the user to perform 30 chest compressions (see Fig 3.2, Left). When
they are done, the system guides the users to the correct placement of their hands around the
mouth of the victim, and instructs them to blow into the victim’s mouth 2 times (see Fig. 3.4). If
an AED is available nearby, HoloCPR instructs the users to stop CPR and guides them to the
location of the AED and back to the victim using a red arrow in the center of their visual field
(see Fig. 3.5). It then instructs them to place the AED pads in the correct position on the victim’s
body to provide defibrillation.

Participants’ feedback and expectations outlined how automatic recognition of chest
compressions (including rhythm and force applied), mouth positioning (including blow fre-
quency and length), as well as automatic AED localization are key elements needed for an
effective deployment of HoloCPR in the real world. Hoever, this chapter focuses on the current
implementation of HoloCPR and investigates visual and spatial cues in Mixed Reality, and
advanced recognition features are not currently in the scope. As a result current interactions
between different steps in the resuscitation are performed through direct interaction by the user
(e.g. “click to go to the next step”), using a HoloLens clicker taped on the side of the device (see
Fig. 3.2, Right).

Based on the needs we observed during our design phase,we decided to divide the

standard instruction in each step into three groups: what, where and how. We then used the

Shttps://unity3d.com
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where to provide positional context for the instructions, and used text and images to convey
the what and how. For example, to help users perform chest compressions (see Fig. 3.7), they
needed to know what to do (chest compressions, 30 times), how to do it (push hard, use this hand
form) and where to do it (in the middle of the victim’s chest). HoloCPR represents this particular
interaction using two sets of text and an image depicting the hand form as well as the position

(see Fig. 3.2, Left). A similar approach was taken for all other HoloCPR instructions.

Give 30 chest compressions

| Push hardHin the middle of the chest.‘

— l | l—l

What How Where

Figure 3.7. Dividing instructions into “What”, “How” and “Where”

HOLOCPR IN ACTION

In order to better illustrate how HoloCPR works, in the remainder of this section we focus
on a scenario, based on Avi, a 28 year old graduate student who uses HoloCPR to resuscitate a
victim. The goal is to direct Avi towards the instructional point of interest where she would find
textual prompts and images that guide her through her actions. The scenario outlines both the
use of HoloCPR and how the visual aids that resulted from our user-centered design helps her to
proceed through the CPR experience. Figure 3.8 shows a schematic representation of the central

elements of the scenario we illustrate below.
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Figure 3.8. HoloCPR Scenario. Left: User faces away from the area of interest; Center: Area of
interest in the user’s natural FoV but not in HoloLens’ vertical FoV; Right: Area of interest at
close range and in the user’s natural FoV but not in HoloLens’ FoV

Avi enters her office and sees a person on the floor who is not breathing. After
rapidly assessing the situation she decides to perform CPR, but she does not
remember all the steps. She decides therefore to make use of the HoloLens and the
new HoloCPR application from the first-aid kit that has just been deployed in the
building. When Avi initiates resuscitation guidance, the victim’s chest is not in her
natural field of view, but she immediately notices a red arrow that points towards
the upper body of the victim (Fig 3.8, Left). She also registers a white circle,
big enough for her to stand in that moves away from her almost as soon as she
sees it. The slight delay in movement serves as the first cue in understanding its
purpose. Avi instinctively looks towards the direction it moved to and notices that
the red arrow is also pointing in the same direction, waiting for her to follow it.
Now she can see that she needs to rapidly approach the victim’s chest to start
resuscitation. Just as she feels like there aren’t any instructions (because it is
outside the HoloLen’s FoV), she notices a vertical pole in the middle of the white
circle in front of her, and she immediately traces its length vertically (Fig 3.8,
Center). Avi sees the white circle again, now with additional information that
instructs her to do 30 chest compressions by placing her hands on a digital
representation of two hands projected onto the victim’s chest.

She immediately kneels down beside the victim, places her hands on the victim’s
chest, making sure to interlock her fingers as shown (see Fig. 3.2, Left) and begins
chest compressions. As she performs chest compressions, Avi can no longer see
the instructions (Fig 3.8, Right). She moves her eyes to look down at where she
just saw the digital representation of a hand, but she doesn’t see it anymore. Avi
however remembers registering an arrow on the perimeter of the white circle
that seems to move around and always face her. It also seems to always point
to the center of the circle, encouraging her to look towards it. When she does,
she finds the instructions again. Although the rapid movement due to the chest
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compressions makes the HoloLens feel heavier on her head, she is able to focus
on the only thing that isn’t jittery, the white circle. She continues counting through
her compressions. When she is done with 30, she presses the clicker to move to
the next step...

3.4 Evaluating MR Guidance against Traditional Media

To assess the effectiveness of HoloCPR we conducted a between-subjects experiment in
a realistic lab setting. Participants were asked to perform CPR on a simulation mannequin by
following the steps shown by HoloCPR. We measured the time it took for them to go through
the simulation, as well as the accuracy with which they performed the procedure. We compared
HoloCPR with a control condition that simulated the traditional CPR experience using standard
2D instructions for guidance on a separate support. The instructional medium used for guidance
was the only independent variable.

We posit that the additional visual and spatial affordances of MR could provide multiple
benefits and lead to a decrease in the time it takes to translate instructions to action, especially
for non-skilled users, enhancing the promptness with which bystanders can respond to the victim.
In the event of a sudden cardiac arrest, spatially localized instructions can offload the burden of
interpreting location specific instructions to the system itself (for example, correct placement of
hands for CPR or retrieving and attaching AED on the victim’s chest). More specifically, we

hypothesise that:

H1 In comparison to traditional media, MR will reduce the response time needed to begin

resuscitation in the event of a sudden cardiac arrest.

H2 In comparison to traditional media, MR will reduce the time it takes to read, interpret, and

act upon an instruction.

H3 In comparison to traditional media, MR will improve procedural adherence.
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3.4.1 Evaluation Procedure

PROTOTYPE USED

We based HoloCPR’s resuscitation guidance on published and recognized guidelines
taken from the Adult First CPR/AED Reference from the American Red Cross.” For the sake of
our evaluation we chose to prompt participants to perform only 2 rounds of chest compressions
and rescue breaths before they moved on to 1 round of simulated defibrillation. This amounted
to a total of 7 instructions listed in Fig. 7.5 (left).

To allow us to measure reaction time and the time it took for participants to transition
between instructions, the interface presented one instruction at a time and was designed to include
a “startup page” that prompted users to click to initiate resuscitation guidance. In addition, to
simulate traditional CPR guidance and measure time-to-task, in our control condition we used a
tablet interface that showed a 2D representation of the CPR/AED guidance on an Apple iPad
Pro. We carefully designed the tablet interface for the control condition to mimic as much as
possible a paper-based checklist. The only difference for participants was the start button to
begin resuscitation guidance and the next button to go to the next page. Instructions consisted of
title, two lines of text and a picture, all from the CPR guidelines. At the bottom was the title of

the next step along with the next button.
PARTICIPANTS

We recruited a total of 42 participants (12 female), graduate and undergraduate students
at the University of California San Diego, across multiple departments (i.e.: 23 from Computer
Science and Engineering, 6 from Cognitive Science, 4 from Biology/Medical School, 2 from
Electrical and Computer Engineering, 2 from Mechanical and Structural Engineering, 2 from
Bioinformatics, 1 from Nanoengineering, 1 from Chemistry, 1 from Economics), with ages
spanning from 18 to 27 years (average 22.7 years). None of the participants had been exposed to

HoloCPR and only 10 had been trained in CPR. All but 6 participants had never used a HoloLens

"http://www.redcross.org/cpr
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or any mixed reality device before. All participants were familiar with the general use of a tablet
and touch screens. Participant assignment to the two conditions balanced gender, background,
and CPR experience. All participants were unaware of the task and the instructional media they

would use.
EXPERIMENT DESIGN

Setup — The experiment was conducted in a room equipped with a simulation mannequin,
a mock heart rate monitor showing on a large screen, a mock AED device, and a computer where
participants would fill out the quick pre and post-task questionnaires (see below). The mock heart
rate monitor was remotely controlled and could be set to flatline and trigger an alarm to indicate
a “crash” (cardiac arrest). We instructed participants to start resuscitation of the mannequin
(either with HoloCPR or with the 2D checklist, depending on the assigned condition) when the
alarm would start. A video camera recorded the activity in the room for further analysis.

Introduction to the HoloLens — To introduce participants to the HoloLens and acquire
basic familiarity with its weight, the concept of holograms, and the clicker, we asked them to
play RoboRaid® (a mixed reality 3D first-person shooting game) for 12-15 minutes. This also
served to familiarize the users with the position of the clicker. Participants were kept unaware
of any HoloCPR specific interface details. To account for the possible fatigue introduced by
this procedure, and ensure that any variables introduced by playing the game remained constant
across conditions, all participants in both conditions were required to complete it.

Experimental Procedure — Once the participants completed the necessary training, they
were taken into the experiment room where they were asked to fill out a pre-study questionnaire
asking for basic demographic information. For both conditions, a researcher took up the role of
a caretaker and introduced the simulation mannequin (henceforth called the victim). Participants
were told the victim was recently moved back home from an ICU and that they would be alone

with him for a short period of time while the researcher stepped out to “run an errand”. They

8https://www.microsoft.com/en-us/hololens/apps/roboraid
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. Give 30 chest compressions
. Perform two rescue breaths
. Give 30 chest compressions
. Perform two rescue breaths

. Locate the AED

O OO~ W DN -

. Attach the AED pads to the
mannequin's chest

7. Defibrillate the mannequin

Figure 3.9. Left: CPR Instructions for chest compressions and rescue breaths. Right: A
researcher and participant (C) in the experiment room with a mock AED device (A), a simulation
mannequin (B), a mock heart rate monitor (D).

were alerted of the heart rate monitor and the instructional medium available to them (HoloLens
or iPad) and were instructed to attend to the victim should anything go wrong. No additional
instructions were given.

Participants in both conditions were ready to initiate resuscitation aid before the researcher
left the room. HoloCPR participants kept the HoloLens on and saw the prompt ”Click to start”.
Control participants were given the iPad with the start page already opened and ready to go.
They were, however, instructed to not initiate resuscitation aid unless they needed to (i.e. when
the victim was in need of their help). Once they were left alone in the room the heart rate monitor
was set to indicate a cardiac arrest at a random time within the first two minutes. The alarms
from the heart rate monitor were kept going until participants reached the very last step of the
resuscitation to help build and sustain a sense of urgency.

After all steps were accomplished we asked participants from both groups to fill out a
post-study questionnaire about their experience. Participants reported their subjective opinion on
the importance of the aids used with respect to performing CPR (step-by-step guide using a tablet,

or HoloCPR using MR). We also inquired about difficulties or confusion they experienced during
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resuscitation, and performed a semi-structured interview that elicited more in-depth feedback on

the interface, as well as specific feedback on their performance.
DATA ANALYSIS

All the sessions were recorded using an external camera and basic logs were collected on
the HoloLens and the iPad. Videos were coded using the ChronoViz analysis tool [89]. We then
used a Python script to extract and analyze the data from the videos. Of the 42 participants we
excluded 9 from quantitative data analysis (4 in the HoloCPR, 3 females, and 5 in the control
condition, 1 female) who did not complete the whole experiment due to technical issues (5) or
because they misunderstood the task (4). In the next section we report and discuss the results of

our experiment and the answers collected through the post-study interview and questionnaire.

3.4.2 Results

Data extracted from the videos of the experiment was coded for response time, per-
formance, and procedural adherence, with the goal to compare the control (i.e.: paper-like
step-by-step on tablet) and treatment (i.e.: mixed-reality with HoloCPR). To assess the statistical
significance of our results we used a 2-sample t-test (& = 0.05). In this section we report on the
outcomes of our analysis and discuss results with respect to our original hypotheses. Figure 3.10

summarizes our results.
RESPONSE TIME

HoloCPR users react faster — We compared the time it took for participants to attend to
the victim, more specifically, the time it took them to start resuscitation once a cardiac arrest on
the mannequin was triggered. HoloCPR was significantly faster than the control condition (p
< 0.01). On average, HoloCPR allowed participants to respond to the victim in 7.04 seconds
while tablet users took 11.96 seconds. To better understand what contributed to this difference,

we broke this response time into two phases.
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Figure 3.10. Response time, transition time, time spent searching for the AED, and time taken
to attach AED pads across both conditions.

1. Guidance Initiation Time was defined as the time it took for participants to initiate
resuscitation guidance on their respective devices (‘““click start”) once a cardiac arrest was
triggered. HoloCPR users clicked start within 2.96 seconds on average while tablet users
used 3.7 seconds on average. While HoloCPR did show a trend towards shorter initiation

times, our comparisons showed no statistical significance between the two conditions (p =

0.175).

2. Initial Reaction Time was defined as the time it took for participants to start CPR once
they initiated resuscitation guidance. This time the difference was statistically significant
(p < 0.01) with HoloCPR users taking an average of 4.08 seconds vs. control users taking
7.25 seconds.

61



PERFORMANCE AND TRANSITION TIME

HoloCPR does not impact time spent searching for AED — We no significant difference
in the time participants spent searching for the AED (p = 0.12), with control participants taking
5.77 seconds on average and HoloCPR users taking 8.61 seconds on average.

HoloCPR users are faster while attaching AED pads — On the other side, HoloCPR users
were faster (p < 0.01) in attaching the AED pads on the victim’s chest. On average HoloCPR
resulted two times faster than the control condition (8.98 seconds vs. 19.41 seconds on average).

HoloCPR users transition faster to next steps — Transition time was measured as the time
it took participants from the end of one step to the beginning of another. This generally included
clicking next as well as interpreting the instructions before moving on to the next step. HoloCPR
users were significantly faster (p < 0.01) than the control condition, and took an average of 3.17

seconds to transition to the next step (vs. 4.65 seconds).
PROCEDURAL ADHERENCE

HoloCPR helps stay on track with the procedure — While all users were instructed to
follow the 7 steps indicated in our simplified procedure, 3 of the control participants performed
additional rounds of chest compressions or rescue breaths, with a total of 12, 10, and 8 steps
instead of 7. For HoloCPR only 1 participant deviated, performing 2 additional steps.

Hand position is often correct with HoloCPR — Both the control condition (using a
picture) and HoloCPR (using a representation of digital hands) instructed participants to perform
chest compressions with one hand on top of another and their fingers intertwined. However,
we observed that only 12.5% of the control participant started CPR with the correct form. For
HoloCPR this number tripled with 41% of the HoloCPR users performing the chest compressions
correctly. Out of the participants that started with the wrong form, none of the participants in the
control condition corrected their form whereas 30% of the HoloCPR users did.

HoloCPR does not help with correct AED Pad Placement — We observed that 18.75% of

the control participants and 17.65% of the HoloCPR users placed the AED pads in the wrong

62



position. A correct position was one where users places one pad on the upper right side of the

victim’s chest and the other pad on the left side of the chest.
SUBJECTIVE FEEDBACK

Besides the quantitative measures outlined above, we also report on subjective feedback
from our users. The vast majority of the HoloLens participants (82%) reported that the techno-
logical aid was important (score of ‘5’ or ‘4’ on a 5-point Likert scale), while only half of the
control participants (56%) reported that the technology was important (score of ‘5’ or ‘4’). When
asked about ease of use of the interface (with ‘1’ being easy to use and ‘5’ being hard/confusing),
HoloLens participants were mostly neutral (37.5% selected ‘3°, 25% selected ‘1°, easy, and 25%
selected ‘4, difficult). The majority of the control participants, in contrast, reported the interface
to be easy to use (54% selected 2°).

Participants using the tablet interface commented on its simple and intuitive use — “All
of the buttons were big so it was easy to know what to do on the tablet” [P58], “The directions
were simple and easy to follow, the pictures helped a lot!”’[P52]. However, non-CPR trained
tablet users recalled feeling uncertain about how to put in practice the steps indicated: [P20], for
instance, reflected “I felt like I was losing time because I had to keep reading the tablet for the
next step. The instructions were easy to follow though because of the pictures and diagrams but I
wasn’t sure if I was doing it correctly”. A CPR-trained tablet user [P25] also mentioned “I felt I
wanted more instructions regarding how to perform chest compressions or the rescue breaths —
technique is important in these maneuvers’.

On the other hand, users expressed positive feedback for HoloCPR’s interface — [P48]
commented “Showing the positioning of where to press for CPR and where to position the AED
was helpful because I didn’t have to spend extra time figuring that out myself” —non-CPR trained
users noted how “the system told me what to do - otherwise, I would have no idea”[P32] and
how “the spatial awareness was key. Telling me *where* and *how* I had to hold my hands

and telling me where the CPR device was, made it super intuitive”[P41]. HoloCPR Participants
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were also critical, for instance [P38] commented on how “fo put on the HoloLens in such an
emergency situation could take some time”, and [P46] noted that “when the arrows would try to

guide me to something, it would’ve been nice to know ahead of time what I was being guided to”.

3.4.3 Discussion

Overall we have been able to observe a trend towards better response times, accuracy, and
performance when HoloCPR was used for resuscitation guidance. In particular this is true for all
of our hypotheses (H1: reduced reaction time; H2: reduced interpretation and faster action; H3:
improved accuracy). Our analysis suggests that mixed reality guidance reduces the reaction time
needed to respond to a cardiac arrest (faster reaction and reduced initiation time), and confirms
H1. Performance and transition time are mostly reduced as well, so in general, hypothesis H2 is
also supported. Although we saw a tendency to spend more time looking for AED, our results
suggest that mixed reality reduces the time it takes to read, interpret, and act upon an instruction.
Finally, we can say that H3 is partially supported as well: HoloCPR helps positioning hands and
improves accuracy of the steps to follow, but does not help with AED more than the traditional
guidance does. In general, however, HoloCPR did not decrease accuracy with respect to the
control condition.

We also observed a higher degree of procedural adherence from participants using
mixed reality guidance. However, our observations could be the result of attention bias — a
phenomenon that occurs when users focus on highlighted areas at the cost of other areas [349].
More extensive studies are needed to understand exactly how much procedural adherence is due
to this phenomenon and discuss how the extreme reliability on cues in augmented reality displays
influence its use in emergency time-critical scenarios. In our study we observed interesting
episodes of extreme reliance on the mixed reality interface, especially during our iterative design
session. For example, a participant performed chest compressions when directed, even though
the indicated location was not on the victim, but under a table, due to a calibration issue. Others

followed and waited for the red arrow even when the AED was in their field of view. Our
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experiences confirm existing literature [349] which points to a need to design mixed reality
interfaces to sustain users attentional focus, without encouraging unwarranted reliability on the
technology.

All in all, the results of our study support our initial intuition that the additional visual and
spatial affordances of mixed reality decrease the time it takes to translate procedural guidance
into action, especially in a time-constrained environment. In overlaying information directly onto
the area of interest, HoloCPR reduces the need to switch focus between the instructional medium
and the task environment (the victim, in this came). Spatially distributing information (especially
in a non-textual manner, like showing a digital representation of hands with interlocked fingers
on the victim’s chest) also reduces burden of reading and interpreting instructions, instilling a

higher sense of confidence in users.

3.5 Conclusion

This chapter designed and evaluated an MR application that provides novices with the
procedural guidance required to perform CPR during an emergency to study the impact of MR-
mediated guidance for novices during time-critical emergencies. Our results indicate that MR’s
visual and spatial capabilities makes it easier for novices to understand procedural guidance in
time-critical and stressful settings when compared to guidance presented on traditional media. In
the next chapter, we design and evaluate an immersive interface for remote experts that aims to

reduce the effort it takes for them to provide MR-mediated guidance to novices.
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Chapter 4

Evaluating An Immersive Interface for
Experts in Time-Critical Settings

Thesis Question: How do the visual and spatial capabilities of Extended Reality
meet remote expert requirements during collaborative physical tasks and impact
their ability to provide effective MR-mediated guidance in time-critical settings?

This chapter provides an understanding of how the visual and spatial capabilities
of XR impacts the ease with which remote experts can provide MR-mediated pro-
cedural guidance for novices performing trauma surgery. A participatory design
study highlights their domain-specific needs and the technological constraints that
together define the resulting XR-mediated telementoring system. A feasibility
study that evaluated the use of this system for combat casualty care procedures
confirmed that XR-mediated collaboration can effectively facilitate the successful
completion of a wide variety of realistic procedures. However, a qualitative analy-
sis of collaborator behaviors revealed that despite the information and interaction
richness XR offers, referencing real-world artifacts during physical task guidance
is still difficult from a distance.

4.1 Introduction and Motivation

Presenting rich and contextual information that help novices understand and act on
procedural guidance in time-critical settings when compared to traditional media confirms MR’s
suitability for physical tasks. Virtual Reality (VR), on the other hand, has the potential to make
providing MR-mediated guidance feel more intuitive — especially because it would allow us to
immerse remote experts in a recreation of the task environment and enable interactions that feel

more natural and embedded in the physical space.
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While VR devices that offer immersive and spatial experiences have come a long way
and could be on the brink of being ready for large-scale consumer applications, there are still
a lot of constraints to their use. While we don’t fully understand how the differences in how
we perceive virtual content impacts user experiences, today these constraints primarily stem
from technological limitations of the current technology. These include the computational
complexity involved with recreating remote spaces, and the bandwidth limitations for real-time
communication. Together, they impact how much of a remote space can be recreated, the fidelity
and therefore utility of these recreations, and the type of communicative features that can go
with it. Even though the technology is developing at a rapid pace, these technological constraints
are likely to remain a reality for some time to come. Leveraging the unique capabilities of
this medium, therefore, requires understanding how to design effective interfaces that fulfill

collaborator needs alongside the constraints that come with it.
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Figure 4.1. In this chapter we focus on the choice of immersive technology to provide a virtual
task environment for remote experts (highlighted) and evaluate its impact on their ability to
provide MR-mediated guidance in time-critical settings.

In this chapter, we use a participatory design approach to create a VR interface for

remote experts in an effort to understand how they envision using the additional immersive and
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spatial capabilities this medium brings to the practice of telementoring in a time-critical setting —
trauma surgery. Our approach focused on building an interface that attempted to fulfill experts’
domain-specific needs while working with the practical limitations of the technology. We also
report on experts’ use of the resulting interface during a feasibility study where they provide
MR-mediated guidance to novices in a complex and realistic setting and discuss the benefits and

challenges associated with it.

4.1.1 Supporting Telementoring for Trauma Surgery

Traumatic injuries — whether from natural or man-made disasters — happen suddenly and
have a high degree of severity that requires immediate medical attention to prevent mortality and
morbidity. However, expert trauma surgeons are often not on-site in resource strapped regions,
rural medical centers, or when large-scale disasters overwhelm local hospitals. In these situations,
where timely access to medical expertise is challenging, local surgeons or medics rush to perform
life-saving interventions to stabilize patients before initiating a transfer to a specialized surgical
facility. When that is not possible, telementoring where an expert surgeon uses a collaborative
system to guide a novice becomes the best way to perform specialized trauma surgeries [13, 260].

The most common way medical professions provide surgical guidance today is through
audio calls where remote experts verbally instruct a novice. The advances in technology have
also led to telementoring systems where the expert surgeon can annotate a live video feed
of the surgical site to provide instructions to the novice surgeon [31, 216]. Unfortunately,
both audio and traditional audiovisual systems have limited ability to impact the physical care
required for trauma procedures and constrain the level of surgical consultation that can be
offered [101, 31]. Moreover, these systems typically underperform when compared to settings
where collaborators are side-by-side during physical tasks [175] primarily because collaborators
can see and understand each other and the task environment, making it easier to communicate
through a combination of verbalization, gestures, and actions [108].

When it comes to existing XR-mediated collaborative systems for surgery, a collaborative
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system called STAR [196, 260, 259] provides novices with a head-mounted display through
which they can view an expert’s annotations and instructions on the patient body. Here, the
expert surgeon sees and annotates the patient view on a flat monitor which makes it quite difficult
to communicate, say the depth of incisions, and forces experts to learn a new way of working.
Leveraging XR technologies to create immersive interfaces for remote experts could expand the
type of gestures and collaborative behaviors they can engage in and offer more intuitive ways to

incorporate the 3D nature of complex surgical guidance.

4.2 Designing an Immersive Expert Interface

In order to explore the possibilities and limitations immersive technology brings to
XR-mediated collaborative physical tasks, we engaged seven domain experts (4 surgeons, and 3
operating room technology specialists) from the Naval Medical Center in San Diego, California in
multiple participatory design sessions. The goal of these sessions were to understand how domain
experts envision using the interaction capabilities XR offers to fulfill their domain-specific needs

and provide MR-Mediated guidance to a novice in a time-critical setting.

4.2.1 Participatory Design and Prototyping Sessions

The domain experts participating in our study were engaged in multiple sessions. We
first started with a design thinking exercise where they walked around a room that was divided
into different areas. These areas reflected possible stages of communication during a surgery
(establish context, pre-operative, procedure, post-operative), and as the experts walked around,
they wrote down what they envisioned they would need to be successful. Experts then participated
in multiple roleplaying [287] and bodystorming [229] sessions and worked the research team
(that consisted of technology and design researchers) to refine and bring their ideas to life. During
these sessions, experts interacted with, and provide feedback on prototypes in a mock operating
room and expert space we set up in a lab (Fig. 4.2). In all of these sessions, a researcher or

another expert acted as the novice.
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Figure 4.2. Model operating room (left) and expert space (right) set up in the lab for iterative
design sessions.

Figure 4.3. Design sessions with domain experts, technology researchers, and design researchers.

We started with low-fidelity sketch prototypes prototypes using a custom-made AR
prototyping tool [102] so as to reduce the impact of technological constraints on their thinking,
and created prototypes with increasing fidelity over time as a way to introduce the technology

constraints and understand the design options that could work with them.

4.2.2 Expert Needs, Envisioned Features, and Workarounds

Here, we discuss the different collaborator needs during remote trauma surgery and report
on how experts envisioned using the additional capabilities the technology offers to fulfill them.

We also discuss how the technological constraints shaped the final design of the expert interface.
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Figure 4.4. Features that provide remote experts with a view of of the task environment and
collaborators.

