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abstract

Collaboration is a cornerstone of human progress, with collective efforts 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 specifically 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 of remote
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 work, such as manufacturing and healthcare.

In parallel, advances in robotic technology have resulted in collaborative robots,
or cobots, that 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 groupware through
the development and evaluation of a robotic camera system called Periscope to sup-
port remote and real-time human collaboration. In this dissertation, I contextualize
my research in scenarios where experts assist novices in manual assembly tasks.
Using the Periscope system, 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 application of the Periscope sys-
tem with the aim of characterizing a novel and promising point in the design space
of robotic groupware. First, I 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, I 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, offer a valuable understanding of collabora-
tive dynamics within this new paradigm of group work mediated by the Periscope
system. Finally, I 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 Periscope may 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.
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1 introduction

Collaboration is a cornerstone of human progress, with collective efforts leading to
outcomes that surpass what could be achieved individually. In 1984, Irene Greif
and Paul Cashman coined the term computer-supported cooperative work (CSCW)
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 field of CSCW research ex-
tends its inquiry beyond individual interactions with computers, and considers the
challenges and influences that technology introduces to human-human interactions
within groups and organizations.

To understand some of these challenges and influences 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 supported and
shaped modern interpersonal communication. Awareness (Schmidt, 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 grounding (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 fulfilled by digital
cues such as a thumbs-up emoji. However, the asynchronous nature 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.
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Groupware is a term frequently used in early CSCW research to describe tools
specifically 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 of remote
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 cobots (see 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 Schäfer 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 teleoperation (described 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 groupware for 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
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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
significant 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 telepresence robots
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) offer 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 Periscope, which leverages the capabilities of cobot techonology to facilitate
remote and real-time human collaboration on physical work. Periscope enables a local
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Local User

Local User’s Workspace

Robot-mounted
Camera

Remote User’s Interface

Remote User

Figure 1.1: With Periscope, a local worker completes an assembly task with guidance
from a remote helper who views the workspace through a robot-mounted camera.
The Periscope system 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 Periscope system 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 Periscope system serves as a high-fidelity prototype to investigate an in-
teresting point within the design space of robotic groupware. This dissertation
describes the design process for creating the prototype, its usage in a user study
that preserves key elements of a natural collaboration scenario within a lab setting,
and its application to remote workforce training in manufacturing environments.
Through the design, usage, and application of the Periscope system, this dissertation
offers insights into a novel point in the design space of robotic groupware, specifi-
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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 specific 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
effective 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
unique needs and challenges of its specific 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 specific
enough to guide the work in this dissertation.

Users

We focus on the simplest unit of collaboration, the dyad, involving two individuals:
one local and one remote. In this setup, the experiences of the two users differ, a detail
that will become more evident with the definitions of the local and remote users
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in §Scenario. 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 load in 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 local user engages in physical work and has access to the physical
workspace, artifacts, and tools, while the remote user does not.

Scenario

In this work, we focus on the remote expert scenario. Here, the local user engaged
in physical tasks has less expertise or knowledge compared to the remote user,
who offers guidance to the local user. The remote expert scenario 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 Assist1 and Salesforce’s
Visual Remote Assistant2 to enable technicians doing physical work to connect with
remote experts. Based on this remote expert scenario, we can now define the roles of
the local and remote users.

1https://dynamics.microsoft.com/en-us/mixed-reality/remote-assist/
2https://www.salesforce.com/products/visual-remote-assistant/

https://dynamics.microsoft.com/en-us/mixed-reality/remote-assist/
https://www.salesforce.com/products/visual-remote-assistant/
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Local User: Situated in the physical workspace and performs work involving the
manipulation of physical artifacts; also referred to as the worker or student.

Remote User: Situated in a different 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 synchronous)
collaboration (Johansen, 1988). Similar to the remote expert scenario, there is a sub-
stantial body of existing research on real-time, distributed groupware in CSCW to
draw upon (e.g., Schäfer 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.
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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 reflects many realistic collaborative
environments. We specifically focus on cluttered 3D workspaces, as the scale and
complexity of these environments can effectively 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 reflects 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 floor 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 Periscope system 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 Periscope system is a shared camera control approach 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.
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Chapter 4 provides qualitative insights derived from an exploratory evaluation
of the Periscope system 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 Periscope system.

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 Periscope may be effective and where it may face limitations. This user
study focused on understanding the application of Periscope to 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 Periscope system. 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 Periscope system. Here, I 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 sprint methodology (Banfield
et al., 2015; Knapp et al., 2016). This process involved iterating over five phases:
understand, diverge, converge, build, and test. In the understanding phase, we
defined our research context and identified needs by reviewing existing methods
and systems in research literature. During the diverging phase, we developed
various low-fidelity prototypes of a new feature to explore multiple solutions.
During the converging phase, we selected the most promising solution based on
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rapid testing. The building phase saw the development of a higher-fidelity prototype,
and the testing phase focused on integrating and validating this new feature within
the existing system. We cycled through these stages multiple times to develop an
MVP. Upon establishing an MVP, we shifted our focus to refining the entire system
to make it operational.

Section 4.2 presents an in-depth motivation for the methodology that we adopted
to understand system usage. Here, I outline the key elements. Chapter 4 describes
a user study where participants were recruited to interact with our operational
system. Our study design drew inspiration from the principles of experimental
simulations (Neale et al., 2004) and aimed to maintain key elements of a natural
collaboration scenario within a laboratory setting. Experimental simulations allow
for repeated observations in a controlled environment while reflecting the context
in which the system is intended to be used. The study’s design also incorporated
the concept of formative-qualitative-opportunistic evaluation (Twidale et al., 1994).
Formative evaluations focus on assessing the interaction design (user experience
while engaging with the system) rather than the system itself. Opportunistic eval-
uations allow users to explore the system in an open-ended and natural manner.
Our empirical findings about system usage are rooted in qualitative data, such as
conversations between collaborators and observed actions, gathered during our
formative evaluation of users’ opportunistic use of the Periscope system.

Section 5.2 presents the rationale behind the research methodology that we
adopted to understand the application of a solution like the Periscope system in
real-world settings. Here, I outline the key elements. Chapter 5 describes a user
study in which the participants were potential real-world users of our proposed
paradigm, such as engineering students, instructors from a technical college, and
trainers from a manufacturing company. This type of study design is reminiscent
of participatory research, which uses “systematic inquiry in direct collaboration with
those affected by an issue being studied for the purpose of action or change” (Vaughn
and Jacquez, 2020). We used critical reflections from participants on the utility of
the system to characterize usage contexts related to remote workforce training in
manufacturing environments where a robotic camera solution may be useful or
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face limitations. This process of characterization draws inspiration from context of
use analysis (Maguire, 2001a). We employed the Periscope system as a technology
probe (Hutchinson et al., 2003) to provide participants with hands-on experience
and inspire discussion on the real-life opportunities and implications of our work.

1.4 Contributions
This dissertation makes the following contributions:

• Survey — a review of state of the art in HCI, CSCW, HRI, and robotics literature
relevant to using collaborative robots as enabling technology for groupware
(Chapter 2, Section 3.2).

• Design — the shared camera control approach and a set of design goals to
realize this approach (Chapter 3).

• System — Periscope, an operational robotic camera system that is an instantia-
tion of shared camera control with user interactions, autonomous behaviors,
and arbitration policies designed for a specific context of use (Chapter 3).

• Method — an experimental paradigm to study the usage of a system while
preserving key elements of a natural collaboration scenario (Chapter 4).

• Data — empirical observations on system use and their contribution to the
design goals (Chapter 4).

• Method — an experimental paradigm to study the potential utility of a sys-
tem by employing it as a technical probe and eliciting participatory critique
(Chapter 5).

• Data — a reflective characterization of usage contexts related to remote work-
force training in manufacturing environments where a robotic camera solution
may be useful or face limitations (Chapter 5).

• Dataset — video recordings that exemplify human-human interaction medi-
ated by a robotic camera system (Chapter 4, Chapter 5).
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1.5 Overview of Dissertation
The remainder of this dissertation is organized into five chapters. Chapter 2 provides
relevant background related to models and frameworks on collaboration, as well
as technology that supports collaborative work. Chapter 3 presents the design and
development of the Periscope system, addressing the central challenge of designing
control mechanisms and policies that ensure effective utilization of a cobot within a
robotic camera system. Both Chapters 4 and 5 present human-subjects research and
are organized similarly. Chapter 4 presents an evaluation of the Periscope system
in a lab study to understand the promise of the shared camera control approach
in facilitating remote collaboration. Chapter 5 presents a user study exploring the
potential application of a robotic camera solution in supporting remote workforce
training in manufacturing environments. Finally, Chapter 6 provides a general
discussion about the work in the previous chapters, including the significance and
limitations of the work and directions for future research on robotic groupware.
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2 background

This section provides background from the CSCW and HRI literature relevant to
the concept of using robots as enabling technology for groupware. In Section 2.1,
I discuss models and frameworks on collaboration and provide a brief review of
collaborative systems that do not include robots. In Section 2.2, I discuss prior work
that has explored the integration of robots into collaborative systems.

Chapters 3–5 provide further background and related work specific to the design,
usage, and application of a prototype robotic groupware system.

2.1 Collaboration and Collaborative Systems
This section provides relevant background that defines and characterizes collabora-
tion and groupware, highlights the need for shared visual information for successful
collaboration, and offers a brief review on technology that supports collaboration.

Terminology

Although the terms coordination, cooperation, and collaboration are frequently used
synonymously and are related concepts, they refer to distinct processes in the
CSCW literature. Shah (2014), in his book on collaborative information seeking,
proposed a model that distinguishes these terms. The model includes five processes:
communication, contribution, coordination, cooperation, and collaboration, with each
process being supported by its preceding processes. Below, I will present an example
in the context of a group chat on a messaging application for each definition from
Shah (2014) for the five processes.

Communication: This involves the process of “sending or exchanging information.”
For example, sending a message to inform the group about an upcoming event,
which could lead to some coordination of activities in the future.
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Contribution: This is a process by which “individuals help each other in achieving their
personal goals.” For example, if someone in the group chat asks about interesting
events on the weekend, one could contribute by sending information about an
upcoming event (communication) to fulfill the person’s request for information.

Coordination: This process involves “connecting different agents together for a har-
monious action.” For example, within a group, an individual holding a ticket for
an upcoming event, which they cannot attend, may choose to offer it to another
person (contribution), and so the two individuals may coordinate a suitable time
and place for the ticket handover.

Cooperation: In this process, “different agents with similar interests take part in
planning activities, negotiating roles, and sharing resources to achieve joint goals” while
adhering to “some rules of interaction.” Central to cooperation is the pursuit of
joint goals, which distinguishes it from previous processes. For example, a group
cooperates to organize a birthday celebration. Each member is assigned a specific
task related to decorations, food, or music and works relatively independently, but
in harmony, towards the joint goal of a successful event.

Collaboration: This process involves “creating a solution that is more than merely the
sum of each party’s contribution.” Collaboration often involves several cooperative
acts. Collaboration is characterized by a high level of interdependence and shared
ownership of the process and the outcomes. For example, when organizing the
birthday celebration, collaboration (in contrast to cooperation) would involve a
more collective approach where tasks are not just divided but also discussed, ad-
justed, and executed as a group.

The purpose of presenting these definitions is not solely to discuss their semantic
distinctions but also to highlight that groupware can facilitate a spectrum of inter-
dependent group work. Higher levels of interdependence in group work demand
more complex tools that can support collective efforts towards a shared goal.
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Frameworks

There are various frameworks in CSCW that are useful for describing collaborative
situations and the systems that support them. Johansen (1988) introduced the
time-space matrix to characterize groupware. This matrix categorizes groupware
into four quadrants based on time (whether people work together at the same time
or different times) and space (whether people work together in the same place or
different places). The focus of the work in this dissertation lies in the quadrant
of the matrix that corresponds to distributed (or remote; different places) and
synchronous (or real-time; same time) collaboration.

However, time and space alone cannot fully capture the nuances of collaborative
scenarios. Andriessen (2012) expanded the time-space matrix by incorporating the
types of processes that the technology supports, including communication, coordi-
nation, and cooperation. Lee and Paine (2015) proposed a Model of Coordinated
Action, encompassing seven dimensions including group size and whether the
group work is intended to be short-term or long-term. Thoravi Kumaravel and
Hartmann (2022) introduced the concept of an extended collaborative space to the
time-space matrix to account for mixed reality environments where people may
work in physical or virtual spaces. These more sophisticated models of collabo-
rative activity help us understand the factors that affect the design and impact of
groupware. The remainder of this subsection introduces two concepts critical to
the design of groupware: awareness and control.

Awareness: Situation awareness theory by Endsley (1995) defined three levels of
awareness: perception of relevant elements of the environment, comprehension of these
perceived elements, and projection of the future states of these elements. Workspace
awareness is a specialization of situation awareness tailored to real-time collaborative
workspaces by Gutwin and Greenberg (2002). In collaborative settings, individuals
create and sustain awareness to determine the current state of work and anticipate
others’ actions. Groupware design requires the determination of what awareness
information is relevant to the collaborative work, how to obtain it, when and where
it is required, and how to display it.
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Control: Rodden and Blair (1991) highlighted the importance of control in group-
ware. Control refers to the management of collaborative activities and coordination
among users. For example, Aditham et al. (1997) described several control policies
addressing situations where a user seeks a resource currently held by a different
user. One policy (called explicit-implicit) allows the user to explicitly request the
resource, leading the system to automatically grant it by revoking it from the current
holder. Another policy (called implicit-explicit) involves the system autonomously
detecting the need for the resource and formally requesting it from the current
holder. Explicit control grants users the ability to modify the coordination of group
activities, whereas implicit control involves coordination by the system dictated
by its rules. Rodden and Blair (1991) noted that collaboration on unstructured
problems likely required more flexible control compared to routine, prescriptive
tasks. He also suggested the potential for a dynamic distribution of control among
participants and the system.

Chapter 3 provides additional background on awareness and control to motivate
the design of awareness support and control mechanisms in the Periscope system.

Shared Visual Context

According to Ellis et al. (1991), groupware should provide an interface to a shared
environment — a space accessible to all group members where they can interact and
work together. Systems for distributed work can also create shared digital spaces
for interaction. For instance, a shared document in a collaborative editor serves as
a shared environment with the necessary features to facilitate collaboration, such
as simultaneous editing, real-time updates, and version control. This document
also provides users with a shared visual context by allowing them to access and view
the same visual information simultaneously. Shared visual context is task-relevant
visual information that collaborators have in common to augment their verbal
communication1 and improve collaborative outcomes (Fussell et al., 2000).

1In the activities within our research context (as described in Section 1.1), verbal communication
is the primary medium through which information is exchanged (Flor, 1998; Kraut et al., 2003).
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Previous research (Tang, 1991; Daly-Jones et al., 1998; Flor, 1998; Kraut et al.,
2003) emphasizes the critical role of shared visual context for successful collabora-
tion. The findings from these studies suggest that people use shared visual context
for two coordination processes: situation awareness and conversational grounding.
According to situation awareness theory by Endsley (1995), shared visual infor-
mation helps people to establish an up-to-date mental model of the state of the
task, the environment, and their partner, which can help the pair to plan future
actions. According to conversational grounding theory by Clark and Marshall
(1981), shared visual information supports verbal communication by providing
an alternative and rich source of information that contributes to the development
of a mutual understanding between collaborators, resulting in more efficient con-
versation. When collaborating on physical artifacts, shared visual information can
particularly help the pair achieve joint attention (Bruner, 1995), where they have a
shared focus on an object.

Enabling Technologies

Systems that support remote collaboration facilitate the sharing of visual context to
enable effective cooperation and communication between users (see Druta et al.
(2021) for a review). This subsection presents a brief review of technologies that
enable visual information capture, visual information display, and communication
cues in non-robotics groupware that support two remote users seeking to accomplish
synchronous collaboration over physical artifacts. The work in this dissertation
draws from the design choices made in these systems and I discuss relevant op-
portunities and challenges associated with different technologies for providing a
shared visual context between collaborators. Prior work that has explored how
robotic technology can facilitate remote collaboration is discussed in Section 2.2.

Technologies for Visual Information Capture: Prior systems have used fixed-
view cameras (Fussell et al., 2000, 2004; Kirk et al., 2007), head-mounted cam-
eras (Fussell et al., 2003a; Johnson et al., 2015a; Gupta et al., 2016), shoulder-
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mounted cameras (Kurata et al., 2004; Piumsomboon et al., 2019), hand-held cam-
eras (Gauglitz et al., 2012; Sodhi et al., 2013; Marques et al., 2022), multiple cameras
(Gaver et al., 1993; Fussell et al., 2003a; Giusti et al., 2012; Rasmussen and Huang,
2019), pan-tilt-zoom (PTZ) cameras (Ranjan et al., 2007; Palmer et al., 2007), 360◦

cameras (Kasahara et al., 2014; Piumsomboon et al., 2019) or depth cameras (Ad-
cock et al., 2013; Teo et al., 2019) to capture visual information about the workspace.
These sensors and additional eye-tracking or head-tracking technology may also
be used for capturing information about the worker or helper (Gupta et al. (2016);
Tecchia et al. (2012); Wang et al. (2019); see Xiao et al. (2021) for a review).

Early remote collaboration systems mostly relied on views from fixed cameras
or worker-worn cameras (e.g., head-mounted or hand-held cameras), which the
helper could not modify independently. These approaches can disrupt collaboration
because the helper has to repeatedly interrupt the worker while they are performing
task-related activities and direct them to change the view. Recent research focuses
on enabling the helper to independently view the workspace via remote control of
physical cameras (e.g., PTZ cameras) or virtual cameras (e.g., in 3D reconstructed
workspaces). Although this approach increases the system’s complexity, granting
the helper control over the view enables them to have diverse and independent
views of the workspace.

Technologies for Visual Information Display: Prior systems have used 2D views
(Fussell et al., 2000, 2004; Kirk et al., 2007; Ranjan et al., 2007), 3D views (Adcock
et al., 2013; Gauglitz et al., 2014), 360◦ views (Kasahara et al., 2014; Lee et al., 2017),
Virtual Reality (VR) (Tecchia et al., 2012), Augmented Reality (AR) (Sodhi et al.,
2013; Johnson et al., 2015a; Gupta et al., 2016), Mixed Reality (MR) (Oda et al.,
2015; Thoravi Kumaravel et al., 2019; Piumsomboon et al., 2019; Teo et al., 2019; Bai
et al., 2020), and projected AR (Gurevich et al., 2012; Machino et al., 2006; Speicher
et al., 2018) for the display of shared visual information (see Ens et al. (2019) and
Schäfer et al. (2022) for a reviews). AR and projected AR are typically used for
situated information display to the worker who handles the physical artifacts.
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VR, AR, and MR solutions provide users with a highly immersive experience.
However, high-quality virtual reconstructions can be difficult to update in real-time,
require significant bandwidth, and may lack the fine and dynamically changing
details that are necessary for many physical tasks. In such scenarios, live 2D or 360◦

video may be superior. Additionally, these approaches can be mixed together (Teo
et al., 2019) to leverage the benefits and reduce the drawbacks of each approach.

Technologies for Communication Cues: The primary communication channels in
remote collaboration systems are typically verbal and visual. Additionally, Fussell
et al. (2004) recommend that gestures used by helpers should be captured by
collaboration systems to support referential communication. These gestures may be
captured through vision-based or IMU-based hand tracking (Bai et al., 2020; Tecchia
et al., 2012; Teo et al., 2019) or specified through annotations (Fussell et al., 2003c;
Kim et al., 2013; Gauglitz et al., 2014). The gestures are then relayed to the worker
by overlaying graphics on the shared view. This includes 2D graphic overlays on
2D views, 3D graphic overlays in MR, and projections onto the physical world
in projected AR. Prior works have found improved collaborative outcomes when
gestures are combined with visualizations of the helper’s eye gaze (Bai et al., 2020;
Akkil et al., 2016), the worker’s eye gaze (Gupta et al., 2016; Sasikumar et al., 2019),
or viewing direction (Higuch et al., 2016; Otsuki et al., 2018). Other interesting
communication cues include virtual replicas of task objects (Oda et al., 2015) or
human avatars to provide non-verbal cues in MR (Piumsomboon et al., 2018).

