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abstract

Collaboration is a cornerstone of human progress, with collective e orts leading to
outcomes that surpass what could be achieved individually. The term groupware
frequently used in early research in computer-supported cooperative work (CSCW),
refers to tools speci cally designed to support collaborative activities. Historically,
emerging technologies have been pivotal in advancing groupware research and
facilitating novel approaches to collaboration. For example, over the past three
decades, the Internet and related web technologies catalyzed a new era ofremote
collaboration Remote collaboration tools were indispensable during the recent global
pandemic, and they made remote work possible for a wide range of tasks. However,
this period also highlighted a gap in the tools available for remote collaboration in
jobs involving physical worksuch as manufacturing and healthcare.

In parallel, advances in robotic technology have resulted in collaborative robots,
or cobotsthat are highly capable and designed for safe interaction with humans in
shared spaces. Cobots present new opportunities for creating groupware, especially
in physical work contexts. Compared to other emerging technologies being explored
for similar purposes, such as augmented and virtual reality, cobots can uniquely
leverage their physical form to extend human ability in remote spaces. Thus, my
research explores this nascent and promising paradigm of robotic groupwarg¢hrough
the development and evaluation of a robotic camera system called Periscopéo sup-
port remoteand real-timehuman collaboration. In this dissertation, | contextualize
my research in scenarios where experts assist novices in manual assembly tasks.
Using the Periscopaystem, a worker performs manual tasks with guidance from
a remote expert who views the workspace through a camera mounted on a cobot
arm co-located with the worker. The dynamic view provided by the robotic camera
allows both collaborators to share task-relevant visual information and develop a
mutual understanding during the collaboration process.

This dissertation describes the design usage and applicationof the Periscopeys-
tem with the aim of characterizing a novel and promising point in the design space
of robotic groupware. First, | describe the system's design with an emphasis on
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the shared control of the camera by the worker, the expert, and the robot. Our
approach is key to leveraging the advanced capabilities of cobot platforms without
overwhelming users with the tool's complexity and allowing them to maintain
the desired level of control. Next, | describe a human-subjects study aimed at
understanding the promise of this shared camera control approach and the sys-
tem's ability to support remote collaboration. Qualitative insights from the study,
including patterns of use of the system's features derived from users' open-ended
and natural exploration of the system, o er a valuable understanding of collabora-
tive dynamics within this new paradigm of group work mediated by the  Periscope
system. Finally, | present a second human-subjects study that involved instructors
and trainers of technical skills in order to explore the potential of the Periscope
system for facilitating remote workforce training in manufacturing environments.
The qualitative insights from this study help characterize real-world applications
where a solution like Periscopenay be useful and where it may face limitations.

The work presented in this dissertation translates concepts from the CSCW and
robotics literature into an end-to-end, operational robotic groupware system and
delivers valuable contributions to both communities. For the CSCW community,
this research broadens the scope of work supported by groupware by leveraging the
unique capabilities of cobot platforms. For the robotics community, it demonstrates
the feasibility of a novel application of cobots and the potential for new paradigms
of collaborative work.



1 introduction

Collaboration is a cornerstone of human progress, with collective e orts leading to
outcomes that surpass what could be achieved individually. In 1984, Irene Greif
and Paul Cashman coined the term computer-supported cooperative wg@SCW)
to describe a research area concerned with the design and use of technologies to
support multiple individuals working together (Grudin, 1994). Greif, in her article

on the origins of CSCW (Greif, 2019), emphasized the need for a research area
distinct from human-computer interaction (HCI). This eld of CSCW research ex-
tends its inquiry beyond individual interactions with computers, and considers the
challenges and in uences that technology introduces to human-human interactions
within groups and organizations.

To understand some of these challenges and in uences examined in CSCW, let
us consider instant messaging through applications such as WhatsApp, Slack, or
Discord. Instant messaging is a well-established paradigm that has supportedand
shapednodern interpersonal communication. AwarenesgSchmidt, 2002) is a key
concept in this context. In instant messaging, awareness includes an understanding
of the activities, states, and intentions of others involved in a conversation. Cues
such as online statuses, typing indicators, and read receipts inform users about
the availability and responsiveness of others in the conversation. Another relevant
concept is conversational groundin¢Clark and Marshall, 1981), a process where indi-
viduals establish mutual understanding or common ground during communication.
Acknowledgments are one example of grounding. In face-to-face conversations,
people might nod or say “uh huh,” to signal that a phrase has been understood
and that the conversation can proceed. In messaging, this role is ful lled by digital
cues such as ahumbs-upemoji. However, the asynchronousature of messaging,
where individuals in a conversation need not be concurrently active, can disrupt
awareness and grounding. Ongoing research in CSCW aims to characterize such
complexities, for example, Warner et al. (2021) explore what support for editing
and deleting messages (asynchronous features) in instant messaging is necessary
and how this impacts people's awareness and grounding in communication.