3D Reconstructions of the Task Environment

One of the defining capabilities of VR is that it can present its user with 3D visual content
and emulate the experience of being in a real physical space. Experts envisioned using this
capability to have an interface where it felt like they were in the task environment, performing a
real surgery — they felt that the additional depth perception and being immersed in the task space
would make the experience feel more natural and intuitive when compared to traditional media.

Current depth cameras and the computational complexity involved with creating a 3D
reconstruction of a remote space, however, limited the region of the tsk environment that could
be covered. On understanding this, experts emphasized that the most crucial portion of the task
environment to cover would be the surgical site. They expressed that this region is where they
need the most information from, and watching the novices perform actions within it in a spatial
manner produced a more embodied experience when compared to a video feed of the same
region. Moreover, having a patient body that felt visually realistic could also help them tap into
their tacit experiences better - something they envisioned would be especially helpful if they
were to annotate on the body.

The final interface included a depth camera attached to the surgical lamp in the novice’s

environment to recreate the surgical site for the expert (Fig. 4.4-A).
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Video Feeds of the Task Environment

Another benefit of a VR interface is that it has the ability to supplement the 3D content it
presents with additional information in more traditional formats, and allows for ”free-floating”
2D interfaces to surround the user. Experts envisioned using this capability to include additional
2D video feeds to their interface as a way to work around the limited region a 3D reconstruction
can cover. They also commented on the higher visual fidelity 2D videos offer (albeit without

depth) and found that crucial to aid their situational awareness. Experts opted to include different

types of video feeds to their interface, with each type serving a different purpose.

* A first person view of the novice: As experts used the 3D reconstructions of the surgical
site, they found that its grainy nature did not provide them with as much detail as they
would have liked. A first person view (FPV) of the novice from a camera on their MR
headset was a design option that could provide them with a better view of the surgical
space as the novice performed the surgery. Additionally, in being tied to the novice, this
view also provided the experts with an accurate sense of exactly which parts of the task
environment they were seeing, providing experts with a better sense of the novices actions,
even outside of the surgical site. Being tied to the novice also allowed experts to direct
them to move towards artifacts they wanted to see better - experts envisioned directing
novices to move closer to parts of a surgical site to get a better view of the underlying
anatomy, something that was difficult to see from afar or through the depth camera since
once an incision was made, the blood and general lack of light reaching it made it hard to

see details.

* Video feeds from stationary room cameras: While the FPV gave experts some sense of
the operating room, experts found it difficult to get a full view of the space since it was a
moving view that could be quite jittery. The experts however, mentioned that it was also
important for them to be aware of what was around the surgical site. Stationary cameras

positioned in the corners of the room helped provide this additional context which included
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a view of the tools and equipment available to the novice and other people (like surgical
assistants) in the space. Experts also found it useful to have different angles of the patient

body.

* A moveable camera: In general, experts did not want to miss out on any information from
the task environment. Experts found that the 3D reconstruction of the surgical site could
be occluded when novices were performing actions that required them to be in the line
of sight of the depth camera, and the jittery nature of the FPV made it fatiguing to glean
details from. Therefore, a camera on wheels was introduced to the system — allowing for

an up-close, detailed view of the task environment where experts needed it in the moment.

While the different views provided the information richness experts wanted, it could be
difficult for them to attend to all of them equally at once. However, experts emphasized their
need for all the information these different views would provide. Therefore, in the final interface,
we opted to provide a 2D panel that housed and labelled all the different views. This panel was
designed to be placed in front of the 3D reconstruction and allowed for experts to choose one
view to expand on that would primarily stay in their field of view when they were looking at the

3D reconstruction of the surgical site (Fig. 4.4-B).
Collaborator Avatars and Hands

Experts also envisioned having avatars to represent the collaborators to each other. A
avatar representing the expert user could be presented to the novice surgeon, and an avatar
representing the expert could be placed in their immersive interface. These representations of
collaborators would make it seem as though the novice was in their interface with them and
could increase the sense of co-presence as they performed the surgery together. In our design
sessions, people looked at the avatars of their collaborators as they spoke even though the audio
itself was not spatialized.

Experts also envisioned being able to share their hand gestures which could help with
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Figure 4.5. Features that help remote experts communicate technique.

referring to different artifacts on the patient body by pointing towards it, and it could also help
experts communicate how to use different instruments as well enact certain maneuvers that
novices could then mimick to complete certain actions by standing in the same location as
the expert (relative to the patient) creating a “ghost hands” effect for themselves[[CHI'21]]

(Fig. 4.4-C&D).
Annotating the Surgical Site

Communicating technique is a key aspect of providing guidance for a physical task,
and surgical techniques tend to be quite complex and requires frequent references to different
anatomical aspects. Expert surgeons therefore found it crucial that they were able to make
these references in a way that was easily understood by the novice. MR’s capability to provide
information in-situ was seen as beneficial and experts envisioned being able to draw on the 3D
reconstruction of the surgical site to annotate it so that it could show up at the same spot for the
novice. Experts prototyped using this to draw on the patient body to indicate where an incision
needs to be made that novices could trace along with a scalpel. They also imagined using this to
indicate different anatomical artifacts within the surgical site once it was opened up and also
used them to communicate the technique required for different procedures (Fig. 4.5-A).

Experts also thought it was crucial that these annotations should be of varying thickness,
and had the option of different colors that would easily show up on different skin tones or over
blood. The final interface included the ability for experts to communicate using annotations and

a control panel that they could use to modify the color and thickness of it (Fig. 4.5-B).
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Figure 4.6. Sketch of the features that could help novices identify tools.

Guidance for Surgical Instruments

The names for the specialized instruments physical tasks require tend to very domain
specific and surgery is no exception. Surgery, in fact, is known for having eponymous names for
instruments that are obscure for any outside of a particular sub-speciality. Experts predicted that
being able to direct a novice to pick up the right instrument could be quite hard since they would
not be familiar with the names that are used for it, even if they had some surgical training. This
is especially true for more specialized procedures like neurosurgery.

During the design process, experts envisioned being able to make it easier to direct
novices to the right instrument in a few different ways. They envisioned being able to point at a
video feed with a laser pointer and to have that laser point be replicated in the novices space.
However, it can be quite difficult to see small surgical instruments from afar on a video feed, so
the experts and researchers explored other ways of making it easy for the novice to understand
which instrument was being referred to. XR technologies also include tracking capabilities to
support its environment understanding which meant another option was to have the tools in the
novice’s space be tracked — this would allow experts to refer to it by saying the name of the
instrument, or picking up a similar instrument in their own space which could initiate visual
indicators for the novice that highlights the instrument for them in their operating room. Sketches
of these design options are shown in (Fig. 4.6).

While being able to refer to the instruments and get a sense of what instruments were in
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the novice’s operating space was important to experts, they felt that they could verbally describe
the instruments to the novice since they just needed to visually search for it among a set of finite

instruments available to them. Therefore, in the final version, this feature was not implemented.
Pre-made Video Clips for Complex Procedural Guidance

Experts found it difficult to verbalize or draw about some complex surgical procedures
and actions, and envisioned having pre-made video clips for different procedures that could make
it easier for the novices to understand maneuvers, especially when they had no prior familiarity
with the procedure or experience that they could use as a reference. The final interface, therefore,
provided a library of video clips that experts could choose from and had that video clip show up

for in the novice’s mixed reality space (Fig. 4.5-C).
Haptic Feedback for Experts

Surgery is a very tactile task, and surgeons often used their sense of touch to feel for
different anotomical structures. They often rely on how certain body features feel to confirm an
anatomical landmark — like finding a soft spot to make an incision for cricothyotomy. Experts
envisioned being able to use haptic feedback along with the 3D reconstruction to help them get
a better sense of the patient’s specific anatomy. However, accurately sensing and replicating
pressure and other haptics can be quite challenging with technology today. Therefore, the final

interface only included visual elements.
Control Others’ Spaces

In our prototyping sessions, the representation of the experts hands and the annotations
frequently came in the way of the surgical site for the novice. It was, therefore, important to have
a way novices could hide the digital content in their workspace or control the interface in general.
However, experts were also acutely aware of the type of the cognitive load and stress a novice
would experience performing an emergency trauma procedure without prior experience. Plus,

the novice’s hands would typically be holding instruments or within the patient body (making
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it hard for them to control the interface). Using voice commands could also be difficult since
the novice could be in a noisy environment. Experts therefore envisioned having an additional

control panel in their interface that they could use to control the novice’s interface based on their

verbal requests.

4.3 Evaluating Collaborative XR for Casualty Surgery
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Figure 4.7. An artistic rendition of the features integrated into final design for both the remote

expert and the local novice.

4.3.1 Feasibility Study with Perfused Cadaver Models
After our design sessions, the final interface was implemented and then deployed at the
Naval Medical Center in San Diego, where it was evaluated in a feasibility study for combat
casualty care procedures using a perfused cadaver model. The purpose of this study was to
understand whether XR-mediated casualty care successfully support complex surgical procedures,
especially given the limitations of the technology. In the study, the final system was evaluated
against audio-only telementoring set up (which is the current standard of care for emergency
trauma telementoring) durin a 10 month period where 14 novice surgeons and medics completed

69 different procedures (38 with XR, and 31 with audio) with guidance from 3 critical care

surgeons and 3 neurosurgeons. The procedures performed ranged from relatively simpler trauma
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procedures to complex and specialized neurosurgical procedures. The expert surgeons performed
surgical procedures with both the XR system as well as just audio. Once completed, video
recordings of the surgical site (without audio) were subjectively evaluated by expert surgeons
who were blinded to the condition. A full report of the study and the procedures are presented
and published separately [291]. In this section, we report on the key results of this feasibility
study and provide some context for it through our qualitative observations of 8 sessions (which
included multiple procedures).

32 of the 38 procedures performed with a collaborative XR system were performed
correctly, and the system also allowed for the successful completion of neurosurgery procedures
when non of the 5 novice surgeons had performed any cranial procedures before. Therefore,
despite the technological challenges, the additional visual and spatial capabilities of XR supported
the completion of multiple procedures in a realistic setting, showcasing the feasibility of this
interface in supporting time-critical surgeries. The blinded expert scores suggested that the XR
capabilities trended towards demonstrating improved accuracy for the procedural steps with
MR-mentored novices (4.12 for MR, 3.59 for audio) and timeliness (3.92 vs 3.47). Surprisingly,
there were no statistical differences between the blind scores for the procedures completed with
the XR interface and those that were audio-guided [291]. In the remainder of this section, we

attempt to uncover why.

4.3.2 Qualitative Observations of Interface Use

The experimental nature of our system meant that all of the components were not yet
at a stage where it was fully ready for wide-spread consumer use. The various technological
challenges associated with the system are discussed in details in a paper by Gasques et al. [101].
The two key challenges experts faced during the study was that (1) the 3D reconstruction was
grainy and lower fidelity than they would have liked, making it difficult for them to make out
the details they needed; and (2) the annotations and representations of their hands had some

offset in the novices space, making it hard for them to achieve a high level of accuracy in terms
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of the placement of these communicative cues for the novice. These challenges, including the
additional time required for calibration steps and the novelty of the system could be the primary
reason the timeliness of the procedure didn’t improve as much when compared to audio guidance.
However, we wanted to dig deeper into the nuances of this effect.

During the surgical sessions, three researchers made observations about the user inter-
actions with the system and the verbal communication between collaborators in order to better
understand how experts used the visual information and communication aids provided by their
VR interface and its impact on the collaborative task as a whole. The experts and novices also
filled a simple questionnaire about their experience with the system after each session. Due
to a loss of data due to constraints in our collection procedures, we only have the data for 31
procedures. In this section, we present the major themes from our preliminary qualitative analysis

of this data.
Experts and novices found the XR system helpful despite technological constraints

Experts cited the fidelity of the 3D reconstruction, the recalibration steps required, and in-
accuracies with the annotations as the main things that hindered their flow of providing guidance.
Despite these technical challenges and the constraints they placed on the communication, experts
were still able to provide effective guidance for a number of complex procedures with the VR
interface and were impressed with what it could achieve saying “To do those 5 procedures in 40
minutes, especially 2 of which he’s never done before is pretty great”. Novices too thought it was
“pretty neat” for them to able to see guidance cues directly on the surgical site. This system was
the first immersive system to ever be used in a realistic setting for surgeries, and therefore showed
great potential for MR-mediated surgical guidance system that provided multiple information
and communication aids in an immersive interface.

When asked whether the added visual information helped them tell when the novice
needed assistance, experts’ average rating with the VR interface was 4.4 (out of 5) as compared

to 3 with audio. Experts ranked the first person view as the most important feature that impacted
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their ability to provide guidance (4.6 on 5), with the 3D reconstruction of the surgical site and
the ability to annotate on them being the second most important (3.6 for both), then the room
cameras (3.4). Experts did not find the additional procedure clips particularly useful and provided
a score of 1 for it. Experts also mentioned they benefited from their ability to toggle between the
different video feeds, allowing them to focus on the information they deemed most important
in the moment. Novices deemed the annotations that communicated landmarks and incision
positions to be the most helpful “despite being off by 1 cm”. This information needed to be

communicated verbally in the audio condition.
It was hard to achieve situational awareness through the 3D reconstruction

The lower fidelity of the 3D reconstruction of the surgical site meant that experts and
novices spent a lot of time in conversation to confirm either what they were both seeing or to
check in about whether an action had been performed correctly. For example, novices constantly
asked their expert “do you see what I'm seeing doing now?” and the expert often asked for
confirmation of what they were saying with phrases like “looks like your straps are through, is
that correct?”.

However, these confirmations were also not always easy. Experts often switched to video
feeds to get this information, and asked novices to move around or closer to certain artifacts so
that they could get a better view from their FPV, especially when the details were not clear from
the 3D reconstruction. For example, when they wanted to get a better view of the chest tube
insertion site, the expert directed the novice to go closer saying “OK umm...so go ahead and look
at the chest tube site...a little closer with your hololens, I can’t see [it] in the hologram”. Experts

also used verbal descriptions of what they were seeing to confirm that this was indeed the state.
Representation of hands and annotations help with communicating technique

Experts regularly used their virtual hands to communicate how a particular action needed

to be performed. For example, experts used the representation of their hands to show novices
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how to use a clamp or retract a chest tube. This allowed them to use more deictic phrases in their
communication without extensive prior verbal descriptions. For example, one expert corrected a
novices placement of an instrument by demonstrating the right placement with their hands and
saying “I would turn it a little bit more like this”. Experts also used annotations to communicate
a certain technique. For incisions, they drew annotations on the patient body in the direction
that the incision needed to be made. They also drew out anatomical structures or explained the
motions for a certain procedure by drawing abstract representations of it mid-air.

However, the limited field of view of the HoloLens meant that novices did not always
see the experts hand gestures or annotations. Experts often talked as they gestures and drew
and would then realize that the novice did not have all the context required to understand their
supplementary verbal instructions. This led to the need for repair strategies in the communication,
and over time, experts started bringing attention to their gestures by explicitly telling the novice

to look up.
Video feeds acted as the primary source of information

Experts primarily used the video feeds (especially the FPV) as their primary source of
information, especially because the lower fidelity of the 3D reconstruction made it hard for
them to glean details from it. Additionally, since the novice frequently needed to bend over
the surgical site, the reconstruction was occluded from the view of the camera and therefore
incomplete. We observed that experts primarily kept their awareness of the task status up-to-date
through the video feeds available to them and used the 3D reconstruction of the surgical site as a
communicative aid, shifting their attention to it when they needed to gesture towards a landmark
or annotate on it. Once the expert had performed a communicative action, they would look back
at the videos, especially the first person view, to confirm that the novice understood what they
meant and get a sense of what they can and can’t do. If the novice needed additional instructions
at this point, the novice would typically opt to verbally instruct them, narrating through the

actions that needed to be performed. For example, when a novice was having trouble finding a
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specific space between the patients ribs, the expert watched the FPV to provide additional verbal
information, giving the novice more nuanced feedback about how to place their fingers based on

where they currently were.
Switching between information sources led to a loss of information

Since experts were heavily reliant on the video streams for visual information, they
switched between the different feeds often depending on what they deemed most useful in that
moment. They also constantly switched their attention between the 3D point cloud and the
videos. This meant that experts spent time searching for the optimal source of information,
especially when the novice was occluding parts of the surgical site in multiple videos. Moving
between different pieces of information sometimes caused experts to miss pieces of information
that impacted their awareness of the current state of the task. For example, when a novice was
trying to show the expert an instrument, the expert mentioned they could not see what they were
showing them clearly and begins switching between different video feeds looking for a better
view. In the meantime, the novice repositions the movable camera on wheels to be in direct view
of it and asks “Can you see this better?”. The expert, however, doesn’t notice that the view of
the movable camera has changed and is trying to understand what the novice is saying based on
the room cameras and mentions that they still can’t see it, which prompted the novice to explain

it verbally.
Referring to anatomical landmarks required a lot of verbal confirmation

Referring to different anatomical landmarks is a key aspect of providing guidance to a
novice, and this formed a bulk of the communication between the novice and the expert. Experts
regularly used the communication aids available to them to refer to different landmarks on the
surgical site and patient body. For example, experts used their hands to show where on the throat
the novice should make an incision, or drew small dots and lines to annotate the different points

of interest on the patient body and then verbally explained what the action involving them were.
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Experts also used hands and annotation together — using the hands to gesture to the general area
they wanted to pay attention to, and then drawing annotations to reference more specific artifacts
within the region.

However, annotations and gestures often appeared a little off where they were originally
intended for the novices. This offset made it quite difficult for experts to use it to refer to precise
locations on the patient body or within the surgical site, especially once an incision was made
and opened up. They often asked for confirmation of where the annotation appeared for the

novice before continuing. For example:

Expert: “What did I just draw now?”

Novice: “You just drew on the groin line.”
Expert: “Was it exactly on the crease?”

Novice: “Yeah, pretty much fallen on the crease”

When the annotations’ offset was too off, experts often spent time verbally describing
where they intended for it appear. They then asked for the system to be re-calibrated and tried
again. For example, when the novice described a landmark incorrectly based on where they saw

the expert’s drawing, the following interaction took place:

Expert: “when I look it looks close to the sternum”

Novice: [re-calibrates the system]

Expert: [redrawing the annotation] “There. Can you show me where that is?
Where do you see me drawing?”

Novice: “Right now I see you right at the sternal notch”

Expert: “Perfect”

In cases where the re-calibration wasn’t fully successful, experts simply verbally de-
scribed the landmarks and then asked the novice to point at them to confirm their understanding,
verbally correcting the novice when necessary. Over time, the additional communication and
frustration that they experienced because of these inaccuracies led to a reduced use of annotation,
where they primarily used communicative aids to refer to different general locations on the body
and communicated the specifics verbally. Experts also sometimes annotated in mid-air to clarify

their rough annotations on the body. For example, one expert circled a few rough areas on the
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body and then drew above it and directed the novices attention to it to give “a spatial relationship

between things”.
References to surgical instruments relied solely on verbal communication

Referring to the surgical instruments required is another key aspect of providing surgical
guidance. Since the system itself did not explicitly provide support for it, experts and novices
primarily used the video feeds for the communication required for it. For example, when a novice
wasn’t sure which suture to use and was looking through the different options on amongst their
instrument kit, the expert used their FPV to help them pick the right one using verbal descriptions
like “the long stringy thing” when the novice was unfamiliar with the proper term for it. Experts
also used the video feed to correct novices when they picked up the wrong instrument saying
things like “use the bovie, not the mosquite clamp”. We also observed novices occasionally
showed the instrument they had on top of the surgical site in hopes that the 3D reconstruction
would include it for the expert saying “do you see what I have?”. However, the metallic nature
of surgical instruments made it difficult to be reflected in the point cloud.

Experts often wanted to get a sense of the different instruments available to the novice
ahead of time so that they could refer to them more directly during the procedure where the time
spent looking for instruments needed to be minimal. For example, when an expert asked them for
a description of the instruments, the novice placed their kit in the line of site of a camera saying

“this is what I have”. Experts also explained that they will be spending some time gathering
supplies and used the novices FPV to get a sense of the instruments as the novice walked around

the space and verbally identified and explained the equipment to be used in the procedure.
The information richness and technology constraints leads to communication fatigue

While the VR interface provided experts with a lot of information and in a way, fulfilled
their need for extensive visual information about the novice’s operating space, getting the exact

information they needed at a given moment took a lot of effort (like switching between the 3D
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and 2D sources, and looking for the optimal video feed). They also needed to confirm what they
were seeing with verbal information. The communicative aids also required experts to perform a
lot of physical motions. The toll this takes on an expert was evident in some of our sessions as
we notices experts placing their hands on their head to indicate strain and shrugging or rubbing
their shoulders as though they hurt after drawing a series of annotations. In one of our pilot
sessions, an expert verbalized this saying “If my head keeps moving up [looking at the interface
with video cameras] and down [back to the body], it will break”.

Over time the loss of trust in some of the features because of the technological limitations
also led to them resorting to do most of the communication verbally and experts often indicated
this shift saying things like “I’'m just going to talk you through this”. A novice reflected on
this saying that the guidance was verbal “90% of the time”. Now, the verbal communication
itself was quite effective since novices were still people with medical training and a lot of the
referencing required could be made unambiguously using the medical term for it (especially
with respect to anatomy, instruments sometimes needed additional verbal descriptions since their
names are not part of general medical training). However, this still takes communicative effort

and causes fatigue.

4.4 Implications for Designing Remote Expert Interfaces

Through our design sessions, we were able to better understand the kind of support remote
experts needed to facilitate the completion of a complex task. And the feasibility evaluation
and our qualitative observations from it gave us a sense of how the different features available
to experts impact the collaboration needed to help novice medical personnel perform trauma
surgeries in a realistic setting. In this section, we discuss the key takeaways from both these
endeavours and outline the implications of it for the design of future remote expert interfaces
that supports their ability to provide effective guidance.

Having the additional features an immersive interface allows for - like combining different
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types of visual information and providing communicative aids that feel more intuitive enabled
expert surgeons to provide effective and rich guidance for a large number of emergency trauma
procedures. Despite the largely experimental nature of our system and the various technological
constraints that came with it, the feasibility study showcased the immense potential of such
a system to extend surgical expertise to remote and expertise strapped regions. However, the
qualitative observations of how remote experts used the different elements of their interface
to support their information and communication needs also highlights the different gaps we
currently have and outlines a pathway for the future research needed to build rich collaborative

systems that leverage technological capabilities well.

MR-Mediated guidance is effective for novices and can support guidance for complex
tasks in time-critical settings

While the experiential challenges collaborators faced due to the limitations of technology
made providing MR-mediated guidance difficult for experts. Now, surgery is a highly stan-
dardized, albeit complex, physical task with domain specific jargon that basic training covers.
Therefore, in our feasibility, it was not difficult for experts to switch to verbal communication
when the technology failed, as they could use relatively unambiguous terms to refer to anatomical
landmarks. However, when it came to communicating complex maneuvers, referring to aspects
of the anatomy that novices were unfamiliar with, and guiding them to pick up instruments
that had eponymous names that only those trained in a certain sub-specialty would understand,
experts resorted to using the MR-guidance, making it especially useful for true novices.

Moreover, most of the difficulties we noticed came from the remote expert’s ability to
either get the information they need, or from their difficulty in being able to provide accurate
annotations and hand gestures. But when they did use these communicative aids in the absence

of technology constraints, novices were able to follow the guidance with ease.
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Information is crucial for remote experts, but different parts of the environment serve
different information and communication needs

Surgery is a complex tasks rife with unknowns - surgeons constantly use their awareness
of the current state of the task and the specific anatomical characteristics of the patient to assess
what to do next. Trauma surgery in emergency scenarios, in particular, can be challenging
because they often don’t have an extensive medical history of the patient and also can’t always
predict the issues and complications that they have to deal with - which means that they very
heavily rely on their ability to process what they are seeing and feeling in the moment to make
crucial informed decisions to reduce the casualties.

In our design sessions, experts emphasized the need for this information and opted to
have different sources of information when one seemed insufficient. Experts (rightly) thought it
was crucial for them to understand all the details were very reluctant to make design choices
that would mean they would miss out on any information from the environment. Experts used
this information to stay aware of what was happening in the task environment and used this
information to ground their communication with the novice. Outside of general task status
awareness, experts needed this information to know where different instruments and anatomical
landmarks were to then be able to demonstrate the actions that included them in the right location.

However, in our feasibility study we noticed that experts did not use the information from
all parts of the novice’s operating room equally. Experts spent most of their time focused on the
surgical site where a bulk of the action occurs, and it was here where they seemed to need the
most details from. They used the different sources of information to get as much information
as they could about this space and constantly asked novices for verbal confirmations and more
information as the task moved forward. While experts constantly kept themselves aware of what
was happening in the rest of the environment, they primarily did so to get additional context
about what instruments and equipment the novice had to be able to plan the task and direct the
novices attention to it. When the conversation shifted to focus on the regions outside of the task

space, it was primarily to clarify something, or to bring a certain instrument to the surgical site,
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after which experts switched their attention back to the surgical site.
While we do need a more in-depth analysis and more research to understand the nuances
of the different purposes of visual information in complex physical tasks, future collaborative

XR systems can take the varying needs into account when designing interfaces.
Information richness alone does not make object-focused communication easier

Despite their ability to annotate on the surgical site and share their hand gestures, experts
were not able to use these features well without information from the environment. Our observa-
tions of the feasibility study sessions highlighted that experts needed to where everything in the
surgical site or the operating room was to be able to, say, annotate over it to provide guidance for
the action that needed to be performed.

However, despite the extensive amount of information the VR interface provided, it was
difficult for experts to get the information they needed for two main reasons (1) technological
constraints that reduces the effectiveness of the information sources (like the 3D reconstruction
being grainy), and (2) information overload that was evident by experts constantly flipping
through videos to look for the ideal view.