2.2 Robots in Collaborative Systems
Prior work has explored how robots can help capture and display visual information
and communication cues to facilitate remote collaboration. Early work by Kuzuoka
et al. (1994) demonstrated that granting the helper independent control of a 3-DoF
robotic camera enabled the helper to explore 3D workspaces and examine physical
artifacts from various angles. More recently, Feick et al. (2018) used a robotic
arm to reproduce orientation manipulations on a proxy object at a remote site. In
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this setup, when a remote user manipulated a physical object, the manipulations
were mirrored with a proxy object held by a robot arm for the local user. While
this solution improves the local user’s spatial understanding of the object, the
method is hard to scale beyond one object. Gurevich et al. (2012) and Machino
et al. (2006) designed systems that used a robot-mounted camera and projector (to
capture the workspace and project on top of it), and showed that the mobility of
the system improved collaborative outcomes. Sirkin and Ju (2012) and Onishi et al.
(2016) explored the use of a robotic arm to display gestures such as pointing to and
touching remote objects but not to capture any information about the workspace.

Telepresence robots make up a special case of robots designed to support col-
laboration by emulating face-to-face communication in a remote setting. The pro-
totypical telepresence robot is a screen on wheels that is roughly human-sized in
height with a camera and microphone. An interface will typically allow the remote
user (in rare cases such as Rae et al. (2013a), the local user) control over the move-
ment of the telepresence robot and the positioning of the cameras. These robots
improve collaborative outcomes through the provision of 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). Traditional telepresence work has typically
resembled video conferencing through a telepresence robot, but more recent work
is exploring the integration of extended reality (AR, VR, MR) with telepresence
robots to create blended spaces that combine live video and virtual spaces for more
immersive collaboration (Jones et al., 2021; Sakashita et al., 2023).

There is a rich literature (e.g., Kratz and Rabelo Ferriera (2016); Kiselev et al.
(2014); Rae et al. (2013b, 2015); Vartiainen et al. (2015); Johnson et al. (2015b);
Stahl et al. (2018)) on how telepresence robots and interfaces should be designed to
support communication between remote users. Typically, in this body of work, the
robot’s embodiment is strongly tied to the remote user and is designed to be their
surrogate in the local workspace. For example, Tsui and Yanco (2013) recommend
an adjustable height for the robot (or camera) to enable the remote user to interact
at eye level with the local user, who may be seated or standing. Furthermore, Rae
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et al. (2013b) found that, similar to human-human communication, the robot’s
height can influence how much authority is exhibited by the local user.

Researchers have also explored other form factors for telepresence robots, such
as drones (Sabet et al., 2021; Zhang et al., 2019) or tabletop robots (Adalgeirsson and
Breazeal, 2010; Sakashita et al., 2022). While these systems are typically designed
for interpersonal communication, some recent works (Villanueva et al., 2021; Li
et al., 2022) have addressed the use of tabletop robots for supporting collaboration
in remote physical tasks. Villanueva et al. (2021) designed a tabletop robot that
can be controlled by a remote instructor to provide in-situ advice on basic electrical
circuitry to students. Li et al. (2022) used a swarm of tabletop robots with cameras to
allow several remote persons to view physical skill demonstrations by an instructor.
The remote audience members can view the workspace through automatic and
manual navigation of the robots and the instructor can physically move the robots
for camera repositioning.

There is a growing area of research within HRI that studies robots functioning in
groups. In their review of this work, Sebo et al. (2020) exclude the types of robotic
systems discussed in this subsection and instead focus on scenarios where at least
two locally present people are interacting simultaneously with an autonomous robot.
The exclusion is based on the rationale that the robots in the systems discussed above
primarily serve as tools rather than operating as autonomous agents. Nevertheless,
this line of research can provide insights into how robots, when integrated into
group settings, can influence human-to-human interactions.

2.3 Chapter Summary
Groupware can facilitate a spectrum of interdependent group work. Complex
collaborative scenarios, such as remote expert guidance for physical tasks (as de-
scribed in §1.1) demand sophisticated tools capable of supporting users’ awareness
needs in a shared environment. A critical aspect of this support is facilitating the
sharing of visual context. Prior works have achieved this through various enabling
technologies, including robots. These works provide valuable insights, including
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the observation that granting helpers control over the view enables them to have
diverse and independent views of the workspace, and that collaborative systems
should support referential communication.

However, many prior works focus on supporting interpersonal communica-
tion, which has simpler awareness needs, or they involve relatively uncluttered
workspaces with short, structured tasks. These scenarios do not reflect the complex
and dynamic real-world context of using groupware to support physical work. This
gap highlights the potential for cobot platforms. In existing work, extended reality
applications have emerged as some of the most promising solutions for scenarios
similar to what we explore in this work. However, cobots, with their capability of
leveraging their physical form to extend human ability in remote spaces, offer novel
ways to facilitate collaborative efforts.

This dissertation contributes to the understanding of how and where a highly
capable cobot platform can be constructively integrated into a collaborative system.
The introduction of more sophisticated tools, including cobots, also introduces an
increased complexity in user interactions. It is crucial to avoid overwhelming users
with this complexity. Therefore, Chapter 3 focuses on the design of control mecha-
nisms and policies for these cobots to ensure that they can be utilized effectively
without overburdening users, while still providing them with the desired level of
control. Chapter 4 provides insights into whether these control mechanisms suc-
cessfully facilitate the sharing of visual context, thereby supporting the awareness
needs of complex, interdependent group work. Finally, Chapter 5 characterizes
real-world scenarios where cobot solutions may be particularly beneficial or face
significant challenges.
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3 design of the periscope system

This chapter describes the design and development of the Periscope system. It
addresses the central challenge of designing control mechanisms and policies to
ensure that the cobot can be utilized effectively within a robotic camera system. In
this chapter, I motivate this central challenge, review key prior work in CSCW and
robotics that informed our design decisions, present design goals that guided our
design process, provide details about our system (including the control mechanisms
and policies that we developed), and reflect on the design process. This chapter
includes research from previously published work in Praveena et al. (2023c) and
Meng et al. (2023).

3.1 Motivation
Remote collaboration on physical tasks is valuable in scenarios such as experts
assisting novices with manual assembly or repair tasks, particularly when it is
inconvenient, time-consuming, or expensive to travel and assist someone in person.
For example, a field technician might seek guidance from an expert to repair a wind
turbine; an expert might provide training to car mechanics on how to repair a new
engine model; or an astronaut might get help from ground control to maintain
critical infrastructure on the space station. Such scenarios typically involve a local
“worker” manipulating physical artifacts with guidance from a remote “helper.”

The helper views the workspace through one or more cameras, which may
be fixed or movable. Ideally, the helper is able to observe various key sources of
information including the worker, the task objects, and the environment (Gutwin
and Greenberg, 2002; Kraut et al., 2003). Additionally, the requirements on these
views may change over the course of the task (Fussell et al., 2003b). For example,
the helper monitors the worker’s actions during assembly, recognizes incorrect
actions, and intervenes with new instructions, which requires looking at task objects
while attempting to identify the component required for the next step. Finally, the
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helper may need to examine artifacts in the workspace from various angles, such
as the interior of a drawer or the top of an object, and at varying levels of detail,
such as a close-up view to see fine details or a wide-angle view to see more context
(Kuzuoka et al., 1994). A core challenge for technologies that facilitate remote
collaboration is providing the helper with diverse, informative, and task-relevant views,
which is not only critical for the helper to maintain awareness throughout the task
but also for the helper and the worker to develop a shared understanding during
the collaboration process (Fussell et al., 2000).

The focus of recent research on remote collaboration in HCI and CSCW has been
on Virtual Reality approaches that give the helper the freedom to independently
explore a reconstructed version of the worker’s environment using a virtual camera
(see Schäfer et al. (2022) for a review). These reconstructed workspaces can afford
a high level of immersion and viewpoint flexibility, but they lack the dynamically
changing details that are necessary for real-time collaboration. Other approaches
involve cameras that stream directly from the real world, providing dynamic infor-
mation from the task environment. However, these cameras are often limited to
fixed viewpoints or viewpoints controlled solely by the worker (e.g., a head-worn
camera), which can impede collaborative processes such as monitoring task status,
observing worker’s actions and comprehension, establishing joint attention, and
formulating messages (Fussell et al., 2000, 2003a). One potential solution that
combines a high level of viewpoint flexibility and real-time, dynamic information
through a live stream is the use of robotic cameras.

Modern collaborative robot, or cobot, platforms, augmented with cameras, can
move with many degrees of freedom (DoF), supporting precise camera control for
complex tasks and environments while maintaining safety for co-located human
interaction. Despite their potential, such robots with high kinematic capabilities
have rarely been utilized in robotic camera systems that support remote collabo-
ration (Druta et al., 2021). Giving the helper direct control of a high-DoF robotic
camera presents challenges related to designing control schemes that meaningfully
link the user’s inputs to robot movements. Controlling a low-DoF camera, such as
a pan-tilt camera, is relatively simple with 2D controls that are directly mapped to
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the camera’s movement. However, applying such methods to controlling a high-
DoF camera in order to obtain precise views, such as looking into a drawer, is not
straightforward to implement, as it requires mapping the helper’s view intent to the
camera’s full 6-DoF pose (position and orientation). On the other hand, autonomous
camera control, particularly determining what the robot should be looking at at any
given time during the collaboration, is an open question. In this work, we address
the challenge of designing direct and autonomous camera control that enables the
use of high-DoF robotic cameras for remote collaboration.

Prior literature suggests that both the helper and the worker may require control
of the camera view at different points of the collaboration process, such as to provide
guidance or ask questions (Mentis et al., 2020; Lanir et al., 2013). Therefore, a robotic
system for remote collaboration must permit both the helper and the worker to
modify the camera view. However, moving the camera is only a secondary activity
for the helper and the worker, whose primary goal is to complete a collaborative
physical task. Offloading some of the camera control to an autonomous robot can
allow collaborators to devote more of their attention to the primary goal (Rae et al.,
2014). Thus, the system should allow the robot to assume part of the workload of
camera control by making autonomous adjustments to the camera view as needed
while also allowing control of the view by the helper and the worker. We call this
approach shared camera control (based on a robot control paradigm called shared
control (Losey et al., 2018)) and investigate how robotic camera systems can leverage
this approach to offer new capabilities to CSCW through the design, development,
and evaluation of a prototype system called Periscope (see Figure 3.1).

The Periscope system supports a worker in completing physical tasks with remote
guidance from a helper who observes the workspace through a robot-mounted cam-
era. The camera view is displayed on a screen interface for both the worker and the
helper, enabling them to share task-relevant visual information and develop a mu-
tual understanding during the collaboration process. We design camera controls to
empower both the helper and the worker to independently control the view depend-
ing on the needs of the task, but also allow the robot to assist and reduce their effort.
Our system is centered around five design goals: (1) versatility to support camera
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Figure 3.1: The design of the Periscope system incorporates a shared camera control
approach in which the worker, the helper, and the autonomous robot all contribute
to camera control depending on task needs. Through shared camera control, we
tackle the challenge of simplifying control of a high-DoF robotic camera and pro-
viding users with diverse, informative, and task-relevant views.

views for various task activities; (2) intuitivity to simplify camera control for users
through intuitive mappings and autonomous behaviors; (3) dual-user interactivity
to allow both the helper and the worker to modify the camera view; (4) congruity
to arbitrate user interactions and autonomous behaviors to reach consensus; and
(5) usability to support general communication and functional requirements. To
balance these five design goals, we designed three modes that uniquely distribute
camera control among the worker, the helper, and the autonomous robot. These
modes serve as an initial point of inquiry for understanding the promise of shared
camera control for facilitating remote collaboration. Through shared camera control,
we tackle the challenge of simplifying control of a high-DoF robotic camera and providing
users with diverse, informative, and task-relevant views. The work in this chapter makes
key contributions in two categories:

1. Design — the shared camera control approach and a set of design goals to
realize this approach.

2. System — Periscope, an operational robotic camera system that is an instantia-
tion of shared camera control with user interactions, autonomous behaviors,
and arbitration policies designed for the context described in Section 1.1.
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3.2 Background
The background information presented in Chapter 2 provides high-level guidelines
for designing groupware systems. However, a key challenge we face is developing
specific low-level control mechanisms and policies tailored for a robotic camera
system that address the unique awareness needs of our research context. Conse-
quently, this has guided us towards adopting a shared camera control approach. In
this section, I discuss relevant background on awareness and control.

Awareness

The CSCW literature features extensive research on how technologies can facilitate
awareness among collaborating individuals. This term, however, is multifaceted
and sometimes employed in inconsistent ways. Schmidt (2002) discussed the
intricacies of this concept in his remarks on “The Problem with Awareness.” He
noted that the term awareness has significance only when it denotes a person’s
awareness of something. Thus, in this section, I focus on the framework of workspace
awareness, as described by Gutwin and Greenberg (2002). Workspace awareness is a
specialization of the concept of situation awareness by Endsley (1995) and is tailored
to real-time collaborative workspaces. In this context, the question of “awareness of
what?” raised by Schmidt (2002) refers to the awareness of others’ interactions in a
shared environment. This framework provides a foundational understanding of
the awareness needs that the robotic camera system should support.

Awareness Needs: Gutwin and Greenberg (2002) provide a set of basic elements
as a starting point for thinking about awareness needs — elements that answer “who,
what, where, when, and how” questions. In a remote dyad setup, understanding
“who” is straightforward, but other aspects are critical for highly interdependent
work such as the remote expert scenario.

• Awareness of Actions, Intentions: Understanding what a collaborator is doing.

• Awareness of Artifacts: Identifying objects a collaborator is engaging with.
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• Awareness of Location, Gaze, View: Knowing where a collaborator is located,
where they are looking, and what they can see.

• Awareness of Reach: Recognizing the area within the workspace where a
collaborator can effect change.

• Awareness of the Past: Understanding how an action was performed or how
an artifact reached its current state, including the timing of events, as well as
the historical context of all the previously mentioned awareness types.

These are some of the elements that make up workspace awareness knowledge.
In co-located group work, participants usually know these elements, either con-
sciously or subconsciously. However, in designing remote, real-time groupware,
decisions must be made regarding whether and how to support these elements
(Gutwin and Greenberg, 2002).

Maintaining Awareness: According to the framework, awareness of an environ-
ment is maintained through the perception-action cycle (Neisser, 1976). When
someone enters an environment for a specific task, they come with some basic un-
derstanding and expectations. As they gather information from the environment,
they interpret new information using their existing knowledge to understand the
current state and predict future changes. Since environments evolve, maintaining
up-to-date awareness is crucial. This updating of awareness is achieved through
exploration of the environment (Adams et al., 1995; Gaver, 1992). Gutwin and
Greenberg (2002) noted that maintaining awareness is not the primary goal but a
secondary one to aid in the completion of the collaborative task.

Control

After identifying the relevant sources of information for awareness, the next steps
for groupware design involve understanding how to acquire this information, when
and where it is required, and how to display it. In the unstructured and highly
interdependent collaboration context we are focusing on, this information tends to
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be tacit, dynamic, and predicated on sequences of prior actions. This complexity
makes it challenging to automate the support for awareness. Consequently, there is
a need for flexible and intuitive control mechanisms and policies to empower users
to acquire diverse, timely, and up-to-date information. Rodden and Blair (1991)
distinguished a control mechanism and policy as “the ability to move an object (the
mechanism) and the decisions about when the object should be moved and to which site (the
policy).” For our context, the object can be considered as the view/camera/robot.
This section focuses on the relevant background camera control methods and
control mechanisms for robots when humans and robots work in a collaborative
ecosystem that inform our design.

Camera Control: Christie et al. (2008) describe various challenges associated with
camera control. Designing control schemes for direct control of the camera by the
user is challenging because users can find it difficult to deal simultaneously with all
of the camera’s degrees of freedom. Consequently, control schemes must provide
mappings that meaningfully link the user’s actions to the camera parameters. On
the other hand, it is also challenging to partially or fully automate camera movement
because the geometric specification of the camera pose needs to result in a semanti-
cally meaningful view for the user. Thus, our work draws from various manual
and automated camera control techniques such as visual servoing (Chaumette
et al., 2016; Hutchinson et al., 1996), through-the-lens camera control (Gleicher
and Witkin, 1992), assisted camera control in virtual environments (Christie et al.,
2008), and automatic cinematography (Christianson et al., 1996) to make it easier
for the helper and the worker to influence the shared view.

Visual servoing (Hutchinson et al., 1996) is a robot control method using features
extracted from vision data (from a camera) to define a target pose for the robot
and determine how the robot should move. Through-the-lens camera control
(Gleicher and Witkin, 1992) is a technique where a camera view is specified through
controls in the image plane, essentially mapping visual goals to camera movements.
Methods that provide assisted camera control in virtual environments (Christie
et al., 2008) use knowledge of the environment to assist the user with camera control.
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For example, if the camera maintains a fixed distance around an object when it is
being inspected, it results in the camera orbiting around the object in response to
user inputs. Techniques for automatic cinematography (Christianson et al., 1996)
enable automatic tracking of a person (or their face or hands) to keep them in
view. This has been utilized both in research prototypes of remote groupware, for
instance, hand tracking in Ranjan et al. (2007), and commercial video conferencing
products such as Apple Center Stage1 and Lumens Auto Tracking Camera2.

Teleoperation: There is a substantial body of research on teleoperation control
interfaces (see Rea and Seo (2022) for a review), where awareness and control are
critical aspects being studied, similar to research in groupware. These two aspects
impose a significant cognitive load on teleoperators (Chen et al., 2007). This is
particularly relevant in our context, where the remote user essentially teleoperates
the robot. In this review, my focus will be solely on the control-related aspects from
this body of work because awareness needs in a collaborative scenario differ from
those in a teleoperation scenario. Regarding control, the level of autonomy of the
operator’s input is a key consideration.

Existing teleoperation interfaces span a range of levels of autonomy, where hu-
man input is combined with different levels of autonomous robot behaviors (Beer
et al., 2014). Direct control can allow operators to execute their intentions with more
precision and respond quickly to uncertainty, but it can become tedious because of
the complexity inherent in controlling a high-DoF robot. Despite some advance-
ments in direct control (e.g., Rakita et al. (2017); Wang et al. (2023)), research
has increasingly shifted towards incorporating more semi-autonomous behaviors.
This shift facilitates the use of low-dimensional input devices for controlling high-
dimensional robots (e.g., Herlant et al. (2016); Karamcheti et al. (2021)), controlling
robots at the action level rather than through direct motion control (e.g., Schmaus
et al. (2019); Senft et al. (2021b)), and employing flexible controls and intermittent
input (e.g., Bohren et al. (2013); Hagenow et al. (2021)).

1https://support.apple.com/en-us/HT212315
2https://www.mylumens.com/en/Products/12/Auto-Tracking-Camera

https://support.apple.com/en-us/HT212315
https://www.mylumens.com/en/Products/12/Auto-Tracking-Camera
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Shared Control: Shared control is a robot control paradigm where robot behav-
ior is determined by multiple different agents (agents may be human or robotic)
working together to achieve a common goal (Dragan and Srinivasa, 2013; Losey
et al., 2018). This paradigm is also referred to as collaborative control (Macharet
and Florencio, 2012) or mixed-initiative human-robot interaction (Jiang and Arkin,
2015). One key aspect of shared control systems is the design of arbitration or
the division of control among agents when completing a task. Losey et al. (2018)
suggest that agents assume different roles during task execution. For example, the
human agent controls larger robot motions while the robotic agent controls finer
robot positioning. Additionally, these roles can shift over time. Thus, arbitration in
shared control should allow all agents to contribute and change the type of contri-
bution they make over time. This idea of dynamic roles is central to the arbitration
mechanisms we design for our shared camera control system.