Groupwaress a term frequently used in early CSCW research to describe tools
speci cally designed to support collaborative activities (Greif, 1988). Historically,
emerging technologies have been pivotal in advancing groupware research and
facilitating novel approaches to collaboration. For example, over the past three
decades, the Internet and related web technologies catalyzed a new era ofremote
collaboration Remote collaboration tools, such as those for video conferencing and
digital payments, were indispensable during the recent global pandemic and they
made remote work possible for a wide range of tasks, especially in the information
economy (Yang et al., 2022). However, this period also highlighted a gap in the
tools available for remote collaboration in jobs involving physical work,such as
manufacturing and healthcare (Sostero et al., 2020).

In parallel, advances in robotic technology have resulted in collaborative robots,
or cobotgsee the robot in Figure 1.1), that are highly capable and designed for
safe interaction with humans in shared spaces. While cobots have predominantly
found applications in automated task solutions (Michaelis et al., 2020), they present
new opportunities for creating groupware, especially in physical work contexts.
Compared to other emerging technologies being explored for similar purposes,
such as augmented and virtual reality (see Ens et al. (2019) and Schéafer et al. (2022)
for reviews), cobots can uniquely leverage their physical form to extend human
ability in remote spaces. Harnessing cobots as a platform to develop groupware
is particularly promising in the manufacturing domain, where their increasing
prevalence and acceptance position cobots as a key enabling technology for new
paradigms of work (Maddikunta et al., 2022).

In the context of enabling remote physical work, there is extensive research in
robotics on control paradigms and user interfaces for teleoperatiorfdescribed in
detail in Chapter 3), where robots are operated at a distance to enable remote explo-
ration and manipulation (Niemeyer et al., 2016). However, similar to the distinction
between HCI and CSCW, developing robotic groupwardor supporting collaborative
work necessitates considerations beyond the interactions between a robot and an
individual ( e.g.,the teleoperator). The prevailing focus on using cobots (and other
robot form factors) for automated solutions or individual interactions has resulted



in a lack of established principles for integrating robots into groupware design, ac-
companied by a limited understanding of the dynamics within groups when robots
are introduced (Sebo et al., 2020). Addressing this gap, our work draws from the
signi cant advancements in robotic teleoperation, but its methods and evaluations
distinctly prioritize the goal of supporting human-to-human collaboration.

The work in this dissertation is also informed by a CSCW application previously
explored in human-robot interaction (HRI) — the use of mobile telepresencebots
for facilitating remote interpersonal communication. This application is essentially
video conferencing through a telepresence robot. An interface allows the remote
user to control the movement of the robot and the positioning of its onboard cam-
era(s) to explore and understand the local user's surroundings and communicate
with them. These robots improve remote communication by providing a physical
embodiment (Rae et al., 2013a; Kuzuoka et al., 2000) that enhances the feeling of
presence or “being there” for the remote user, and improves the local user's sense
of the remote user's presence (Choi and Kwak, 2017).

There is a rich literature (described in detail in Chapter 2) on how telepresence
robots and interfaces should be designed to support communication between people.
However, these design choices are dependent on the form factor and capabilities of
the robot being used. For example, a prototypical telepresence robot is designed
to emulate face-to-face communication and often takes the form of a screen on
wheels that is roughly human-sized in height; the height may be adjustable to allow
the remote user to interact at eye level with the local user, who may be seated or
standing (Tsui and Yanco, 2013). Other robot form factors ( e.g.,a cobot arm) and
their unique capabilities ( e.g.,increased range of motion, dexterity, precision, and
repeatability) o er an underexplored design space of interaction techniques to
support a wider range of remote collaborative work that includes physical tasks.