Therefore, future research for collaborative XR systems should aim to increase the
effectiveness of information sources like 3D reconstructions and also aim to decrease the
different types of information provided to reduce the information overload and make it easier for

experts to get the information they need.
The difficulty of technology-mediated referencing is often underestimated

Our design sessions revealed that despite understanding the need to reference to anatomi-
cal landmarks and instruments, experts focused on making it easier to communicate the technique
required to novices, opting to not include features that could help with referencing because they
believed it was easy to rely on a verbal description of objects and have the novice visually search

for the object that matched it in their space. This belief is quite natural because the ease of being
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able to refer to objects and artifacts in a physical space makes it feel like referencing is a trivial
portion of the communication.

However, our observations of the feasibility study highlighted just how difficult this
seemingly trivial conversational piece becomes in technology mediated conversation. In fact,
referencing is the key aspect of the cooperation required for physical tasks that is fundamentally
tied to the environment. And while it is indeed quite trivial when you have the information
needed for it and the necessary representations to support it, communication breaks down pretty
quickly in the absence of support for either — and we notice expeerts needing extensive verbal
communication to clarify their references or reverting back to verbal information to communicate
it. Future collaborative XR systems must therefore make it easier for experts to make references

to the task environment.

4.5 Conclusion

The visual, spatial, and immersive nature of XR, especially VR, opens up the design
space of expert interfaces during collaborative physical tasks by offering a more natural way
of viewing remote environments and expanding the interaction possibilities within the virtual
task environment. In this chapter, we co-designed an immersive interface with expert surgeons
to understand how they envision leveraging the additional affordances XR offers to make it
easier for them to provide contextual MR-mediated surgical guidance during an emergency. An
evaluation of this interface showed that an immersive environment can be help remote experts
provide rich procedural guidance for novices. However, more in-depth qualitative observations
of the interface use highlight that experts achieving the environment awareness required for
seamless communication is still a challenging process that requires experts to process a lot of
visual information. Referring to instruments and anatomical landmarks is the object-focused

communication process most impacted by this as it heavily relies on experts’ awareness of the
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task environment. There is, therefore, a need for research towards mechanisms that enhance the
support for referencing by either making it easier for experts to get the information they need of
facilitate referencing mechanisms that don’t rely on environment awareness. In the next chapter,
we take a closer look at existing collaborative XR systems in the literature to better understand
how they support collaborative physical tasks and discuss the gaps in the literature that provide

an opprtunity to make object-focused communication easier.
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Chapter 5

A Review of XR-Mediated Remote
Collaboration for Physical Tasks

Thesis Question: How do existing collaborative XR systems facilitate commu-
nication between remote collaborators during physical tasks, and what are the
research gaps concerning support for task object referencing?

This chapter presents a review of the field of XR-mediated collaboration based on
the conceptual framework introduced in chapter 2. We analyze the communication
focused features 155 existing systems include to provide an overview of the design
space and the current level of support collectively offered to facilitate the extensive
coordination physical tasks require. An in-depth discussion of the virtual task
environment for remote users and the support for referencing it offers highlights
the research gaps that could drive future design explorations that reduces the joint
effort required to partake in collaborative physical tasks.

5.1 Introduction and Motivation

Our research in the previous two chapters highlight the experiential challenges of using
collaborative XR systems for remote guidance during physical tasks. A key takeaway from this
research has been that object-focused collaboration and more specifically, referencing, is the
major communication process that is fundamentally tied to the task environment. Being able to
reference artifacts in the task environment from a distance in a manner that is easily understood
by the local collaborator remains challenging even with the additional support XR offers. In

general, the limitations of technology today coupled with the information overload and lack
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of design patterns for XR make it challenging to support collaborators’ ability to comprehend
technology-mediated information.

In this chapter, we aim to systematically understand how the field of collaborative XR as
a whole leverages the technology to mitigate the difficulties of being geographically separated
during collaborative physical tasks. We do this by systematically analyzing existing collaborative
systems based on the conceptual framework developed in Chapter 2. The overall objective of
the review is to better understand the gaps that could help us further the research towards easing
object-focused communication. However, our review analyzes more features than just those
designed to support referencing for completeness — primarily because a single feature often
provides support multiple communication processes regardless of what it was designed for. We
then present an overview of the design space the communication-focused features we see today
occupies, and then dive into a more in-depth discussion about the level of support collectively

provided for referencing task objects during physical tasks and outline key research gaps for it.

5.1.1 Review Methodology

We collected papers through a systematic search on Google Scholar, the ACM Digital
Library, and IEEE Xplore. The search terms used were a combination of (1) “mixed reality”,
its synonyms “augmented reality” and “extended reality”, and their abbreviations “MR”, “AR”,
“XR” AND (2) descriptive terms for “remote collaboration” and “physical tasks” including

29 &6 99 ¢ 29 ¢ 99 ¢

“collaborative”, “synchronous”, “cooperation”, “remote”,

29 ¢ 29 &<

guidance”, “telementoring”, “spatial
tasks”, and “real world tasks”. Papers were chosen to be included in the final dataset if any of the
following criteria was satisfied: (1) the paper presented an XR system for collaboration; (2) the
system used MR for the local user in a manner where virtual content or cues were overlaid onto
the real world; (3) the collaboration setting was for tasks where at least one collaborator worked
on real objects in their physical location; (4) the collaboration goal was to complete the task — as
opposed to for training or education, and (5) the papers were published in the year 2000 or after.

The PRISMA [230] flow diagram for our article screening is shown in Fig. 5.1. Appendix A lists
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all the papers analyzed.
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Figure 5.1. The PRISMA flow diagram for article selection and screening.

While our systematic compilation of this corpus provides an in-depth view into the
research space, we consider these set of papers to be a representative rather than an exhaustive
list since there may be papers that did not end up in our list using our search terms, or were at the
edges of our inclusion criteria. However, our focus is to outline the current state of the design
space and we believe these papers provide a representative set of the features being developed

for MR-mediated physical collaborations.
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ANALYSIS APPROACH

We used a multi-step analysis process in our review. The first step was an open coding
approach to tag each paper on the type of technology used, the type of collaboration and task
space it supported, the domain the system catered to, and the local and remote user features that
the system offers. We then reviewed the tags from the initial coding to ensure consistency —
merging tags, or modifying and removing duplicates as needed. Next, we tagged each feature
with the collaboration needs (from Sec. 2.2) it supported as well as the mixed reality capabilities
(from Table 2.3) it exploited. Then, we grouped these features into broader sets when appropriate,
merging the tags for the needs it supported and the capabilities it exploited if needed. This
coding was done using the qualitative research tool Dedoose!. We also marked groups of features
according to the level of communicative support (from Sec. 2.3.3 it offered as well as the situated
experience it provides (from Sec. 2.5.2) when relevant.

Additionally, we used a “best intent” approach for our analysis. This meant including
papers where the local user used any form of augmented or mixed reality that allowed for digital
content to ve overlaid onto the real world like tablet-AR or viewing the task environment through
a phone, and not just papers that used MR headsets. The best-intent approach was also used
when coding the needs a feature supported — all the aspects that were coded weren’t always
laid out directly in the paper. Therefore, if it seemed reasonable (based on what other similar
features), the features were coded leniently. The primary reason for this choice was because
we are looking at what each feature affords accross the field in general. So, for example, even
though all 2D video feeds of the task environment did not really capture the local collaborator,
2D video feeds in general can capture local collaborators. Therefore, all 2D video feeds were
coded for it. This rule of best intent was only broken when it would provide a false sense of what
a feature could provide. This happens when multiple similar features were grouped together in

the analysis to make the final grouping or feature type we list here. In that case, we retained

'Dedoose Version 9.0.107, web application for managing, analyzing, and presenting qualitative and mixed
method research data. Los Angeles, CA: SocioCultural Research Consultants, LLC www.dedoose.com
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the numbers of those groups when coding and populating the table with the design space. For
example, audio channels included both spatial and non-spatial versions. And therefore, when
marking the feature for using the “spatially distribute content”, we only marked it for one of the
channels (which included spatial audio). Similarly, facial or physiological cues included only 3
features that explicitly provided awareness of facial expressions and detected non-verbal cues,
while 3 provided secondary information by detecting physiological cues. Another example is
gaze and head pointer were grouped together, but there were only 4 features with head pointer, so
the cells that correspond to the needs it serves reflects this (head pointer can tell you orientation,

but is not an explicit source of gaze).

5.2 The Design Space of Collaborative XR Systems

The number of collaborative XR systems in research have grown through the years with
its popularity rising substantially over the last few years (Fig. 5.2, Left). Of the 155 papers
analyzed, 112 did not cater to a task within any specific domain — they were built to explore
or study guidance systems in general. 13 papers focused on tasks in the healthcare domain, 29
focused on tasks related to maintenance and manufacturing, and 3 focused on other domains
(Fig. 5.2, Middle). Additionally, a majority of the systems (141) tackled the mentoring scenario
where a remote expert guides the local novice to complete a task, 2 papers focused on peer-to-peer
collaboration, and 14 allowed for the role of the collaborators to be flexible (Fig. 5.2, Right).

Our analysis revealed 28 distinct types of features across the 155 papers reviewed. These
features catered to both remote and local users — some for one of them, and some for both.
We grouped these features under three broad themes based on the primary collaborator need
they satisfy. 43.5% of the features we encountered were designed to facilitate some form of
communicative action between collaborators, 39.3% were a source of information about the
task environment for the remote user, and 17.2% provided one or both collaborators with an

awareness of each other. In this section, we describe these features with a few examples.
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PUBLICATION TARGETED

TYPE OF

YEAR DOMAIN

COLLABORATION

@ 2000-2010 @ 2011-2015 @® General @ Healthcare ® Mentoring @ Peer @ Flexible
@® 2016-2020 @ 2021-2023 @® Maintenance and Manufacturing @ Other

Figure 5.2. Distribution of papers presenting systems designed for MR-mediated guidance for
physical tasks across the years (left), based on the primary domain it focuses on (middle), and
the collaboration style it aims to support (right).

Supporting Environment Awareness
39.3%

Facilitating Communicative Actions
43.5%

Supporting Collaborator Awareness
17.2%

Figure 5.3. Distribution of features based on the primary collaborator need they satisfy.

The conceptual framework introduced in chapter 2 offers us the theoretical scaffolding
to understand both the collaborator needs a system needs to support as well as the dimensions
of support that can be provided for it. It also outlined the capabilities of XR as a collaborative
medium. Therefore, in this section, we also contextualize the various features existing systems
provide to support communication during remote physical tasks and present an overview of the
design space to provide an understanding of how the different capabilities of MR were used
to support various collaborator needs. A visualization of the design space the features in our
dataset occupy is in Figure 5.1, and provides an understanding of how the different capabilities
of MR were used to support various collaborator needs. The top half depicts the needs and

type of support for it each of the features reviewed support, and the bottom half depicts the XR
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Table 5.1. A visualization of the how the design space for collaborative XR is currently populated.
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capabilities each feature exploits. The shade of the colored cells depict the frequency of the
feature - or the number of times the feature has been seen across the 155 papers. A darker shade
indicates a higher frequency. Note that a single feature can often support multiple collaborator
needs and can make use of multiple technology capabilities. This shows which features are

provided in the remote system and which ones are in the local system.

5.2.1 Facilitating Environment Awareness

First person View 55
2D Video Stream

360° Video

3D View

3D View + 360° Video
Differently Scaled 3D View

Choose Type of View

Supporting
Environment Awareness

Control Own Perspective
Control Others Perspective
Choose View Scale
System Chosen View

Figure 5.4. Features that support environment awareness for remote physical tasks.

A view of the task environment supports general environment awareness for the remote
collaborator and helps build the common ground necessary for effective communication. It is not
surprising that it is a heavily explored class of features with every paper implementing at least 1
of them for remote users to have a view of the physical task environment. A total of 11 different
types of features cater to providing environment awareness in today’s systems (Fig. 5.4).

The most common way collaborative systems support an expert with building common
ground and situational awareness is through a (shared) view of the environment [92]. Prior
research shows that for physical tasks, remote experts benefit most from a view of the workspace,
task tools, and the novice’s hands as opposed to one that focused on a view of the novice and/or

their face [107, 108]. This shared view supports environmental awareness and improves commu-
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nication efficiency by allowing for less reliance on verbal verification [209, 174]. Collaborative
MR systems typically provide a view of the task environment through video streams, 360 videos,

3D reconstructions, or a combination of these features [63].

* First Person View: A popular method of providing remote users with a view of the
environment is to stream a 2D first person view (FPV) that captures the perspective of
the local user. These views are captured from a camera on the local user’s headset [187]
or mobile device [235], or from a separate camera attached to them [5]. In addition to
providing a view of the environment, FPV’s also allow the remote user to get a sense of

the local user’s field of view.

* 2D Video Streams of the Task Environment: 2D videos streamed from external cameras
that were continuously streamed to remote users is another heavily used feature that
supports their need for environment awareness. These videos could provide a view of
different parts of the task environment, with some systems only providing a view of the
active space [318] and others providing a view of the full task environment. 2D video
streams were used even when remote users were in VR [325], and some systems also
included multiple video feeds that captured different parts of the environment [101]. One
system combined a physical surface and a virtual plane where the video was rendered in

VR to provide remote users with haptic feedback as they interacted with the video [319].

* 360° Videos: Another way systems have shared the local environment with remote
collaborators is through a 360° live video of the space with the remote collaborator being
immersed in it through a VR headset [302]. While being in an immersive medium allows
users to move around freely, 360° videos can also be experienced through traditional

screens like in 360Anywhere [281].

* 3D View: Researchers have increasingly explored immersing helpers in 3D reconstructions

of the task environment to allow remote users to engage with it like they would if they
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were physically present in the task environment and bring the collaborative MR setting
closer to face-to-face collaboration [26]. Systems chose to either recreate the full remote
environment [100], just the active task space[354], or something in between [313]. While
commonly experienced through a VR headset [265], some systems used other devices
like a textured model on a flat screen [293] or stereoscopic displays that use active

polarization [14] to display the 3D view.

Of the 52 features that were classified as 3D views — 28 were live reconstructions typically
captured using depth sensors in the task environment [98], 21 were static recreations that
were captured before the start of the collaborative session [300] or digital twins or pre-
existing virtual models [225]. Unlike live reconstructions where the local collaboartor can
be captured as part of the view, static reconstructions don’t offer any form of collaborator
awareness. However, they do typically allow for better visual fidelity as they can be
processed to eliminate visual noise. Some systems also combine a live reconstruction with
static regions to provide a higher visual fidelity with real-time updates of aspects of the

task environment deemed crucial [308].

3D View + 360° Videos: Some papers also provided a combination of 360° videos and
3D reconstruction of the task space to provide full coverage of the task environment for

the user without the added complexity of having a full 3D reconstruction [303, 301].

Differently Scaled 3D View: Some systems provide remote users with 3D views of
the task space that retains depth information but are scaled differently than in the real
world. For example, world-in-miniature views are scaled down versions of the reconstruc-
tion [307], and views like the “miniature mode” [241] immerse the user in a larger-than-life

reconstruction of the task environment.

Controlling View, Perspectives, and Scale: Remote users are typically passive viewers

while interacting with views of the task environment without any real agency within it.
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However, some systems did allow remote users to control their experience to a certain
extent. For example, remote systems allowed their users to choose between different
modes of viewing the task environment during the collaboration (like switching between a
360° view and 3D reconstruction of the task space [301]). Remote collaborators could also
explicitly change their perspective of the task environment like in TeleAdvisor [119] where
experts could move a robotic arm that controlled a workspace camera and therefore their
view of it. Immersive interfaces sometimes enabled remote users to switch between fol-
lowing their collaborator’s perspective or experiencing the environment on their own [237].
Systems also explored allowing users to change their own scale within a 3D view of the
task environment — for example, a feature called “God mode” allowed remote users to
become bigger and feel like a giant [241]. This freedom of scale and perspective that
XR provides, facilitates an interaction with the task environment that is impossible in the
real world. Lastly, systems like SceneCam [250] used the environment understanding
capabilities of XR to automatically choose an optimal view for the remote user based on

the local user’s location within the task environment.

5.2.2 Facilitating Collaborator Awareness

2D Video Stream

3D Capture of Collaborator
Collaborator Avatar
Frustum

View Indicator

Gaze Cues or Head Pointer 33

Location Representation

Supporting
Collaborator Awareness

Action Representation

Facial and Physiological Cues

Figure 5.5. Features that support collaborator awareness for remote physical tasks.

Support for collaborator awareness is primarily achieved across 9 features that cater to

both the remote and the local user (Fig. 5.5). A majority of these features provide collaborators
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with explicit sources of information about each other.

* 2D Video Stream: While collaborators are sometimes captured within the view of 2D
video feeds meant to provide a view of the task environment, a few systems also provided

users with video feeds that focused on each other [338].

* 3D Capture of the Collaborator: Some systems provided their users with a real-time
3D capture of their collaborators, with 2 of these papers only having the functionality

available for remote users. An example of this feature can be seen in Loki [307].

* Collaborator Avatar: Many systems used an avatar of some form to represent collabo-
rators to each other, allowing users to comprehend each other’s location and orientation
within the task environment [324]. These can be full-body avatars [64], a representation of
just the upper body [193], or just a head [300]. Not every system provided this feature to
both users at the same time, with 17 of them having a representation of the local user in the
remote user’s interface and vice versa. While avatars typically don’t capture the real user,
they are a way to explicitly represent their location and orientation in the collaborative
space in an anthropomorphic manner and are typically seen when the user engages with

immersive technology.

* Frustum: One way collaborative XR systems provide an explicit representation for
collaborator awareness is with a 3D visual cue commonly referred to as a Frustum that
has its apex at the collaborator’s eye or head, and a base that is an indication of their field
of view. These serve as a combined cue that communicates a user’s location, viewing
direction, and view. An example of this can be seen in CoVAR [238, 241], and the system

presented by Bai et al. [18].

* View Indicators: Systems also provide their users with a standalone visual cue that is

an explicit representation of their collaborator’s field of view with respect to the task
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environment. These indicators can be 2D thumbnails [104], or a rectangle overlaid on the

users view of the task environment [199].

* Gaze Cues and Head Pointer: Many systems also provided users with an indication of
each others eye gaze [117, 7]. In addition to letting users know where the people they
are working with are looking, users can also use their own gaze to refer to things they
want to direct their collaborator’s attention to. Researchers have also explored providing
explicit cues when users focus on a certain region [144] or when both collaborators’ gaze
overlaps [145]. EyemR-Talk also allowed for certain speech phrases to turn on gaze cues
for the remote user. Additionally, the Mini-Me system [239] redirects the gaze cue to
indicate the right location in the task environment for the local user when the remote
user’s scale changes. A few systems also provided users with visual head pointer cues that

indicated their collaborators viewing direction [313, 320].

* Additional Features that Aid Collaborator Awareness: Collaborative XR systems also
explored a few other explicit representations that would support collaborator awarenes. For
example, SceneCam [250] provided a 2D representation of the local user’s position and
orientation within the environment, Rasmussen et al. [248] also included audio cues that
indicated where the remote user was, and Bai et al. [18] included a 3D arrow that always
pointed in the direction of the collaborator’s avatar. 2 systems explicitly captured and
represented users’ facial expressions [85, 25] and others like Empathy Glasses [194] also
included representations of their heart rate and galvanic skin response in an attempt to help
build an empathic connection among collaborators. Additionally, one system provided the

local user with audio and visual notifications of the remote user’s interface actions [49].

5.2.3 Facilitating Communicative Actions

Support for actions that collaborators can use for key communication processes like

referencing, communicating technique, acknowledgement, and providing context is especially
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Figure 5.6. Features that support communicative actions for remote physical tasks.

crucial in systems that support remote physical tasks — as without it, no communication can
take place. The majority of features encountered in our dataset aim to support at least one

communication process and can be categorized under 8 different types of features (Fig. 5.6)

* Audio Channel: Even though not all the papers implemented an audio channel as a feature,
they all facilitated verbal communication between users in some way (like having them
separated by a screen in the same room) - making verbal communication the primary way
collaborators communicated. However, only one paper [348] exploited the spatial audio

capabilities of MR for it.

* Virtual Replicas of Task Objects: Demonstrating an action and describing how to
manipulate 3D objects can be quite difficult during remote collaborations. To help with
this, collaborative systems often provide remote users with virtual replicas of physical
objects in the task environment that they can use to demonstrate actions with [324]. While
most systems facilitated this through the use of pre-made 3D models, a few systems allowed
remote users to segment out objects from their reconstruction of the task environment that
could then be used to convey technique [355]. While not the primary function, virtual
replicas also typically tells the remote user that the local user has access to them — making
it an explicit source of information that communicates the presence of at least a subset of

task objects in the physical environment.

104



* Representation of Hand Gestures: Given how important the use of our hands are for
pointing and communicating object manipulations, researchers captured user’s hands
and overlaid a representation of them onto their collaborator’s workspace whether it was
experienced through an immersive medium or one on a screen. Examples of this feature can
be found in systems like HandsIn3D [136], BeThere [279], and 3D Helping Hands [298].
One paper allowed for the representation of the remote user’s hands to be “’stretchable”
where it was anchored to the local collaborator’s shoulders but the fingertips remained
where the remote user’s fingertips were with respect to the environment [186]. 15 systems
represented the captured hands as is (they presented a view of the user’s actual hands)
using either depth cameras [10] or by filtering out the background from a video feed [138],

while others used other 3D models to represent a collaborator’s hands [322].

* Fixed and Freehand Environment Annotations: Another relatively common feature
that is typically offered to remote users is the ability to add annotations to the task
environment. These annotations allow them to refer to task objects and instruct local users
of what they need to do and can be divided into two broad categories: fixed and flexible.
Fixed annotations include predefined content like icons, circles, or text [81, 118, 38],
and freehand annotations are those where the user can essentially sketch on the task
environment [101, 205]. Of all the systems that included an annotation feature, only
2 gave the local user the ability to annotate in the remote user’s collaborative space as

well [307, 172].

* Virtual Pointers: The ability to refer to objects in the environment is crucial to the success
of communication during physical tasks. This is, therefore, an action for which systems
have provided dedicated support. Systems typically allow remote users to highlight specific
objects in the task environment using visual cues like arrows [32], laser pointers [301, 151],

or a representation of the user’s VR controllers [300].

* Highlight or Navigate to Task Object: Researchers have also explored allowing the
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remote expert to highlight specific objects in the physical task environment or initiate
navigation cues that can direct local users to those objects. These include being able to add
object outlines [33] or labels [41] for the local user in the task environment by clicking on
the object in their view of the task environment. Giinther et al. [122] also explored audio
beacons attached to the task object and haptic cues as alternate navigation mechanisms for

objects of interest.

* System Visualization for Technique: A system implemented in Oda et al. [224] allowed
remote users to annotate key points on a virtual replica after which the local user is
automatically shown cues to help with alignment, effectively offloading some of the
burden of communicating technique to the collaborative system itself. A few other systems
also offload the task of communicating technique to the system by allowing remote users
to initiate video clips [101] or 3D animations [64, 32] that the local collaborator could

view to understand certain actions or how objects needed to be manipulated.

5.3 The Situated Experience with Current Virtual Task
Environments

Collaborative systems that support physical tasks by allowing remote experts to provide
MR-mediated guidance can use a variety of technologies to create the remote user interface
that makes up the virtual task environment (Fig. 5.7). In our dataset, we observed that close
to half the systems opted to use immersive technology for remote users - with 43% using VR
headsets [239, 157, 101] and 2.6% using AR/MR devices [251, 49] including projection-based
AR [236] and near-eye displays [134]. The rest of the systems used desktop setups [199], mobile
phones [279, 235], tablets [12, 184], and large flatscreens [205, 9] for remote users. A few
systems (2%) also used other technology like stereoscopic displays [14] and videoscopes [271].

We also analyzed the situated experience remote collaborators could experience with

the virtual task environments based on the dimensions in the framework discussed in Chapter 2
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Figure 5.7. Technology used to provide remote users with a virtual task environment.

(Sec. 2.5.2). In the systems we analyzed, the situated experience of the virtual task environment
is fundamentally driven by features that provide remote users with a view of the task environment.
The coverage is dependent on how much of the task environment these features capture (for
example, the coverage for 2D video streams depends on the camera placement in the task
environment). The spatial presence is determined by both the coverage and the type of view (for
example, in our database, 3D views that only cover part of the task environment presented it
to the user in a virtual environment without any other substantial artifact that could impact the
spatial presence, and in allowing for an immersive view with depth without a full environment, it
provides medium spatial presence). The agency these features provide is dependent on whether
they were accompanied by features that allow users to control their perspective (low agency),
type of view (medium agency), or scale (high agency). Table 5.2 depicts how the features that
provide a view of the task environment dictate the situated experience for remote users. We can
see here that the current research for collaborative XR systems have collectively explored all the
three possible broad categorizations for these dimensions.

The capability to situate a user in a computer-generated 3D environment is a key compo-
nent of how immersive technology brings collaborative settings closer to face-to-face collabora-
tion [26, 67]. Room-scale immersive experiences that offer high spatial presence, in particular,

create a compelling sense of ’being there” and this enhanced perceptual richness increases users’
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Table 5.2. The situated experience current collaborative XR systems provide remote users.
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comprehension of the virtual environment [277]. Users are, therefore, more likely to engage in
more natural behaviors [278] and show higher levels of presence [34] and engagement [149]
which can be especially beneficial for complex tasks [136].

As we’ve seen, collaborative systems attempt to leverage these benefits of high spatial
presence by immersing remote experts in a 3D reconstruction of the local task environment,
enabling them to move around the space independently like they would in the real world. These
reconstructions have been shown to improve spatial awareness and social presence among remote
experts while allowing for greater freedom of movement and independence of perspective [18,
187]. However, we only see 19 instances of 3D views in our dataset that are able to achieve
a high level of spatial presence with most of them (32 features) only providing users with a
moderate sense of being present in the environment. Moreover, a majority of the features that
provide a view of the environment in today’s systems tend to only offer a low level of spatial
presence. Here, we briefly dig a little deeper and discuss the tensions that arise with attempting

to provide a fully immersive environment that provide remote users with a high degree of the
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illusion of being in a physical space.