Some prior works in the robotics literature (Abi-Farraj et al., 2016; Nicolis et al.,
2018; Rakita et al., 2019; Senft et al., 2022) use shared control-based methods for
control of a robot-mounted camera to give the remote user a view of another robotic
arm used for remote manipulation. There is no local worker in such scenarios, and
hence these solutions do not consider the needs of a collaboration setting. In our
work, we use an optimization-based shared control method by Rakita et al. (2017,
2018, 2019, 2021) with adaptations for remote human collaboration where the robot
augmented with a camera is co-located with a worker completing manual tasks.

3.3 Design Goals
A key takeaway from the background presented in Chapter 2 and Section 3.2 is the
concept of roles and contributions, which is present in both the CSCW and shared
control literature. Therefore, adopting a shared control approach in designing
control policies closely aligns with CSCW theories related to collaborative work.
In robotics research, shared control typically involves one human and one robot.
However, in our context, the design of shared control needs to accommodate both
human collaborators.
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In our design process, we must carefully consider balancing user control and
effort. In his paper on remote collaboration systems, Gaver (1992) asserts that
unless the cost of gaining additional information (e.g., through camera control)
is low enough, it will not seem worth the additional effort for users. Our work is
guided by this idea, aiming to empower both the helper and the worker to move
the camera with low cognitive and physical costs. To achieve this, various control
mechanisms are possible and we prioritize those we believe will be most effective
in our research context. Our control mechanisms are described in Section 3.5 and
our control (or arbitration) policy is described in Section 3.6.

To guide our design process, we identified five high-level design goals based on
prior literature and early feasibility studies. The first four design goals are related to
the core functionality of camera control: versatility, intuitivity, dual-user interactivity,
and congruity. The final design goal, usability, is related to system functionality that
is peripheral (but crucial) to camera control.

Versatility

Support camera views for various task activities
The visual information necessary for users to maintain awareness and ground
their conversation varies depending on task activities (e.g., searching, assembling,
inspecting, or correcting). Hence, the system should support these dynamic needs
and provide the helper with access to diverse sources of visual information, includ-
ing the worker’s face and actions, task objects, and the environment, from various
angles and in varying levels of detail. This information should be shared with the
worker, so that the pair can use the shared visual context to monitor comprehension,
plan future actions, achieve joint attention, and communicate efficiently.

Intuitivity

Simplify camera control for users through intuitive mappings and autonomous behaviors
Camera movement in response to user input should be clear and familiar. The
usage of autonomous behaviors should facilitate the user’s ability to provide high-
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level specifications while the robot handles the low-level details of how to achieve
those specifications. Autonomous behaviors should also be used without requiring
human input for aspects of robot control that may be difficult and non-intuitive for
users. Camera control should be as non-intrusive as possible (i.e., not interrupt the
collaboration process).

Dual-user Interactivity

Allow both the helper and the worker to modify the camera view
Both the helper and the worker require control of the camera view at different points
of the collaboration process to gather or exchange information. Hence, they should
be able to independently control the camera. The camera control functionality
should consider the specific modalities supported by the users’ locations (the
helper is remote, the worker is co-located with the robot).

Congruity

Arbitrate user interactions and autonomous behaviors to reach consensus
The camera’s movement can be controlled by three sources of input with potentially
conflicting interests: the helper, the worker, and the autonomous robot. Hence,
there is a need for arbitration of control authority between the three entities in order
to determine which input has priority at what times and to prevent any conflicts.
Arbitration should allow all agents (human and robotic) to contribute and change
the type of contribution they make over time.

Usability

Support general communication and functional requirements
The system should support verbal communication since it is a key medium through
which information is exchanged during collaboration. Additionally, the system
should try to support non-verbal communication (e.g., gestures, visual annotations),
especially to facilitate deictic referencing. Finally, users should be informed of the
system’s internal state in a non-intrusive manner as necessary.
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3.4 System Overview
We developed the Periscope system based on the design goals stated in Section 3.3.
As shown in Figure 3.2, the Periscope system consists of three components: (1) user
interfaces for the helper and the worker, (2) a set of helper interactions, worker interac-
tions, and autonomous robot behaviors to support establishing a shared visual context,
and (3) system modes that arbitrate user interactions and autonomous behaviors in
real-time, resulting in camera motion.

I include technical details of the implementation in Appendix A, and present
high-level descriptions of the system in Sections 3.4–3.6.

User Interfaces

We designed interfaces for the helper and the worker based on the goals of versatility,
dual-user interactivity, and usability. In our remote collaboration setup, the worker is
co-located with a robot arm augmented with an RGB-D (color + depth) camera,
which is used to capture information about the worker and the workspace. The
robot arm has six degrees of freedom, which is the minimum required for reaching
a wide and continuous set of positions and orientations within a 3D workspace. The
helper is in a remote location and views the workspace on a 2D screen interface3

through a live video from the RGB camera and a simulated 3D view. The worker
can view the visual information shared with the helper on a 2D screen interface
that is similar to the helper’s interface.

The screen interface consists of four panels. The camera feed panel shows the
live video feed from the robot-mounted camera. The camera feed accepts input
commands (through mouse clicks and drags) that can be used for camera control.
Additionally, the camera feed can be annotated (with a pin, a rectangle, or an arrow)
using the annotation toolbox to support referential communication. Overlays on
the camera feed provide visual feedback for input commands and annotations. The
3D view panel shows a simulated visualization of the robot and its surrounding

3Although a head-mounted display is a viable option, its interplay with robotic technology for
collaboration is unclear and we chose a more established display technology for this work.
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objects, and updates their states in real-time. The video conferencing panel allows
verbal and visual communication between the helper and the worker. The control
panel provides options related to camera control (including mode selection), in
addition to those accessible through the camera feed.
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Figure 3.2: The Periscope system consists of three components: (Top-left) user inter-
faces for the helper and the worker, (Bottom) a set of helper interactions, worker
interactions, and autonomous robot behaviors to support establishing a shared
visual context, and (Top-right) system modes that arbitrate user interactions and
autonomous behaviors in real-time, resulting in camera motion.
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3.5 User Interactions and Autonomous Behaviors
We designed interactions for the helper and the worker that are augmented by
autonomous robot behaviors based on the goals of versatility, intuitivity, and dual-
user interactivity. Below, I describe helper and worker interactions, and autonomous
behaviors afforded by the Periscope system.

Helper Interactions

Helpers use the screen interface to interact with the system via mouse input com-
mands on the camera feed or the control panel (see Figure 3.3 for illustrations).

Target

The helper can change the viewing direction of the camera by setting a target
through a mouse right-click on the camera feed. The camera will point to the
specified target such that the target is positioned near the center of the camera’s
field of view. Visual feedback is displayed on the camera feed in the form of a dot
corresponding to the target.

Adjust

The helper can move the camera in a specific direction based on directional inputs,
in order to make adjustments to the view. Through mouse scroll, the helper can
move the camera forward or backward in the direction that the camera is currently
pointing at, allowing them to see more detail or context depending on task needs.
Other directional inputs (mouse left-click + drag up/down/left/right) will result in
different behaviors depending on whether Target was engaged prior to Adjust. If the
camera is pointing at a target, then it will perform orbital rotations around the target
point. If there is no target, the camera will linearly move in the direction specified by
the helper. We will refer to the three behaviors as zoom (move forward/backward),
orbit (orbital rotation), and shift (linear movement) in the remainder of the paper.
Visual feedback is displayed on the camera feed in the form of arrow overlays.
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The Target + Adjust interactions attempt to replicate the behavior of orbital
cameras, which are widely used in virtual environments and suitable for object-
focused applications.

Reset

The helper can move the camera from its current state to a pre-defined configuration
by clicking a button on the GUI. The pre-defined configuration is identical to the
initial configuration that the system enters at startup.

Annotate

The helper can overlay graphics on the camera feed for referential communication
with the worker. The helper can drop a pin to indicate a point, draw a rectangle to
indicate an object or an area, or place an arrow to indicate a direction. When the
helper engages Annotate, the robot motion is automatically stopped to freeze the
scene during the interaction.

Worker Interactions

Workers move the camera by engaging directly with the robot arm using physical
contact and gestures recognized by the camera (see Figure 3.3 for illustrations).
These interactions leverage the worker’s proximity to the robot.

Point

The worker can specify the target that the camera should look at using a pointing
gesture. The camera will point to the target indicated by the worker’s index finger.
Additionally, the camera moves to a predetermined distance from the target (40 cm
in our system) so that the target is visible in adequate detail in the view. The Point
interaction is intended to be a discrete input from the worker in contrast with the
next interaction, Direct, which is intended to be a continuous input.
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Figure 3.3: The Periscope system supports a variety of interactions for the helper and
the worker, assisted by autonomous robot behaviors. Images with a blue border
represent the local workspace, where both the robot and the worker are present.
Images in the top row with a green border depict the remote helper’s UI which
enables the helper to interact with the system through mouse input on the camera
feed or the control panel. Worker interactions leverage the worker’s proximity to
the robot, allowing them to move the camera directly using gestures and physical
contact with the robot arm. Autonomous behaviors focus on geometric (rather
than semantic) qualities of the view, which are challenging for humans but feasible
for robots to achieve.



39

Direct

The worker can continuously influence the camera’s viewing direction by moving
their hand, which can be set as the camera’s target. This interaction is augmented
by the Track hand autonomous behavior, allowing the worker to guide the view
without touching the robot.

Freedrive

The worker can manually move the robot-mounted camera into desired poses by
manipulating the robot joints. The robot arm responds to applied forces, moving
in the direction of push or pull from the worker.

Autonomous Behaviors

Autonomous robot behaviors augment helper and worker interactions by support-
ing the aspects of camera control that are difficult and non-intuitive for users. These
behaviors are typically related to geometric (rather than semantic) qualities of
the view, which are challenging for humans but feasible for robots to achieve (see
Figure 3.3 for illustrations).

Keep distance

The robot keeps the camera at a specific distance from the target point. This aug-
ments the Adjust interaction to enable orbital motions and Point interaction to keep
the target visible in adequate detail. For the Adjust interaction, the distance is
determined as the distance between the camera and the target at the time the helper
engages adjustment through orbit.

Keep upright

The robot maintains the camera in an upright direction and prevents any roll (i.e.,
rotation along the front-to-back axis of the camera). This is typically done during
assisted control of virtual cameras to avoid users from being disoriented.
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Track hand

The robot detects the worker’s hand and automatically points the camera at the
hand. This augments the worker’s Direct interaction.

Avoid jerky motion

The robot avoids large and jittery camera motions, and promotes safe operation of
the robot by maintaining its range of motion within the limits of the joints. This is
essential because the view needs to be stable and not disorienting for viewers.

Avoid collisions

The robot automatically avoids collisions with itself and objects in the environment,
including the worker. This can be particularly beneficial for the helper, as they may
face challenges in avoiding collisions when controlling the robot. Helpers have
limited awareness of potential collisions as they only see the workspace from the
camera’s point of view and may not be aware of the placement of the robot arm’s
joints and obstacles outside the camera’s field of view.

3.6 Arbitration
We developed system modes that arbitrate the user interactions and the autonomous
behaviors described in Section 3.5 based on the design goal of congruity. To achieve
effective arbitration, these interactions and behaviors should work in harmony to
generate camera motion. Additionally, there is a trade-off between the degree of
control users desire and the amount of effort they are willing to put in. Ideally,
users should have high control over the view with low effort, but this is difficult to
achieve. Through an iterative design process, we developed three modes that we
believe offer varying degrees of control to both users for low effort. Users can select
from the three available modes via the control panel to support their current needs.
The three modes are: Helper-led mode, Robot-led mode, and Worker-led mode. Each
mode is led by one of the three agents, while the other two exert less influence. This
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leader-follower approach makes the arbitration of control authority more tractable.
After arbitration, a motion generation algorithm (detailed in Appendix A) moves
the robot’s joints to achieve the desired camera pose.

Helper-led mode

This mode is led by the helper who can specify the camera’s viewing direction
by setting a target and adjusting the view through zoom and orbit. The worker
has some influence over the camera’s viewing direction via a pointing gesture that
can be accepted by the helper. Meanwhile, the robot assists to ensure safe and
high-quality camera control by keeping the camera at a constant distance during
orbit, keeping the camera upright, avoiding jerky camera motions, and avoiding
robot collisions. This mode gives the helper substantial control of the camera. The
helper can freely move the camera to observe the workspace, and the worker can
participate by pointing to a location of interest.

Robot-led mode

This mode is led by the robot which tracks the worker’s hand while the helper can
adjust the view through zoom and orbit. Similar to the helper-led mode, the robot also
assists by ensuring safe and high-quality camera control. This mode is designed
to reduce the workload of camera control for both the helper and the worker. In
this mode, the worker can focus on completing the physical task, while the robot
captures the worker’s activity in the workspace and maintains the worker’s hand
in the camera view. This mode allows the helper to focus on providing guidance
without the need to control the camera to monitor the worker’s behaviors.

Worker-led mode

This mode is led by the worker who can set the camera’s pose through freedrive
(manually moving the robot) while the helper can adjust the view through zoom
and shift (not orbit, since no target is set prior to adjust). This mode gives the
worker substantial control of the camera. In fact, robot assistance for safe and
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high-quality camera control is disabled when the worker moves the camera. We
wanted to include a mode in which autonomous behaviors exert less influence,
giving more control to the co-located worker to handle these aspects of camera
control. However, when the helper adjusts the view, the robot provides moderate
assistance by avoiding jerky camera motions and robot collisions. The worker can
use this mode to present visual information to the helper, and the helper can adjust
the camera pose for a better viewpoint.

3.7 Discussion
This discussion centers on the development process of the Periscope system, provides
a reflection on the system’s functionality, and characterizes the type of systems
contribution made by Periscope.

Development Process

The design and development of the Periscope system was driven by the objective to
create a Minimum Viable Product (MVP) that was operational, usable, and useful.
Ries (2011) defined an MVP as “that version of a new product which allows a team to
collect the maximum amount of validated learning about customers with the least effort.”
This approach emphasizes the balance between realizing as much functionality
as needed and maintaining simplicity (Schloesser et al., 2017). My approach to
achieving the MVP involved a highly-iterative design process inspired from the
design sprint methodology (Banfield et al., 2015; Knapp et al., 2016).

This process involved five phases: understand, diverge, converge, build, and
test. In the understanding phase, we defined our research context and identified
needs by reviewing existing methods and systems in research literature. During
the diverging phase, we developed various low-fidelity prototypes of a new feature
to explore multiple solutions. During the converging phase, we selected the most
promising solution based on rapid testing. The building phase saw the development
of a higher-fidelity prototype, and the testing phase focused on integrating and
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validating this new feature within the existing system. We cycled through these
stages multiple times to develop an MVP. With each added feature, we carefully
considered its potential to enable users to effectively accomplish tasks and tailored
it to the intended context in which the system would be used.

This early prototyping was not bound by a strict plan but was flexible to address
specific emerging questions (Schloesser et al., 2017). Upon establishing an MVP,
we shifted our focus to refining the entire system. This refinement aimed to achieve
what Hokkanen et al. (2016) described as the Minimum Viable User Experience
(MVUX). My goal was to provide a satisfactory user experience that effectively
communicates the envisioned value of this paradigm of using cobots in order to
gather meaningful feedback and generate interest to support further research (e.g.,
securing personnel and funding).

Systems Contribution

Appendix A provides implementation details for the Periscope system. This content
was intentionally not included in the main chapter, as it primarily involves engi-
neering aspects and the adaptation of existing work. This raises the question: Does
the Periscope system make a significant systems contribution (apart from the design
contribution), considering it largely adapts known techniques?

In response, based on UIST guidelines4, I argue that Periscope achieves novel
functionality leveraging known techniques. Although individual components of
the system, such as shared control, robot motion generation, and web-based teleop-
eration interfaces, are well-studied in robotics, the system as a whole transcends
these individual elements. Holistically, Periscope introduces novel functionality
that pushes the boundaries of current work paradigms. Periscope is a synergistic
integration of various methods and techniques from HCI, CSCW, HRI, and robotics
that demonstrates the feasibility of building an operational groupware system using
cobots and thereby unlocks new applications.

4https://medium.com/acm-uist/a-note-from-the-uist-2021-pc-chairs-6a30df14f33b

https://medium.com/acm-uist/a-note-from-the-uist-2021-pc-chairs-6a30df14f33b


44

3.8 Chapter Summary
This chapter presents the design and development of an operational robotic camera
system called the Periscope system, which facilitates remote collaboration on physical
tasks. A key aspect of the design of the Periscope system is a shared camera control
approach where the control of the camera is dynamically distributed between
the local user, the remote user, and the robot depending on task needs. Periscope
is an instantiation of shared camera control with user interactions, autonomous
behaviors, and arbitration policies designed for the research context described in
Section 1.1. We propose that: (1) this approach enables us to leverage the advanced
capabilities of cobot platforms without overwhelming users with the complexity of
the tool, and (2) it allows users to maintain the desired level of control expected
from a collaborative tool. The user study described in the subsequent chapter
explores this proposition.
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4 usage of the periscope system

This chapter presents our evaluation of the Periscope system with 12 dyads in a
lab study to understand the promise of our shared camera control approach for
facilitating remote collaboration. In this chapter, I provide the motivation for this
work and our approach, present our evaluation methodology, describe the user
study design, present empirical observations on system usage, and discuss the
system’s ability to support the design goals introduced in Section 3.3. This chapter
includes research that was previously published in Praveena et al. (2023c).

4.1 Motivation
In Chapter 2, I discussed that systems that support remote collaboration facilitate
the sharing of visual context to enable effective cooperation and communication
between users. This shared visual context is used for maintaining awareness and
conversational grounding. An example from Kraut et al. (2003) illustrates this. In
this example, a helper guides a worker in adjusting the inclination of a bicycle seat
during a repair task.

Helper: Uh- next go on and adjust it so it’s parallel to the bar- the top
Worker: This bar here? Is that good?
Helper: Uh- angle the nose up a little bit more.
Worker: [Adjusts seat]
Helper: Cool.

The helper uses the shared visual context to gain situation awareness about the
current state of the worker, the task, and the environment, allowing them to ac-
knowledge the state (e.g., “Cool”) and plan next steps (e.g., “next go on and adjust
it” and “angle the nose up a little bit more”). The shared visual information also
supports conversational grounding and joint attention, as both the helper and the
worker use definite articles (e.g., “the bar” and “the nose”) and deixis (Levinson,
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2006) (e.g., “this bar here”) that require contextual information to be fully under-
stood. The worker’s verbal responses (e.g., “Is that good?”) and actions (e.g., Adjusts
seat) indicate their understanding of the helper’s instructions and further contribute
to the grounding process. This rich interaction between the helper and the worker
demonstrates the efficacy of the mediating system. Our goal for the evaluation in
this chapter is to design a user study that allows us to observe such interactions in
order to gain insights into the usability of the Periscope system.

The evaluation of CSCW systems presents unique challenges due to the complex
nature of group interactions (Grudin, 1994). The success of collaboration outcomes
is influenced not only by the effectiveness of the groupware system in facilitating
collaboration but also by various group and organizational dynamics. For example,
factors such as the similarity among group members, familiarity with one another,
and the presence of hierarchical structures within the group can exert a substantial
impact on collaborative outcomes (Harris et al., 2019). Further, these social dynam-
ics may evolve over time (Twidale et al., 1994) and may be reshaped by the use of
the groupware (Neale et al., 2004).

In groupware evaluations, relying solely on performance measures (e.g., task
completion rate or completion time) may be insufficient or even misleading, and
quantitative metrics to capture the nuances of the group dynamics described earlier
have been elusive (Neale et al., 2004). Thus, evaluation methodologies in CSCW are
continuously evolving to address these challenges (Pinelle and Gutwin, 2000; Wal-
lace et al., 2017). In this work, we adopt an evaluation approach that incorporates
the concepts of formative-qualitative-opportunistic evaluation (Twidale et al., 1994),
experimental simulations (Neale et al., 2004), and the trade-off between precision,
generalizability, and realism (McGrath, 1984). I discuss this further in Section 4.2.
The work in this chapter makes key contributions in two categories:

1. Method — an experimental paradigm to study the usability of a system while
preserving key elements of a natural collaboration scenario.