Expanding on existing work in teleoperation and telepresence, this dissertation
explores a novel and promising point in the design space of robotic groupware.
This is realized through the development and evaluation of a robotic camera system
called Periscopewhich leverages the capabilities of cobot techonology to facilitate
remoteand real-timehuman collaboration on physical work. Periscope&nables a local



Figure 1.1: With Periscopga local worker completes an assembly task with guidance
from a remote helper who views the workspace through a robot-mounted camera.
The Periscopesystem facilitates remote collaboration by providing the worker and
the helper with shared visual information that enhances their verbal communication
and coordination processes.

user, engaged in physical work and co-located with a robotic arm, to collaborate
with a remote user who views the local workspace through a camera mounted on
the robot. The Periscopsystem facilitates collaboration by providing the worker and

the helper with shared visual information that enhances their verbal communication

and coordination processes (see Figure 1.1).

The Periscopesystem serves as a high- delity prototype to investigate an in-
teresting point within the design space of robotic groupware. This dissertation
describes thedesignprocess for creating the prototype, its usagen a user study
that preserves key elements of a natural collaboration scenario within a lab setting,
and its applicationto remote workforce training in manufacturing environments.
Through the design, usage, and application of the Periscopsystem, this dissertation
o ers insights into a novel point in the design space of robotic groupware, speci -



cally groupware built on cobot platforms and their potential for enabling remote
collaborative work. While there is plenty of exploration to be done to deepen our
understanding of this speci ¢ point and the broader design space, this disserta-
tion begins to establish a vocabulary and framework for more general-purpose
robot-supported collaborative work and lays the groundwork for how we can build

e ective robotic groupware.

The work presented in this dissertation translates concepts from the CSCW and
robotics literature into an end-to-end, operational robotic groupware system and
delivers valuable contributions to both communities. For the CSCW community,
this research broadens the scope of work supported by groupware by leveraging the
unique capabilities of cobot platforms. For the robotics community, it demonstrates
the feasibility of a novel application of cobots and the potential for new paradigms
of collaborative work.

1.1 Research Context

The design, usage, and application of groupware are inherently tied to the context in
which it operates (Neale et al., 2004). Thus, this section outlines the research context
that forms the foundation of the work presented in this dissertation. The described
context aims to strike a balance: guiding the tool's design towards addressing the
unigue needs and challenges of its speci ¢ context while remaining broad enough
for meaningful exploration of the tool's usage and application. The hope is that
the methods and insights derived from this research context will have broader
implications for other contexts, as discussed in Chapter 6, while remaining speci ¢
enough to guide the work in this dissertation.

Users

We focus on the simplest unit of collaboration, the dyad involving two individuals:
one localand one remote In this setup, the experiences of the two users di er, a detall
that will become more evident with the de nitions of the local and remote users



in 8Scenario. We do not impose any requirements regarding prior acquaintance
between the collaborators.

According to Lee and Paine (2015), increasing the number of collaborators, even
with modular and easily extensible technologies, inherently introduces complex
social dynamics and an increased cognitive burden (discussed further in the context
of collaboration loath Chapter 3). Thus, the dyad serves as a good starting point
for studying a new collaborative paradigm.

Task

Our focus on enabling physical work in manufacturing leads us to consider tasks
involving the manipulation of physical artifacts, such as wiring and assembly tasks.
In our setup, the localuser engages in physical work and has access to the physical
workspace, artifacts, and tools, while the remoteuser does not.

Scenario

In this work, we focus on the remote experscenario. Here, the local user engaged
in physical tasks has less expertise or knowledge compared to the remote user,
who o ers guidance to the local user. The remote experscenario was central to
early CSCW research (e.g.,Karsenty (1999); Fussell et al. (2000, 2003b); Kraut et al.
(2003)) and continues to be a popular area of research, for instance, in applications
of mixed reality (Ens et al., 2019). This provides us with a substantial body of
existing research to draw upon. Additionally, this scenario is a prevalent focus
in commercial applications such as Microsoft's Remote Assist! and Salesforce's
Visual Remote Assistant? to enable technicians doing physical work to connect with
remote experts. Based on thisremote experscenario, we can now de ne the roles of
the local and remote users.

Ihttps://dynamics.microsoft.com/en-us/mixed-reality/remote-assist/
2https://www.salesforce.com/products/visual-remote-assistant/



Local User: Situated in the physical workspace and performs work involving the
manipulation of physical artifacts; also referred to as the workeror student

Remote User: Situated in a di erent space without direct access to the physical
workspace and provides assistance and instruction to the local user; also referred
to as the helper expert or instructor.