While 3D reconstructions theoretically allows the remote user to feel like they are
perceptually in the physical task environment, they don’t always live up to that promise. In
practice, 3D reconstructions require specialized hardware and high network bandwidth as they are
computationally expensive and difficult to update in real-time [227, 146]. In addition, real-time
3D views have a lot of noise due to systemic errors [156, 177] and more robust depth sensing
and computer vision techniques are dependent on the texture and materials of objects in the task
environment. For example, shiny objects or thin artifacts are hard to capture [213]. These factors
compound and make real-time 3D views difficult to implement and challenging for experts’ to
glean details from realistic scenarios [101].

One design choice that we’ve seen collaborative MR systems like 3D Helping Hands [298]
and Vishnu [185] make to reduce the computational burden, manage latency, and overcome
bandwidth limitations, is to reconstruct just the active space of the task environment. This
ensures that experts can experience the benefits of a 3D view for the part of the environment they
need the most dynamic updates. However, the reduction in coverage of the task area reduces
the degree of spatial presence it offers and hinders the overall effectiveness [300, 190] of the 3D
reconstruction (especially because remote users get no information about the peripheral space —
or the space outside of the active task space). Needless to say, a recreation of a portion of the
environment also wouldn’t suffice for room-scale tasks like engine room maintenance or crime
scene investigation where the active space is the whole task environment.

Combining pre-scanned or static 3D recreations of task environments with live 3D
reconstructions of smaller areas is another approach that reduces computational complexity
without making compromises on the extent of immersion experienced. For example, Dou and
Fuchs [72] scanned static portions of a room and aligned live data of moving artifacts in the
space to create a noise-free 3D reconstruction of the whole environment. The main advantage
of this approach is that the static portions can be processed in advance to increase the visual

fidelity of the final reconstruction, leading to higher levels of realism and perceived presence

109



in the virtual environment [334]. Lee et al. [193] combined high-fidelity static objects that are
actively worked on during the task with a lower-fidelity real-time updated point cloud of the
peripheral space that experts could interact with. While prior research has shown that such a
static 3D view is sufficient for remote experts to understand the task environment [100], the
disadvantage is that any information represented by the static portions becomes outdated as the
task goes on, especially when the locations of objects within it change.

The general difficulties and constraints that come with 3D views have prompted re-
searchers to combine 3D reconstructions with non-3D views of the task environment to provide
experts with the benefits of a real-time updated 3D view as well as spatial information from

the peripheral space while conserving computational resources. For example, ARTEMIS [101]
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Figure 5.8. Support for referencing with current collaborative XR systems.
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provided remote experts with a 3D view of the surgical site on the patient and opted to use 2D
video feeds to provide information about the rest of the environment; other systems combined 3D
reconstructions with 360 videos [190, 240, 300]. Our review also revealed that most collaborative
XR systems simply opt for a purely 2D setup for the expert where they view video streams of a
third-person perspective of the task environment, or a first-person view from a camera on the
worker’s HMD even when immersive technology is used for the remote expert.

A visualization of the coverage of the design space across the spatial presence and the
coverage of the shared task space current virtual task environments offer (Fig. 5.8) highlights
the tensions between the two dimensions and brings a key pattern in the field into focus:
Collaborative XR systems that support physical tasks have only been able to tap into the
benefits of high spatial presence for the remote user when it also offers full coverage of the

physical task environment through a view of the environment.

5.4 Support for Object-Focused Communication Today

Guidance for physical tasks heavily revolves around object-focused communication
which includes referring to objects and describing actions to be done on them [93]. However,
describing actions to be taken on objects is fundamentally reliant on being able to refer to the
objects or relevant portions of it first. The expert’s ability to provide guidance and partake in
object-focused communication is thus primarily dependent on the ease with which they can refer
to the objects used as part of the task they want to accomplish. As a consequence, referencing - or
the act of making a reference and having that reference understood by others [350, 44] — becomes
a crucial process that collaborative systems need to support [44] as the absence of support for
it severely hinders communication [73]. It is also the communication process that most ties
collaborative physical tasks to the task environment. Armed with a better understanding of the
different features collaborative XR systems provide and how they support collaborative physical

tasks in general, this section takes a closer look at how these features support referencing.
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When collaborators are physically co-present, referencing can seem like a trivial process

since they share a rich visual space that facilitates the awareness required to generate these

references and provide the context required to understand them [174, 54]. To be effective, remote

collaboration systems need to explicitly build features that support initiating and understanding

references [174, 78]. The framework for inter-referential awareness outlined by Chastine et

al. [44] highlights the different aspects of the referential process that need to be considered when

designing collaborative XR systems. At it’s core, the referential process between an expert and a

novice during collaborative physical tasks is split into two sub-processes that occur sequentially

and have varying needs:

1. Making or initiating a Reference: This is when the expert refers to an object in the task

environment. For example, the expert could say “can you pick up the red box?”’. Making
a reference requires the expert to know what objects are present in the task environment.
This awareness of the presence of task objects is crucial to the expert’s ability to refer
to them, and its absence will cause the referential process to break down. We call this

information the awareness of (task) objects.

. Understanding the Reference: This is the process by which the novice understands the
reference and identifies the object being referred to. Novices during physical tasks are
typically unfamiliar with the task and the environment, making it difficult for them to
identify an object or tool based on domain-specific names (proper nouns) even if they
visually register it in their environment without additional support from experts. Therefore,
when experts make a reference, they need to do it in a manner that is conducive to the

novice understanding it.

In addition to verbal communication, remote collaborators or experts use various non-
verbal gestures and communication mechanisms to refer to the objects required to accom-
plish a physical task [68]. They typically choose mechanisms that requires the least effort

for them to refer to objects and for that reference to be understood by novices [51, 54] —
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this means that, given the opportunity, experts will always prefer to use proper nouns, short
phrases, alternate descriptions, deictic expressions, and simple gestures (like pointing)
to efficiently refer to objects without lengthy verbal descriptions [234, 176]. Deictic
expressions, in particular, contain words like “this”, “here”, or “that” that carry contextual
meaning and refer to things, people, or locations in a manner that reduces the amount of
verbal communication required for it. These expressions are also often combined with
gestures such as pointing. For example, experts can point at an object and use phrases

9 ¢

like “the blue wrench to your right”, “that one right there”, or “‘bring that one over here”

to direct novices to objects of interest instead of verbally describing what and where the

object is.

To employ deixis in the above example, the expert needs to know where the object is
to point to it — they also need to share enough context with their collaborators for those
receiving the reference to understand what “that” means. Therefore, being able to partake
in effective mechanisms for referencing typically requires the expert to have extensive
awareness of the task environment including where an object is with respect to the novice
and other objects in the environment [344]. This spatial information of (task) objects — or
information about the spatial relations between objects and novices — is fundamental to the

experts’ ability to provide object-focused guidance.

Support for Communicative Action

As we’ve seen, today’s collaborative MR systems take advantage of the spatial capabilities

of the medium to help remote experts use non-verbal mechanisms for referencing (Table 5.1).

These features most commonly allow them to use visual cues to guide the novice’s attention to a

referenced object and include capturing and showing the expert’s hand gestures [284, 328, 279,

166, 133, 321, 185, 136, 137], sharing head pointers or eye gaze cues [326, 348, 239, 238], virtual

pointers [19, 163, 43, 103, 304], and annotations [228, 3, 307, 101]. However, by imitating how

we make references in the real world, these features suffer from the same drawbacks, especially
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in cluttered or complex spaces. Specifically, techniques like deictic gestures and expressions
used in face-to-face collaborations suffer from referential ambiguity and difficulty referencing
occluded or hidden objects. For example, when a remote expert points to a set of objects, there
can be ambiguity about which specific object is being referred to, or the object might not be
visible to either the expert or the novice.

As we’ve previously discussed, the specific medium used for collaboration systems can
affect communication, as what is possible with one technology might not be possible with
another. While supporting communication techniques present in face-to-face settings is typically
regarded as gold standard for collaborative systems, exploiting the unique affordances of a
medium like MR could help overcome some of the shortcomings of these techniques, potentially
improving upon the classic face-to-face paradigm [132]. One of MR’s affordance is thatitis a
spatial medium inherently aware of its environment [26, 60]. Advances in object detection and
tracking have allowed researchers to capitalize on this affordance to reduce referential ambiguity
by having the system do something that cannot be done in unmediated collocated settings: draw
the novice’s attention to exactly which object is being referred to by highlighting it or providing
navigational cues for it. The TAC system [32] allowed experts to highlight specific objects and
regions by clicking on them within their video feed which initiated either an arrow or an outline
to guide the novice’s attention to it. AlphaRead [41] allowed experts to specify or label objects
using the video feed of the novice’s environment, and Wang et al. [329] proposed a system where
task objects are pre-labeled. In both cases, the labelled objects are tracked and automatically
highlighted for the novice when the expert refers to them, reducing both ambiguity and the need
for experts to constantly keep track of objects in the environment. However, AlphaRead requires
initial input from the expert, and the TAC system does not support referencing if task objects are
moved. All three systems also require the task objects to be unoccluded and within the expert’s
field of view for them to make a reference.

While these dedicated features that support referencing increase the efficiency with which

experts can refer to objects and the ease with which novices can understand these references
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when compared to verbal communication alone, they are all fundamentally proxies to deictic
pointing and mimic referencing mechanisms used in collocated settings . Experts’ ability to use
these features are, therefore, heavily dependent on their awareness and spatial information about

the task objects [293, 345].

Support for Achieving Required Awareness

A look at the features that support environment awareness reveals that experts’ infor-
mation needs with respect to referencing comes primarily from communication over the verbal
channel, or through a view of the task environment (Table 5.1). However, the different types of
environment views we’ve seen collaborative systems impact how easy it is for experts to glean
the information they need.

A 3D view of the task environment retains the characteristics of how people experience
environments in the real world the most. This technique, therefore, provides both the awareness
of task objects and the spatial information required to support referencing in a manner closest
to collocated settings — especially when experienced through an immersive head-mounted
display (HMD) like a VR headset. However, while immersive 3D reconstructions should
theoretically be similar to being physically co-present, it is not easy to achieve in practice.
First, they are computationally expensive, difficult to update in real-time, and require high
network bandwidth and extensive setup with specialized hardware [301, 299, 227, 146]; the
quality of these reconstructions are also typically low and/or cover a small area to manage
latency, reducing its overall effectiveness [300, 190]. Second, current XR HMDs have limitations
in resolution, color depth, and field of view that makes the experience different from being
physically co-present [26].

Both these factors mean that 3D reconstructions high-fidelity 3D reconstructions are
difficult implement and they are in general challenging for experts’ to glean details from in
realistic scenarios [101]. Moreover, the reduction in coverage systems typically opt for to

manage its computational resources and latency hinders the overall effectiveness [300, 190] of
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3D views as a source of information for referencing as experts would need to rely on verbal
communication to get information about the objects or tools outside of the 3D view. While static
3D reconstructions can offer higher levels of visual fidelity, the information it offers becomes
outdated as the task goes on, making it challenging for experts to update their awareness when
the locations of objects within the task environment changes. Therefore, 3D views in general
don’t offer extensive support for remote users to achieve the awareness they need for referencing.

We’ve also seen collaborative systems provide 2D views of the environment either in
combination with 3D views or on their own that act as a source of information about the physical
task environment. Video feeds including a first-person view from a camera on the worker’s
HMD are the most common features in this category. While video streams support referencing
(including the use of deictic references) and enhance communication efficiency [176, 93, 247],
they typically only provide a partial view of the task environment. Objects are often outside the
camera’s view, making it difficult to build awareness and spatial knowledge [107, 93, 92, 176,
133]. More specifically, scene views that offer coverage of the full task space with 2D video
streams provide a good overview, but lack enough detail to identify those objects [92]. FPVs
that are locked to the worker’s view tend to be very jittery and can make for a very disorienting
experience for the expert [133, 293]. To overcome these limitations, some systems use multiple
camera feeds [254, 250], but switching between them can be jarring [107], and remote viewers
often do not have a good understanding of the layout of the physical space [93]. Researchers
have explored 360°-videos as an alternative to overcome the drawbacks of video feeds without
the complexity of 3D reconstructions [190, 240, 281]. However, while they overcome the field-
of-view limitations, 360°-videos lack detail (like the scene views) and are still a 2D presentation
with limited depth perception [301].

In general, and perhaps more importantly, any view of the environment is a passive source
of information that only provides partial and incomplete support for experts to understand the
presence and spatial layout of the objects in the worker’s environment. This means that experts

can struggle to comprehend details and object locations (something that our research in chapter
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4 confirms) without extensive verbal communication and interactions with the novice. This is
especially true in dense spaces where objects are difficult to make out or occluded from view [16].
Overall, today’s collaborative XR systems for remote guidance do not explicitly support the
information needs for referencing.

When it comes to supporting experts need for awareness about task objects for referencing
through explicit representations Table 5.1 shows us that few systems provide helpers with
information about what task objects are present in the worker’s environment through virtual
replicas of the objects [293, 286, 259, 321], but there is a lack of systems that provide spatial

information of task objects in a manner that is not tied to the view of the task environment.
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Figure 5.9. Support for referencing with current collaborative XR systems.

5.5 Conclusion

This chapter analyzed the existing collaborative XR systems that support physical tasks

and contextualized this analysis based on the conceptual framework introduced in Chapter 2 to
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understand the current design landscape and provide an overview of how the different features
we see support the communication required for physical tasks. A visualization of the design
space these features occupy (Table 5.1) showcases how the different XR capabilities support
collaborators’ communication needs. We also discuss the situated experience remote interfaces
offer today, and take a closer look at how process of referencing is supported. In doing so,
we recognize that despite exploring various levels of situated experiences for remote experts
(Table 5.2), collaborative systems have still not maximized the support offered for referencing
(Fig. 5.9). Moreover, these systems have only been able to tap into the benefits of having a fully
immersive, room-scale environment for remote users when it also offers room-scale views of the
environment (Fig. 5.8). The next two chapters in this dissertation aim to explore design options
that fill these key gaps in the field and evaluates their impact on the collaborative experience for

both experts and novices through controlled experiments.
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Chapter 6

Enhancing Support for Referencing
During Physical Tasks

Thesis Question: How can we leverage the spatial capabilities of XR to enhance
support for referencing task objects during collaborative physical tasks?

Conversations during remote guidance for physical tasks are heavily anchored
around task objects and their spatial relationships in the real world, making
referencing - the ability to refer to an object in a way that is understood by
others - a crucial process that warrants explicit support in collaborative Mixed
Reality systems. This chapter presents a 2x2 mixed factorial experiment that
explores the effects of providing system-generated guidance to task objects for
local collaborators, and explicit representations for spatial information for remote
collaborators. It also investigates the effects of such guidance on the remote
expert’s need for spatial information. Our results show that guidance increases
performance and communication efficiency while reducing the need for spatial
information, especially in unfamiliar environments. Our results also demonstrate
a reduced need for remote experts to be in immersive environments, making
guidance more scalable, and expertise more accessible.

6.1 Introduction and Motivation

Making a reference from a distance requires remote collaborators to know what objects

are present in the task environment and where in the environment they are. The awareness of
task objects and their spatial relationships within the task environment is therefore crucial to the
ability to refer to them, and absence of this information will cause the referential process to break

down. However, despite recent advances in the field, domain- and technology-specific constraints
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(like limited bandwidth, field-of-view limitations, and ergonomic issues) makes it impossible for
a collaborative MR system to provide all the information required to maintain the effectiveness
of remote communication at the level of face-to-face interactions [174, 26, 93]. Addressing
the resulting misunderstandings typically requires extensive verbal interaction [344, 345]. Our
research in chapter 4 highlighted the difficulties of this for remote experts providing guidance
for physical tasks and chapter 5 outlined key gaps in the existing support for referencing. Passive
sources of information like a view of the environment, in particular, are typically computationally
expensive to provide or don’t provide an optimal level of support for the information needs for
referencing, or both. The dimensions of support for communication(Fig. 5.9) point to two ways
we could enhance support for referencing: The first would be to make it easier for experts to
achieve the awareness required for it through an explicit representation of information, and the
second would be to explore mechanisms that don’t mimic those used in collocated settings.

Now, the referential process includes two sub-processes — making the reference, and
understanding the reference (discussed in 5.4). During physical task guidance, it is important
that the remote expert in particular has the information they need to be able to refer to task
objects and guide the novice through the task at hand. However, when we look more closely,
what object to refer to is part of their domain expertise, and they only need to know where the
object is to be able to guide the novice’s attention to it. In other words, in both face-to-face
communication and traditional collaborative systems, the responsibility of referring to objects in
a manner that ensures that the worker can identify them falls on the expert.

One key spatial characteristic inherent with XR is the environment awareness it comes
with. Spatial coordinates of physical objects and people can be retrieved through various
techniques like local sensors, indoor GPS, tags, markers, computer vision, RFID tags, etc. These
tracking systems are also becoming increasingly pervasive, low cost, and accurate. For example,

Tait and Billinghurst [293] use the ART systeml, Wang et al. [329] use a stereo camera and

Thttps://ar-tracking.com
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markers, and ARTEMIS [333] uses the OptiTrack motion capture system? to track the positions
of different task objects as well as the collaborators. In this chapter, we leverage this environment
understanding to present an explicit representation of the spatial relations between the task
objects and the novice to the remote expert. In this chapter, we focus on a 2D representation as it
is compatible with both immersive and non-immersive helper setups, and evaluate whether such
a representation could reduce the information processing or comprehension needed to achieve
spatial awareness.

Systems that use live tracking technologies could also automatically provide visual MR
cues to guide novices to referenced objects without the expert having to expend effort towards
crafting their reference in a way that would be easily understood. This could potentially offload
the responsibility of the second sub-process of referencing (understanding the reference) from the
expert to the system itself — allowing for a communication mechanism that doesn’t fully mimic
how references are made in the physical world. While this could make it substantially easier for
experts to provide guidance, collaboration is a complex process — changing the role they play in
the referential process could introduce significant cognitive seams [140] or discontinuities in the
experience. Therefore, in this chapter, we aim to understand the effects of partially offloading the
referential process on remote guidance for physical tasks using system guidance to referenced
objects.

More specifically, we explore the effects of both explicitly providing spatial information
and offloading the referential process with MR guidance through a mixed factorial study. In

doing so, this chapter contributes:

1. An evaluation of how explicitly representing spatial information supports referencing for

physical tasks.

2. A discussion of how visual guidance in Mixed Reality can offload the referential process

and reduce collaborators’ efforts; and an empirical understanding of how this impacts the

Zhttps://optitrack.com
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remote collaborator’s needs for spatial information.

3. A discussion of the implications for designers and developers, including opportunities for

scaling up Mixed Reality collaborative systems for remote guidance.

Since this chapter presents a controlled experiment that does not involve a domain task
where the remote collaborator has pre-existing expertise, we refer to the remote collaborator who
plays the role of the expert as the helper, and the local collaborator who plays the role of the

novice as the worker.

6.2 Research Approach

This chapter explores the two opportunities to enhance referencing in MR-mediated
physical tasks: explicitly providing the spatial information necessary for helpers to direct
workers to task objects, and offloading this responsibility from the helper to the system itself
using automatic visual guidance to direct workers to referenced objects. However, the helper’s
need for spatial information is primarily required to direct workers to the referenced object -
typically using strategies like deixis that reduce the collaborative effort required for the worker
to understand the reference and identify the task object [51, 54]. Given this, do collaborative
MR systems that provide system-generated guidance for workers still need to explicitly provide
helpers with spatial information?

Our goal in this chapter is to evaluate this question in addition to exploring the oppor-
tunities to enhance referencing in collaborative MR systems. To do so, we built a prototype
2D map interface that explicitly represents the spatial relationships of the task objects and the
worker in the task environment. We also implemented MR system guidance to dynamically
direct the worker to referenced objects as a way of offloading part of the referential process. To
understand the effects of both features independently, as well as study the interplay between
them, we conducted a 2x2 mixed factorial experiment. Figure 7.5 outlines our experimental

approach and answers the following three research questions:
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Figure 6.1. 2x2 mixed factorial study design. Our experiment studies the effect of Mixed Reality
guidance for workers (Gyes vs. Gy) and the use of two different helper aids: a Map (S,4p) or a
List (Syis)-

* RQ1: In collaborative mixed reality systems designed for remote guidance, does a 2D
representation of the spatial relationships within the task environment provide the helper

with enough information to support referencing?

* RQ2: Does a collaborative mixed reality system that directly implements visual guidance
to objects referenced during a physical task enhance task performance and reduce the

overall effort required for remote guidance?

* RQ3: How does the presence of system generated visual cues to referenced objects impact
the helper’s need for spatial knowledge when providing remote guidance for a physical

task?

The overall goal is to better understand how to streamline support for referencing during
physical tasks in MR environments. This knowledge is essential to design future collaborative
systems with more effective representations, especially when deploying complex immersive MR

systems for both helpers and workers is not an option.
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6.3 Prototype Design and Implementation

To answer our questions, we implemented a prototype collaborative MR system that
accommodates the different features required to run the experiment presented. When using
our prototype system, the workers (see Fig. 6.2b) wear a mixed reality headset (the Microsoft
HoloLens v1)3 running a custom-built application that allows them to receive system guidance if
enabled. The helpers (see Fig. 6.2a) use a stationary workstation with a Windows desktop that
shows a live feed of the worker’s first-person view; helpers can also view a map or list interface
on a tablet device (map and list are different conditions in the study) that provides additional
information on the objects in the worker’s environment. The map and /ist interface also allow

the helper to initiate system guidance if enabled.

6.3.1 Worker’s First-Person View

The prototype system provides the helper with a view of the task environment through the
worker’s First Person View (FPV) shown on the desktop screen. In doing so, it passively supports
referencing and provides the helper with general task awareness [73]. This was implemented
using a low-latency live feed of the view from the HoloLens’ front camera* and Microsoft’s
Windows’ support for Miracast® on both Windows Desktop computers and the HoloLens. The
video feed was transmitted over the local area network and presented almost unnoticeable latency

(180-210ms).

6.3.2 A Map of Task Objects

In addition to the passive support provided by the FPV, we needed to explicitly support
the helpers’ need for task object awareness and spatial information. We do so with a map

interface that provides the helper with a 2D representation of the spatial relations of task objects

3https://docs.microsoft.com/en-us/hololens/hololens1-hardware
“https://docs.microsoft.com/en-us/windows/mixed-reality/locatable-camera
Shttps://support.microsoft.com/en-us/help/15053/windows-8-project-wireless-screen-miracast
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in the worker’s environment. As shown in Fig. 6.4a, the map interface resembles a top-view
of the workspace and indicates the live positions of the task objects. It also represents the live
position of the worker with respect to these objects. The task objects are represented by icons
and allow the helper to know what objects are in the task environment, as well as where they are
with respect to each other and the worker.

The map interface is implemented as a simple web application that can be viewed through
a browser on any device. In our experiment, the helper viewed the map on an Apple iPad (See
tablet in Fig. 6.2a). To show the location of both the HoloLens and the objects in the worker’s
space, the web application connects through a web server to a custom Windows application
running on the HoloLens that relies on HoloLens’s inside-out tracking system to locate objects®.

While the inside-out tracking updates the HoloLens’s position in space over time, it
does not update the location of the task objects. To get around this constraint, we set up the

initial locations for the task objects through our HoloLens app and created a Wizard-of-Oz

Shttps://docs.microsoft.com/en-us/windows/mixed-reality/enthusiast- guide/tracking-system

(a) Helper’s space

~a

Live View k
“\; ¢

Tablet

Figure 6.2. Helper’s space and worker’s environment. (a) The helper has a live first-person view
of the worker throughout the experiment, and a specific aid (map or list) on a tablet. (b) The
worker wears a HoloLens throughout the experiment, regardless of whether guidance is present
or not.
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Figure 6.3. First-person view of the worker as they are guided to an object by the MR guidance

interface [59, 74] that could remotely update the locations of these objects on the map. The
interface resembled the map interface. During the experiment, our wizard updated the position
of an object when it was moved by clicking on its icon and then clicking on the map at the new

position in the worker’s environment.

6.3.3 A List of Task Objects

The map interface explicitly provides the helper with information about (1) what objects
are present within the task environment, and (2) where these objects are. However, to study the
effects of the spatial information provided by the map, we needed an alternative (control) interface
that only provided information about what objects were available in the task environment but did
not show their positions. With this in mind, we developed a simple /ist interface (Fig. 6.4b) that
shows the objects in the worker’s environment as a randomly ordered list. The helper was able to

scroll through the list if it did not fit on a single page.

6.3.4 MR System Guidance through the HoloLens

To study the effect of partially offloading the referential process to the MR device, we
implemented the MR system guidance feature. When enabled, the helper could click on the icons
representing a task object on either the map or the list interface to guide the worker towards it
(during the experiment, helpers only had access to one of the two interfaces at a time). Once

clicked, the system (HoloLens app) dynamically directed the worker’s attention to the referenced
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Figure 6.4. Helper’s aids. (a) Map showing the task objects and the worker’s position. (b) List
showing all the task objects.

object.

While there are many possible visual cues to guide users to a particular location in
space [27, 148], our paper does not focus on the efficacy of these methods. However, given
that the effects of MR guidance cannot be separated from the influence of the visual cue itself,
we needed to implement one that would not add additional confounding factors to the study.
We chose to adapt the navigation technique presented in HoloCPR [148] since was specifically
designed for the limited field of view of the HoloLens and proved to be intuitive. The cue
included an arrow to provide guidance on which direction to look, and a circle with a vertical

element to help the worker focus on the exact object (see Fig. 6.3).

6.4 Experiment

Our experiment followed a 2x2 mixed factorial design, with a between-subjects factor
focused on the presence of MR system guidance on two levels: Gy,; = MR guidance present,

and G,, = no MR guidance present. The within-subjects factor was the presence of spatial
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Figure 6.5. Snapshots of the worker’s environment. (a) Some of the 19 task objects. The two
highlighted objects are examples of objects used in subtask 1 (pair matching). (b) Numbered
grid and (c¢) solution key used in subtask 2.

information on two levels: S,,,, = map interface (spatial information present), and S;;; = list
interface (no spatial information present). We chose the presence of MR guidance to be a
between-subjects factor since its carryover effects were unclear. However, the change in task
objects and their positions between tasks ensured minimal carryover effects for the presence
of spatial information when counterbalanced, allowing us to make it a within-subjects factor.
The view of the task environment (provided by the FPV) and the awareness of the task objects
available (provided by either the map or the list interface) were kept constant and represented

our independent variables. Fig. 7.5 depicts our study design.