2. Data — empirical observations on system use and their contribution to the
design goals described in Section 3.3.
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4.2 Research Methodology
Twidale et al. (1994) suggested that during the initial phases of evaluating novel
groupware systems, adopting a formative-qualitative-opportunistic style of evaluation
is valuable. This is in contrast to a summative-quantitative-controlled evaluation style,
which may be better suited for mature systems. In the following paragraphs, I will
elucidate the terms used in the two evaluation styles.

Hix and Hartson (1993) distinguish between formative and summative evaluation,
highlighting that formative evaluations focus on assessing the interaction design—
what the user sees, hears, and does while engaging with the system—rather than the
system itself, which is the focus in summative evaluations. They further emphasize
that formative evaluation should not be dismissed as informal or lacking scientific
rigor; formative evaluation has an “explicit and well-defined procedure and does result
in quantitative data, but is not intended to provide statistical significance.” In the context
of the Periscope system, formative evaluation is particularly valuable for gaining
a broad understanding of the paradigm, rather than assessing specific features,
graphics, or devices within the system. Our findings are rooted in qualitative data,
such as conversations between collaborators and observed actions, enabling us to
explain system features in the context of their use and provide descriptions of user
processes to aid in the design of future robotic groupware. While some quantitative
results are reported, they are not intended to be statistically significant.

The opportunistic–controlled scale addresses the level of control over the user’s
interactions during a study. Opportunistic evaluations allow open-ended and natu-
ral exploration by users, whereas controlled evaluations involve a structured and
regulated environment to isolate specific variables for analysis. For evaluating
novel groupware systems like Periscope, opportunistic evaluations are valuable for
exploring design opportunities, demonstrating successful tool use, and identify-
ing specific variables that could be further studied in controlled settings in the
future. An intermediate approach on this scale involves experimental simulations, as
described by Neale et al. (2004). Experimental simulations are designed to stage
situations in the laboratory that resemble operational contexts. Simulations enable
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repeated observations while maintaining a more naturalistic setting, allow the study
of complex tasks over longer time periods than in controlled experiments, and al-
low the use probes or deliberate interventions to elicit specific user responses. This
approach strikes a balance — providing a controlled environment while including
the context of use of the system being evaluated.

In his review on research methods for understanding groups, such as field
studies, laboratory experiments, surveys, and formal theories, McGrath (1984)
underscores the challenge of simultaneously maximizing precision (control over
measurements and extraneous factors), generalizability (applicability of findings to
a wider population), and realism (faithfulness to the intended contextual setting).
Experimental simulations offer some balance between precision and realism, albeit
with low generalizability (Runkel and McGrath, 1972; McGrath, 1984). In our
preliminary evaluation of the Periscope system, we try to maintain a balance between
realism and precision. We aim to increase the generalizability of our findings with
another user study discussed in Chapter 5.

To mimic real-world settings in this chapter’s study, we incorporate a complex
3D physical task within a cluttered workspace, structure collaboration sessions to
last 45–60 minutes, and do not dictate the use of specific system features or provide
explicit steps for task completion. To introduce an element of control, participants
undergo a rigorous training protocol to ensure a uniform baseline knowledge
about the system, receive a rough task outline to ensure some meaningful points of
comparison between participants, and encounter impediments in instructions such
as blurring or removing color to encourage more real-world visual exploration.

Our study design described in Section 4.3 draws inspiration from the principles
of experimental simulations and aims to maintain key elements of a natural col-
laboration scenario within a laboratory setting. Our empirical findings presented
in Section 4.4 and the subsequent discussion in Section 4.5 are derived from a
rigorous analysis of qualitative data gathered during our formative evaluation of
users’ opportunistic (rather than mandated) use of the Periscope system.
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4.3 User Study
We recruited dyads to participate in our study. One participant was assigned the
role of worker and had access to the physical workspace but no instructions on how
to carry out the assembly. The other participant was assigned the role of helper and
was tasked with guiding the worker using the instruction manuals that we provided.
During the study, participants collaboratively worked on a training task and a main
task, which were both assembly tasks from scientific play kits. These kits were
sufficiently complex to make completion without instructions challenging, and their
components were sturdy enough to withstand frequent handling by participants.

The training required for participants to be able to successfully interact with
the system was unclear initially. Thus, we iteratively developed a training protocol
based on early participant observations and feedback. In our final training protocol,
one experimenter guided both participants simultaneously through completion of
a training task for around an hour. The training protocol consisted of ∼70 steps that
introduced all the functionalities available in the Periscope system and allowed dyads
to try them out. Experimenters solicited feedback throughout the training process
to encourage participants to reflect on their use of the system’s functionalities. We
also made adjustments to the main task protocol based on participant feedback.
Below, I describe the final protocol that we developed and clarify the variations of
the protocol followed by each dyad in §Participants.

Tasks

The training task was to construct a pulley system from a toy workbench kit1 (see
Figure 4.1C). The helper was provided with the instruction manual that came with
the kit. The workbench comprised of a peg board for assembling the pulley system
and a toolbox with storage space. The workbench was clamped to the table to be
immobile. The components required for the task were distributed between the
toolbox and another storage unit located away from the workbench.

1Workbench Kit: https://a.co/d/2zLeQoV

https://a.co/d/2zLeQoV
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Figure 4.1: A. One participant (the worker) was located in the same physical space
as a robot arm with access to the workspace but no instructions on how to carry
out the assembly. The other participant (the helper) was tasked with guiding
the worker remotely using the Periscope interface. B. The study took place in two
rooms with accompanying experimenters. C. Instructions for the training task. D.
Instructions for the main task. E. The completed structure that participant dyads
were tasked with building collaboratively.

The main task was to build a 3D illumination circuit project2 (see Figure 4.1E).
The helper was provided with a black and white copy of the instruction manual
that came with the kit (see Figure 4.1D). Some visual features on the manual were
deliberately blurred to ensure sufficient task complexity. Participants were tasked
with building 3D circuits for a lighting and alarm system in a security house, which
consisted of a base grid, two wall grids, and two roof grids. When participants
began the task, the house was partially built, with one wall grid connected to the
base grid and completed circuitry on the roof grids. Participants had to evaluate

2SnapCircuit Kit: https://a.co/d/34trhAd

https://a.co/d/34trhAd
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the partially assembled house, attach missing components to the existing wall grid,
attach and build circuitry on the other wall grid and base grid, attach the roof grids,
and finish the wiring.

Study Setup

The study took place in two rooms: the worker room and the helper room (see
Figure 4.1B). The participant who was assigned the role of the worker was located
in the same physical space as a robot arm and Experimenter 1 (see Figure 4.1A).
The worker sat behind a desk, facing the robot that was within arm’s reach. The
experimenter was nearby, observing the room and had access to the robot’s emer-
gency stop button. The worker viewed the screen interface on a laptop and could
provide inputs to the interface using a mouse or directly interacting with the robot
arm. A workbench kit (from the training task) was adjacent to the laptop. A large
immobile organizer and a small movable organizer on the opposite side of the desk
provided storage for various task components. The components for the training
and main tasks were stored together. The participant used the laptop’s camera and
microphone for video-conferencing through the interface.

The participant who was assigned the role of the helper was located in a different
room than the worker, accompanied by Experimenter 2. The helper sat behind
a desk with access to a laptop, a monitor, and a mouse for interacting with the
interface. The participant used the laptop’s camera and microphone for video-
conferencing through the interface.

Procedure

This protocol was approved by the Institutional Review Board of the University
of Wisconsin–Madison. We conducted the study in two rooms in a university
laboratory. Each study session lasted approximately two hours and was facilitated
by two experimenters (I was Experimenter 1). Both experimenters individually
described the study to the participant and obtained written consent. Experimenter 1
introduced the interface and the physical robot to the worker before connecting to
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the video conference. In parallel, Experimenter 2 provided the same introduction
for the interface and described the virtual robot in the 3D view of the interface
to the helper before joining the video conference. Experimenter 1 guided both
participants simultaneously through the training protocol. The experimenter famil-
iarized participants with the workspace, outlined the task flow, and initiated test
interactions in each mode. Participants were then asked to refer to a document that
listed all system features to summarize what they had learned.

During the training task, the helper was encouraged to locate the necessary
component, ask the worker to pick it up, and provide assembly instructions to the
worker. Participants were asked to gather the required components for each step
(steps are listed in the manual shown in Figure 4.1C) using a certain mode, and
then assemble the components using an alternate mode. They were then asked to
reflect on their experiences. We repeated this procedure for all the modes, allowing
participants to gain experience with each mode for different task activities. We
allowed participants to complete the final step of the task using any combination
of modes they preferred. Participants were finally asked to reflect on their overall
experience in all modes. If a participant avoided using a feature or used it wrongly,
the experimenter reminded or corrected them regarding the system’s functions.
The training task took approximately 60 minutes.

The video conferencing link was disabled before Experimenter 1 went to the
helper room and explained the procedure and goals for the main task to the helper.
The helper was shown a completed model of the security house and had the oppor-
tunity to interact with it. Then, Experimenter 1 partially disassembled the house
and set it up on the worker’s table. The video conference was then resumed, and
participants were given high-level directions on which panel to assemble. Partic-
ipants were given the flexibility to use any (or none) of the system’s modes and
other features they found suitable for completing the task. We used this approach
because we wanted to gain insights into how people utilized the system in a rela-
tively realistic setting. Participants had 45–60 minutes to collaboratively work on
the main task. Finally, participants completed a demographics survey, engaged in
a brief interview about their experience, and received compensation for their time.
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Participants

For the user study, we did not target any particular user group, as the scientific
play kits did not require specific expertise and the system was designed for use by
individuals unfamiliar with robots. We recruited 24 participants from the University
of Wisconsin–Madison’s campus community. Demographic information for one
dyad was not collected. The remaining participants (8 women, 14 men) were
aged between 18 and 69 years (M = 26.32, SD = 10.48). Participants had various
educational backgrounds, including urban design, business, physics, engineering,
and computer science. Two participants reported prior participation in robotics
studies, and individuals in one dyad knew each other prior to the experiment.

The first four out of the twelve dyads underwent a less rigorous training protocol
and performed a different (but similar) task from the kit. While these four dyads
were important for establishing the final protocol, we excluded them from our
dataset for analysis as they followed a different procedure compared to the other
eight dyads. The next two dyads followed the procedure described in §Procedure,
with the only difference being that the helpers were not shown the completed
model of the security house before starting the main task. The remaining six dyads
strictly followed the procedure described in §Procedure. To ensure consistency and
comparability within the dataset for the analysis described below, we used data
from the last eight dyads that followed a similar procedure.

Analysis

During the study, we screen-recorded the helper’s interface and recorded the
workspace (including the worker and the robot), resulting in ∼36 hours of video
recordings (12 dyads*2 users*∼1.5 hours). The dataset for our analysis consists of
∼12 hours of video recordings from eight dyads during the main task (8 dyads*2
users*∼0.75 hours). This is rich multi-user, multi-modal data containing dialogue,
interactions with the system, worker actions, and camera motions.

We analyzed the videos using a deductive thematic analysis approach (Braun
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and Clarke, 2012). The first author3 and a study team member were familiarized
with the data through conducting all study sessions and transcribing participant
conversations. Both the first author and the study team member coded all helper
videos (screen-recordings) to identify relevant conversations and patterns, con-
ducted meetings to discuss their codes and resolve any conflict, and distilled the
codes in a codebook. The first author then coded all worker videos and refined
the codes. Resulting themes were refined by the first author and reported after
discussions with the remaining authors. ELAN4 (Crasborn and Sloetjes, 2008) was
used for video coding, and the collaborative whiteboard app Miro5 was used to
refine thematic findings.

4.4 Findings
Overall, we observed that dyads frequently utilized the Periscope system’s modes
and other features to establish a shared visual context that enhanced their verbal
communication. This section provides diverse examples of interactions facilitated
by the Periscope system (see §Example Interactions), patterns of use of the system’s
features derived from nuanced interpretations of these examples and other in-
teraction data (see §Use Patterns), and quantitative data for each dyad regarding
their system use (see §Dyadic Usage Metrics). In Section 4.5, we elaborate on the
significance of these findings to our design goals.

Note: In this section, dyads are enumerated as D1, D2, D3, D4, D5, D6, D7, D8.
3This is refering to published work (Praveena et al., 2023c): Pragathi Praveena, Yeping Wang,

Emmanuel Senft, Michael Gleicher, and Bilge Mutlu. 2023. Periscope: A Robotic Camera System to
Support Remote Physical Collaboration. Proc. ACM Hum.-Comput. Interact. 7, CSCW2, Article
350 (October 2023), 39 pages. https://doi.org/10.1145/3610199

4https://archive.mpi.nl/tla/elan
Max Planck Institute for Psycholinguistics, The Language Archive, Nijmegen, The Netherlands

5https://miro.com/

https://archive.mpi.nl/tla/elan
https://miro.com/
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Example Interactions

This subsection presents various examples of interactions facilitated by the Periscope
system. It features one long interaction and 23 short interactions. These interactions
are later referenced in §Use Patterns and §Discussion.

Example 4.1 (D4). Figure 4.2 shows an interaction spanning 10:16 minutes. During
this interaction, the dyad locates required components and builds circuitry on the
vacant wall grid. This interaction includes the following seven micro-interactions.
If a micro-interaction was coded as a specific use pattern, the corresponding pattern
is denoted in parentheses.

1. As the worker attaches the base support, the helper observes the worker’s
actions by independently moving the camera using the helper-led mode (UP-1).

2. The worker seeks confirmation if the attached component looks right, and
the helper provides corrections by annotating the video feed (UP-2, UP-20).
The annotation is accompanied by the use of deixis (this).

3. The dyad looks for another component (phototransistor) while the robot tracks
the worker’s hand in the robot-led mode (UP-5). Upon confirmation from the
helper about the component (that black piece), the worker picks it up.

4. As the worker attaches the phototransistor, the helper attempts to verify
the accuracy of the component’s position using the helper-led mode (UP-1).
The helper is unable to obtain a good view of the wall grid by the time the
worker completes the attachment and subsequently seeks verbal clarification
regarding the position of the component. The worker provides a clarification.

5. In addition to the clarification, the worker offers to move the camera using
the worker-led mode to improve the helper’s view and collectively resolve any
ambiguity about the position of the phototransistor (UP-9). As the worker
moves the camera, the helper acknowledges when the view is satisfactory.
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“It looks like you have 
the other piece we need”

“Wait, what?”

“It [yellow piece] will go on 
that same position...have the

wording on the other side”

“Could I help you to see it?”

23:27 23:50 24:13 29:06

“Is that [black piece] on top 
of the piece we just added?”

*Asks clarifying question

“Yup, it’s on the second thing”

Provides clari�cation *O�ers to improve view

Worker-led mode 
engaged

“Alright, excellent.”

Acknowledges view *Provides instruction

Expresses confusion

*Helper-led mode engaged
  + Annotation added

Locates component

Helper
Interface

Provides correction

Worker

Helper

Periscope Helper-led mode
engaged

“Does that look right?”

*Attaches component

“We’ll need this one to be
rotated so that there’s two

open pegs on the wall”

Annotation added

Observes worker

*Seeks con�rmation

Workspace

Follow the arrows
*Initial interaction

18:50 20:28 21:45Time (min)

*Provides instruction

*Robot-led mode
  engaged

Picks up component

“We’ll need that black piece”Helper comment

Worker comment

Worker action

Helper action

User interaction
with system

1 2 3

4 5 6 7

As the worker attaches a 
component, the helper observes by 
independently moving the camera.

�e worker seeks con�rmation,
and the helper provides corrections 
with annotations on the video feed. 

�e dyad looks for a component.
Upon con�rmation from the
helper, the worker picks it up.

 

�e worker attaches the recently 
found component. �e helper and
the worker discuss an ambiguity.

�e worker o�ers to move the 
camera to improve the helper’s view 
and resolve the ambiguity together.

�e dyad continues with the task.
�e helper monitors the worker and

provides necessary instructions.

�e helper locates the �nal 
component required for the wall 

grid and informs the worker.

Figure 4.2: This example interaction from dyad D4 includes seven micro-
interactions spanning 10:16 minutes, with three annotated tracks for worker actions
(“Worker”), helper actions (“Helper”), and their interactions with the Periscope sys-
tem (“Periscope”). Each micro-interaction has conversation snippets accompanying
the “Helper” and “Worker” tracks, and images illustrating the worker’s space and
the helper’s interface. Each micro-interaction starts with (*) and subsequent action-
s/interactions are indicated by arrows. Time and sequence numbers are annotated
on the workspace image.
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6. The dyad continues with the task. The helper monitors the worker using the
view from the previous micro-interaction. The helper provides necessary in-
structions and uses visual information to clarify any confusion in the worker’s
understanding of the instructions.

7. The helper locates the final component (blue connector) required for the wall
grid using the helper-led mode (UP-3) and indicates its location to the worker
by annotating the feed (UP-20).

Example 4.2 (D4). When the worker attached a component on the grid, the helper
said, “Okay...so let me just double check that it [the component] is facing the correct way,”
and moved the camera to get a better view of the grid. While moving the camera,
the helper continued the conversation, “Is the arrow...[the worker indicates the direction
of the arrow with their hand]...okay...if the arrow is pointing to the right, then it’s in the
correct spot.” Finally, the helper completed the camera movement to get a view of
the component and confirmed, “Yeah, that looks correct to me.”

Example 4.3 (D6). While attaching the wall grid to the base grid, the worker asked
the helper, “Am I doing it correct so far?” The helper replied, “Yeah, you are doing it
correct, yeah...” while moving the camera to get a better view of the grid. However,
after getting a better look at the grid and the recently added components, the
helper said, “Wait, just hold on a minute now...,” and instructed the worker to make
modifications, “This part right here [a base support]...Okay, so you have to flip it.”

Example 4.4 (D3). The helper struggled with wiring instructions, “Oh, um...it
should attach on the...here [adds annotation]...as well as on the inside of the triangle, like on
the inside edge of the triangle that connects to the circle thing...Sorry...the thing...the clear
thing with the circle on it,” and stated, “I wish I could like look, but I don’t think there’s a
way to get inside the house...maybe if I do this...” The helper moved the camera and
remarked, “Okay, I see it...sort of...,” and instructed the worker with an annotation,

“It should attach right...here [adds annotation].”

Example 4.5 (D2). The helper took time to set up the view and prefaced the process
by stating, “Sorry...I need to adjust the camera first. This is not a very comfortable viewing
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angle for me.” After moving the camera for a few seconds, the helper continued,
“Okay, this is nice [acknowledging the view]...So first you want to fix...this L-shaped stuff
[base supports]...like here [adds annotation] and here [adds annotation].”

Example 4.6 (D1). In the robot-led mode where the robot was tracking the worker’s
hand, the worker asked, “Which drawer do you want me to open up here?” The worker
moved toward a drawer, and the helper responded, “We don’t need the blue one...we
need to find us more...” The worker then independently moved their hand to a
different location in the workspace, changing the view unexpectedly for the helper.
Frustrated, the helper switched to the helper-led mode and said, “Okay, hold on... I
will open mode 1 [helper-led mode]...I almost find it,” and instructed the worker to pick
up the required component, “We have to pick up the red one.”

Example 4.7 (D8). When trying to view the vertical wall grid, the helper first
moved the camera with the helper-led mode. The helper was mostly successful in
getting a good view of the grid but finally asked the worker, “Can you move the
camera a little bit closer in Mode 3 [worker-led mode] so that I can see it better?”