Platform

This dissertation focuses on exploring the feasibility of using cobots as an enabling
technology for groupware. Thus, central to this work is a 6-degree-of-freedom
(6-DoF) cobot arm situated in the physical workspace of the local user. The use of
a 6-DoF cobot is crucial (as opposed to a lower-DoF cobot) as this range of motion
enables the cobot to reach a wide and continuous set of positions and orientations
within a 3D workspace. In this work, the cobot is stationary. The cobot is mounted
on caster wheels for manual repositioning, but its mobility is otherwise limited.

We augment the cobot with a camera that allows remote users to visually explore
the local workspace and establish awareness and common ground (Kraut et al.,
2003). While the inclusion of a gripper for remote manipulation was a viable option,
concerns regarding its safety in a collaborative setting led to its exclusion in the
initial exploration of this paradigm.

Time and Space

This work focuses on enabling remote(or distributed and real-time(or synchronou}y
collaboration (Johansen, 1988). Similar to the remote experscenario, there is a sub-
stantial body of existing research on real-time, distributed groupware in CSCW to
draw upon ( e.g.,Schafer et al. (2022)). In addition, this context appears particularly
well-suited for robots due to their capacity to extend people's abilities in remote
spaces and we can leverage advances in teleoperation research to achieve real-time,
remote control of robots.



Environment

The physical setup for this work is a tabletop workspace positioned approximately
within the reach of a cobot arm. While this setup is primarily constrained by the
robot's capabilities (reach and mobility), it re ects many realistic collaborative
environments. We speci cally focus on cluttered 3D workspaces, as the scale and
complexity of these environments can e ectively showcase the potential of a cobot
platform. Within this environment, there are various sources of visual information:
visible and manipulable objects utilized in task execution, and the worker's face,
hands, and body language (Fussell et al., 2003b).

This research context re ects a variety of real-life applications such as a student
in a lab course receiving assistance from a remote instructor, a technician on the
factory oor seeking instruction from a remote expert to troubleshoot a machine
issue, or a surgeon in a remote location providing guidance to a less experienced
surgeon during a complex medical procedure.

1.2 Thesis Statement

This dissertation explores a novel and promising point in the design space of robotic
groupware. My thesis statement is as follows: Robotic camera systems, as a form
of robotic groupware, can support human-to-human collaboration in remote
settings that involve physical tasks.

The Periscopeaystem described in Chapter 3 serves as a novel and operational
instantiation of the robotic camera system in the thesis statement. A key aspect
of the design of the Periscopesystem is ashared camera contrapproach where the
control of the camera is dynamically distributed between the local user, the remote
user, and the robot depending on task needs. By adopting this approach, we can
leverage the advanced capabilities of cobot platforms without overwhelming users
with the complexity of the tool. Simultaneously, this approach enables users to
maintain the desired level of control expected from a collaborative tool.



Chapter 4 provides qualitative insights derived from an exploratory evaluation
of the Periscopsystem in a lab study. These insights serve as evidence of the promise
of shared camera control and demonstrate the system's ability to support human-
to-human collaboration . The study was designed to encourage users to engage in
an open-ended exploration of the system's capabilities. This approach uncovered
realistic insights about the collaboration dynamics within this new paradigm of
group work mediated by the Periscopaystem.

Finally, in Chapter 5, qualitative insights derived from a second user study help
to characterize real-world remote settings that involve physical tasks where a
solution like Periscopénay be e ective and where it may face limitations. This user
study focused on understanding the application of Periscopé¢o remote workforce
training in manufacturing environments and engaged potential participants of this
application, such as engineering students, instructors from a technical college, and
trainers from a manufacturing company. The insights from this study suggest the
potential utility of robotic camera solutions for remote workforce training.

1.3 Research Methodology

At a high-level, this dissertation presents the design (Chapter 3), usage (Chapter 4),
application (Chapter 5) of the Periscopesystem. In each chapter, we employed
various techniques grounded in human-centered design.

Section 3.7 presents a discussion of the research methodology adopted for the
design of the Periscopesystem. Here, | outline the key elements. In Chapter 3, we
aimed to develop a Minimum Viable Product (MVP) (Ries, 2011) through a highly-
iterative design process inspired from the design sprintmethodology (Ban eld
et al., 2015; Knapp et al., 2016). This process involved iterating over ve phases:
understand, diverge, converge, build, and test. In the understandingphase, we
de ned our research context and identi ed needs by reviewing existing methods
and systems in research literature. During the diverging phase, we developed
various low- delity prototypes of a new feature to explore multiple solutions.
During the convergingphase, we selected the most promising solution based on
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