6.4.1 Participants and Procedure

Forty participants (17 females, 22 males, 1 preferred not to say) aged 18 to 43 (M =
23.93, SD = 5.17), were recruited to form 20 worker-helper dyads. 8 of these dyads knew each
other beforehand. Most participants were students, with the majority majoring in Computer
Science and Engineering (23) and others majoring in Electrical Engineering, Cognitive Science,
Linguistics, Speculative design, Economics, Chemistry, and Bio-engineering. Despite a majority

of computer science students, only 30% (12 people, 6 selected to be workers) had previous
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experience with Microsoft HoloLens.

Each dyad was required to complete two tasks and were randomly assigned to either
receive MR guidance (Gy,y) or not (G,,). All dyads were given the map (S;4p) and the list
(Ssist), one at a time, over the two tasks (the order was counterbalanced). Helper and worker
roles remained constant between the two tasks.

Once the participants were welcomed and introduced to the study, they were asked to fill
a simple demographics questionnaire. They then underwent a short 5-minute training session so
the worker could get accustomed to the HoloLens, and the helper could get accustomed to the
video feed with the first person view (FPV). They were not introduced to either the map or the
list interface in this session.

After the training session, the helper was taken to the helper space to be introduced to the
task at hand and was provided an instruction sheet. The helper also received an aid which was
either the map or the list interface on the tablet. The worker, who at this point, was unaware of
the task was taken to the worker space and asked to wear the HoloLens. At the end of the first
task, both the helper and the worker were asked to fill out a short post-task questionnaire and
the NASA-TLX questionnaire [125]. This procedure was repeated for the second task with the
respective conditions. The entire experiment was also video recorded. Participants consented to
be in the study as per our university’s human research protection protocol and received a $5 gift

card.

6.4.2 Experiment Task and Environment

The helper and worker spaces were physically separated (see Fig. 6.2), but they were
adjacent so that the helper and the worker could talk to each other. In the remainder of this
section, we will refer to the worker’s local space as the rask environment. This task environment
was a room that had a table with a numbered grid (see Fig. 6.5b) and 19 task objects (see
Fig. 6.5a) that were spatially distributed. Each object had a picture on it with either a white or

black background.
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To complete each subtask, workers needed to be guided by the helper to accomplish a
certain goal. The helper could use the aid (map or list) provided to them on the tablet as well as
a live first-person view of the worker (see Fig. 6.2a). The worker wore a HoloLens at all times
regardless of the study condition so that the helper could see their view (see Fig. 6.2b).

The entire task was designed to take less than 5 minutes and each dyad performed the
task twice. However, the task objects and their positions in the task space were changed before
the second run. There was no overlap in the set of task objects between the two runs of the task
for the experiment. The task consisted of two subtasks that needed to be completed in order

(sequentially):

1. Subtask 1 - Pair Matching: In the first subtask, collaborators had to find pairs (objects
with the same picture on them) among the objects in the task space and put them together.
Each pair consisted of task objects with the same picture on them but one had a black
background and one had a white background. They were instructed to move the object
with the white background and place it adjacent to the object with the black background.

Of all the objects in the task space, only 4 pairs could be made.

2. Subtask 2 - Object Gathering The second task made use of the grid placed in the task
space. Helpers were given a solution key (see Fig. 6.5¢) that they used to help the worker
find certain objects in the task space and place them on their respective positions on the

grid.

While both subtasks required workers to identify particular objects in the environment
and take actions on them, the actions were kept simple to allow for our measures to primarily
reflect the effects of the prototype features on the referential process. The subtasks were also
designed to mimic referencing in real-world tasks — Subtask 1 is similar to tasks like engine room
maintenance where referrents (tools and area of interest) are spread out over a wide area, while
subtask 2 is similar to car repair or surgery where the tools are laid out in the task environment

but the area of interest (engine part, surgical site) is in a small area like the grid.
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6.4.3 Experiment Measures and Analysis

We recorded the worker’s FPV, and a view of the task environment using an external
camera. The conversation between the participants during the experiment was also transcribed.
We measured task performance (completion time) and analyzed communication behaviors
(efficiency of communication and helper’s referencing behaviors) by coding the recorded videos
and conversation transcripts using BORIS [90]. Two researchers independently coded the data
(double coded 20% of it, Cohen’s Kappa = 0.886), and discussed and resolved any inconsistencies
as soon as they arose. We also measured the task load on both the helper and the worker for each
subtask they performed using the NASA-TLX questionnaire [125]. The post-task questionnaire
measured the participants’ perceived success of the partnership and the importance of the specific
aid (map or list) through Likert-scale questions. Participants also provided free-form feedback

on the technology they used during each task in the post-task questionnaire.

6.4.4 Limitations of our study

A few aspects of our setup are important to describe to understand the possible limitations
of our results. First, being a 2D interface representing a 3D space, the map showed overlapping
object icons in areas where the density of task objects was high. While this did not limit our
participants (they could zoom in and click), this representation of task objects is fundamentally
limited by the screen’s real estate and 2D factor. Second, the lack of 3D spatial information
meant that helpers sometimes described objects as next to each other when in reality they were at
different heights (like on multiple levels of a shelf). However, workers adapted to it by looking
up and down when searching for objects. Third, information about the task objects (map or
list interface) and the FPV were on separate screens — this could have made it harder to pay
attention to both at once. In general, these limitations could make the insights in this paper less
generalizable for 3D representations of spatial information within more immersive environments.

Moreover, we did not observe any differences in communication behaviors because of
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Figure 6.6. Average completion time across participants and conditions. (a) Total completion
time across both subtasks. (b) Completion time for Subtask1. (c) Completion time for Subtask?2.

prior familiarity among dyads - we believe this could be because of the simplicity of our task

and might not reflect the effect of familiarity among collaborators for all tasks.

6.5 Results

The quantitative data collected in our experiment was analyzed using two-way mixed-
model ANOVA. All our measures were normally distributed across each cell of the design
except for the data from the post-task questionnaire where the nonparametric Aligned Rank
Transform [343] was applied which enables the use of ANOVA after alignment and ranking. Our
analysis uses an alpha of 0.05, and presents both the main effects and the interaction effects. A
main effect is the statistical relationship (effect) between one factor and a measure, averaging
across the levels of the other factor. In our experiment, the main effects would tell us how
spatial knowledge and guidance independently affected the collaboration. An interaction effect
is present when the effect of one factor on a measure depends on the level of the other factor.
For our purposes, we see an interaction effect if the presence of guidance changes the effect of
spatial knowledge and vice-versa.

In the remainder of this section, F represents the F-value, p the p-value, 775 the effect
size, M the mean, and SD the standard deviation. The error bars in Fig. 6.6, 6.7, 7.7, and 6.9

depict standard errors and we also include trend lines to make it easier to read interaction effects.
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6.5.1 Task Performance

We calculated the total time it took participants to complete the full task as well as the
two subtasks. We consider a lower task completion time to indicate higher performance. Fig. 6.6

shows results of task performance measurements.

Total Task Time — Participants were significantly faster in finding referenced objects with MR
guidance (F(1,18) =5.162, p=0.036, n 1% = (0.223). The presence of spatial information with the
map did not substantially alter task performance and there was no main effect observed (F(1,18)
=0.064, p = 0.803, 7?,% = 0.004). Fig. 6.6a shows a crossover interaction where the effects of
spatial information seem to be different depending on whether participants had MR guidance or

not, but this difference was not statistically significant (F(1,18) = 3.353, p = 0.084, ng =0.157).

Subtask 1 — In the first subtask, participants completed the task significantly faster in the
presence of MR guidance (F(1,18) =4.914, p = 0.04, 171% = 0.214). No main effect was observed
for spatial knowledge (F(1,18) = 0.002, p =0.963, n; = (). Participants with the list interface
were faster in the presence of guidance, while those with the map interface were faster without
guidance (see Fig. 6.6b). Overall, they were fastest when using the list with MR system guidance
and the observed crossover interaction was statistically significant (F(1,18) = 5.896, p = 0.026,

1, = 0.247).

Subtask 2 — There was no significant main effect observed for spatial knowledge (F(1,18) =
0.291, p=0.596, Tl,% =(.016) or for system guidance (F(1,18) =2.381, p = 0.140, nl% =0.117) in
the second subtask. We also did not observe any interaction effect (F(1,18) = 0.340, p = 0.567,
15 =0.019).

6.5.2 Efficiency of Communication

We measured communication efficiency by the number of words used to communicate
during a task [93]. The fewer words spoken by the speaker(s), the more efficient the collaboration

is considered.
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Without MR guidance, participants used an average of 636.7 words (SD = 257.34) per
task with a map and 555.4 words (SD = 242.73) with a list. The presence of MR guidance
significantly reduced this to 405.4 words (SD = 210.55) with the map interface and 319.1 words
(SD = 154.74) with the list (F(1,18) = 9.950, p = 0.005, 1‘[[% = 0.356). The presence of spatial
information did not significantly change the communication efficiency (F(1,18) = 1.681, p =
0.211,n 1% = (.085) and there was no observed interaction effect.

Analyzing just the words spoken by the helper shows similar results (Fig. 6.7, Top), with
the presence of guidance significantly reducing the number of words spoken, indicating a higher
communication efficiency (F(1,18) = 8.623, p = 0.009, 771% = (0.324). Efficiency decreased when
helpers used the map, but this difference was not significant (F(1,18) = 3.371, p = 0.083, Th% =
0.003). When it came to workers (Fig. 6.7, Bottom), there was no observable main effect for
both guidance and spatial information. No interaction effects were observed across any speaker

combinations.

6.5.3 Helper’s Referencing Behaviors

We also analyzed how helpers made references to the task objects or locations in the
workers’ task space. We first discuss their referencing patterns as a whole, and then look into
references to task object and spatial references separately for further analysis. Table 6.1 outlines
results of our analysis of referencing behavior.

In general, helpers made significantly more references when they used the map interface
(F(1,18) =17.674, p = 0.001, n[% =0.495). They also made significantly fewer references in the
presence of system guidance (F(1,18) = 5.646, p = 0.029, 771% =0.239). There was no interaction

effect.

Referring to Task Objects — When helpers verbally referred to the objects in the task envi-
ronment, they either used verbal descriptions of the object like “the pink flower with the white
background”, or phrases that used deictic pronouns like “that one there”. Deictic pronouns

not used to refer to objects (like “that’s cool”) were not considered in this analysis, nor were
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Figure 6.7. Top: Mean number of words per task by helper; Bottom: Mean number of words per
task by worker.

anaphoric uses of these pronouns (like “a globe or something like that™).

Overall, helpers made significantly more references to objects in the worker’s environ-
ment when they used the map than when they used the list interface (F(1,18) = 6.001, p = 0.025,
ng = 0.25). The interface they used did not vary the percentage of object references that were
deictic pronouns (F(1,18) = 0.79, p = 0.782, 17]% = (0.004). Helpers made significantly fewer
verbal references to objects in the presence of system guidance (F(1,18) = 4.946, p = 0.039, 77,% =
0.216). However, the percentage of these references that used deictic pronouns were significantly

greater with MR guidance (F(1,18) = 7.249, p = 0.015, nl% = (.287). No interaction effect was
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Table 6.1. Observed referencing behavior across the presence or absence of MR guidance (Gyeg
vs. Gy,) and the different aids (S;uqp vs. Sisr) with significant effects in green. The rightmost

column shows interaction effects.

Gyes Gho Smap Siist GxS
Total Helper 28.75 < 40.2 42 > 26.95
References p=0.029 p =0.001 p=0.078
Total Task Object 24.5 < 31.4 | 30.85 > 25.05
References p=0.039 p = 0.025 p=0.168
% of Deictic 25.16% > 7.1% |16.75% > 15.5%
Pronouns p =0.015 p=0.782 p=0.54
Total Spatial 4,25 < 8.8 11.15 > 1.9
References p = 0.089 p <0.001 p=0.099
% of Deictic Spatial | 45.5% < 61.56% | 78.78% > 28.28%
Expressions p = 0.095 p =0.001 p=0.64

observed.

Spatial References — When providing remote guidance to workers, helpers often verbally
directed them towards objects of interest. When they did so, they either directly referenced areas
or locations in the task environment (like “it should be on the shelf”), or used phrases with
deictic spatial expressions like (“it’s to your right”).

Helpers made more spatial references when they used the map interface, and this differ-
ence was highly statistically significant (F(1,18) = 23.137, p < 0.001, nl% =0.562). The presence
of spatial information from the map also caused a significant portion of these references to be
made using different deictic spatial expressions (F(1,18) = 16.264, p = 0.001, ng =0.475). The
presence of system guidance did not significantly affect both how many spatial references helpers
made F(1,18) = 3.231, p = 0.089, n; = 0.152), and what percentage of these references used

deixis (F(1,18) = 3.105, p = 0.095, n[% = 0.147). There were also no interaction effects.
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6.5.4 Collaborator Task Load

We measured the task load on both the helper and the worker for each subtask they
performed using the NASA TLX questionnaire [125] (see Fig. 7.7). The task load on the helper
during the task significantly reduced both in the presence of system guidance (F(1,18) = 6.024, p
=0.025, Th% =0.251) as well as when they used the map interface (F(1,18) = 4.230, p = 0.05,
111% =0.19). The worker’s task load was slightly higher when the helper used the map interface
(F(1,18) = 0.129, p = 0.724, n[% =0.007), and lower in the presence of system guidance (F(1,18)
=1.296, p = 0.270, n; = (0.067) but neither difference was significant. There was no significant

interaction effect observed for either the helper or the worker.
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Figure 6.8. Results of the NASA TLX questionnaire. Top: Task load on helpers; Bottom: Task
load on workers.
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6.5.5 Participant Perceptions

After each task we measured participants’ perceived success of the partnership and the
role of the helper’s aids (Map or List) using targeted 5-point Likert scale questions. Reliability

of our questionnaire was measured using Cronbach’s alpha [57], and scored high with @=0.913.

Working Together — Helper’s ratings of the perceived success of their partnership with the
worker was evaluated using the Likert-scale question “My partner and I worked well together on
this task” (Q1). Responses were rated on a 5-point scale from 1 (= Strongly disagree) to 5 (=
Strongly agree). Ratings were consistently high (M = 4.75, SD = 0.543) across all conditions
and there were no significant main or interaction effects.

It is, however, worth noting that helpers perceived the partnership to me more successful
when they used a map (Sy,4p: M = 4.8, SD = 0.41; Sjjy: M = 4.7, SD = 0.66) (F(1,36) = 0.003, p
=0.953, 77,% = (0.00), and workers perceived it to be better when the helper used the list interface

(Smap: M = 4.65, SD = 0.93; Sji: M = 4.85, SD = 0.37) (F(1,36) = 0.006, p = 0.938,0. 2 = 0).

Perceived Importance of Spatial Information Aids — The role and usefulness of the specific
Map or List aid for the helper was evaluated using the following two Likert-scale questions:
“How important was the aid to help you collaborate effectively?” (Q2), and “How important
was the aid in helping you provide assistance to your partner?” (Q3). Responses were rated on
a 5-point scale from 1 (= Not at all important) to 5 (= Extremely important).

Overall, helpers perceived the map interface to be significantly more important for
general collaboration (Q2) than the list interface (F(1,36) = 6.629, p = 0.014, 7712; =0.156). When
asked specifically about how important the aid was for their ability to provide remote guidance
(Q3), helpers still perceived the map interface as significantly more useful than the list interface
(F(1,36) =11.471, p=0.02, nl% =0.242).

The perceived importance of both the map and the list interface increased in the presence
of MR system guidance for both Q2 and Q3. This is reflected in the statistically significant

main effects of guidance on both the perceived importance of the aids for general collaboration
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(F(1,36) =7.609, p = .009, 171% =0.174), as well as for remote guidance (F(1,36) =21.204, p ;

0.001, n2 = 0.371).

Interestingly, helpers rated the list interface to be substantially more important when

they had MR system guidance than when they did not. In the presence of MR guidance, they

perceived the list and the map interface as almost equally important (see Fig. 6.9). This shift

in perception when MR guidance is used is reflected in the significant interaction effect for

both general collaboration (F(1,36) =5.192, p = 0.029, 1712, =0.126) as well as remote guidance

(F(1,36) = 8.169, p = 0.007, n? = 0.185).
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6.6 Understanding Affordances

In this section, we enrich and explain the quantitative results presented in the previous
section with participant feedback from our questionnaires and researcher observations of their be-
havior during our experiment — observations emerged from a thematic analysis of the video codes.
In doing so, we also cover the major observed effects and affordances of spatial information and

MR system guidance. The quotes below refer to either the helpers [H] or the workers [W].

6.6.1 Effects of 2D Spatial Information (R1)

2D spatial information allows for effective guidance even when communication is less efficient
— While the seemingly higher number of words spoken when helpers had a map could indicate
a lower communication efficiency, participants’ feedback confirmed that the effect was simply
because helpers were able to provide the workers with more information and thus spoke more
words. Without the map (and in the absence of MR guidance), workers mentioned that once
the helpers told them what object to look for, they were “not able to help so much with where
the objects were, [and the workers ] mostly had to look around [themselves]” [W19]. Helpers
echoed this sentiment saying that they felt they were of “diminished help” [H19] with the list
and sometimes “spent more time looking [at the FPV] of the HoloLens” [H19] in an attempt to
get a sense of the layout of the task environment. Being able to use the map to understand the
orientation of objects relative to the worker meant that they could use that information to direct

workers and “provide more assistance than just looking around” [HS].

Explicit spatial information reduces effort needed for spatial deixis — The helpers’ referencing
behaviors showed that the map consistently let them create more references, primarily with
deictic spatial expressions. Being able to use spatial deixis is considered a cognitively expensive
process as it requires extensive spatial awareness [174]. However, in our experiment, helpers
had no trouble and commented that the “easy part was [knowing] the layout of the room” [HS].

Explicitly providing spatial information meant that they did not have to rely on a view of the task
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environment to create a mental map of the space. This reduced the effort required to use spatial
deixis — something that is also supported by the significant drop in task load when helpers used

the map.

Additional spatial information splits helpers’ attention — Helpers used the map as an alternative
source of task status; they followed the movement of objects and stated how “following [the
worker’s] progress [on the map] was less distracting than on the video stream which had a
lag and jitter too” [H15]. They were also able to correct worker actions early as they could
“easily know whether [the worker] is going to the right/wrong direction” [H18]. However, the
extreme focus on the map lead helpers to not pay attention to the FPV, and they often continued
providing directions even when it was obvious that the helper had found the object. This required
more back and forth verbal interaction between the participants, and reduced performance and

efficiency. The following interaction (H12-W12; Gy, Sjqp) showcases this behavior:
H: “So go in the corner and then right next to a snow globe...grab the white Christmas tree”
W: “here here, I found it...See that?” [shows object to camera]

H: [looking at map] “Okay, right...Somewhere around there, there’s a white Christmas tree.”

W: “I already [have] it...here” [shows object to camera again]

6.6.2 Effects of MR System Guidance (R2)

MR guidance supports effective referencing through deixis even in the absence of spatial
information — Our participants found MR guidance most helpful because it allowed the helper
to guide the worker without knowing their spatial position in comparison to the objects. The
worker was able “to locate the object and place it wherever [the helper] wanted [them], without
communicating verbally as much” [H2].

The efficiency of the conversation primarily stemmed from the helper’s referential
behaviors. First, the significantly large proportion of deictic pronouns used in the presence of

MR guidance meant that most of the conversations revolving around referencing were often
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just a few words (e.g. [initiates MR guidance] + “okay now go get that” [H2]; [initiates MR
guidance] + “Place it next to this one” [H8]). Second, we noticed that as the task progressed,
some helpers shifted to not using any form of verbal referencing. They simply clicked on the
icon of the object that they wanted to refer to, and let the system guide the helper. The following

non-verbal exchange (H11-W11; Gy, Syis) is an example:

H: [initiates MR guidance]
[puts down object at target location] + “yeah”

H: [initiates MR guidance]

W
W: [picks up object]

H: [initiates MR guidance]

W: [puts down object at target location]

Confidence in MR guidance results in less acknowledgements and increases parallelizations —
The above exchange also highlights the lack of explicit acknowledgements — a common process
that is typically used to confirm the understanding of the reference [44]. Helpers often checked
for acknowledgements at the beginning of the task, but they soon realized that “after [they]
tapped the desired object...the arrows took care of the rest” [H7]. They then shifted to simply
checking the FPV for confirmation instead of waiting for a verbal one, and initiated MR guidance
to the next object when the worker was done. Workers also quickly adapted, and even began to
expect this interaction pattern: [W13] mentioned that when the helper “took some time to move
the arrow after the [step] was done [they were] confused if [they] had successfully completed the
prior [step]”. This confidence in the MR system also allowed for parallelization as some helpers
trusted that “the arrows were able to guide [the worker] perfectly, [and they] could focus on

finding the next object” [H8].
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6.6.3 Combining Spatial Information and MR Guidance (R3)

MR guidance makes spatial information superfluous — Helpers with MR guidance found it
easier to choose objects in a list: H7 mentioned: “with the map, [I] had to look over a larger
area to find matches and things. With the list, [I] could easily scroll down and everything was
more organized”. Having MR guidance meant that they did not use the position of the objects
very much, and found the spatial information provided by the map to be a “an annoyance since
[they] had to find the object first in the location before pointing [the workers] towards it” [H15].
Helpers felt that using the map was confusing as they often had a lot of information, and they
tended to direct the workers too much. In their feedback, workers also mentioned similar reasons,
saying they received too much information when helpers had the map, and they were forced to

pause or divert their attention away from the MR guidance.

Spatial information enables priming for MR Guidance — Another referential behavior that we
observed when helpers used both the map and the MR system guidance was that they often
primed the worker for the information they would receive from the MR system. This could just
be information about what they would find (e.g. [initiates MR guidance] + “Now we are picking
up a coin” [H17]), or the helper would position the worker so that when they would initiate
guidance, the object was roughly in the worker’s FoV (e.g. “Okay. pick it up and then do a 180
turn” + [initiates MR guidance] + “Okay, do you see that?” [H7]). From our experiment, it is

hard to say if it was indeed beneficial for the worker, but we did not see any negative impact.

MR guidance affects the perceived importance of the aids — Another place where we see an
interaction effect across MR guidance and spatial information is in the perceived importance of
the map or the list interface. While in the presence of MR guidance helpers reported that the list
was almost as useful as the map interface, they still perceived the map as very important to be
able to provide guidance throughout: “using the map was extremely easy” [H16].

The preference towards the map interface, even if it had limitations and diminished task
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performance, could be attributed to perceiving it as more sophisticated, and therefore more
useful. Some helpers acknowledged it reporting how “the map requires more effort than the list;
the list doesn’t make it fun, but is more convenient” [H1]. The increased verbal conversation
when helpers used the map could have also added to the reasons that helpers enjoyed using it: by
providing more information, the map allowed the collaborators to accrue more common ground

and therefore made them feel more engaged than just clicking on the list buttons.

Both MR guidance and spatial information help in unfamiliar environments — The crossover
effect observed for performance in subtask 1, seemed to be absent in subtask 2. We believe that
the primary reason behind it is that the collaborators were familiar with the task environment
and the objects in it by the time they started the second subtask. Moving around the space in
the first subtask made participants feel “the second subtask was easier”’[W6]. Workers (and
sometimes helpers) often “remembered seeing [the referenced object] earlier, [and] was able to
go straight to it”[W19]. This suggests that the familiarity of the environment plays a role in the

effectiveness of both spatial information and MR guidance.

6.7 Implications for Designers and Developers

This paper explored providing explicit information about task objects and partially
offloading the referential process using MR guidance to help workers identify referenced objects.
Here we discuss some of the implications that these insights might have for building collaborative

MR systems optimized for referencing.

6.7.1 Offloading Referencing to MR to Increase Efficacy

Our study showed how offloading the referential process significantly increases both
task performance and communication efficiency while reducing the task load on collaborators.
In addition, providing explicit awareness of task objects to the helper and accurate visual cues

to the worker through offloading also makes it easier to refer to occluded or hidden objects,
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combats referential ambiguity, and reduces the need for explicit acknowledgements. While
these characteristics are beneficial for remote guidance in general, offloading could be especially
impactful in scenarios that simultaneously value efficiency and accuracy like emergency repairs
or surgery.

Offloading is also well-suited for remote guidance when there is a large skill-gap between
the helper and the worker. By shifting the responsibility of helping the worker identify the
referenced object to the system, collaborators no longer need to build extensive common ground
to reference objects, and the conversation can primarily focus on the actions that need to be taken
on those objects. This can be particularly useful in scenarios like customer support where experts
are helping someone outside their domain with a specific task, such as home repairs, fixing a car
or a bike, etc.

Decoupling the process of making a reference, and helping the worker understand the
reference through offloading, also helps when the environment is new to the helper and/or the
worker. Explicit representations and MR system guidance no longer require helpers to fully
understand the space to refer to objects, making it an effective technique for remote guidance
in unfamiliar environments. Maintenance scenarios where parts and tasks might be standard,
but the spatial layout of each environment can be different — such as a factory or engine room
maintenance — are examples of where this would be useful.

Finally, while passive support for referencing through features that help view the worker’s
environment and provide general awareness (like the FPV) worked well in tandem with MR
guidance, explicitly representing spatial information of the task objects (like the map) seemed to
cause an information overload for both helpers and workers. We expect that MR guidance would
not affect the positive impacts of passive awareness support. However, explicitly providing
spatial information in the presence of MR guidance is not necessary and can be detrimental.
An exception to this recommendation might be when the helper’s tacit knowledge is tied to the
position of the task objects; for example, an expert mechanic might find locating a part of an

engine easier if the representation of the parts resembled the spatial layout of an engine model.
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6.7.2 Making Support for Referencing More Accessible

Creating immersive MR environments requires complex set up in the helper’s and the
worker’s environment. While the benefits of the worker being in an immersive MR environment
and receiving guidance in-situ are already well known [26], helpers are typically only in immer-
sive settings to allow for features like 3D reconstructions that increase their sense of presence
and emulate face-to-face communication.