Example 4.8 (D3). During the search for a component, the helper instructed the
worker, “I’m gonna have it [the robot] follow your hand, and you’re going to start open-
ing drawers again...[worker moves hand]...one above it...[worker moves hand]...nope not
that...[worker moves hand]...one above it...Maybe take that out and show me?...[worker
brings the component closer to the camera]...Yeah, that’s what we’re looking for.”

Example 4.9 (D4). The worker remarked, “Oh, here it is,” before picking up and
presenting to the helper a storage box that the dyad was looking for. The helper
engaged the robot-led mode in response to the worker’s remark to track the worker’s
hand movement.

Example 4.10 (D6). While the helper was adjusting the camera view, the worker
examined the circuit and noticed a potential error. The worker said, “I also think
that the phototransistor might be upside down... (Helper: Is it?) ...I can show you,” before
engaging the worker-led mode to show the helper the phototransistor component.
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Example 4.11 (D5). As the helper explained the next step with the instruction,
“You can connect that to the second one”, the worker proactively changed the view to
the assembly area, providing a clear view of the connections.

Example 4.12 (D2). Upon noticing the helper’s difficulty in adjusting the view
using the helper-led mode, the worker offered their assistance, saying, “You can turn
on mode 3 [worker-led mode], and I’ll help you adjust the camera.” The helper turned
down the offer, stating, “Um...I think I can adjust the camera myself.”

Example 4.13 (D7). The helper attempted to move the camera to inspect the roof
panel but faced challenges and eventually gave up, admitting, “Actually, I am not able
to see the top panel...can you?...I need to look up to the panel.” In response, the worker
engaged the worker-led mode to move the camera and show the roof panel.

Example 4.14 (D4). The helper briefly attempted to use the helper-led mode to view
the wall grid, a view that the helper had achieved previously after considerable
effort. Following the brief attempt, the helper requested the worker, “Do you mind
manually moving the camera? So kind of in the same spot that we had it before?”

Example 4.15 (D5). During the assembly process, the helper consistently relied on
the worker to move the camera while looking at different aspects in the workspace,
such as the organizer, components, and assembly area. When they were ready to
progress to the next step in the process, the helper requested, “The parts that I had
you collect from the organizer...can you show me that?”

Example 4.16 (D6). To access the instructions located on the side of the workbench,
the helper asked the worker, “Could you just guide me towards the side of the workbench?”

Example 4.17 (D3). To view the inside of a wall grid, the helper asked the worker,
“Could you point to the wall so that I can see inside it?” The helper seemed to anticipate
that the camera would align with the direction of the worker’s pointing gesture.

Example 4.18 (D6). When the dyad was searching for storage areas where the
required component may be located, the worker remarked, “There are some drawers
over here [pointing gesture]”.
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Example 4.19 (D3). The helper stated, “Oh, it’s looking at your hand and not what I
want it to be looking at,” when the view did not match their expectation of the camera
aligning with the direction of pointing.

Example 4.20 (D6). The helper said, “Could you just take me back...wait I’ll just take
myself back,” and reset the camera to view the assembly area.

Example 4.21 (D3). After gathering the necessary components, the helper said, “So
I’m going to reset the camera...and that’s the two parts that are missing,” and proceeded
to give instructions to the worker for the assembly.

Example 4.22 (D4). When the helper was instructed by the experimenter to be-
gin the next step, the helper responded with, “Okay, let me reset the camera,” and
proceeded with the planning for the next step.

Example 4.23 (D8). The helper initiated the worker-led mode by asking the worker,
“Can you show me the board [wall grid] again?” The worker moved the camera, but
the view was not adequate. The helper remarked, “Okay, let me reset and come back
again,” reset the camera, and then used the helper-led mode to view the grid.

Example 4.24 (D1). The helper engaged the robot-led mode and stated, “Okay, we are
in mode 2 [robot-led mode] now. Did the robot detect you?” The worker replied, “No.
You might have to reset it.” The helper proceeded to reset the robot and engaged
the robot-led mode again. There were no further issues with the robot tracking the
worker’s hand.

Use Patterns

Table 4.1 summarizes a list of 20 use patterns for modes and other features of the
system. The use patterns are nuanced interpretations of the rich multi-modal data
that we analyzed, examples of which are provided in §Example Interactions. We cite
references to them in this subsection to offer the context of the rich interactions from
which they were interpreted. In the rest of the subsection, we provide a detailed
breakdown of use patterns.
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Table 4.1: Summary of use patterns identified from the analysis of video
recordings of eight dyads who participated in a user study. Column 2 provides

references in §Use Patterns to details about each pattern.

Feature # Use Pattern
Helper-led
mode

UP-1 The helper gains awareness of the workspace.

UP-2 The helper provides the worker with task
instructions.

UP-3 The helper searches for something.
UP-4 The helper attempts to move the camera before

asking the worker do it instead.
Robot-led mode UP-5 The dyad gathers components for the build.

UP-6 The helper tracks the worker’s movement.
Worker-led
mode

UP-7 The worker wants to share some information with
the helper.

UP-8 The worker anticipates the helper’s need for a
different view.

UP-9 The worker offers to move the camera on behalf of
the helper.

UP-10 The helper attempts and fails to move the camera on
their own.

UP-11 The helper is already aware from an earlier attempt
that a particular view is difficult to achieve.

UP-12 The helper requests repositioning the camera that
the worker had previously set up.

UP-13 The helper does not know where to position the
camera.

Point UP-14 The helper asks the worker for a specific view.
UP-15 The worker refers to something in the workspace.

Reset UP-16 The reset pose serves as a bookmarked pose that
provides a sufficient view of the workspace with
minimal effort.

UP-17 The reset pose serves as an intermediate pose when
transitioning from one sub-task to the next.

UP-18 The reset pose is a comfortable starting configuration
for the helper-led mode.

UP-19 The system does not respond as expected.
Annotate UP-20 The helper refers to something in the workspace.
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Note: Dyad references and counts of use patterns are included in parentheses.

Helper-led Mode Use Patterns

We observed that this mode was used 82 times (excluding its use when the worker
used the pointing gesture which we discuss separately in §Point). The average
duration of each use was 38 seconds (SD = 41 seconds). Helpers used the mode
in the following ways: targeting only (21/82), targeting with zoom adjustment
(27/82), and targeting with orbit adjustment (34/82). This mode was the first mode
that majority of the helpers used during the session (6/8). The remaining dyads,
D3 and D5, used the worker-led mode as their first mode. This mode was exited when
helpers opened the annotation toolbox (46/82), reset the camera (16/82), switched
to the worker-led mode (13/82), or switched to the robot-led mode (5/82). This mode
was not exited in the remaining cases (2/82). Instead, it was either immediately
followed by another use of the same mode (1/2) or the session ended (1/2). We
observed four use patterns, with occasional overlaps (13/82):

1. The helper gains awareness of the workspace (36/82): The helper inspected various
objects in the workspace in order to assess the situation. For example in D4,
as the worker attached a component onto a grid, the helper wanted to “double
check that it [the component] is facing the correct way” and moved the camera for
a better view of the grid (E4.2). This category is distinct because it involves
the helper gaining information from the remote workspace.

2. The helper provides the worker with task instructions (30/82): The helper provided
guidance to the worker to make progress on the task. For example in D6,
the helper moved the camera to look at the components that the worker had
recently attached and instructed the worker to make modifications, “This part
right here [a base support]...Okay, so you have to flip it” (E4.3). This category is
distinct because it involves the helper providing information to the worker.

3. The helper searches for something (17/82): When the helper and the worker
searched for something together, they typically utilized the robot-led mode
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(UP-5), but if the helper needed to search for something independently, they
used the helper-led mode. For example in D1, the helper explicitly switched from
robot-led mode to helper-led mode while looking for a component, which may
have been prompted by the worker not following their instructions correctly
(E4.6). We consider searching to be a distinct category in which the helper
mostly used targeting only or targeting with zoom adjustment (16/17).

4. The helper attempts to move the camera before asking the worker do it instead (13/82):
If the initial attempt with the helper-led mode was not sufficient to get the
desired view, the helper asked the worker to move the camera using the
worker-led mode (see E4.7). We will revisit this reason in UP-10 when dis-
cussing the use of the worker-led mode.

Robot-led Mode Use Patterns

This mode was used 20 times (excluding its use when the worker used the pointing
gesture which we discuss separately in §Point). The average duration of each use
was 71 seconds (SD = 85 seconds). We observed some view adjustment by the
helper (Adjust: zoom (4/20), Adjust: orbit (2/20)). There were three instances of the
robot losing track of the worker’s hand requiring the helper to reset the robot (2/3)
or engage the helper-led mode (1/3). This mode was exited when helpers opened the
annotation toolbox (8/20), switched to the helper-led mode (8/20), reset the camera
(3/20), or switched to the worker-led mode (1/20). We observed two use patterns,
with one overlap (1/20):

1. The dyad gathers components for the build (17/20): The robot-led mode was mostly
employed to locate the required components in the organizer (see E4.8). In
the majority of these cases, the helper explicitly informed the worker that
the tracking mode was on and that their hand was being tracked (16/17). In
one instance (D4), the worker held their hand visible to the camera as if to
direct the robot, prompting the helper to switch from the helper-led mode to
the robot-led mode. In all cases, we observed that workers explicitly directed
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the camera by moving their hand to relevant locations (17/17). Additionally,
when waiting for the helper to give further instructions, workers often rested
their hand on the table to maintain a steady view of the relevant area (13/17).
The robot-led mode was most frequently used by dyads D1 (3/17), D3 (6/17),
and D8 (3/17) to find components.

2. The helper tracks the worker’s movement (4/20): The helper used the robot-led
mode to maintain the worker’s hand in view as the worker moved their hand
to demonstrate or put something together (see E4.9). In these instances, the
worker did not explicitly direct the camera.

Worker-led Mode Use Patterns

We observed that this mode was used 58 times in two distinct ways: worker-initiated
(22/58) or helper-initiated (36/58). This split-use may be due to the design of this
mode, which can be engaged either by the worker or the helper. We distinguish
between the mode’s initiation and engagement; initiation relates to the individual
who suggests using the mode, while engagement refers to actually clicking the
button. The average duration of each use was 23 seconds (SD = 16 seconds). We
observed some view adjustment by the helper (6/58). Helpers often switched to the
helper-led mode after attempting to adjust the view in this mode (4/6). One instance
of view adjustment (D5) required the system to be reset since the helper and the
worker both attempted to move the camera at the same time, activating the robot’s
emergency brake. This mode was exited when helpers opened the annotation
toolbox (29/58), switched to the helper-led mode (10/58), reset the camera (6/58), or
switched to the robot-led mode (2/58). This mode was not exited in the remaining
cases (11/58). Instead, it was either immediately followed by another use of the
same mode (7/11), or the session ended (4/11).

Worker-initiated: Workers initiated this mode either directly by engaging the
mode and moving the camera (12/22) or indirectly through conversation (10/22),
such as “Do you need me to move the camera again” (D4). The former behavior, in



65

which the worker altered the view without notifying the helper, was most prevalent
in dyads D5 and D8 (11/12). Workers initiating this mode mostly engaged the
mode themselves (16/22) or the mode was already active from prior use (3/22).
Otherwise, they asked the helper to engage the mode on their behalf (3/22) with a
phrase, such as “Do you want to move to mode 3 [worker-led mode] and I can show it?”
(D1). We observed three reasons for workers initiating the worker-led mode:

1. The worker wants to share some information with the helper (7/22): The worker
showed the helper something new in the workspace (2/7), a view pertinent
to a query or response that they had regarding the task (4/7) (see E4.10), or
their progress on the task (1/7). Workers may (3/7) or may not (4/7) let the
helper know that they are changing the view.

2. The worker anticipates the helper’s need for a different view (12/22): When a helper
acknowledged the end of the current step in the process or verbalized the
next step in the process (see E4.11), some workers anticipated the helper’s
need for a different view and offered to move the camera (4/12) or proactively
moved the camera without informing the helper (8/12).

3. The worker offers to move the camera on behalf of the helper (3/22): When a
helper expressed frustration with camera positioning, for instance, by stating,
“Um...let me see if I can move the camera just a little bit” (D3), some workers
offered to move the camera on the helper’s behalf.

We observed the least amount of initiation of this mode by the worker in dyads
D2 (none), D6 (once), and D7 (none). Additionally, there were six instances of
conflict in these dyads—D2 (1/6), D6 (2/6), D7 (3/6)—when the worker offered
to move the camera or tried to proactively move the camera for any of the reasons
mentioned above, but was overruled by the helper who used the helper-led mode to
move the camera (see E4.12).

Helper-initiated: Helpers initiated this mode with a verbal request to the worker
to move the camera. The request was ambiguous and context-specific, yet the worker
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typically understood it correctly (31/36). For example, one helper requested, “Could
you move the camera so that I’m getting like a more of a bird’s eye view” (D3). While the
helper did not indicate which area or item should be visible, the worker showed
a view of the base grid based on an earlier conversation about where the base
supports would link to on the base grid. If the worker was unable to decide which
view to show, there was additional conversation to clarify the request (5/36). When
the worker moved the camera, the helper often acknowledged an adequate view
(20/36) with a phrase such as “Okay alright, that’s enough” (D6). We observed four
reasons for helpers initiating the worker-led mode:

1. The helper attempts and fails to move the camera on their own (13/36): If the helper
did not get the desired view using the helper-led mode, they asked the worker to
move the camera. For example in D7 (E4.13), the helper made an unsuccessful
attempt to inspect the roof panel and gave up, saying, “I am not able to see the
top panel...can you?...I need to look up to the panel.”

2. The helper is already aware from an earlier attempt that a particular view is difficult
to achieve (6/36): The helper preemptively requested the worker to move the
camera (see E4.14) because they had previously made an effort to observe
the same area but had either been successful after a protracted attempt (2/6)
or had been unsuccessful and had relied on the worker (4/6).

3. The helper requests repositioning the camera that the worker had previously set up
(14/36): After the worker-led mode was used once, there were instances when
helpers requested the view to be modified to show something that had become
more pertinent (see E4.15).

4. The helper does not know where to position the camera (3/36): Since the helper
was remote, the worker was more familiar with the layout of the workspace.
Thus, the first use of the worker-led mode by three helpers (D3, D5, D6) was
for the worker to move the camera so they could look at something that was
located in a place they were unfamiliar with (see E4.16).
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Sometimes, helpers initiating the worker-led mode engaged the mode (10/36) or
the mode was already active from prior use (4/36). Otherwise, workers engaged
the mode (18/36). We observed four instances of conflict over mode engagement
when both the helper and the worker engaged the mode and canceled out each
other’s inputs. In addition, there were two instances of conflict in dyad D8 when the
helper said, “Can you show me...”, and used the helper-led mode to move the camera.
This phrase was misunderstood by the worker as a request to engage the worker-led
mode to move the camera, resulting in overriding the helper’s mode selection.

Other Use Patterns

Point: We observed 11 instances where pointing was used for two reasons:

1. The helper asks the worker for a specific view (6/11): Pointing was used explicitly
by helpers in dyads D3 (5/6) and D7 (1/6) to request a view. For example,
the helper in D3 asked the worker, “Could you point to the wall so that I can see
inside it?” (see E4.17).

2. The worker refers to something in the workspace (5/11): Four workers—D3 (1/5),
D4 (2/5), D5 (1/5), D6 (1/5)—used pointing to refer to something in the
workspace (see E4.18).

Only one dyad (D3) successfully completed the interaction sequence as designed
(3/11): worker points, helper approves, and camera provides a close-up of the
worker’s target. In multiple cases, the helper was unable to approve the worker’s
target because of a bug in the system (5/11). In these cases, the helper switched
to the robot-led mode to track the worker’s hand (3/11), switched to the worker-led
mode (1/11), or did not take any action (1/11). In the remaining cases, the helper
never attempted to use the helper-led mode but directly used the robot-led mode when
the worker pointed toward something (3/11). Interestingly, some helpers (D3, D7)
expected the camera to align with the direction of pointing. For example, the helper
in D3 stated, “Oh, it’s looking at your hand and not what I want it to be looking at,” when
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the view did not match their expectation of the camera aligning with the direction
of pointing (see E4.19).

Reset: We observed 57 instances where the helper used the Reset feature and
identified four potential reasons for its use. However, due to insufficient context
in the data to determine the intent behind each occurrence, we do not report the
number of instances for each reason.

1. The reset pose serves as a bookmarked pose that provides a sufficient view of the
workspace with minimal effort: By simply clicking a button, the helper could
easily obtain a reasonable view of most of the workspace (see E4.20).

2. The reset pose serves as an intermediate pose when transitioning from one sub-task to
the next: In many instances, the completion of a sub-task was marked by the
helper using the Reset feature (see E4.21 and E4.22).

3. The reset pose is a comfortable starting configuration for the helper-led mode: The
robot would occasionally get into an odd configuration that the helper found
challenging to modify. In such cases, the helper relied on the reset feature to
restore the robot to its initial configuration, with which they were familiar
and comfortable working (see E4.23).

4. The system does not respond as expected: Occasionally, there was a prohibitive
lag between user commands and the corresponding robot motion, or the user
was unable to move the camera because of issues with the robot’s autonomous
behaviors, such as being stuck in a collision state or losing track of the worker’s
hand (see E4.24). In response, helpers used the Reset feature as a way to restore
the system to a functional state.

Annotate: We observed 257 instances where the helper added annotations to the
view. These visual annotations were accompanied with one or more of the following
words in the helper’s speech: this, that, these, those, it, other, here, there, where, looks
similar/like, same, thing, next, last, one, another, both, right, way, direction, across, on, top,
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middle, bottom, horizontal, opposite. While we see evidence of the system facilitating
referential communication, a comprehensive conversation analysis on this topic is
outside the scope of this work.

Dyadic Usage Metrics

Our quantitative data for each dyad regarding their system use is summarized in
Table 4.2 and Figure 4.3. Table 4.2 provides the count and duration of use of the
modes and other features, and Figure 4.3 specifically visualizes the data related
to the modes. Table 4.2 includes a ranking based on the degree to which each
dyad succeeded in completing the main task. We did not expect all dyads to reach
completion because we deliberately designed the task to be challenging to prevent
dyads from succeeding purely through verbal communication.

Comparing the task performance of dyads based on the quantitative data on
feature usage is challenging, as it requires consideration of both the quality of
information acquired by participants and the specific intentions and experiences
associated with each instance of feature use. For instance, when considering the
duration of feature use, it is possible that prolonged use indicates the participant
encountered challenges in obtaining the desired view (e.g., the helper in dyad
D4), or alternatively, that the participant was consistently gathering information
throughout the entire period (e.g., the helper in dyad D2). On the other hand, a
shorter duration might suggest that the participant gave up quickly (e.g., the helper
in dyad D5) or that they efficiently gathered information (e.g., the helper in dyad
D3). Note that these examples are based on a high-level qualitative assessment.
It is challenging to quantitatively capture these nuanced details about the qual-
ity of information acquired by participants and their intentions and experiences
associated with each instance of feature use. Additional research is required to
systematically capture these details for a more insightful interpretation of the data
on feature usage and task performance.

One key high-level insight that we can draw from the quantitative data is that
the helper inadequately engaging in independent exploration using the helper-
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Table 4.2: Count and duration of use of Periscope’s features. Dyads are ranked by
amount of task completion (#1 being best). Count represents the number of times
a feature was entered and then exited (or the session ended). Duration indicates
the average time in seconds spent within a mode per count (t = mean (stdev)).

Dyad |
Rank

Helper-led Mode Robot-led Mode Worker-led Mode Point Reset Annotate

D1 | #8 9, t = 19(25) 3, t = 70(20) 7, t = 36(23) 0 5 52
D2 | #1 8, t = 65(76) 2, t = 13(4) 1, t = 18(NA) 0 7 23
D3 | #3 7, t = 20(13) 6, t = 126(122) 8, t = 24(7) 6 9 24
D4 | #5 15, t = 46(34) 3, t = 18(17) 4, t = 25(14) 2 12 29
D5 | #7 2, t = 6(7) 0, t = NA(NA) 15, t = 13(16) 1 0 14
D6 | #4 21, t = 44(39) 2, t = 18(20) 5, t = 22(15) 1 12 38
D7 | #2 12, t = 42(48) 1, t = 20(NA) 8, t = 25(12) 1 7 36
D8 | #6 8, t = 17(8) 3, t = 106(87) 10, t = 27(19) 0 5 41
Total 82, t = 38(41) 20, t = 71(85) 58, t = 23(16) 11 57 257
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Figure 4.3: Visualization of the count and duration of use of Periscope’s modes.
Dyads are arranged in descending order based on most to least completion of the
task. Left: Count plot depicting the number of times of use of the three modes in
the data. Center: Box plot depicting the duration of use of the three modes in the
data. Right: Zoomed-in view of the box plot depicting the duration of use of the
three modes in the data with y-scale from 0 to 140.
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led mode and excessively relying on the worker to modify the view was typically
associated with poorer performance (e.g., dyad D2 vs dyad D5). This trend was
more pronounced in the duration data than in the count data. However, beyond
this insight, it is challenging to identify any patterns regarding how the usage of
features influences task performance.

4.5 Discussion
In this section, I discuss our system’s ability to support our design goals introduced
in Section 3.3 and present design implications for future systems.

Reflection on Design Goals

Table 4.3 summarizes our reflections on the design goals, highlighting both the
abilities and limitations of the Periscope system in supporting them. In the rest of
this section, I provide detailed reflections related to each design goal.

Note: Whenever a statement is connected to a result in Section 4.4, the relevant
reference is included in parentheses.

Versatility: The frequent use of the system’s features (Table 4.2) and consistent use
patterns across dyads (Table 4.1) is encouraging, especially since participants were
not compelled to use any features to move the camera. The initial configuration
(which is also the pre-defined pose for the Reset feature) offered a reasonable
view of the workspace, and if the worker had brought everything into the static
view or the dyads had relied mainly on verbal communication, it may have been
possible to progress on the task (albeit inefficiently). However, we found that
participants made use of the system’s versatility to obtain diverse and context-
specific views to support a variety of task activities, such as gaining awareness,
providing instructions, searching and gathering components, assembling, sharing
information, inspecting objects, and correcting errors (e.g., E4.1).



72

Table 4.3: Summary of reflections on our design goals: “+” points indicate our
system’s ability to support the design goals; “–” indicate limitations identified in

supporting the design goals.
Design Goal Reflection
Versatility + Participants used the system’s versatility to obtain diverse and context-specific views to support

various task activities. The frequent use of the system’s features and consistent use patterns across
dyads is encouraging, especially since participants were not compelled to use any features.

+ The shared context afforded by the system, including annotation and deixis, facilitated efficient and
unambiguous communication.

– Certain angles and locations were inaccessible due to the choice of robotic hardware, and the system
did not adequately support repeated view specifications and precise views for certain task activities.

Intuitivity + The frequent use of camera controls suggests that users found it worthwhile to put in the effort to
acquire information through camera control. The emergence of consistent patterns in camera control
usage suggests an inherent intuitiveness associated with the controls.

+ Autonomous robot behaviors were generally invisible to participants, contributing to the intuitiveness
of camera controls.

– Conversation pauses and dialogue related to camera control interrupted collaboration flow, but users
took the time to obtain good views, after which interactions were smooth.

– The system did not adequately support repeated view specifications and precise views. Additionally,
the lack of autonomous behaviors in Freedrive affected camera control by the worker, and in the Point
interaction, some users expected the camera to align with the direction of pointing.

Dual-user
Interactivity

+ Helpers used the provided interactions to explore the workspace independently and in parallel with
the worker’s task execution. This allowed for efficient collaboration and timely interventions based on
the helper’s assessment of the task status without requiring constant dialogue with the worker.

+ Participants took ownership of the point of view when they had ownership of a task or relevant
information, resulting in frequent transfer of view control between the helper and the worker.

+ There were two types of shared view control: (1) collaborative view control within a mode, where
users jointly influenced the camera view through dialogue and the provided interactions, and
(2) transfer of view control when switching between modes, where responsibility for camera control
was shifted between the helper, the worker, and the robot.

– Workers frequently moved the camera on behalf of the helper when helpers were dissatisfied with
their user experience. Workers only occasionally leveraged their familiarity with the workspace to
share information with the helper by using the provided interactions.

Congruity + Effective arbitration was facilitated by our leader-follower approach to designing the modes.
Additionally, verbal negotiation between the helper and the worker during collaborative view control
helped to achieve congruity.

– There were instances of conflict in the data, particularly regarding the engagement of the worker-led
mode, simultaneous attempts by the helper and the worker to move the camera, and a diminished role
for the worker and robot during arbitration.

Usability + The system facilitated rich interactions and enabled remote collaboration on physical tasks.

– Helpers expressed frustration with some latency and unresponsiveness in robot motion, especially
when adjusting the view. Helpers may have different preferences for input sensitivity and direction
based on their past experience and task context. Lack of transparency in some state transitions led to
confusion when the robot became unresponsive in certain situations.

– Workers split their attention between the task space, the robot, and the shared view on the laptop. The
split-attention effect was mitigated to some extent by the embodied cues provided by the robot about
the shared view and the helper’s focus of attention.
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Similar to prior work (Kraut et al., 2003; Gurevich et al., 2012), we saw evidence
for the helper and the worker using our interface to establish a shared visual context
in order to maintain awareness and ground their conversation. It should be noted
that the following discussion about system versatility is inherently linked to system
usability, which enabled effective communication between users. Annotation, in
conjunction with the use of deixis (e.g., this, here, across, now, next; see §Annotate), was
the most apparent use of the shared context to achieve efficient and unambiguous
communication. Additionally, dyads used the shared visual context to ground
references of task objects (e.g., “L-shaped stuff” for the base support in E4.5 and “the
blue one” for the snap-connector in E4.6), especially since they had no prior shared
vocabulary for the objects. Finally, infrequent verbal communication related to
some aspects of collaboration, such as monitoring comprehension, may suggest a
proficient use of visual information. Helpers could infer worker comprehension by
watching worker actions immediately after receiving instructions, and then correct
them if necessary (e.g., E4.2).

We found some limitations in the system’s versatility due to the particular
robotic hardware that we used. There were some angles and locations that the
robot could not be configured to show. Additionally, the system did not adequately
support certain task activities such as debugging that required precise views and
repeated view specifications (discussed in detail in §Intuitivity). These findings
provide concrete directions for enhancing the versatility of future systems.

Intuitivity: The frequent use of the system’s features (Table 4.2) to move the cam-
era may indicate that there were enough instances where users found it worthwhile
to put in the effort to acquire information through camera control. Moreover, partic-
ipants converged on particular patterns in their use of camera controls (Table 4.1),
which could suggest that the controls had some degree of intuitivity. It is also
promising that autonomous robot behaviors were generally invisible to participants.
Occasionally, the robot lost track of the worker’s hand and required guidance from
the helper (§Robot-led Mode Use Patterns) and rare robot collisions required experi-
menters to restart the system (UP-19). Otherwise, users did not have to intervene
and take responsibility for the aspects of camera control that were handled by the
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robot. Overall, we believe that the discussion in §Versatility of participants using
the system to achieve diverse, informative, and task-relevant views is supportive of
the intuitiveness of our camera controls.

Conversation pauses and dialogue about camera control in our data raise con-
cerns that participant efforts to move the camera interrupted their flow of collabo-
ration (e.g., E4.2, E4.5, E4.10, E4.15, and E4.23). Nevertheless, helpers and workers
took the time to do so in order to get a good view, after which interactions were
smooth. This is illustrated in E4.4, where the verbose description, “(it should attach
on)...the inside of the triangle, like on the inside edge of the triangle that connects to the
circle thing...Sorry...the thing...the clear thing with the circle on it”, was replaced by the
concise deictic expression, “It should attach right...here”, after the helper took the
effort to obtain a good view. While we have taken steps in the right direction with
our system design, we explain cases below where our system did not adequately
meet this design goal.

Obtaining precise views: Helpers seemed comfortable with camera control when
they used targeting only or targeting with zoom (e.g., during searching; see UP-3)
to set three or four of the camera’s DoF. In contrast, helpers had trouble with camera
control when trying to obtain views that needed precise 6-DoF camera specification,
such as viewing the bottom of the roof grid (E4.13).

Repeated view specifications: Helpers were frustrated with repeatedly specifying
views when they had to move away to look for and collect components before
returning to finish assembly (e.g., E4.14). Here, the reset pose was useful on
occasion since it may be used as a transitional pose when switching between sub-
tasks (UP-17), or as a quick way to get a sufficient view of the workspace without
much effort (UP-16).

Lack of autonomous behaviors in Freedrive: We did not include any autonomous
robot behaviors in our implementation of the Freedrive interaction for the worker.
However, this may have resulted in workers having too many degrees of freedom to
manipulate, causing them to sometimes struggle with physically posing the robot’s
joints. Workers had the most trouble with keeping the camera upright and the
robot colliding with itself.
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Non-intuitive pointing behavior: Some participants expected the camera to align
with the direction of pointing and expressed frustration when this was not the case
(e.g., E4.17 and E4.19).

Dual-user Interactivity: We begin with a discussion of how helpers and workers
individually used their interactions. Helpers could have simply requested the
worker to move the camera each time (as the helper in dyad D5 did), but most
helpers extensively used the interactions provided to them and independently ex-
plored the workspace without relying on the worker (§Helper-led Mode Use Patterns).
Additionally, this independence allowed parallel work in which the helper could
move the camera as the worker was simultaneously carrying out a task (e.g., E4.4).
The helper could also intervene based on their assessment of the state of the task
without always needing to engage the worker in a dialogue about the status (e.g.,
E4.3). Workers used the interactions provided to them in two distinct ways. In
the intended use, workers leveraged their familiarity and access to the workspace
in order to share information with the helper (UP-7 and UP-13). However, more
frequently, workers moved the camera on behalf of the helper when they were
dissatisfied with their user experience (discussed later in this subsection). Overall,
when participants had ownership of a part of the task or relevant information, they
took ownership of the point of view. This finding is consistent with prior work
(Lanir et al., 2013; Mentis et al., 2020), but it merits further study to determine if
there is a relation (and what its nature is) between the extent to which a user feels
task or information ownership and the degree of camera control (e.g., 1-DoF vs
6-DoF) provided by an interaction.

An intriguing and novel outcome of participants having different degrees of
camera control in each mode was the frequent transfer of control of the view between
the helper and the worker both within and between modes (see mode exit details for
each mode in §Use Patterns). Our analysis revealed that we must consider a user’s
influence over the view not only through the explicit use of a system feature but also
through conversation, such as in the helper-initiated worker-led mode (Section 4.4).
Influencing the view through conversation was unexpectedly frequent during the
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use of the robot-led mode for gathering components, in which the helper verbally
directed the worker to move their hand to modify the view (UP-5). The worker
was also mindful of this collaborative view control and exhibited unique behaviors,
such as resting their hand on the table to maintain a steady view of the relevant area
for the helper. In this scenario, the view is continuously, and sometimes implicitly,
negotiated between the helper and the worker. Collaborative view control was
also present, but infrequently and intermittently, within the helper-led mode and
the worker-led mode. In the helper-led mode, workers could use pointing (although
only dyad D3 successfully used this feature; see UP-15) and in the worker-led mode,
helpers could adjust the view themselves or ask the worker to adjust it instead
(UP-12). The balance of view control in the helper-led mode and the worker-led mode
may have been skewed disproportionately in favor of either the helper or the worker,
making it less apparent than in the robot-led mode that view control could be shared.

There is an explicit transfer of view control when switching from one mode
to another. Users may have changed modes due to the evolving needs of the task
that necessitate more or less camera control (e.g., E4.6). Otherwise, users may exit
a mode (in favor of another) when they were unable to acquire the desired view
using the interactions provided in that mode. This was more typical with helpers
requesting workers to move the camera on their behalf (UP-10, UP-11, and UP-12),
although there were also cases of the reverse (e.g., E4.23 and E4.24). Although
this demonstrates the potential of dual-user interactivity to compensate for system
limitations, future designs of the system should minimize this behavior.

Congruity: The frequent transfer of view control between the helper and the
worker within and between modes, which we discuss in §Dual-user interactivity, is
made possible through effective arbitration. We designed arbitration mechanisms
within the system to ensure congruity, but interestingly, we observed that verbal
negotiation between the helper and the worker during collaborative view control
(discussed in §Dual-user interactivity) also helped to achieve congruity. Another
facet of arbitration is the role of autonomous robot behaviors in camera control.
Autonomous behaviors were generally unobtrusive to participants, as discussed in
§Intuitivity, and thus contributed to effective arbitration.
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The leader-follower approach (see Section 3.6) that we adopted to streamline
arbitration seemed to be an effective strategy, as it may have helped to establish clear
roles and ownership. This approach is also linked to the concept of information
ownership leading to view ownership, as discussed in §Dual-user interactivity,
where the leader drives the task forward based on information they possess, and
the follower follows suit. However, we observed a few instances of conflict in the
data, highlighting areas where arbitration could be more effective. There were
disagreements between the helper and the worker on when to engage the worker-
led mode and by whom (§Worker-led Mode Use Patterns). This is due to both users
having the option of engaging the mode. Another source of conflict in this mode
was when the helper and the worker both tried to move the camera. Finally, there
were issues with the arbitration of the worker’s pointing interaction, which required
approval by the helper to influence the view and hence diminished the worker’s
authority (§Point). While it is promising that there were only a few instances of
conflict, we recognize that we may have granted the helper excessive authority
during arbitration. The worker had a diminished role in the arbitration process.
This made achieving consensus more manageable, but it did not fully leverage the
potential contributions that workers could make. Additionally, the robot could
also play a more active role and take initiative, rather than just performing passive
behaviors in support of helper and worker interactions.

Usability: The system facilitates rich interactions between the helper and the
worker (illustrated through examples in Section 4.4) and enables dyads to remotely
collaborate on physical tasks. This is promising for the system’s usability. Below, we
address usability issues that provide potential for improvement in future systems.

Latency and unresponsiveness: All helpers expressed frustration with the delay be-
tween their commands and corresponding robot motion. Furthermore, this latency
varied during the session. This was especially problematic when the robot did
not immediately respond to commands for adjusting the view (orbit, shift, zoom).
Helpers then gave additional commands which caused the robot to overshoot the
target location and necessitated correction. This was addressed before running the
user study in Chapter 5.
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Input sensitivity and direction: We had defined a standard amount and direction
of robot movement in response to mouse input, but helpers may have different
preferences based on their past experience with other systems and the task context.

Lack of transparency in certain state transitions: When the worker moved the camera
in the worker-led mode, robot assistance through autonomous behaviors was designed
to be inactive. However, this meant that the robot might be in a collision state and
unable to move for safety reasons when helpers switched to the helper-led mode and
attempted to move the camera. Since this information was not communicated to
users, they assumed that the system was unresponsive and reset the robot’s pose
to resolve the issue.

Split-attention effect for the worker: The worker’s interactions with the system were
spatially distributed. Workers engaged Mode 3 using the interface on the laptop
and then moved the robot, which could be in a different part of the workspace
than the laptop. While moving the robot, the worker had to simultaneously look
at three spatially distributed areas: the task space, the robot (to avoid collisions),
and the shared view on the laptop. The split-attention effect seemed less of a
factor (although not eliminated) when the helper modified the shared view. The
position of the robot-mounted camera changes whenever helpers modified the view,
providing embodied cues about the helper’s focus of attention to the worker. This
could help the worker in achieving joint attention without requiring them to look
at the interface on the laptop.

Design Implications

Modeless arbitration: Designing arbitration mechanisms that directly leverage
the helper and worker interactions (e.g., target, point, freedrive), without the need
for explicit modes, could improve the intuitivity and congruity of the system. For
example, in the current prototype, setting the camera’s target as an object versus the
worker’s hand requires disengaging from one mode and engaging in another. With
an integrated interaction system, multiple specifications could be initiated using
the same input, such as clicking on the hand in the camera feed to initiate hand
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tracking, and clicking on an object in the feed to set it as the camera’s target. We
would like to acknowledge the utility of modes, as they explicitly distribute each
user’s and the robot’s influence on the camera view, establishing clear leader and
follower roles. However, exploring a modeless approach presents the possibility
of introducing intermediate levels with varying degrees of influence, allowing for
more nuanced interactions.

Stronger worker-centered design: Designing the system with explicit support
for workers could improve dual-user interactivity, particularly because our system,
like many other prior works, was designed in a helper-centered manner. For views
that are challenging for helpers to specify remotely, incorporating complementary
interactions for workers could empower them to more efficiently shape the desired
view on behalf of helpers. Additionally, in our current design, helpers have signifi-
cant authority (e.g., to switch between modes). Designing the system to encourage
variable authority between the helper and the worker could enhance the fluidity
of collaboration. For instance, the system could automatically switch to freedrive
when the worker makes physical contact with the robot, and switch to remote
control when the helper provides mouse input.

Use pattern-based arbitration: Designing arbitration based on the use patterns
presented in Table 4.1 has the potential to improve the versatility of the system.
For example, in different contexts, users might require different sensitivity to their
directional input when trying to adjust the view. The robot could adjust the amount
of movement based on the perceived use pattern (inferred from the state of the
environment and usage history). This approach could provide users with the
responsiveness needed in one use case versus the precision required in another.

Expertise-based arbitration: Designing arbitration around expertise levels could
improve the intuitivity and congruity of the system. For example, novices may
benefit from simplified camera control and a more active robot agent. As users
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gain expertise, the system could provide them with increased control through new
interactions or new ways to parameterize interactions.

System feedback: Providing more frequent and timely feedback to users (e.g.,
during state transitions) could enhance the usability of the system and promote
efficient collaboration by reducing the need for dyads to discuss system status. The
worker may also benefit from more embodied cues that inform about system state.

4.6 Chapter Summary
This chapter presented insights into the usage of the Periscope system, as assessed
through a formative evaluation involving 12 dyads in a semi-controlled lab study.
Our study design drew inspiration from the principles of experimental simulations
and maintained key elements of a natural collaboration scenario within a lab setting.
This included considerations for task and workspace complexity, session duration,
and opportunities for naturalistic use. During a 2-hour session, each dyad worked
collaboratively on assembly tasks while physically located in separate rooms. Our
empirical findings are derived from a rigorous analysis of qualitative data capturing
participants’ interactions with each other and the Periscope system. Our findings
include diverse examples of interactions facilitated by the Periscope system, patterns
of use of the system’s features derived from analysis of these examples and other
interaction data, and quantitative data for each dyad regarding their system use.
The discussion elaborated on the significance of these findings to our design goals
and their implications for the design of future systems. The study described in this
chapter lays the groundwork for the upcoming chapter where we deploy the tool
in tasks and conditions that more closely resemble real-world situations and focus
on users who would employ such a tool more frequently in their routine activities.
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5 application of the periscope system

This chapter presents a user study exploring the potential of the Periscope system in
facilitating remote workforce training in manufacturing environments. In the study,
we engaged instructors from a technical college and trainers from The Boeing Com-
pany to understand real-life opportunities and implications of remote training. In
this chapter, I motivate our application scenario, present our research methodology,
describe the user study design, provide a characterization of usage contexts based
on findings from the study for modernizing workforce training by leveraging tools
like the Periscope system, and discuss the validity of our findings. This chapter
includes research from a manuscript in preparation (Praveena et al., 2024).