In contrast, we showed that using remote MR guidance and offloading allows helpers
to successfully provide guidance even in non-immersive environments. While providing MR
guidance still requires additional technology — tracking systems that provide the positions of
objects in an environment — these are typically simpler to implement than systems that reconstruct
the worker’s environment accurately. Tracking systems also have varying complexities and
fidelity as they can be sensor-based, vision-based, or both [261], giving designers and developers
more freedom to choose the technology that best suits the physical task they need to support.

There are still cases where remote collaborators need powerful systems with stereoscopic
displays or HMDs — like physical tasks where immersive reconstructions are truly needed
and/or tracking objects externally or through computer vision is not feasible (like surgery [46]).
However, these requirements limit access to remote collaborators in very specific environments.
We show that using simple representations (like a web-based list or map interface) successfully
reduces the effort required to reference objects. This extends rich support for referencing to
everyday devices — like phones, tablets, and desktops — making guidance more scalable and

increasing the network of remote experts that workers can rely on.

6.8 Conclusion

In this paper, we presented a 2x2 factorial experiment aimed at understanding how
providing explicit spatial information and partially offloading the referential process through MR

system guidance enhances support for referencing in collaborative Mixed Reality. Our results
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show that 2D representations of spatial information provide ample support for remote helpers to
provide assistance (RQ1). We also show that offloading the referential process reduces the effort
required for communication (RQ2) while diminishing the role spatial information plays in the
helper’s ability to provide remote guidance for physical tasks (RQ3).

Overall, we show that it is possible to design for collaborative MR systems that do
not rely on expensive headsets for experts — making remote guidance and expertise more
accessible, especially until immersive experiences that rely on HMDs become easier to implement
and more ubiquitous. But perhaps more importantly, in reducing experts’ need for spatial
information, offloaded MR guidance to task objects decouples the referential process from the
task environment. Given that the need to refer to task objects is the aspect that is most tied to
the task environment, the work presented in this chapter brings us one step closer to creating
interfaces for remote experts that could potentially overcome the physicality of the task. The
next chapter leverages this to design and evaluate an alternate interface for experts that does not

fully recreate the task environment.
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Chapter 7

Leveraging Experts’ Situated Experiences
for Remote Collaboration

Thesis Question: Is there a alternate interface for remote experts that can tap
into the benefits of high spatial presence without the need for extensive coverage
of the task environment?

Collaborative Mixed Reality (MR) systems that help extend expertise for physical
tasks to remote environments often situate experts in an immersive view of the
task environment to bring the collaboration closer to collocated settings. In this
chapter, we design UnMapped, an alternative interface for remote experts that
combines a live 3D view of the active space within the novice’s environment
with a static 3D recreation of the expert’s own workspace to leverage their ex-
isting spatial memories within it. We evaluate the impact of this approach on
single and repeated use of collaborative MR systems for remote guidance through
a comparative study. Our results indicate that despite having a limited under-
standing of the novice’s environment, using an UnMapped interface increased
performance and communication efficiency while reducing experts’ task load. We
also outline the various affordances of providing remote experts with a familiar
and spatially-stable environment to assist novices.

7.1 Introduction and Motivation

Remote experts use the skills and tacit knowledge they’ve developed through practicing
their craft to make completing physical tasks easier, less error-prone, and more efficient for
novices. However, this takes extensive coordination and requires experts to constantly understand

and make inferences about the task environment and the objects within it [93]. Immersive
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interfaces that provide a three-dimensional (3D) view of the task environment can make it easier
for experts to understand remote environments as it lets them engage with it more naturally [278]
and allows for a spatial experience that can be especially beneficial for complex tasks [136].
However, the technological difficulties of creating a fully immersive interface for remote experts
that offers full coverage of the task environment (outlined in 5.3) have prompted researchers
to explore a plethora of alternatives. However, none of these explorations provide the level of
detail or information experts need for object-focused communication during remote collaborative
physical tasks.

Even if a high-fidelity environment that mimics the real world was technologically
possible, isn’t perceptually the same as being physically present in it [274]. In addition, the seams
and discontinuities introduced by both the technology and the distance between collaborators,
alter the nature of the communication and fundamentally changes how experts experience the
remote environment [140, 69]. Finally, the sustained mental and cognitive exertion required to
understand remote locations can become extremely taxing on experts [245], especially when
they routinely use these collaborative systems to provide guidance to multiple novices located in
different distant and unfamiliar environments [152, 71].

Moreover, while our own research in the previous chapter showcases interaction tech-
niques that provide extensive support for referencing without immersion, a fully immersive
interface in and of itself can be beneficial. Room-scale immersive experiences create a compelling
sense of “being there” and this enhanced perceptual richness increases users’ comprehension
of the virtual environment [277]. Users are, therefore, more likely to engage in more natural
behaviors [278] and show higher levels of presence [34] and engagement [149] which can be
especially beneficial for complex tasks [136]. Therefore, in this chapter, we set out to explore
whether there is an interface for remote experts that can offer remote experts the experiential ben-
efits that come with room-scale immersive interfaces without the need for full task environment
coverage.

A key characteristic of physical tasks is that it is an extremely situated and embodied
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activity that is strongly tied to the environment it occurs in [202, 36]. Consequently, in addition
to being functional entities required to complete a physical task, the environment and objects
within it are an integral part of how we think and behave [341]. Experts, in particular, build
spatial memories and structure the environments they routinely perform physical tasks in [167].
Tapping into these situated experiences could provide new research approaches that have major
implications for practitioners building MR-mediated remote guidance systems [168] and have
the potential to be a key component of creating effective and enjoyable technology-mediated

experiences that go beyond just being replacements for collocated communication [132].
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Figure 7.1. An artistic rendering of the UnMapped prototype that leverages remote experts
situated experiences by providing an immersive virtual environment (right) that reflects their own
workspace (in orange). Experts have a shared view of the active task space (in purple) streamed
from a depth camera in the novice’s task environment (left). The prototype also integrates
interactive virtual objects and cabinets for experts to create shared virtual replicas (in yellow)
and visual guidance cues to task objects (in cyan) for novices.

In this paper, we compare experts working in a fully immersive interface that leverages
their spatial memories in a familiar workspace (i.e. their own space), with an alternative interface
that places experts in a full reconstruction of the novice’s environment. Results show how
having experts working in a familiar environment reduces the overall effort required to provide

effective guidance and eases repeated use of the system across different novice environments.
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More specifically, our work contributes the following key aspects to the current research on

collaborative MR systems for physical tasks:

1. The introduction of a design approach dividing the task environment into two subspaces
that combines a live 3D view for the active task space and a static 3D view for the
peripheral task space, within a context-aware collaborative MR system that provides

system-generated visual guidance to task objects.

2. The implementation of two collaborative MR prototypes that use this approach: One that
immerses the remote experts in a static 3D recreation of a familiar environment where they
have established spatial memories (UnMapped), and one that uses a static 3D recreation of

the novice’s environment instead (Mapped).

3. A comparative evaluation that studies the impact of these prototypes on remote guidance
for physical tasks over two sessions and outlines the implications that immersing remote
experts in a familiar environment has on (a) the remote guidance experience, and (b) on

repeated use of collaborative MR systems.

7.2 Our Design Strategy

The task environment for a physical task can typically be divided into two broad sub-
spaces: the active task space—where a bulk of the action or object manipulations that drive the
task forward occurs, and the peripheral task space—or the rest of the environment that provides
additional context and holds objects of interest required to complete the task (like tools). For
instance, the surgical field and the car engine are the active task spaces for surgery and car
repair respectively, and the tools or instruments needed are typically spread out in the novice’s
operating space or workshop.

Existing collaborative systems tend to make design choices that focus on the active

space, primarily because of the technological constraints involved with offering coverage of
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both the active and the peripheral space( 5.3). Now, the active space requires support for
most communication processes since it fundamentally drives the task forward with support for
referencing and communicating technique being key. The peripheral space, on the other hand,
primarily requires support for referencing.This is especially crucial for remote guidance for
physical tasks where objects in the environment play a crucial communicative role [54, 215] as
their physical features and spatial relationships are directly used in the conversation. Moreover,
remote guidance is most impactful for complex procedures that require specialized knowledge
which often use customized tools, or those that have non-descriptive eponymous names, or
both. For example, surgical sub-specialties tend to use obscure instruments that can be hard to
recognize from just their names or descriptions without extensive training [76, 37]. The lack
of domain knowledge among novices, therefore, means that they might not know what to look
for or be able to identify a tool even if they visually register it without additional support from
experts.

In this paper, we build on the prior work to design a fully immersive room-scale interface
for remote experts providing MR-mediated guidance during physical tasks. A key differentiating
factor of our design approach (Fig. 7.1) is that it supports the inclusion of distinct features
within the active and peripheral spaces of the task environment that cater to the differing expert
needs in them. We provide a live 3D view through a real-time updated point cloud within the
active space, where experts need dynamic updates of the novice actions and support for both
referencing and communicating action; experts can also refer to artifacts within this view using a
3D finger pointer” object and communicate any necessary object manipulations using shared
virtual replicas of the task objects. For the peripheral space, where experts primarily need
referencing support, we immerse them in a static 3D mesh of the task environment and augment
it with the ability to initiate visual cues that guide novices to task objects within it. This allows
us to have a life-sized relatively high-fidelity view of the space that preserves the experts’ ability
to unambiguously refer to objects, without the need for real-time updates to the mesh.

Any view of the environment—Ilive or static—requires experts to expend effort towards
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gathering and synthesizing information about the task space from it. Experts still need to
perform a visual search [75] within the virtual environment to find the tools or objects they
would like to refer to or guide novice’s attention towards. And while this may be trivial in
unmediated collocated collaborations, technology-mediated views of spaces change the nature of
how experts experience and prioritize their attention, even without the added seams introduced
by the communication medium [129]. In their paper, Johnson et al. [147] found that experts
performed better when the buttons corresponding to task objects were presented as a list than
when it mapped to the novice’s task environment, and having spatial awareness in addition to
system guidance to objects hindered the communication between experts and novices. While a
list would be difficult to parse for complex tasks with a lot of objects in the space, one implication
is that experts might not need the information presented to resemble or map to the spatial layout
of the novice’s task environment.

The inclusion of system guidance potentially reduces experts’ need to acquire the spatial
information needed for referencing within the peripheral space. Moreover, the disconnected
views for the two subspaces in our design approach allow us to independently change one without
impacting the other. There is, therefore, an added opportunity to immerse experts in a different
peripheral space without impeding their access to a dynamic view of the active space. In this
paper, we explore and evaluate an alternative to recreating the novice’s peripheral task space
that preserves the benefits of an immersive environment while reducing the need for experts to

understand unfamiliar environments by leveraging their existing spatial memories.

7.3 Our Research Approach

Our presence in the physical world and the intimate relationship between our cognition,
behavior, and external artifacts has been extensively studied under an umbrella of theories includ-
ing embodied, situated, embedded, and enacted cognition [341, 217, 262]. In moving beyond

screen-bound experiences, immersive and spatial interfaces have inspired HCI practitioners to

153



integrate how we interact with the physical world to create new design paradigms [339, 168].

Collaborative MR systems have features that build on these theories to reduce the effort
it takes to communicate. Virtual pointers, gaze cues, and reconstructed hands are all technology-
mediated equivalents of how we communicate with our bodies in the real world. The ability
for collaborators to annotate in remote environments also allows for cognitive offloading [262]
that minimizes working memory demands, and virtual replicas that can be manipulated to
communicate complex actions enable experts to use epistemic actions that reduce their cognitive
load [169].

A key consideration under these theories is also how we manage and adapt to the space
around us. Physical task experts, in particular, have their own workspaces where they practice
their craft and accrue specialized and tacit knowledge over time that is tied to their situated
experiences in these spaces [202, 36]. More specifically, experts form extensive spatial memories
in spaces that they are familiar with [256, 126]. This memory of artifact locations and the spatial
relations between them makes it easy to retrieve objects in their environments with little to no
effort [79, 256]. Experts have also been known for jigging” or structuring their environments to
simplify perception and reduce the cognitive and physical effort it takes for them to complete
tasks [167]. Even when “there are standard spatial layouts of tools or instruments for a particular
task, experts will modify the layout of their workspaces where object locations are personally
meaningful to optimize their own performance.

When it comes to the practical use of collaborative MR systems, experts will realistically
use them multiple times with novices in different environments. For example, over time a
specialist trauma surgeon will help medical personnel with emergency care in rural hospitals,
in ambulances, or during field surgeries. However, remote collaborations in general require
sustained focus and effort that inevitably introduces a form of techno-stress and fatigue. The rise
in remote work during the COVID-19 pandemic caused a phenomenon researchers now term
“videoconferencing fatigue” [22] that, among many other things, is caused by the integration of

frequent remote collaboration sessions to one’s work practice [71]. We can be fairly certain that
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the added complexities of understanding remote environments and assisting with spatial and
physical tasks from afar on a regular basis will only compound this effect, especially in critical
and fast-paced settings. It is therefore crucial that we design collaborative MR systems to both
reduce the effort it takes to communicate in individual sessions and simplify repeated use.

Computer interfaces have long been designed to support spatial memory and enable recall
and recognition of different interface elements [266]. In general, the usability of an interface
increases when users are familiar with it and a spatially-stable interface allows users to build
spatial memory within it, eliminating the need for visual search. 3D interfaces support this
spatial memory in an extremely intuitive way allowing users to accurately recall object locations
in a spatial arrangement [55, 195].

For these reasons, our work leverages remote experts’ situated experiences to make both
single and repeated use of collaborative MR systems easier. More specifically, we hypothesize
that immersing remote experts in a familiar and spatially-stable environment in which they
already have established spatial memories will ease communication and reduce the overall effort
it takes to provide remote guidance for physical tasks and make repeated use of collaborative
MR systems easier. To test our hypothesis we designed and built two prototype systems based on
our design approach—~Mapped and UnMapped. These systems are identical except for one key
difference in the peripheral space: UnMapped immersed remote experts in a static 3D recreation
of their own familiar workspace where they have preexisting spatial awareness, and Mapped

immersed them in a static 3D recreation of the novice’s environment.

7.4 Prototype Design and Implementation

In this section, we provide details of the features that make up the Mapped and UnMapped

prototype systems and outline the implementation details for them.
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(5]

Figure 7.2. Left: A view of the Mapped VR interface that recreates one of the novice environ-
ments in our study. Right: A view of the UnMapped VR interface that recreates an expert’s
personal workspace. Both interfaces include (1) A shared live point cloud of the novice’s active
space, (2) the Replica Space, (3) a virtual finger pointer, (4) embedded virtual objects in the
peripheral space, (5) cabinets that can be opened to reveal additional tools within them, and (6)
instructions for our expert participants.

7.4.1 System Overview and User Features

Our prototype collaborative MR system provides an immersive VR interface for remote
experts using an Oculus Quest 2 headset', and an MR interface for local novices on a Microsoft

HoloLens 2 headset. The audio channel for our MR system was enabled via TeamSpeak?>.
Static 3D Peripheral Space:

Once in VR, the expert is immersed in a room-scale static 3D recreation of either the
novices task environment (Mapped, Fig. 7.2-Left) or their own workspace (UnMapped, Fig. 7.2-
Right). The static 3D scans of the experts” environments were made using a Matterport camera®.
Experts could move around freely in VR within this 3D environment. The environment was
also equipped with virtual objects that corresponded to task tools and a finger pointer object

(Fig. 7.2-3). The virtual task tools could be present either on surfaces (Fig. 7.2-4) or within

cabinets in the peripheral space (Fig. 7.2-5).

Thttps://store.facebook.com/quest/products/quest-2/
Zhttps://www.microsoft.com/en-us/d/hololens-2
3https://teamspeak.com/en/
“https://matterport.com/cameras/pro2-3D-camera
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Shared Active Space:

The novices’ task environment was equipped with an Azure Kinect’ (RGB+D camera)
positioned over the active task space (Fig. 7.4). This camera captured and streamed a 3D color
point cloud to the VR interface in real-time and allowed experts to have a view of artifacts and
novice actions within the active space. The shared point cloud was embedded on top of the
experts’ static 3D VR environment and housed within yellow borders so users could distinguish
the live regions from the static parts in VR (Fig. 7.2-1). Importantly, experts could not see live

updates for any part of the novice’s environment outside of this point cloud.
Using Virtual Replicas and Finger Pointer:

Our prototype system allowed experts to move the virtual finger pointer and create
replicas of the virtual task objects placed in the peripheral space. To create a virtual replica,
experts could “grab” the corresponding virtual tool with their VR controllers or “click” on it with
a ray cast (laser) pointer. Experts could also click on cabinets to reveal virtual objects within
them on a 2D menu that showed icons corresponding to the objects, allowing the expert to select
any of them (cabinets could be “closed” by clicking anywhere outside the menu). Clicked objects
would spawn a replica in a designated Replica Space for easy reach and subsequent manipulation
(Fig. 7.2-2). The original virtual object would stay in its position but experts could now bring
either the virtual finger or a replica (or both) into the active space to communicate actions or
tool manipulations to the novice. When these objects were in the expert’s active space, novices
would see them as 3D holograms in their space as well (Fig. 7.3-1). Experts were free to move
these objects outside the active space as needed, at which point the novice would no longer see

the corresponding hologram in their space.

Shttps://azure.microsoft.com/en-us/services/kinect-dk
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Figure 7.3. MR features for the novice in the local task environment: (1) a view of the expert’s
virtual replica and virtual finger pointer used to demonstrate actions, (2) a 3D arrow, and (3)
visual cues to indicate object locations in the task environment.

System Guidance cues in MR:

When experts interacted with a virtual replica of tools in the peripheral space, our proto-
type system automatically guided novices to the same or similar tool in their own environment
if it existed. The visual cues for this guidance included 3D arrows (Fig. 7.3-2), and a circular
indicator around the tool (Fig. 7.3-3) inspired by similar cues designed for the HoloLens’ small

field of view [148].

7.4.2 Study-Specific Features

We added additional features to our prototype that would facilitate our study. First, the
VR interface for the remote expert also included a button (Fig. 7.2-6) that would expand to show
the broad goals of the task. This was done so that experts had an easy way to view their goals
when in VR and ensured that our study measures were not reflective of individual differences in
their retention of the task design.

Second, we did not implement real-time object detection and tracking in our prototype
system and instead opted to mock this in a Wizard-of-Oz (WoZ) fashion [59, 74] that included a
VR setup, MR set up, and tablet WoZ interface. Since we needed to scan multiple environments

for the study, the VR setup allowed researchers to choose from a library of 3D scans to select
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the static peripheral space for individual participants. It also allowed researchers to customize
locations of the point cloud, Replica Space, and virtual task objects—this reflected where
things were in the novice environment or expert’s workspace for Mapped and UnMapped users
respectively. The MR setup allowed researchers to manually set the location of physical tools
in the novice’s environment prior to a study session which the HoloLens used for the guidance
feature; and the tablet WoZ interface allowed a “Wizard” to “de-highlight” objects and remove
visual cues to it from a list of currently highlighted objects.

Lastly, the VR and MR setup included a calibration step to ensure that experts’ demon-
strations within their active space were in the right position relative to the region captured by the
point cloud. We were unable to use marker tracking since the task objects and novice actions
could obscure any markers we placed. Instead, we did a simple point-to-point calibration that
created a reference pose similar to one retrieved from a fiducial marker where the researcher
manually selected 3 set points on the surface under the Kinect and then selected those same 3

points within the point cloud in the VR interface before a session began.

7.4.3 Implementation Details

Our prototype system was implemented in three modules: the VR system, the MR system,
and the WoZ system which are connected by a web server through a series of web sockets, HTTP
GET and POST requests to the server and several custom TCP sockets. Both the VR and MR
systems were developed using the Unity3D game engine® with the Oculus Integration’ and
MRTK-v2® packages, respectively. The web server is hosted on AWS?, and runs on NodeJs'?.
The server also hosts the WoZ interface as a Progressive Web App, which the WoZ tablet accesses
via the internet.

The VR system consists of a VR headset connected to a desktop PC. The PC handles

®https://unity.com
Thttps://assetstore.unity.com/packages/tools/integration/oculus-integration-82022
8https://github.com/microsoft/MixedReality Toolkit-Unity
“https://aws.amazon.com

1Ohttps://modejs.org/en
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rendering and socket connections to both the MR system and web server, while the headset
simply displays content and facilitates interaction via the built-in Oculus Link software!'. When
experts interact with a tool, an HTTP POST message is sent to the web server and a TCP message
is sent to the MR system. The MR system consists of a HoloLens application and an Intel NUC'?
computer connected to the Kinect. Visual guidance cues are initiated when the MR system
receives tool selection messages from the VR system and hidden when it receives dehighlighting

messages from the WoZ system.

7.5 Experiment

Our study compared the effectiveness of the Mapped and UnMapped expert interfaces
with repeated use through a 2x2 mixed factorial design. The between-subjects factor—Interface
Type—had two levels: Mapped (Ip7) and UnMapped (Iy7). The within-subjects factor—Session—

had two levels: Session 1 (S1) and Session 2 (S,) to study the impact of repeated use.

7.5.1 Experiment Task

Experts used either Mapped or UnMapped to guide novices to collaboratively perform
a cake decorating task. This task involved creating a 2-layered cake that was frosted and then
decorated using icing and fondant. We chose this task primarily because, much like a variety of
tasks from surgery to car repair, it included an active and peripheral task space: the decorating
counter where the cake is (Fig. 7.4-Left) as the central focus for task actions, and the rest of
kitchen holding the baking instruments required to complete the task as peripheral space. Cake
decorating experts also spend a non-trivial amount of time perfecting their craft through formal
training or in specific workspaces, and accrue concrete and tacit knowledge and decision-making
skills based on what they are seeing, hearing, or feeling in the moment. Importantly, the task

involves specialized tools for different operations that are typically difficult to distinguish (like

Uhttps://store.facebook.com/help/quest/articles/headsets-and-accessories/oculus-link
2https://www.intel.com/content/www/us/en/products/details/nuc.html
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Figure 7.4. Left: The active task space in our experiment included an overhead Kinect camera, a
subset of cake decorating ingredients and tools, and visual guidance cues seen through the MR
headset. Right: A novice baker using MR-mediated expert guidance to decorate a cake

Active Spa

different piping tips) and involves specific techniques that must be used to achieve the desired
result (the ability to pipe designs with icing needs more knowledge than just knowing what
a piping bag is). Lastly, this task made recruitment logistically easier during the COVID-19
pandemic when access to experts and their professional spaces was extremely difficult. Many
home and professional bakers use (and jig) their private kitchens to practice and experiment with
their skills, which eased our access to create 3D scans of expert workspaces. Additionally, the
criteria for finding a true novice was simplified since a few questions could reliably predict their
comfort level with baking tools.

In our task, experts were given a specific design that they needed to collaboratively
achieve with novices. This included stacking two vanilla cake layers, using chocolate buttercream
as both the filling and outer frosting (achieved with a knife, a regular spatula, and an offset
spatula). They also used fondant, a rolling pin, and a cookie cutter to create decorations to be
placed on the cake, after which a piping bag and different piping tips were used to achieve icing
decorations with two piping techniques. This cake design was chosen based on a series of pilot

rounds and was considered to be complex enough that a novice would find it hard to complete on
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their own, but simple enough that it could be finished within 20-30 minutes with guidance. The
tools used were chosen to include objects that would be well known (knife, spatula, cookie cutter)
and objects that novices either wouldn’t know how to use (piping bag, coupler) or wouldn’t know

what they looked like (fondant extruder, specific piping tips).

7.5.2 Recruitment

We recruited a total of 60 participants of which there were 20 expert bakers and 40 novice
bakers. In our experiment, each expert baker used either the Mapped or UnMapped interface (I,
or Iy) and worked with two different novices to complete the same task across two sessions (S|
or Sp). This resulted in a total of 40 sessions.

A baker was considered an expert if they baked on a regular basis and were comfortable
frosting and decorating a 2-layered cake, and a novice if they don’t bake at all and/or had never
baked a cake or frosted anything before. The average age of the experts in our study was 27.45
(SD=3.28), 8 of the 20 were male, and 12 were female. 14 experts had used a VR headset at least
once before the study. 2 of the 20 experts were professional bakers and 18 were skilled home
bakers. The average age of the novices in our study was 25.53 (SD=5.16), 26 of the 40 were
male, and 14 were female. 11 novices had used a HoloLens at least once before the study.

Novice bakers were assigned to expert bakers based on their available schedules and
randomized when possible. Two of the experts were familiar with both their novices from before
the study, and three experts were familiar with one novice before the study (counterbalanced
across conditions). Two expert participants communicated that they were not comfortable with us
scanning their kitchen and were directly assigned the Mapped condition. The rest were randomly
assigned to Mapped or UnMapped before the study began to give us time to scan UnMapped

experts’ kitchens.
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Figure 7.5. Left: Experiment space for the remote expert in our study that also included space
for the Wizard; Right: One of the two novice environments in our study.