5.1 Motivation
In modern industrial environments, the increasing automation of routine tasks is
leading to a shift in the nature of work. The tasks that require human intervention
tend to be less frequent but require a higher level of skill and expertise. Traditional
workforce training methods are inadequate in this evolving landscape and pose a
number of challenges that we identified through discussions with our collaborators
at Boeing. Firstly, these training sessions are typically designed around more
common tasks and skills that might be automated away in the future and might not
address the high-skill requirements of non-routine tasks (Autor et al., 2003; Nedelkoska
and Quintini, 2018). Secondly, the time gap between training sessions and the actual
occurrence of a task on the production line could lead to skill decay, i.e., a decline
in the retention of the necessary skills (Arthur Jr et al., 1998), and workers may
not have the confidence or up-to-date knowledge to handle such tasks effectively.
Thirdly, current training methods are disruptive, often requiring workers to leave
their workstations and attend training sessions at separate facilities resulting in
significant production downtime and loss of contextual conditions that exist in
operation environments. Finally, these issues are compounded by an aging workforce;
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experienced workers who possess advanced skills are retiring, creating knowledge
transfer gaps as newer workers may not gain the same level of expertise through
experience alone (DeLong, 2004; Burmeister and Deller, 2016). These challenges
might leave workers unprepared to address critical, high-skill tasks and eventually
result in operational inefficiencies and increase the risk of errors.

In this evolving industrial landscape, traditional workforce training methods
can be augmented through new paradigms, such as remote training. Remote training
solutions have the potential to enable workers to acquire or refresh necessary skills
right at the moment they are needed, ideally in the actual work environment to
ensure that the training is relevant, timely, and directly applicable to the task at
hand. Remote training technology can democratize expertise (Brown, 2020) and con-
nect experts with geographically dispersed individuals. This becomes particularly
valuable for including an aging workforce and enabling them to remotely impart
their knowledge and expertise to younger workers, even if they are not co-located
or have physical limitations that make it challenging to engage in traditional on-site
training and knowledge transfer.

In order to explore the opportunities and challenges presented by robotic camera
systems for remote workforce training in manufacturing environments, we adopt
an evaluation approach that incorporates the concepts of participatory research (Spin-
uzzi, 2005; Vaughn and Jacquez, 2020), technology probes (Hutchinson et al., 2003),
and context of use analysis (Maguire, 2001a). I discuss this further in Section 5.2. The
work in this chapter makes key contributions in two categories:

1. Method — an experimental paradigm to study the potential utility of a system
by employing it as a technical probe and eliciting participatory critique.

2. Data — a reflective characterization of usage contexts related to remote work-
force training in manufacturing environments where a robotic camera solution
may be useful or face limitations.
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5.2 Research Methodology
Our approach for understanding the utility of the Periscope system focuses on
characterizing its potential usage contexts in real-world settings. Given the system’s
early developmental stage, it is impractical to deploy it directly in real-life use cases
to assess its usefulness. Therefore, our methodology draws inspiration from human-
centered design practices, particularly usability context analysis (Thomas and Bevan,
1996) or context of use analysis (Maguire, 2001a), which characterize anticipated
circumstances of system use. We incorporated a subset of the factors outlined in
these papers, considering the exploratory nature of our analysis and the nascent
state of the paradigm under study.

Data for the analysis of context of use can be gathered using various methods,
such as interviews, focus groups, surveys, field studies, contextual design, and
artifact analysis (Maguire, 2001b). In our study, we engaged with potential real-
world users of our proposed paradigm to elicit critical reflections on the utility of the
system. This study design is aligned with the goals of participatory research, which
involves “systematic inquiry in direct collaboration with those affected by an issue being
studied for the purpose of action or change” (Vaughn and Jacquez, 2020). There are many
variations of participatory practices and they are typically tailored to fit specific
research contexts. For example, Nanavati et al. (2023) adopted a community-based
participatory research approach in which the academic researchers engaged a person
with permanent motor impairments as a community researcher. This individual
contributed to creating design materials, conducting interviews, analyzing data,
and co-authoring the paper. In another example, Spiel et al. (2017) conducted a
participatory evaluation where autistic children, as intended users of the technology,
were involved in defining the measures of success for the evaluation and interpreting
the study results. In our approach, insights from participants not only provided
data for characterizing potential usage contexts but also influenced the study design.

Hansen et al. (2020) emphasize the importance of hands-on experience with
prototypes for spurring discussion and reflection by participants while examining
how future technologies might alter current practices. In our study, we employed
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the Periscope system as a technology probe (Hutchinson et al., 2003) to provide partic-
ipants with hands-on experience of our proposed paradigm. We made this choice
because envisioning a work practice significantly different from the one they are
familiar with can be challenging without tangible experience (Hansen et al., 2020).

Thus, we employ a multi-method approach for the work in this chapter. Our
study design described in Section 5.3 draws inspiration from the principles of
participatory research (Spinuzzi, 2005; Vaughn and Jacquez, 2020) and technology
probes (Hutchinson et al., 2003) to inspire potential users of our proposed paradigm
to share their perspectives on the real-life opportunities and implications of our
work. Our findings presented in Section 5.4 are based on a process inspired from
context of use analysis (Thomas and Bevan, 1996; Maguire, 2001a).

5.3 User Study
Early in the process, before designing the formal user study, we1 engaged in pre-
liminary discussions with a Boeing trainer who provided foundational, hands-on
technical training for workers. We later recruited this trainer as a participant in the
study described in this section. During the discussion, we introduced the Periscope
system and presented two usage scenarios (see Figure 5.1) to stimulate conversation
about training practices at Boeing and to explore where a solution like Periscope
might be beneficial. This was also to gauge if these scenarios resembled any pro-
prietary Boeing processes for which we would not be able to obtain pictures or
documentation. Based on these usage scenarios, the trainer discussed two current
training practices with us that may be promising for our application.

First, in a controlled setting such as a lab area in a training facility and under
the guidance of the trainer, workers practice movements and procedures that they
learn in a classroom setting. This training can last several days and include mul-
tiple sessions. The key elements of this type of scenario include (1) the trainer
demonstrating techniques followed by the worker trying it hands-on, (2) the trainer

1This refers to Michael Hagenow, Jill Streamer, and myself.
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Figure 5.1: Left, © 2005 Boeing: A trainer/workplace coach, positioned on the
left, works closely with a worker, positioned on the right, at a Boeing facility in
St. Louis. Center: Scenario 1, used in the preliminary discussion with a Boeing
trainer, illustrates training in a controlled setting such as a lab area in a training
facility. Right: Scenario 2, used in the preliminary discussion with a Boeing trainer,
illustrates on-the-job training in the production environment.

observing and evaluating the worker’s performance and providing immediate feed-
back, and (3) the trainer maintaining a safe and supportive environment for workers
when addressing any errors in their techniques. When evaluating the worker’s
performance to provide feedback (in this case, the task involves performing actions
on a surface), the trainer employs a variety of methods. These include feeling the
surface with their hands to sense certain material properties, using a flashlight to
inspect the surface from a certain angle, listening to sounds produced by the tool as
it makes contact with the surface, or using a measurement tool to objectively verify
the accuracy of the task. Second, workers receive on-the-job training in the produc-
tion environment following the initial training in the facility. Workers practice on
parts closely resembling those in actual production, but the training is typically
conducted in a separate area adjacent to the main production line. These settings
are more chaotic, and the training period can extend over several months.

After this preliminary discussion with the trainer, subsequent conversations
with our collaborators at Boeing highlighted that skill decay and the resulting
disruption can impact production (these terms were introduced in Section 5.1).
These discussions laid the foundation for the user study presented below.
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Study Design

Our study was conducted in three phases. Phase 1 involved discussions with Boeing
trainers and subject matter experts to understand the characteristics of the task that
would be suitable for the experimental simulation in Phase 2. Phase 2 involved dyads
consisting of instructors (remote) and students (local) using the Periscope system to
collaborate on a car stereo installation task and then reflecting on their experiences.
Phase 3 involved reviewing video recordings2 of a subset of interactions from Phase 2
with Boeing trainers.

Participants

In Phase 1, we recruited two Boeing trainers experienced in composite materials and
one subject matter expert (SME) who had experience with car stereo installation.
In Phase 2, we recruited two instructors from a technical college (both men), one an
automotive technician and the other an electrical engineer. We also recruited six
participants (1 woman, 5 men; ages 20–64; mean age = 31.5) from the University of
Wisconsin–Madison’s campus community who had prior experience with manual
work (e.g., wiring, refinishing, equipment assembly, installation, and repair). In
Phase 3, we recruited one Boeing trainer who had previously participated in Phase 1.

Procedure

Phase 1 — An experimenter described the study to participants and obtained written
consent. After giving consent, the participants were introduced to the system, either
through videos (for Boeing trainers) or through a guided demonstration of the
system (for SMEs). The Boeing trainers were asked about their current training
practices and and how they perceived the system being deployed and used within
their facilities. The SMEs guided the local experimenter through the car stereo
installation task. Once the ideal setup was completed, they were asked about

2https://youtube.com/playlist?list=PLilPy_VXz5rIfRaYtfRynyR3nBNWI3LLI&si=
5iYLSg4RXnm863aL

https://youtube.com/playlist?list=PLilPy_VXz5rIfRaYtfRynyR3nBNWI3LLI&si=5iYLSg4RXnm863aL
https://youtube.com/playlist?list=PLilPy_VXz5rIfRaYtfRynyR3nBNWI3LLI&si=5iYLSg4RXnm863aL
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potential issues that could arise in car stereo installation and how these could be
simulated in the lab. Subsequently, the local experimenter tested some of these
aspects and received feedback from the SMEs. The study lasted for one hour.

Phase 2 — In this phase, pairs of instructors and students were informed that they
would be completing a wiring and routing task involving the connection of a car
radio, amplifier, and speakers, as illustrated in Figure 5.2. Note that student refers to
the role of the participant; not all participants in the student role were actual students
in real life. The instructors participated in a total of four sessions: one for training
with the system and understanding the study task, followed by three sessions to
collaborate with three different students. In the initial training session, instructors
were asked about potential issues that could arise in car stereo installation to solicit
feedback on the task design. After the initial session, instructors received a detailed
lesson plan for the task (included in Appendix B), which explained the process
of wiring the system, guidelines for routing wires, and common troubleshooting
techniques for a non-working system.
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Figure 5.2: Left: A top-view of the setup for Phase 2. The local participant (student)
completes a wiring and routing task involving the connection of a car radio, ampli-
fier, and speakers. The remote participant (instructor) uses the robot to view the
workspace and instruct the student. Right: A photo of the real setup of the student
and the robotic camera that the instructor can access.
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Students arrived 30 minutes before the instructors. An experimenter described
the study to students and obtained written consent. After giving consent, students
were introduced to the Periscope user interface. Students then received in-person
instruction from the local experimenter for 15–20 minutes. Students were shown
how to use each of the tools needed for the task, and given verbal instructions on
best practices. Then students were walked through the process of connecting a
speaker to the amplifier, which allowed them to get some initial practice using
the tools. Similarly, students were given verbal instructions on how to route the
wires and were advised to avoid wiring around hard corners. Students were given
approximately 10 minutes to wire the speaker and route the wires.

After completing this initial setup, students were asked to wait outside the
setup area, so that the local experimenter could complete the task setup for them
to work through with the remote instructor. This break allowed the experimenters
to introduce common problems into the setup to ensure that there would be issues
for the students and the remote instructor to find and troubleshoot. After the setup
was completed, the students were brought back into the room, and the remote
instructor connected to the Periscope system from their home or office. This point
was approximately the 30-minute mark of the study.

After obtaining consent from the remote instructor, they were introduced to
the student and given a few minutes to greet one another. Both the instructor
and the student were then informed about the collaborative task of connecting the
remaining speakers to the amplifier and testing the system. They were asked to
make as much progress as possible within 25 minutes. After this collaboration, the
instructor and the student were separated to independently complete surveys and
respond to semi-structured interview questions. Finally, both the instructor and
the student received compensation for their participation. The total duration of the
study was 90 minutes for the students and 60 minutes for the instructors.

Phase 3 — An experimenter described the study to the participant and obtained
written consent. After giving consent, participants were shown videos of interac-
tions from Phase 2 of instructor-student dyads utilizing the Periscope system and
collaborating on a task. During the review of these interactions, participants were
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asked semi-structured interview questions regarding their perceptions of the sys-
tem and the interaction, as well as how they perceived it being deployed and used
within their facilities. The study lasted for one hour.

Measures

In Phase 1, participants were asked semi-structured interview questions to under-
stand their current practices and how they envision a system like Periscope fitting
into those practices. We also solicited feedback on the suitability of our task design
for its relevance to real-world contexts of use.

In Phase 2, instructors and students were given formal survey metrics. However,
these metrics are not elaborated upon here, as they were not analyzed and do not
have any impact on the discussions within this dissertation. Both instructors and
students participated in semi-structured interviews aimed at understanding their
experiences during the session and reflecting on their use of the Periscope system.

In Phase 3, participants were asked semi-structured interview questions to un-
derstand how they perceived the recorded interactions, their interpretations of the
perceived system usage, and their opinions on how these might align with or differ
from their own perceived usage.

Interviews in Phase 1 and Phase 3 were recorded, resulting in ∼4 hours of
data. During Phase 2, we screen-recorded the student’s interface and recorded
the workspace (including the student and the robot), resulting in ∼3 hours of in-
person instruction data and ∼5 hours of remote instruction data. Interviews were
also recorded, resulting in ∼5 hours of data.

Analysis

We follow an interpretive approach (Walsham, 2006) for the preliminary analysis
of the data collected in this study. Interpretive research acknowledges that the
background and experience of the researchers is valuable in interpreting the data.
Researchers can uncover meanings in an iterative way as they become more im-
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mersed in the data. Walsham (2006) recommend describing the researchers’ role
for interpretive research.

PP was the lead researcher in developing the Periscope system and conceptual-
ized the potential application of the system for remote training. NW and PP both
served as experimenters in every session across all phases. All experts (trainers,
instructors, and SME) were familiar with one or both of the researchers through
multiple interactions.

In phase two, NW served as the local experimenter, while PP served as the
remote experimenter. NW conducted the in-person training, and PP demonstrated
the system to both the instructor and the student. NW and PP exchanged field notes,
both descriptive and reflective, during the collaboration sessions. NW interviewed
the students, and PP interviewed the instructors. Towards the end of the study
session, NW joined the instructor interviews after completing the student interviews.
After every session, NW and PP debriefed to discuss key takeaways from their
respective interviews and to compare the current session with any previous sessions.
NW and PP also debriefed after interviews with other experts.

NW and PP chose a section of the interaction data for review, focusing on the
instances when the robot was moving around the amplifier. This action was selected
because it was a common element across all interactions and posed challenges due
to the spatial constraints of the setup. NW reviewed the video interaction data and
provided descriptions, which PP then confirmed and revised. Additionally, PP
added interpretive findings on the task design and potential applications, which
NW then confirmed and revised.

5.4 Findings
In this section, I present a subset of interactions observed during Phase 2 of the
study where instructor-student dyads collaborated using the Periscope system. Inter-
pretations of these interactions, along with field notes, inform the characterization
of usage contexts that I will present later in this section.
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Example Interactions

We reviewed three sessions for each instructor (I1 and I2), focusing on the instances
when the robot was moving around the amplifier. In the following description, we
refer to the helper-led mode as independent control, the robot-led mode as hand-tracking,
and the worker-led mode as manual assistance. Further discussion on this terminology
is provided in Section 6.3. The following descriptions are “thick,” a term used by
Geertz (2008) to describe accounts of qualitative data that extend beyond factual
recounting of events and provide the researchers’ interpretations of the context
surrounding the events.

Instructor 1

In the first session with P1, I1 struggled with robot control. I1 was on a wireless
Internet connection that caused significant delays in the camera feed, necessitating
significant reliance on verbal communication to monitor the student’s progress.
Throughout this session, whenever P1 worked with the amplifier, I1 switched to
manual assistance to allow P1 to adjust the view. I1 did not modify any of the views,
even when P1 caused the view to rotate by 90◦.

In the second session with P4, I1 switched to a wired Internet connection and
more actively attempted to control the robot. Initially, while P4 described the study
setup, I1 tried to move the robot’s camera using independent control to view the
amplifier’s connections to the radio. This led to challenging configurations, causing
repeated low-speed collisions with the table and triggering safety stops. These
stops required experimenter intervention to resume robot movement. Later in
this session, I1 used a mix of independent control and manual assistance from
P4 to better view the amplifier’s connections to the speakers, even adjusting the
viewing angle when necessary. Towards the end of the session, I1 primarily used
hand-tracking as P4 repeatedly moved between the speakers and the amplifier.
Additionally, I1 used the zoom and orbital adjust capabilities to modify the view
while continuing to maintain hand-tracking.

In the final session with P6, I1 encountered several instances of camera cable
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disconnection due to the cable becoming tangled around the robot. This required
experimenter intervention to reconnect the cables. I1 needed to refresh the browser
for an updated camera feed. The cable entanglement resulted from the way I1
and P6 interacted using the camera system. I1 used independent control to fol-
low P6 to the amplifier, and then had P6 manually assist in moving the camera.
However, P6’s assistance often led to awkward robot configurations which com-
plicated independent control for I1. This resulted in I1 having to use the robot’s
reset button to achieve a better configuration and regain control over the robot’s
movements. Unfortunately, these resets sometimes caused cable disconnections
and one near-collision with P6.

Overall, I1 demonstrated considerable improvement in system usage, becoming
increasingly comfortable with various features for exploring the workspace. This
improvement was particularly noticeable from the first to the second session, which
was partly due to resolving connectivity issues by switching from a wireless to a
wired connection.

Instructor 2

In the first session with P2, I2 solely used independent control, sometimes leading
to sub-optimal viewing angles, such as only seeing the top of the amplifier and not
the connections. In the second session with P3, I2 started with hand-tracking while
P3 was explaining the study setup, but primarily used independent control for the
remainder of the session.

In the final session with P5, I2 primarily used independent control, with a single
instance of requiring manual assistance to view the amplifier connections. This
need for manual assistance arose when P5 was connecting the speaker wire to
the amplifier and the connector became detached. Due to challenges in verbally
communicating the instructions, I2 had P5 manually adjust the camera for a clearer
view of the connectors. Subsequently, I2 asked P5 to check the laptop to see the
annotation I2 had added to the feed. This instance was the only time the annotation
feature was used across all six sessions.
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Overall, I2 mostly relied on independent control, preferring not to “waste” the
student’s time. This approach sometimes resulted in sub-optimal viewing angles,
especially when examining the amplifier connections, but generally led to smoother
interactions between the instructor and students.

Comparison

Comparing the instructors’ approaches and system usage, I2’s comfort and confi-
dence with the system were notably higher from the outset. During Phase 3 of the
study, when we showed video clips of the interactions to a Boeing trainer, they also
commented on the challenges that I1 appeared to be facing while using the system.

Usage Contexts

In this section, I first present an analysis of the task design. This is followed by a
characterization of three potential scenarios related to remote workforce training:
formal schooling, in-house foundational training, and workplace coaching.

Reflection on Task Design

Our goal with the task design was to create a task that allowed for meaningful
progress using the system’s current capabilities, while also reflecting potential
contexts of use in the real-world. The feedback from participants provided us with
insight into whether this goal was met. The Boeing trainers and the SME in Phase 1
considered the task as an acceptable abstraction of potential contexts of use. In
Phase 2, we observed that all instructor-student pairs made meaningful progress
(e.g., wires were connected, task-related information was exchanged, and problems
were diagnosed) during their session. Occasionally, we observed that alongside
task progress, instructors and students also engaged in small talk, indicating a
level of comfort in the interaction. Thus, it seems that our task was adequate in
achieving what we set out to do. Below, I discuss the characteristics of our task
design to identify scenarios where a robotic camera solution might be beneficial or
may encounter limitations.
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Task type: There were several task types of interest to Boeing, including wiring,
sanding, riveting, and sealant application. Wiring appeared to be the most prac-
tical for our task design for an exploratory evaluation as it did not require safety
equipment, dangerous or specialized tools, and was likely a skill with which a
sufficient number of engineering students on campus would be familiar. Boeing
trainers, experienced in composite manufacturing, also felt that processes similar to
working on composites were too tactile to be sufficiently supported by the system
and concurred that wiring was a suitable candidate. The car stereo wiring was
well-received by instructors; even though it was not precisely in their subject area,
they were very familiar with it and the process. Likewise, Boeing trainers were well
acquainted with the task from experiences outside of work.