7.5.3 Experiment Setup

Scanning Kitchens:

Prior to the start of the study, one researcher scanned the personal kitchens of the 10
UnMapped experts with the Matterport camera to create their peripheral environment in VR. The
researcher also made note of where experts kept their baking tools (including those that wouldn’t
be used in the task) and the counter they typically used for decorating—this information was
used when setting up the interface prior to their session to ensure the tools would be where they

are in their actual kitchen.
Expert Training:

Experts were trained on the VR interface before their first session to bring them to
similar comfort levels with VR and to familiarize them with features common to Mapped and
UnMapped—how to use VR controllers, initiate guidance to objects, use virtual replicas, and
view the task design goals should they need it. This training lasted around 7-10 minutes, was
standardized across all 20 participants, and was conducted by the same researcher regardless
of the study condition. The virtual environment of the training session was a scan of a random
kitchen. Experts were not shown the novice interface or the exact guidance cues but they were

aware that initiating guidance meant novices would see visual cues to the same or similar object
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in their space. This training also included going over the cake design of the experiment task.
Novice Environment Set Up:

To study the impact of changing novice environments, novices used one of two kitchens
(seen in Fig. 7.2 and 7.5) and the order of which kitchen was used for Session 1 and 2 was
counterbalanced. Each kitchen had a different layout but contained the same tools (which also
included objects regularly found in kitchens that wouldn’t be used in the task). However, the
location of the tools was changed between spaces. The ease or difficulty of finding objects
was kept similar (similar number of items within reach, on counters further away, and within
cabinets). Researchers also coded these object positions within the environment for the system

using the MR setup interface prior to a session.
Expert Environment Set Up:

Experts used the VR interface in a separate room on the same floor as the two kitchens
(Fig. 7.5). These spaces were far enough from each other that participants in one couldn’t look
into or hear the other. Before the start of a session, researchers chose the appropriate 3D scan for
the peripheral space and used either the locations of objects in the novice kitchens or the expert’s
kitchen to place objects on surfaces and within cabinets in VR through the VR setup interface.
The expert’s space was also where the Wizard researcher for the experiment operated the WoZ

system from.

7.5.4 Study Procedure

When the participants arrived, two researchers introduced the study and explained the
consent forms to the novice and expert separately outside of their respective spaces. While
experts were asked to use the appropriate tools for each step if they could, their main goal was to
complete the cake design. Once they reached that goal, they were free to continue decorating the
cake more if they felt like it. Participants were then taken into their spaces where the researchers

helped put their headsets on and started the session.
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Novices were given no information about the cake design or environment or tools prior
to the session. This ensured that their skill gap with the expert and familiarity with the task
environment mimicked real-world scenarios (like emergency repairs and trauma surgeries) where
remote guidance is used in the absence of local expertise—novices tend to be untrained in the
task procedure, don’t know or easily recognize specialized tools, and are often in unfamiliar
environments.

While there was no formal training required for the novice, once a session started, experts
were asked to guide novices to a spoon that was placed in the novice environment, and use the
replica of the spoon as a system test and to help them get acquainted with each other and the
interface. This was also the first time the novice saw the exact visual cues for guidance. Once this
was complete, participants were free to complete the task however they chose. During the task,
the Wizard researcher used the WoZ interface and a live feed of the novice’s FPV to de-highlight
objects when the novice picked them up. If it was obvious that guidance was initiated by mistake,
the researcher removed those cues too.

After the session, experts and novices were given individual post-task questionnaires to
complete. Once these were completed, they met each other and talked about the task. Researchers
used this time to conduct a post-task interview. The decorated cake was divided into two and

given to both participants to take home.

7.5.5 Experiment Measures and Data Analysis

We recorded the novice’s FPV from the HoloLens and actions in their environment
using two external GoPro cameras'?. We also recorded the expert’s VR view and the audio
channel between participants. These were synced and used for video coding using BORIS [90].
Two researchers independently coded interaction and communication behaviors for 40 sessions
(double-coded 4 sessions and resolved any inconsistencies to create a final coding scheme).

Qualitative observations from the recordings and participant feedback from open-ended questions

Bhttps://gopro.com
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on the survey and post-task interviews were also analyzed using an open coding approach and
then clustered using axial codes that resulted in the various themes of our qualitative insights.
Communication behaviors were coded using a conversation analysis approach that in-
cluded coding utterances (considered as the smallest unit of a conversation—this could be a full
sentence or a phrase that’s part of a longer sentence) and their intent, as well as references to
objects and their type. These codes were created using a deductive approach influenced by prior
work outlining collaborative communication [53, 108, 175] and refined for our study based on
the double coded sessions. We only coded communication behaviors that corresponded to the
peripheral space, because both Mapped and UnMapped experts were provided the same features
within the active space and any communication within it would not reflect behavior changes due
to the familiar or unfamiliar peripheral space. Additionally, this allowed us to reduce the impact
of individual teaching styles in our measures (which primarily happened in the active space).
Our measures also included interface interaction counts, total task completion time,
search time (time interval from when the expert first called for a tool to when the novice
picked up the same tool), NASA TLX Task Load Index [125], Co-Presence and Perceived
Message Understanding scores for collaborators’ Social Presence [124], Self-Location and
Possible Actions scores for experts’ Spatial Presence [316], and a measure of experts’ cognitive
representation of the novice environment using the Spatial Situation Model subscale [316]. We
also included two Likert-scale questions in the post-task questionnaires (“I could tell when my
partner needed assistance” and “I was able to assist my partner’’) to measure experts’ perceived
ability to provide guidance and modified the same questions to measure the perceived quality of

guidance from the novices point of view as well.

7.6 Results

The data collected in our experiment were analyzed using a two-way mixed-model

ANOVA. Survey responses were tested for internal reliability (Cronbach’s Alpha > 0.7) and
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Figure 7.6. Average task completion (left) and search time (right) across study conditions with
significant differences between Interface Types depicted for each Session.

then analyzed by applying the nonparametric aligned rank transform [343] which enabled the
use of ANOVA after alignment and ranking. We also conducted pairwise comparisons on our
data when appropriate to understand the differences between Mapped and UnMapped for each
Session individually. We use an alpha of 0.05 in the results below to present the main effects
of Interface Type and Session as well as the results of any pairwise comparisons. We saw no
interaction effects in any of our measures and they are thus not mentioned below. Additionally,
we only report the main effect of repeated use if it was significant in the interest of brevity. In
the remainder of this section, F represents the F-value, p the p-value, nl% the effect size, M the

mean, and SD the standard deviation. The error bars in the figures depict standard errors.

7.6.1 Task Completion and Search Time

Participants completed the task significantly faster in Session 2 when compared to Session
1 (F(1,18)=4.631, p=0.045, 171%:0.205) and when the expert used UnMapped compared to when
they used Mapped (F(1,18)=5.4, p=0.032, n§:0.231). Pairwise comparison showed that this
difference was not significant in Session 1, but using UnMapped led to significantly faster
completion times in Session 2 (p=0.044) (Fig. 7.6-Left).

Isolating the time it took for participants to collaboratively search for and find the tools
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Figure 7.7. Average task load for experts (left) and novices (right) across study conditions with
significant differences between Interface Types depicted for each Session.

required for the task revealed that UnMapped led to significantly faster search times overall
(F(1,18)=24.763, p=<.001, 771%=0~579) as well as in Session 1 and 2 independently (p=<.001 for
both) (Fig. 7.6-Right).

7.6.2 Collaborator Task Load

Repeated use significantly decreased experts’ task load (F(1,18)= 10.472, p=0.005,
n12,=0.368). Experts also reported a significantly lower task load when they used UnMapped
compared to when they used Mapped (F(1,18)=5.569, p=0.03, n3=0.236). Pairwise comparisons
showed that this difference was significant in both Session 1 (p=0.042) and Session 2 (p=0.04).
No significant differences were found in the novices’ task load regardless of the Session or

experts’ interface (Fig. 7.7).

7.6.3 VR Interface Interactions

The total number of interactions that experts made in VR during the task was significantly
lower when experts used UnMapped (F(1,18)=8.502, p=0.009, n§:0.321) overall and in Session
1 (p=0.005). Experts tended to open the virtual cabinets when searching for task tools in their

environment and Mapped experts opened a significantly higher number of cabinets overall
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Table 7.1. Expert interactions within the VR interface across study conditions. Significant
differences are highlighted in green.

Session 1 Session 2
VR Expert Interface Interactions Mapped (I,) Mapped (I,)
Total number of clicks M=36.1,SD=15.12 | M=20.1,SD=5.34 M=31.1,SD=25.04 M=18.2,SD=5.35
Iy (M=33.6)>1,(M=19.15) p = 0.005 p=0.129
Number of cabinet clicks M =22.8,SD =13.36 M=59,SD=292 | M=18.7,SD=21.15 | M=4.9,SD=2.77
Iw(M=20.75) > 1, (M = 5.4) p = 0.001 p = 0.056
Number of guidance initiations M =6.7,SD = 4.27 M =8.8,SD =2.15 M=6.3,SD=3.13 M=9.1,SD=1.73
Iu,(M=6.5)<1,(M=8.95) p = 0.049 p =0.023

(F(1,18)=16.783, p=<.001, n§:0.483) and in both Session 1 (p=0.001) and 2 (p=0.05). Mapped
experts also made significantly fewer initiations for guidance cues (F(1,18)=4.438, p=0.049,

n§=0.198) and this difference was significant in Session 2 (p=0.023) (Table. 7.1).

7.6.4 Communication Efficiency and Patterns

Both experts and novices used fewer utterances regarding the peripheral space when the
expert used UnMapped compared to when they used Mapped (F(1,18)=9.327, p=0.007, n§:0.341
for experts, and F(1,18)=15.683, p=<.001, n§:0.466 for novices). Pairwise comparison showed
that this significant effect held true for both Session 1 (Expert utterance, p=0.017; Novice
utterance, p=0.003) and Session 2 (Expert utterance, p=0.022; Novice utterance, p=0.009).

We also analyzed the intent for each expert utterance and the resulting communication
pattern variations between Mapped and UnMapped are visualized in Fig. 7.8-Top. An utterance
could have one or more of the following intents, and the measures below are the percentage of

the total number of utterances of a given intent:

1. Referring to Objects: This was when experts made a direct reference (whether a noun or
deixis) to any object (relevant to the task or not) in the passive space (Example: “Now
we’re going to grab the knife”). UnMapped experts made significantly more direct object
references overall (F(1,18)=21.957, p=<.001, nl%:O.SS), and in both Session 1 (p=0.005)
& 2 (p=0.003).

169



Intent

UnMapped (1)
Mapped (l)

Expert Utterance

0% 25% 50% 5%
. Referring to Objects . Describing Objects . Providing Context . Priming for Guidance Cues . Acknowledgements
]
=
g
E ° UnMapped (1)
g o
né = Mapped (ly,)
3 0% 25% 50% 5%
3
w

. Direct Object References . Deictic Pronouns . Direct Spatial References . Spatial Deixis . Non-Tool References

Figure 7.8. Top: Expert’s overall utterance patterns with the Mapped and UnMapped interface;
Bottom: Expert’s overall reference patterns with the Mapped and UnMapped interface

2. Describing Objects: These utterances served to provide novices with additional details and
descriptions of the object the expert was trying to guide their attention towards (Example:
“It should look like a metal tube with a T on top””). UnMapped utterances to describe objects
were significantly lower when compared to Mapped overall (F(1,18)=4.822, p=0.041,
n§=0.21 1) and in Session 2 (p=0.033).

3. Providing Context: These included utterances where the intent was to provide additional
explanations or context around the task and why they were doing what they were doing
(Example: “Having that coupler there makes it really easy to change piping tips”). There
were no significant differences in how much context was provided between UnMapped

and Mapped sessions.

4. Priming for guidance cues: Experts also primed novices, essentially giving them a heads
up when they initiated guidance to objects (Example: “you should see an arrow to it
now”’). UnMapped experts primed for guidance significantly more than Mapped overall

(F(1,18)=4.832, p=0.041, n§=0.212).

5. Acknowledgements: These utterances primarily served as a confirmation that the novice
understood the right thing or identified the correct object (Example: “okay” or “yeah, that

one”’). UnMapped expert utterances had significantly lower elements of acknowledgments
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in Session 2 (p<.001).

We also dove deeper into the type of references experts used when they guided novices’
attention to objects outside the active space. There were no significant differences in the number
of references made by experts across either session or between those who use Mapped or
UnMapped. However, there were differences in the patterns of what type of references tended
to be used (Fig. 7.8-Bottom). The measures below show the percentage of the total number of

references of a given type:

1. Tool Noun or Description: UnMapped experts made significantly more references that use
a tool name or a description of it overall (F(1,18)=4.584, p=0.046, n[%=0.203) and during
Session 1 (p=0.031).

2. Deictic Pronouns: These references included words like “that” which needed additional
context to be understood. The difference in the use of deictic pronouns was not significant

across interface types.

3. Direct Spatial References: Mapped experts made significantly more references to areas in
the peripheral space (like “in the corner”) overall (F(1,18)=8.475, p=0.009, n§=0.32) and
in Session 1 (p=0.002).

4. Spatial Deixis: Mapped experts also made significantly more references to relative posi-
tions within the peripheral space that was deictic in nature (like “to your right”) overall

(F(1,18)= 8.876, p=0.008, 17[%:0.33) and for both Session 1 (p=0.049) and 2 (p=0.005).

5. Non-Tool References: UnMapped experts made significantly fewer references to other
objects in the task space that were not tools required for the task overall (F(1,18)=10.985,

p=0.004, nI%=O.379) and for both Session 1 (p=0.01) and 2 (p=0.047).
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Table 7.2. Collaborators’ social presence and perceived guidance quality scores across study
conditions.

Session 1 Session 2
Expert’s Social Presence Mapped (l,) Mapped (I,)

Co-presence

I, (M = 4.39), |, (M = 4.35) M=437,SD=046 | M=4.53,SD=049 | M=441,SD=0.59 | M=4.17,SD=0.56

Perceived Message Understanding

I, (M = 4.06), |, (M = 4.1) M=3.97,SD=0.68  M=4.25,SD=042 @ M=4.15,SD=0.67 | M=3.95,SD=0.64

Novice’s Social Presence

Co-presence

I, (M = 4.23), 1, (M = 4.35) M=4.03,SD=0.81 M=4.67,SD=0.47 A M=4.43,SD=0.44 M =4.23,SD =0.69

Perceived Message Understanding

I, (M =3.99), I, (M = 4.05) M =3.62,SD =0.94 M=4.0,SD=0.86 M=4.37,SD =0.52 M=4.1,SD=0.44

Perceived Guidance Quality

Remote Expert

I, (M = 4.35), 1, (M = 4.36) M =4.27,SD =0.49 M=4.6,SD=0.44 M =4.33,SD=0.42 M=4.1,SD=0.68

Local Novice

I, (M =4.4), 1, (M = 4.37) M=4.15,SD=0.9 M=4.37,SD =0.82 M=4.65,SD=0.44 @ M=4.38,SD=0.49

Table 7.3. Experts’ spatial presence scores and cognitive representation of the novice’s environ-
ment across study conditions.

Session 1 Session 2
Expert’s Spatial Presence Mapped (Iy,) Mapped (Iy,)

Self-Location

I, (M =3.91), 1, (M=4.2) M =3.9,SD =0.98 M=4.15,SD=049 | M=3.93,SD=1.07 @ M=4.23,SD=0.68

Possible Actions

I, (M = 3.75), 1, (M = 3.74) M =3.8,SD=0.79 M =3.86, SD =0.94 M=3.7,SD=1.05 M =3.6,SD =1.09

Expert’s Cognitive Representation of Novice Environment

Spatial Situation Model

Iy (M = 3.82) > 1, (M = 2.67) M=3.82,5SD=0.8 M=273,SD=116 | M=3.82,SD=099 @ M=262,SD=1.12

7.6.5 Self-Reported Questionnaire Scores

Both experts and novices reported similar social presence scores regardless of which
interface the expert used (Fig. 7.2). Experts also reported no differences in their perceived ability
to provide guidance, while novices reported no perceivable change in how well they were being
assisted by the experts in any of our conditions (Fig. 7.2). Additionally, experts reported similar
levels of spatial presence in both Mapped and UnMapped interfaces (Fig. 7.3). There were no
significant effects observed for any of these measures.

A measure of experts’ mental model or cognitive representation of the novice’s envi-
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ronment revealed significantly lower scores for UnMapped experts when compared to Mapped

experts (F(1,18)=9.525, p=0.006, n§=0.346) (Fig. 7.3). There were no other significant effects.

7.7 Observational Results and Participant Feedback

In this section, we report on common feedback and observations across all 40 sessions
and discuss our qualitative results specific to the use of Mapped and UnMapped overall and with
repeated use.

Experts in our study used the live point cloud of the active space to successfully sustain
task status awareness. However, the noise and distortion inherent with point clouds hindered their
ability to view fine details on the cake. The camera being positioned overhead also meant that the
sides of the cake weren’t always visible and novices often blocked the view when working on the
cake. As such experts found “the task view was a bit irritating "[E16]. However, experts learned
to work with the imperfections by having novices rotate the cake to accommodate parallax errors
and occasionally step back for a full unblocked view. Experts also used their own experiences to

“fill in the gaps”[E8] and relied on verbal communication to keep track of subtle changes within
the active space. Additionally, tracking system drifts introduced calibration errors that made
pointing at specific parts of the cake hard, especially for “fine motor movement [like] precise
frosting movements”[E13], so experts resorted to gesturing at broad regions and providing more
specific information verbally.

Experts didn’t seem to be affected by the lack of dynamic updates about any “prep”
actions unless novices took longer than expected outside the active space without verbal updates.
When that happened, experts would ask for an update after a period of silence. Having a static
view of the peripheral space meant that experts couldn’t confirm whether the novice had the
correct tool. Novices, therefore, “held tools in front of the [point cloud] for [the expert]”[NT]
but experts still found it challenging to provide confirmation because their point cloud was

“grainy”’[E1] and metallic instruments wouldn’t show up well.
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Experts and novices both found system guidance “fremendously helpful [because] it
avoided having to explain the features of tools’[E18] and mentioned that it “was the easiest
part”[N4], especially for cluttered areas or when tool names didn’t give novices a sense of
what to look for. E16 articulated this sentiment saying “having the objects pointed out helped
immensely, it made not having a great view tolerable”. In supporting the referencing that’s
crucial for physical tasks, system guidance allowed experts to easily direct novices’ attention
to objects without extensive verbal descriptions. Even when experts knew tool locations, they
preferred “not having to give [their] partner exact locations”[E20] and novices found the visual
cues “much more useful than understanding [the expert’s] speech”[N3].

Experts and novices also emphasized that using virtual replicas to demonstrate action
was key to seamless communication when it included specialized baking tools and techniques
that were alien to the novice. N7 reiterated this saying “I liked the piping demonstrations with

the holograms...I would have no idea if you would have audio described it to me”.

7.7.1 Behavioral and Experience Differences Between Mapped and
UnMapped

Being in a familiar environment increased experts’ confidence and decreased stress:

In general, UnMapped experts had a more jovial tone and voiced feeling extremely
comfortable during the task. They mentioned that “it genuinely kind of felt like I was working in
my kitchen”[E8], and that this familiarity of the environment made the task less daunting. For
instance, E19 mentioned “it actually put me more at ease just because of my environment and |
felt more calm”. E6 also mentioned that this came as a surprise, saying “I thought it wouldn’t
matter at first but then it was actually really helpful because I can just be like ’oh where do |
keep the offset spatula’...l feel it reduced a little bit of my mental load [which was] unexpected
and I actually felt like [the novice] was in my space making a cake” .

UnMapped experts also emphasized that it wasn’t just their memory of object locations

that made them feel more confident—having familiar objects in their peripheral vision that
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they were used to while working in their own kitchens also played a part. E18 recalled this
phenomenon saying “I found it very helpful [that] I could even see my plants a little bit, that

actually helps a lot...obviously it was more distorted than reality but it was still helpful”.

Mapped allowed for collaborative searches, UnMapped removed the need for searching:

When the position of a tool wasn’t obvious from a quick scan of the peripheral space,
Mapped experts described the tool they were looking for and engaged in a collaborative search
where both participants moved around and opened cabinets in their respective environments.
Some experts searched their virtual environment as they were describing the tool and only asked
novices to join in if they hadn’t spotted it when they were done with the description. Mapped
experts found searching was especially hard when objects were occluded or in unexpected
locations and mentioned the imperfections in the 3D scan made visual search harder. There were
two Mapped sessions where neither participant found the relevant tool but experts were able to
assist novices with using other tools as a workaround.

Experts who used UnMapped, on the other hand, found directing novices to baking in-
struments trivial and intuitive since they were “already familiarized [with the environment]...this
is very easy on my end...I know the rolling pin is going to be where it is in my actual home, my
baking tools are in these drawers...it was really nice way to navigate through the kitchen”[E11].
They were also more forgiving towards the imperfections of the 3D scan and said that “if just felt
like the apartment was covered in paper”[E7] and that they stopped noticing the imperfections
once they focused on the cake and didn’t need a detailed view to find objects in it.

Mapped views required experts to attend to the full task environment, UnMapped views
allowed them to focus on the active space:

Having spatial awareness of the novices peripheral space allowed Mapped experts to use
spatial references and other objects to ground their references even when they used guidance.
However, the post-task interviews revealed that experts felt the need to constantly scan the full

environment to ensure the task was moving forward smoothly. They would often visually scan
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the peripheral space for the next tool while novices completed the current step and primarily
used verbal updates to keep track of actions in the active space. E3 mentioned that splitting their
attention between the two spaces so novices had less searching to do when they reached the next
step was the “hardest part”.

In contrast, UnMapped experts didn’t need to expend energy towards finding objects
and also experienced some downtime when novices were completing relatively long actions
like frosting the cake. None of the experts realized the novice in the second session was in a
different environment. Many experts mentioned noticing something different but “just assumed
that was a slightly different positioning of the camera”[E11]. When asked whether they would
have preferred to see the novices’ full environment, UnMapped experts said “if I was in the
same space as [the novice] I could be like ’oh its on your left’...[but] honestly it has very little
impact because once we are in the task, I'm just looking at the task space, I don’t care about
the surroundings”[E16]. E18 and E13 echoed this feedback saying “all I needed to see was the
cake and ingredients, it didn’t really matter where it would have been” because “none of my

[instructions] were about [the] space, it was about the actual action”.

A Mapped or UnMapped view impacted the use of virtual replicas for acknowledge-
ment:

We observed that virtual replicas were often used as a form of acknowledgment and
visual confirmation for novices to check if they got the right tool. However, Mapped experts
tended to do so as a way to repair other forms of acknowledgment—Ilike when verbal descriptions
were not enough or when the point cloud view was not clear. Once UnMapped experts were
confident that the guidance cues were reliable, they no longer needed verbal acknowledgments
and preemptively put virtual replicas in the active space such that novices saw it on their way back
from picking up the tool. For example, E8 told their novice “I’m gonna have you grab another
type of spatula, an offset spatula <clicks to initiate guidance and moves replica into active

space> you should see arrows to it now. I also put it in your space”. As the task progressed,
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experts stopped explicitly stating this and the acknowledgments became non-verbal, making the
task flow more seamless.

Mapped experts compared their experience to being collocated, UnMapped experts felt
like it was a fundamentally different experience:

While all experts mentioned feeling strongly immersed in VR, Mapped experts tended
to compare their experience with instructing someone when collocated and recalled feeling
restricted because “figuring out how to describe objects without being physically present to
gesture or show things myself was strange and tricky”. They felt that although “the environment
looks real, [they] can’t really do anything...even though it feels like we are in the same space”[E1].
UnMapped experts, on the other hand, voiced that this experience was fundamentally different.
Some experts felt like they were working with the novice in their own kitchen, and others felt
like they were in a whole new hybrid space. When reflecting on this, E17 mentioned “I didn’t
feel like it was really my kitchen [since] there’s some distortion which cuts the reality [and] I

was not feeling like I was in [the novice space]...but I was feeling like we had the connection”.

The Mapped system can be used in the absence of system guidance, the UnMapped
system is dependent on it working:

While UnMapped experts found their experience enjoyable overall, they also reflected
on the fact that they were “depending completely on the technology to point [the novice] to the
right direction”[E18]. In our study, the HoloLens briefly lost tracking in the novice environment
in two Mapped sessions and one UnMapped session which resulted in the visual cues pointing
novices in a different direction from where the object of interest was. Mapped experts were
still able to use the static view to search for objects and redirect novices to them while the
UnMapped expert could not do more than verbally describe the object and let the novice search

for it independently.

177



7.7.2 Learning from Repeated Use

All experts felt more confident in their abilities to provide effective guidance in the
second session because they got used to the interface and knew what to expect from it. They
also modified their instructions because they thought “about the things [where the] first novice
[got] confused and [were] trying to proactively address them”[E17]. Experts also prepped
novices about the technological limitations at the start of the task and often reminded them that
their additional questions were because of it. For example, E6 constantly reassured their novice
when asking for more information saying things like “I just wanted to double check, it’s just the
limitations of the VR”.

In general, experts trusted the guidance feature more and used fewer verbal acknowledg-
ments when they used it the second time. Reflecting on it, E18 said “I had a better sense of
like...they can see [an arrow] right now, this is fine...so I had less of a feeling of [saying] ’look
around for an arrow’...I trusted [the feature ] more”. However, more trust in the feature didn’t
impact Mapped experts’ ability to use it more and the primary difference we saw in the second
session compared to their first was that they looked around the peripheral space more intently
during the start to preemptively find tools, but would let novices do more independent searching

for tools they didn’t catch in this initial scan when the time for the steps that involved it came.

7.8 Discussion

Our results indicate that when paired with a context-aware system that can direct novices
to objects of interest, a static view of the peripheral space and a live view of the active space in a
task environment allows remote experts to experience the benefits of a fully immersive interface
that sufficiently supports their ability to provide effective guidance during collaborative physical

tasks.
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7.8.1 The Impact of a Familiar Environment on Remote Guidance

Having remote experts immersed in a familiar environment where they have previously
established spatial memories led to better performance and decreased task load. Additionally,
the disconnect with the novice’s task environment did not impact the experts’ spatial presence
within the virtual environment. The UnMapped approach also allowed for a similar sense of
social presence among collaborators, despite remote experts having a limited understanding of
the novice’s environment outside of the shared active space. Novices’ task load and perceived
effectiveness of guidance were also not impacted by the experts being in a different environment
from their own.

Being immersed in a recreation of their own workspaces where they had prior knowledge
of object locations also meant that experts spent little to no time searching for task-relevant
objects, making initiating system guidance for novices trivial. In contrast, when immersed in
a recreation of the novice environment that was unfamiliar to them, they used this feature less
as they relied on a collaborative search for objects with the novices if it wasn’t readily visible
to them. In fundamentally changing how effectively and frequently system guidance can be
used, the UnMapped approach no longer needed experts to align or adapt how they refer to
objects for it to be easily understood by the novice (a strategic process that’s commonplace
in object-focused communication [35, 88, 54, 139]). Experts could use direct references and
minimize the additional verbal information and spatial expressions they needed to disambiguate
their phrases, resulting in more efficient communication.

The compounding effects of reduced visual search and communication effort when a
familiar environment was paired with system guidance also led to larger experiential benefits.
Experts perceived it to be fundamentally different from being collocated, and felt more at ease as
it freed up their limited attentional resources. This also allowed them to focus on the actions
within the active space where their expertise and tacit knowledge are most impactful. Designing

for the nuances of expert needs during collaborative tasks, therefore, allowed us to leverage the
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strengths of an immersive environment to simplify perception and offload cognition [167]. In
facilitating an experience that didn’t fully imitate physical proximity, the UnMapped approach
brings us a step closer to creating collaborative MR systems that allow us to go beyond being

there [132].

7.8.2 The Implications of a Spatially Stable Environment on Repeated
Use

The theory of least collaborative effort [S1] suggests that collaborators minimize the
total effort required for an interaction, and we often allocate our attention to environmental
artifacts based on their ability to contribute to the overall task success [78]. This means that we
often preemptively reduce the cognitive resources we make available if their perceived benefits
don’t substantially impact our collaborative goals. The added frustration of having to search
unfamiliar environments [266] is clearly visible in our experiment. Specifically, the difficulty of
understanding remote environments in the first session caused experts using the Mapped interface
to only spend time comprehending the novice environment in the beginning of the task and opt
to revert back to verbal communication (indicated by the increased heterogeneity in utterance
patterns and the drop in significant differences of spatial references as well as qualitative insights)
for objects that weren’t found in this quick search. Experts who used UnMapped, on the other
hand, experienced a more seamless conversation with their novices that included non-verbal
acknowledgments because of their ability to use system guidance and their increased trust in it
the second time.

Therefore, while the increase in overall performance and decrease in task load with
repeated use indicate that all experts benefit from previous experience with the interface and the
task, having a familiar environment that was spatially-stable across sessions provided additional
benefits and heavily increased this effect. While it is difficult to isolate the impact of the
familiar space from the effects of having just any spatially-stable interface in our study, we

can reasonably predict that repeated use with varying novice environments is less disruptive
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with a stable peripheral space—even if it is one that doesn’t initially hold any meaning to
the expert. Experts can develop familiarity and spatial memory in any spatially-stable virtual
environment over time, making this approach a valuable way to reduce the cognitive burden
of understanding multiple remote environments when experts use collaborative MR systems
regularly. Additionally, these environments can be designed to be personalizable, allowing
experts to structure and progressively optimize their immersive interfaces to work better for

themselves.

7.8.3 Designing for Practical Use and Limitations

Despite the relatively straightforward benefits of our design approach on collaborator
experience, it is important to acknowledge the impact of technology on the practical implications
of our work and limitations of our experiment.

First, the relatively lower-fidelity live 3D view of the active space made a non-trivial
impact on user experiences. This could have impacted the self-reported questionnaire scores,
especially for experts who used the Mapped interface, since they compared the experience to
collocated communication more than experts who used the UnMapped interface. However,
since this feature was kept constant across conditions, our results still reliably indicate that
the UnMapped approach doesn’t introduce additional negative effects to collaborator experi-
ences. Moreover, our ability to provide real-time high-fidelity views will inevitably increase as
technology gets better [170].

Second, the ability to provide system guidance as a feature is fundamentally dependent
on technology like object tracking for tools in the novice’s environment. Having an interactive
static peripheral space also needs prior setup to curate the experts’ tools and environment based
on the tasks they are predicted to provide guidance for, with UnMapped requiring additional
personalization for experts. While we employed a WoZ approach for this, designers and system
developers can choose from a plethora of techniques like computer vision, infrared markers,

and RFID tags combined with machine learning or neural network architectures [127] to detect
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and classify complex objects in the real world. These techniques have already been used in
MR systems to track tools during physical tasks like engine components [201] and surgical
instruments [206, 233]. Similar methods can be used to detect and track domain-specific task
objects in the novice’s environment, and pair them with the tools in the expert’s virtual task
environment.

While this still requires computational resources and prior setup, a context-aware system
with system guidance tied to a static 3D view allows us to provide a fully immersive environment
while shifting the real-time complexity over from the network—where limited bandwidth and
delays will likely remain a constraint in our near future—to individual local environments. Doing
so also enables practitioners to choose the technology that best fits the needs of the task they are
supporting as different techniques allow for varying levels of fidelity and accuracy [261]. For
example, RFID tags provide a low-cost option that can cope well in a cluttered space [110] and
real-time vision-based tracking can be modified to be computationally frugal [198, 15]. It is,
however, important to note that the Mapped interface is more conducive to recovery if technology
fails with system guidance since experts can still make spatial references within the peripheral
space based on the static view if objects’ locations haven’t drastically changed.

Third, even if bandwidth wasn’t a constraint, our design approach would allow system
designers to use more computational resources to enhance and optimize the view and communi-
cation experience within the crucial active region of the task environment. Moreover, designing
around experts’ spatial memories made them more tolerant towards artifact distortions in the
recreated environment, and having this environment be their own workspace even introduced
positive effects on their level of comfort due to the familiarity of objects in their peripheral
vision. Additionally, while a VR interface allows experts to provide guidance from anywhere,
the UnMapped approach could potentially be implemented as an MR interface that experts could
use from within their physical workspaces as well.

Another factor to consider is that our experiment studies the impact of the peripheral

space being a familiar environment where experts have established spatial memories. We believe
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a majority of our results primarily reflect the impact of this spatial memory where experts
have preexisting knowledge of object locations in the UnMapped condition. While we did see
experiential benefits of their environment being a familiar space (like lower stress and added
comfort), we cannot reliably predict whether users would experience similar benefits without this
prior knowledge of object locations. There is, therefore, merit in further exploring the isolated
impact of familiar artifacts in the environment for remote collaborative tasks in the future.

We also acknowledge that our approach might not be suited for all types of physical
tasks like room-scale tasks where the active space is the whole environment, tasks that don’t
use domain-specific tools, or if experts don’t typically have a workspace where the spatial
relationships of objects are meaningful to them. This approach would also be less impactful if
novice environments don’t vary, or the skill gap between collaborators is negligible as novices
would already be familiar with the domain-specific tools used.

That said, remote collaborative systems are most impactful when local collaborators are
true novices, especially in emergency and resource-strapped settings. Designing interfaces that
ease participation for both experts and novices is thus crucial to extending our collective skills
and expanding the reach of expertise. The overarching goal of our work, therefore, has been
to examine the technology capabilities at our disposal to shape and explore effective design
approaches that we can take when building remote collaborative MR systems. With this paper,
we have added the Mapped and UnMapped approaches to the repertoire of possible design

choices that practitioners can use to decide what features a specific task setting calls for.

7.9 Conclusion

In this chapter, we introduced a new design approach for remote expert interfaces in
context-aware collaborative MR systems, and explored an immersive environment that leveraged
experts’ situated experiences in familiar workspaces as an alternative to recreating the complete

task environment. We designed and built the UnMapped prototype which allowed remote experts
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to work out of static 3D reconstructions of their personal workspace that embedded a live 3D
view of the active space within the novice’s task environment. Experts could also use virtual
replicas of task-relevant objects to communicate action and initiate system-generated visual
guidance cues that directed novices towards tools in their peripheral space. We also built Mapped,
an identical prototype that immersed remote experts in a static reconstruction of the novice’s
environment instead of their own workspace, and compared the effectiveness of UnMapped
against it on remote guidance for physical tasks overall and with repeated use of the system
through a 2x2 mixed factorial experiment.

Our results reveal multiple benefits of having a familiar and spatially-stable environment
where experts have preexisting spatial memories, and showcases how this makes it more con-
ducive for experts to use MR-mediated guidance systems as a routine part of their work practice.
Despite having a limited understanding of the novice’s environment, using the UnMapped inter-
face increased performance and communication efficiency, while reducing task load for both
experts and novices. UnMapped also allowed experts to focus their mental resources on the
shared active space and eliminated the need for visual search within the peripheral task space.
The paper also discusses the various benefits that providing remote experts with a familiar and
spatially-stable environment has on collaborator experiences and sustained use. Additionally,
through this work, we demonstrate the impact that considering users’ existing work practices
and strengths has on creating more usable and effective collaborative MR systems.

Finally, the UnMapped approach is one that offers high spatial presence without full
coverage of the task environment. In other words, it is, to the best of our knowledge, the first
interface for remote collaborative tasks that goes beyond recreating physical proximity while
still providing the rich communicative support required for it. The next chapter concludes this

dissertation and discusses the approach that made this possible.

184



Acknowledgements

We thank UC San Diego’s Design Lab and The Qualcomm Institute for providing the
space and helping with the logistics required to conduct this research. We would also like to
thank our participants for their valuable time, and for allowing us to access their personal spaces.
Finally, thank you to Jiju Johnson for lending us the scanning equipment used in our experiment.

This chapter, in part, includes portions of material as it appears in UnMapped: Leveraging
Experts’ Situated Experiences to Ease Remote Guidance in Collaborative Mixed Reality by Janet
G. Johnson, Tommy Sharkey, Iramuali Cynthia Butarbutar, Danica Xiong, Ruijie Huang, Lauren
Sy, and Nadir Weibel in the Proceedings of the 2023 CHI Conference on Human Factors in
Computing Systems. The dissertation author was the primary investigator and author of this

material.

185



Chapter 8

Conclusion

This dissertation conceptually and empirically explored how XR can support
remote collaborative physical tasks where an expert who is geographically sepa-
rated from the task environment could guide a novice present within it. In this
chapter, I summarize the work it presents. I also reflect on the research approach
it takes and discuss opportunities for future work that could benefit from it.

8.1 A Summary and Discussion

The recent advancements in XR brought about an opportunity to provide richer support
for collaborative physical tasks than was previously possible because MR facilitated the provision
of in-situ cues that enhanced novices’ ability to follow procedural guidance. When it came to
supporting the remote expert, immersive technologies allowed them to be immersed in a virtual
recreation of the task environment where they could engage with novices in ways that mirrored
how they would in the real world.

While recreating the experience of being present in the same physical space offers a
multitude of benefits to the collaborative experience, my interest in XR as a collaborative medium
stemmed from its ability to provide users with experiences that could go beyond the constraints of
what is possible in the real world. Incorporating this into the design of systems for collaborative
physical tasks in a substantial way, however, proved to be a uniquely challenging problem —
primarily because of how intricately tied to the task environment the communication required

for it is. Providing a view of the environment, in particular, is seen as indispensable to remote
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experts’ ability to provide effective guidance. Therefore, at the start of this dissertation, it was
unclear how we could break past the constraints of the physicality of the task, what an interface
that realized that vision would be, and how it could benefit the collaboration in a meaningful
way.

Motivated by these uncertainties, I aimed to take a human-centered approach to under-
stand how XR’s unique capabilities could be leveraged to create systems that ease the effort
required for remote collaborative physical tasks. My thesis statement claimed that leveraging
these capabilities to design information representations and communicative mechanisms that
minimize the environment awareness required for object-focused communication during remote
physical tasks would lead to more flexible collaborative environments without fully replicating
physical proximity. The research initiatives undertaken in this dissertation provided empirical
evidence and design strategies to support this thesis. Each chapter uncovered a piece of the
puzzle that expanded our understanding of the communication task and the design space of
what’s possible, and seemingly small steps came together to create the UnMapped interface
which offered an experience that felt fundamentally different from being collocated. Here, I will
summarize both our research approach and how each chapter contributed to my overall research
goal.

Given the complexities of the task and the many technological capabilities we have at
hand, there are always a plethora of interface possibilities and design paths that can be taken. A
key component of understanding how to expand the design space in meaningful ways is to first
have a humanistic understanding of the task at hand. Chapter 2 presented a conceptual framework
and a native model for collaborative XR that outlined collaborator needs and described how XR
could impact their situated experience. This framework gave us a sense of what technology could
achieve and established the theoretical foundations for subsequent research.

Chapter 3 then studied the utility of MR for novices during time-critical tasks by designing
and evaluating MR guidance cues for cardiopulmonary resuscitations against screenbound

instructions. The primary goal here was to understand whether MR’s spatial awareness and
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technology as it stands today offered enough support for novices to comprehend and act on
instructions for physical tasks. However, a secondary outcome of the work in this chapter was
that we now had an MR guidance cue designed to work with the limitations of technology that we
were confident could direct novices to objects in the task environment without external support.

Chapter 4, on the other hand, explored how the spatial and immersive capabilities of
XR could support remote experts in their ability to provide such MR guidance to novices
during emergency trauma surgery. While the interface designed here mirrored many of the
features we see in existing collaborative XR systems today, a realistic evaluation of this interface
being used during emergency surgery on perfused cadavers uncovered in-depth insights into
how these features impacted the collaboration. This chapter highlighted both the information
and communicative richness of the medium as well as the persistent challenges of sustaining
object-focused communication. It also brought to light how collaborator needs vary within
different regions of the task environment and offered empirical evidence for referencing being
the communication process most tied to the environment. This then prompted us to dig a little
deeper to understand how this critical communication process has been supported to date.

Chapter 5 presented a communication-focused overview of the design landscape of
existing XR-mediated collaborative systems based on the conceptual framework introduced
in this chapter. Looking at the research out there through a theoretical lens helped us break
down how the various research and design explorations in the field supported the different
communicative needs of physical tasks. More specifically, it helped us understand the two key
research gaps concerning referencing that could reduce the joint effort required for it.

Chapter 6 then explores the two opportunities identified to enhance support by referencing.
It leveraged MR’s spatial or environment awareness to both provide explicit representations for
the spatial information experts needed as well as explore the guidance cues evaluated in Chapter
3 to then be able to partially offload the communication of these references to the system itself.
This, in turn, allowed us to study the impact of offloading guidance on remote experts’ need for

spatial information in a controlled setting, which told us that we could provide a high level of
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support for physical task referencing without the experts needing extensive awareness.

All of our research efforts so far then came together in Chapter 7 to create an approach
that was designed based on remote collaborators’ varying needs within the task environment.
The ability to decouple views of the active and peripheral space then gave us the freedom to
swap out the peripheral space with a recreation of experts’ own workspaces with the UnMapped
interface — something that was only possible because it leveraged the insights from the previous
chapter. Additionally, the previous chapter evaluated being able to partially offload referencing
in a controlled manner that isolated the process. In contrast, the work in this chapter evaluated
the technique in a more ecologically valid manner where we could see how it would play out
in a more realistic task that involved all the other communication processes and complexities
typically seen during physical tasks. Moreover, in providing an interface that wasn’t fully tied to
the task environment, the research in this chapter was also able to explore how we could use the
immersive aspects of XR to work with the experts and make both single and repeated use of the
system easier.

Overall, the work in this dissertation provides a blueprint for how we can systematically
leverage emerging technology capabilities to reduce the effort it takes to partake in rich remote
collaboration. It also demonstrates the impact of considering users’ existing work practices and
strengths on creating more usable and effective collaborative MR systems. It is our hope that
this inspires researchers and practitioners to explore the different design choices that technology
affords to create rich collaborative experiences, even if it doesn’t fully recreate reality or mimic

how we collaborate with others in our physical spaces.

8.2 Looking forward

Continued research toward understanding and designing for the intricate challenges of
facilitating seamless collaboration at a distance is vital as distributed work environments become

more ubiquitous in an increasingly connected world. The impact of having better collaborative
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systems that make expertise more accessible to regions that don’t have it, in particular, cannot
be overstated — it holds the promise of transforming various industries and leveling the playing
field across the world by bringing knowledge and skills that were previously out of reach. For
example, real-time support from expert medical practitioners situated elsewhere can reduce the
healthcare disparities between the urban and rural world and reduce our reaction time during
natural disasters and emergencies. In general, effective remote collaborative systems allow many
industries to benefit from global expertise without the need for significant investments in physical
infrastructure and substantial environmental and fiscal costs towards travel. In this section, I
outline key research areas for building more sophisticated systems that can amplify support for

human collaboration.

Foundational Research for Physical Tasks

This dissertation focused on leveraging XR’s visual and spatial capabilities to enhance
support for object-focused communication. The last two chapters, in particular, revolved around
foundational research towards enhancing support for referencing, as it was identified as the
key communication process that could not occur without information from the environment.
However, the visualization of the current design landscape in Chapter 5 (Table 5.1) reveals many
opportunities to leverage XR’s various capabilities to enhance support for different collaborator
needs. Table 8.1 builds on this to visualize how the different capabilities of XR currently support
the various collaborator needs during physical tasks. For example, if you take a cell, say, [C1,N1]
that corresponds to capability C1 and need N1, the number in the cell indicates the number of
features that use capability C1 to support need N1. A darker shade indicates a higher frequency,
and the gaps in the table indicate possible research opportunities for the future.

This table showcases that even though MR environments have the capability to integrate
information that we perceive through senses other than our vision, these tend to be grossly
underused. For example, while environment awareness is primarily supported using visual

techniques, the tacit knowledge of many physical task experts often rely on other senses as
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Table 8.1. A visualization of the how different XR capabilities have been leveraged to support
the various communication needs.
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well — surgeons quite regularly rely on how a particular tissue feels during an operation, and car
mechanics often listen for certain sounds to help them diagnose an engine problem. Therefore,
incorporating and relaying relevant non-visual information to remote experts could optimize the

support level offered for certain tasks. Additionally, even simple tweaks to existing features, like
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having more spatial audio, could add to the realism and embodied nature of the collaborative
experience. In general, exploring the multi-modal nature of both XR and communication itself is
key to uncovering more of the promised potential for rich communication with the technology.
We also see a complete lack of support for acknowledgment and outlining strategy in
today’s collaborative XR systems. While being able to share external resources or use annotations
to provide context (like in Chapter 4) supports outlining strategy, we don’t offer any dedicated
support for it today. When it comes to acknowledgments, providing confirmations or even subtle
indications of confusion regarding each others’ actions is an aspect of communication often
taken for granted in collocated settings. Subtle behavioral cues like verbal backchannels, a nod,
or a smile help the conversation move forward smoothly. A possible future direction for research
could be to understand if MR’s understanding of user speech, head movements, and additional
body language can provide a channel for smoother acknowledgments in remote collaboration.
On that note, our research in chapters 6 and 7 showcased how some features can allow for
new forms of acknowledgment as well. Being able to trust that the system would direct novices
to the right task object reduced the need for expert acknowledgement and that communication
process became more implicit during the collaboration. UnMapped allowed for virtual replicas
to be used as a form of non-verbal acknowledgement. However, we were only able to uncover
these unexpected advantages of interaction techniques through in-depth evaluations of the
communication patterns and collaborator behaviors. Therefore, while it is crucial to engage in
foundational research that explores how XR’s unique capabilities can shape remote collaboration,
researchers should also ensure that thorough human-centered evaluations accompany it to
understand how the different features in this new medium play out in practice — helping us
understand the extent of support these features provide, when they can be leveraged, and the true

gaps that remain.
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Building for Sustainable Interactions

Collaborating over physical tasks from a distance, as we’ve seen, can be an extremely
taxing and physically demanding process. Therefore, if we are asking, say, an expert surgeon,
to engage in remote collaborative sessions with different novices as a regular part of their
work practice, we need to make sure we are designing systems and interactions that can be
sustained over time without inducing burnout or extensive fatigue. Designing systems tailored
or personalized for different users or user groups is a major research area that can reduce the
learning curve and make collaborative systems less frustrating to use for remote experts and
novices alike.

Another key research area that is severely under-explored today is the design of systems
that make repeated use easier. To the best of our knowledge, the UnMapped approach is the
only research effort where a primary design goal was to ease repeated use of the system. Future
research should, therefore, look towards building collaborative systems that are designed to
be easy to use over time and exploring how user behavior and work practices evolve when
collaborative XR systems are used for more than a few sessions. This will be crucial to ensuring
that we are moving towards more sustainable collaboration practices that eventually encourage
continued adoption, more productivity, and fewer errors as expertise and teamwork become
increasingly distributed.

While a majority of our work and the field as a whole focuses on exploring the immersive
and 3D nature of these technologies, they remain taxing to use today and aren’t always the most
practical option in a variety of scenarios. The cost of these technologies today also restricts it
from being one that can be ubiquitously distributed across the world. Chapter 6 in this dissertation
highlights how simple 2D representations like a map or list of task objects can offer substantial
support for complex communication processes like referencing without requiring immersion. It
is, therefore, just as important for future researchers to continue exploring 2D representations and

communication cues that enhance support for non-immersive remote users to ensure collaborative
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systems remain accessible and scalable in a variety of domains and scenarios.

Understanding Domain-Specific Collaborations

An aspect of this dissertation I’d like to highlight is that it would have been incredibly
difficult for us to isolate the difficulties of referencing and engage in the subsequent foundational
research for it without the domain-specific research that came first (especially in Chapter 4 with
trauma surgery). Given the nascent nature of the field, it is understandable how a majority of our
research efforts have gone towards building interaction techniques and mechanisms that would
work in a variety of scenarios. However, collaborative systems operate within specific social and
organizational contexts, and I believe the technology is at a turning point where we can observe
it in use for real tasks and generate insights that can advance collaborative XR systems further.

While more general research provides us with a good foundation to stand on, domain-
specific research allows us to understand the nuances, complexities, and challenges of different
tasks and foster an environment where specialized solutions can be developed. This means that
we can tailor approaches that optimize support for physical tasks in a variety of domains and
specific contextual factors — which in turn enables the design of systems that align with users’
existing work practices and expectations and ensures that we are maximizing the overall impact
these systems can have in their respective contexts. In addition to aligning to the intricacies of
each domain, domain-specific research also fosters meaningful innovation that would not have

otherwise been possible — acting as a catalyst for broader innovation in general.

8.3 Closing Remarks

In conclusion, the research in this dissertation lays the foundations for rich collaborative
experiences that go beyond the constraints of face-to-face interactions while making it easier and
more sustainable to scale real-world expertise. It offers a conceptual lens and specific design
ideas that empower practitioners to create collaborative XR systems that facilitate effective

communication and guidance during physical tasks. The work in this dissertation also expands
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the design space for collaborative XR and demonstrates how remote physical tasks can be
effectively supported without fully replicating physical proximity. By minimizing the experiential
overhead for collaborators and leveraging XR’s unique capabilities, these novel design choices
enhance task performance and communication efficiency and hold the promise of revolutionizing
how expertise is shared and accessed across different geographic locations. It is my hope
that the takeaways from this dissertation go beyond the specific features explored and speak
to the importance of taking a holistic, structured, and human-centered approach to creating
more thoughtfully designed collaborative systems that are adaptable and capable of supporting

evolving collaborative practices in the real world.
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Appendix A

Papers Reviewed

The following papers were reviewed and analyzed based on the conceptual framework
for the work presented in chapter 5.

[3,4,6,5,7,8,9,10, 13, 12, 11, 14, 17, 18, 21, 24, 25, 33, 32, 38, 39, 41, 42, 47, 48,
49, 61, 62, 64, 65, 70, 80, 81, 82, 85, 86, 92, 99, 98, 97, 101, 103, 104, 105, 116, 117, 119, 118,
131, 133, 134, 136, 135, 137, 138, 145, 145, 143, 142, 144, 150, 151, 153, 155, 164, 163, 159,
158, 162, 161, 160, 157, 165, 171, 172, 178, 181, 186, 185, 184, 194, 188, 189, 190, 187, 193,
192, 196, 199, 200, 205, 203, 207, 213, 225, 224, 235, 236, 241, 239, 238, 240, 246, 249, 250,
248, 251, 255, 258, 259, 305, 265, 267, 269, 271, 279, 281, 100, 291, 294, 292, 293, 295, 298,
302, 299, 303, 301, 304, 300, 306, 307, 308, 310, 312, 313, 317, 318, 325, 327, 329, 319, 320,
322,332,331, 324, 335, 338, 347, 348, 352, 353, 354, 355]
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Appendix B

Helper Task Instructions

The following pages are the instructions helpers received in the task for the experiment

outlined in chapter 6.
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TASK 1

You will be working together with your partner to complete a task.

Your partner has certain objects in their room (that they don’t
know of) that can be seen on the aid provided to you. You will be

guiding them to complete the task.

This task has two subtasks - please complete them in order

(sequentially).



SUBTASK 1 - PAIR MATCHING

Your task is to find pairs (objects with the same picture on them) among the objects

in your partner’s room and put them together.

e Each pair has one object with a black background and another object with a

white background.

e You must guide your partner to pick up the white object and place it next to a

black one.

There are 4 pairs.

If there are duplicate objects, you only need to move one.



SUBTASK 2 - OBJECT GATHERING

In your partner’s room there is a grid is made up of 6 numbers in the following order:

1 2 |3
41 5| |6

Your task is to help your partner find the following objects in the room

and place them in their respective positions on the grid.
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Appendix C

Cake Decorating Task

The following pages show the different steps involved in the cake decorating task for the

experiment outlined in chapter 7. The task object used is highlighted in blue.
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There is a cake layer on a turntable or
rotating cake stand.

Cut the cake in the middle using a serrated knife.




Add a layer of chocolate buttercream on top of
one half of the cake with a rubber spatula.

Stack the other half of the cake on top of the
one with buttercream.




Frost the cake with an offset spatula.
You can leave the straight side unfrosted.

Turn the top!

Use a fondant extruder to get a string of fondant
(a few inches long is fine). Place it on the right
side of the curved edge of the cake.




Use a rolling pin to flatten the fondant
ball into a sheet.

Use a llama cookie cutter to add a
fondant llama to the cake. Make sure the
fondant string is above its head.




Put the star piping tip on the piping bag
(unscrew the outer part of the coupler to do so)

Pipe 5 stars under the fondant string




Change the piping tip to the flower piping tip.
(unscrew the outer part of the coupler to do so)

Pipe grass under the llama’s feet




THE TASK IS DONE
Feel free to add more detail if you want.
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