Takeaway — Wiring appears to be a practical task where visual observations are
likely adequate for making significant progress. The car stereo wiring task, though
complex enough to require expertise, was accessible to a wide range of participants.
This task type is not heavily constrained by its physical environment and is a low-
risk activity, as it involves minimal issues related to noise, heat, vibration, health
hazards, or the need for protective equipment.

Task process: Based on conversations with Boeing trainers in Phase 1, it appeared
that that demonstration played a significant role in the instruction process, especially
in the early stages of training. However, demonstration by the remote expert is not
supported by the system (users would need to rely on the video conferencing view
for this purpose). Consequently, in Phase 2 we decided to conduct in-person training
with the students for 15–20 minutes to provide them with some basic knowledge.
Although we considered the possibility of students learning from videos, this
approach did not perform well in the pilot. For the remote collaboration portion
of the task that lasted 25 minutes, we selected two aspects where we believed
the instructor’s expertise would be particularly valuable: skill enhancement and
troubleshooting. A Boeing trainer in Phase 1 had identified these as part of their
process on the shop floor.

Skill enhancement seemed to be quite effective in the study since our training
was basic and the instructors possessed more expertise. They were able to assess the



95

student’s technique and comfort through video (from the robot-mounted camera)
and provide advice. This feedback from instructors was not part of the formal
lesson plan, and there was no mandate to provide it. Instead, the feedback (such
as a suggestion to tug on connectors to check for loose connections) was contextual
and spontaneous, and a byproduct of instructors offering recommendations as they
watched the student executing the task.

Troubleshooting presented a mixed outcome, primarily because not all aspects
within the workspace were readily visible to the instructor. For instance, issues like
a blown fuse or a cut wire were challenging to visually assess through the camera
feed. Therefore, the success of troubleshooting largely hinged on the worker’s
initiative. There were instances when the worker touched the cut wire but did not
mention it to the expert, or they pointed out the cut wire, but the expert missed
seeing and hearing it, leading to the problem remaining unaddressed.

Takeaway — A blended instructional approach worked reasonably well, consist-
ing of in-person instruction to impart foundational knowledge, followed by skill
enhancement and troubleshooting facilitated by the system. There appeared to be
some qualitative differences between the characteristics of the in-person and remote
portions of the task. During the initial in-person portion, there was a continuous
flow of information from the expert (the experimenter) to the student. The training
followed a routine and structured format, and the resulting interaction seemed
fairly consistent across all students. In the later remote portion involving skill en-
hancement and troubleshooting, there were sporadic interventions by the expert as
the worker had a basic knowledge of the task and could work independently for an
extended period of time. These interactions were more open-ended, contextual, and
personalized, and every session took a unique path, even with the same instructor.

External factors: All students were rarely seated and frequently moved around
the workspace, especially between the speakers and the amplifiers by walking past
the power supply. Conversely, the setup remained relatively static, with students
not attempting or unable to reposition the radio, amplifier, speakers, and other
equipment to provide a better view. This reflects real-world contexts where workers
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will likely exhibit movement during physical work. This consideration is not only
for the sake of providing optimal views but also for safety reasons when workers
approach the robot. During our study, we observed a near-collision incident when
the robot was in autonomous motion, although, in general, students appeared
comfortable working in close proximity to the robot. Additionally, it would also
not be practical in real-world manufacturing settings to move components closer
to the camera for visibility; instead, the camera would need to be adjusted to get a
closer view of the component.

Due to the in-person training, students were familiar with relevant terminology
and processes (e.g., crimping, wire cutter, grommet), which allowed instructors to
convey instructions verbally without the need for demonstrations or circumlocution
(e.g., “the round thing” or “the yellow tool to your left”). Additionally, throughout
all sessions, annotation use was minimal and occurred only once. Instructors
generally did not perceive an inherent need for annotation, perhaps due to the
students’ familiarity with the relevant terminology. However, during the interview,
when the experimenter pointed out that an instance of communication breakdown
could have been avoided with annotations, they expressed their hesitation to use this
feature. This stemmed from the students’ constant movement, as using annotations
would have required the student to make a deliberate effort to access the laptop
(which is what happened in the single instance of annotation use during the session
subsequent to the interview).

Finally, concerning usage of system modes, instructors primarily changed the
view using independent control, occasionally requesting manual assistance from
the student to adjust the view. The instructor who appeared more at ease with the
system believed that seeking manual assistance wasted the student’s time. Hand-
tracking served a dual purpose—it was utilized for monitoring of the worker during
task execution and also provided a rapid but less precise method for assisting the
instructor in adjusting the view. The instructor who was less comfortable with the
robot control frequently initiated resets, either to establish an intermediate pose
during transitions or to set a comfortable starting pose. Overall, both instructors
expressed more comfort with the system with every subsequent session.
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Takeaway — The behaviors displayed by dyads in Phase 2 of this study exhibited
similarities and differences when compared to the previous study in Chapter 4.
The similarities are encouraging for generalizability. The differences are influenced
by various contextual factors, including the larger workspace, increased worker
mobility, shared vocabulary established prior to the initiation of the interaction,
and the nature of the task components.

Scenario 1: Formal Schooling

A remote instruction scenario in a technical college or a vocational school closely
resembles the design of our study. Instructors who participated in our study
confirmed that even during in-person instruction, particularly during skill enhance-
ment and troubleshooting work, they would likely not physically interact with
anything and would only use visual information to guide the student. However,
they acknowledged having more flexibility with viewpoints in-person compared
to what our current system supports. A blended instructional approach could be
effective in this context, with students receiving in-person instruction at a techni-
cal or engineering college while also accessing knowledge from remote experts
elsewhere in the country.

One of our instructor participants connected us with Normandale Community
College in Bloomington, Minnesota, USA. This college offers a certificate curriculum
in vacuum technology that is fully accessible to remote learners, including hands-on
learning activities, through a remotely accessible vacuum equipment trainer system.
Instructors in this program simultaneously engage with local students and those
joining via a telepresence connection. This work was funded by National Science
Foundation (NSF) awards 1400408 and 1700624.

According to the college’s website3 and a conversation with individuals involved
in remote training at Normandale, the program’s motivation is to increase enroll-
ments for courses that have high capital equipment costs but low enrollments when

3https://www.normandale.edu/academics/degrees-certificates/
vacuum-and-thin-film-technology/shaping-the-future-of-vacuum-technology-education.
html

https://www.normandale.edu/academics/degrees-certificates/vacuum-and-thin-film-technology/shaping-the-future-of-vacuum-technology-education.html
https://www.normandale.edu/academics/degrees-certificates/vacuum-and-thin-film-technology/shaping-the-future-of-vacuum-technology-education.html
https://www.normandale.edu/academics/degrees-certificates/vacuum-and-thin-film-technology/shaping-the-future-of-vacuum-technology-education.html


98

limited to only locally accessible students. This quote from a video on the website4

encapsulates their motivation:

The proposal advanced an idea to test the delivery of vacuum technology
classes in a telepresence classroom as a strategy to expand the audience
for vacuum technology classes. We would enroll people from more
distant locations who could not attend classes in person on campus.
We were already aware of glass coating industries located in the state
of Minnesota that used vacuum systems extensively. However, the
locations of those companies made it difficult, if not impossible, for
those workers to attend Normandale’s Vac Tech classes in person.

While this setup is quite different from ours (they have remote learners, whereas
we have remote experts), it is encouraging to observe real-world examples of
modernizing instruction for manufacturing work. If we were to investigate this use
case further, we would have to redesign the control mechanisms and policies for
this particular context of use.

Scenario 2: In-house Foundational Training

Training effectiveness can vary between laboratory settings and operational contexts.
This discrepancy was highlighted by a Boeing trainer, who noted differences in
student comfort and confidence when working with “live parts” in operational
contexts as opposed to mock-ups in laboratory settings.

I think there’s an advantage for me to see, watch, observe them work...
especially with live parts...A lot of times students come to my facility off-
site in the training lab and their demeanor is a little bit different because
the parts, they aren’t live...I read a lot of that in people’s body language,
their confidence, and all that. So, seeing them work on something in
the offsite training facility — they may be even a lot more loose, they

4https://www.youtube.com/watch?v=vk14iCWabhE

https://www.youtube.com/watch?v=vk14iCWabhE
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may be a lot more comfortable, they may actually perform better. And
then get them in the real world on live parts and they might not, and
I would be able to see that probably a whole lot better. And I can, I
believe I can help people a lot more when I see those things...and I’ve
done it before. I’ve been in the shop before...or on the live part with an
individual who’s suddenly uncomfortable, because now, yes, exactly,
the stakes are higher, right?

For trainers, observing workers directly during on-the-job training, while poten-
tially helpful for identifying learning challenges, requires visiting the shop floor,
which might not be part of their regular routine. In practice, they depend on verbal
feedback from the team to which the worker is assigned. Alternatively, a different
type of trainer known as a workplace coach, who regularly visits the shop floor, can
provide insights into the worker’s learning challenges. The possibility for trainers
to remotely view workers in the production environment could offer advantages
by allowing for direct observation rather than relying on second-hand reports. A
remote solution provides the opportunity for sporadic check-ins with workers over
the months of on-the-job training and ensuring ongoing support for any emerg-
ing issues or further learning needs. Additionally, a remote solution might offer
efficiency advantages by allowing a single trainer to simultaneously check in on
multiple distributed workers.

Scenario 3: Workplace Coaching

The previous scenario mentioned the workplace coach who is able to support
workers on the shop floor. An article about workplace coaches in Boeing5 mentions
the motivation for this role as: “Since the tools and processes that employees work with
are often complicated, detailed and fluid, having coaches available on the job often prevents
sending an employee back to a classroom or spending time looking for answers.”

5https://web.archive.org/web/20190304111258/https://www.boeing.com/news/
frontiers/archive/2005/december/ts_sf.html

https://web.archive.org/web/20190304111258/https://www.boeing.com/news/frontiers/archive/2005/december/ts_sf.html
https://web.archive.org/web/20190304111258/https://www.boeing.com/news/frontiers/archive/2005/december/ts_sf.html
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This description of the role of a workplace coach aligns with our task characteri-
zation of skill enhancement and troubleshooting, suggesting it could be a good fit
for a remote solution like Periscope. Regarding the future of coaching, the author of
the article notes:

Similarly, for the 787 program—a global partnership with a widely dis-
persed work force—a planned virtual Workplace Coaching System will
allow coaches to be everywhere employees are located, maximizing
limited resources. The future Workplace Coaching System “could ulti-
mately become the hub of training and support beyond the classroom,”
said John Fisher, workplace coaching manager for the LTD organization.
“It will provide a continuous learning environment for engineers around
the clock and enable various Boeing programs to share ideas and best
practices seamlessly across the system in real-time.”

The advantages highlighted in the article include enabling coaches to be accessi-
ble wherever employees are located, fostering a continuous learning environment,
and providing real-time support. These benefits align closely with our vision of
solutions designed to meet the challenges of the evolving nature of work in an
increasingly automated world.

To equip workers with the necessary technical skills for handling infrequent
(or non-routine), yet critical and complex tasks, traditional workforce training
methods can be enhanced with technological solutions like Periscope, which can
enable “just-in-time” training. This technology would allow coaches to remotely
observe workers in their production environment and enable workers to acquire
or refresh skills right at the moment they are needed. This ensures that training is
relevant, timely, and directly applicable to their current tasks. This approach can
reduce the disruptions typically associated with conventional training methods,
where a worker is taken off the line to attend training at a separate facility. Similarly
to the previous scenario, this solution can enable a single coach to simultaneously
monitor and assist multiple workers across different locations.
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Pursuing the remote on-the-job training or the workplace coaching applica-
tions requires greater mobility from the robot platform so that it can cover larger
workspaces and also so that it can be conveniently stored when not in use.

5.5 Discussion
The research process in Chapter 5 shares similarities with the one in Chapter 4. The
patterns of use outlined in Section 4.4 are interpretive in nature. Based on my field
notes, I identified some use patterns that might have remained unnoticed if I had
approached the data with a bottom-up coding strategy, as it was not immediately
apparent which combination of data channels (e.g., dialogue, interactions with the
system, worker actions, camera motions) captured the phenomenon of interest.
These patterns informed the thematic analysis, guided the coding of the data, and
led to more precise findings. Therefore, I advocate for an interpretive approach to
preliminary analysis as a valuable step in understanding complex qualitative data.

In this chapter, the interpretive findings are based on preliminary insights
that both Nathan and I, as researchers immersed in the data and facilitating the
study, have identified. The task characterization in Section 5.4, while it could
benefit from further analysis, is amenable to readers independently verifying it
using the video recordings6. This is aligned with a criteria of rigor for interpretive
research suggested by Lincoln and Guba (1988). I recognize the potential risk
of overinterpreting the data (Walsham, 1995), and because of that, the scenarios
presented are anchored in real-world needs and issues relevant to this chapter’s
work. Essentially, our characterization affirms the existence of needs, problems,
and behaviors previously recognized, and we contextualize these within the design
of the study and the system. I argue that this approach was suitable and valid for
the goals of this work: (1) demonstrate the potential utility of the system in an
instructional scenario (e.g., instructors and students were able to make progress on
wiring and troubleshooting), and (2) provide preliminary insights about potential

6https://youtube.com/playlist?list=PLilPy_VXz5rIfRaYtfRynyR3nBNWI3LLI&si=
5iYLSg4RXnm863aL

https://youtube.com/playlist?list=PLilPy_VXz5rIfRaYtfRynyR3nBNWI3LLI&si=5iYLSg4RXnm863aL
https://youtube.com/playlist?list=PLilPy_VXz5rIfRaYtfRynyR3nBNWI3LLI&si=5iYLSg4RXnm863aL
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utility in real-life contexts for generating interest to support further research (e.g.,
some of this work was submitted as a concept paper). Our future work will include
a full analysis, which we anticipate will take several months and will support this
work through quantitative and qualitative insights on usability.

5.6 Chapter Summary
This chapter presented insights from a user study on the application of the Periscope
system in facilitating remote workforce training in manufacturing environments.
Our study design drew inspiration from the principles of participatory research and
involved potential users of this proposed paradigm in multiple phases of the study.
We conducted the study in three phases. Phase 1 involved discussions with Boeing
trainers and subject matter experts to understand the characteristics of the task
that would be suitable for the experimental simulation in Phase 2. Phase 2 involved
dyads consisting of instructors from a technical college (remote) and students from
the UW–Madison campus (local) using the Periscope system to collaborate on a car
stereo installation task and then reflecting on their experiences. In this phase, we
employed the Periscope system as a technology probe for providing participants with
a hands-on experience to envision a work practice significantly different from the
one they are familiar with. Phase 3 involved reviewing video recordings from Phase 2
with Boeing trainers. Based on field notes and conversations with participants, we
characterize the potential usage contexts where a solution like Periscope could be
beneficial. This process of characterization drew inspiration from context of use
analysis in human-centered design. Our findings include “thick” descriptions of
user interactions, an interpretive analysis of the task design, and the characterization
of three potential scenarios related to remote workforce training: formal schooling,
in-house foundational training, and workplace coaching. These findings suggest
the potential utility of robotic camera solutions in real-world settings.
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6 general discussion

6.1 Significance of Work
This work demonstrates that robotic camera systems, as a form of robotic groupware,
can support human-to-human collaboration in remote settings that involve physical
tasks. The significance of the work in this dissertation is the instantiation and
characterization of such a system. Through the design, usage, and application of
the Periscope system, my work offers insights into a novel point in the design space
of robotic groupware, specifically groupware built on cobot platforms and their
potential for enabling remote collaborative work.

In addition to the system and data outcomes, this dissertation presents method-
ological advancements for the design and evaluation process of exploring the design
space of robotic groupware. The absence of established guidelines for navigating
this nascent design space necessitated an adaptive methodological approach, care-
fully tailored to meet the unique requirements of our research inquiry. While these
methods are rigorous, they have not yet been formalized into a precise framework,
and this is typical in initial explorations of a design space. The following discussion
reflects on the methodologies employed in each core chapter of the dissertation
and some potential strategies for formalizing these processes in future research.

Design

The Periscope system serves as an operational proof of concept of a robotic camera
system designed using a shared camera control approach and instantiated through
the user interactions, autonomous behaviors, and arbitration policies described
in Sections 3.5 and 3.6. These specific interactions, behaviors, and policies are
important because they collectively work well enough within a system to allow us to
explore and characterize (as elaborated in Chapters 4 and 5) an interesting point
in the design space of robotic groupware — supporting remote expert scenarios
for physical tasks within complex and dynamic 3D environments. While other
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(potentially “better”) interface variants could similarly facilitate this exploration,
it is crucial to acknowledge that there currently exists no robotic groupware sys-
tem that supports the context outlined in Section 1.1. Therefore, without prior
knowledge of the feasibility or potential value of such a system, my objective was
not to create the “best” version of the interface possible, but rather to develop a
quick and reasonable probe to investigate an interesting point within the design
space of robotic groupware. This approach aligns with the concept of developing a
Minimum Viable Product (MVP) and Minimum Viable User Experience (MVUX)
as discussed in Section 3.7.

Adopting the MVP approach inherently involves a trade-off between the effort
required to implement a feature and its effectiveness. For instance, rather than
relying solely on on-screen annotations, using a laser pointer or projector on the
robot to overlay annotations directly onto the physical environment may be ben-
eficial (Gurevich et al., 2012). Additionally, providing stabilized annotations that
remain attached to scene objects even as the robot moves may be valuable (Fakour-
far et al., 2016). However, while these enhancements could potentially improve the
effectiveness of annotations, they necessitate additional resources and effort, such
as integrating extra hardware (e.g., laser pointer or projector) or implementing
more algorithms (e.g., object tracking to ensure annotations stay aligned). My goal
within the design process (in order to develop a quick and reasonable probe) was to
implement features that could be realized with minimal effort while still supporting
the necessary awareness and control needs. Since this dissertation highlights the
potential value of robotic camera solutions, exploring further enhancements of
the individual features would be worthwhile in future work (some of these are
discussed in Section 6.4).

At a high level, the MVUX for Periscope included enabling remote users to inde-
pendently explore the space (using Target and Adjust in the helper-led mode) and
adjustment of a view that was, at least in part, managed by the local user (Adjust in
robot-led mode and worker-led mode). Reset was required to allow recovery for the
remote user from odd configurations and Annotate for supporting referencing. The
local user’s level of control over the view increased from Point (in the helper-led
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mode), to Direct (in the robot-led mode), and to Freedrive (in the worker-led mode).
Freedrive also served as a way for local users to recover from odd configurations
and they could directly reference using gestures in the physical space. We im-
plemented several autonomous behaviors to support these user interactions with
low-dimensional input. These interactions and behaviors were arbitrated using a
leader-follower paradigm, which can be extended or modified (discussed in Section
6.3) to suit more nuanced collaboration processes.

Thus, the design process exposes (1) the concepts from HCI, CSCW, HRI, and
robotics that are crucial for developing an operational instantiation of robotic group-
ware, and (2) a set of user interactions, autonomous behaviors, and arbitration
policies that work well enough together to serve as a functional prototype for ex-
ploring the viability of cobot-based groupware to support remote collaborative
work. Periscope does not represent the best possible version of such a groupware
system; it represents a feasible system that is the first reasonable representation of
a novel point in the design space that is being explored in this dissertation.

Research vs Engineering: The research contributions in this work towards build-
ing a robotic groupware system were the design of control mechanisms (user in-
teractions and autonomous behaviors) and control policies (leader-follower based
arbitration) based on a shared camera control approach. These contributions (1)
enabled us to leverage the advanced capabilities of cobot platforms without over-
whelming users with the complexity of the tool, and (2) allowed users to maintain
the desired level of control expected from a collaborative tool. Additionally, the re-
search team invested a significant engineering effort to make the system operational.
This included ensuring safety from collisions, developing a professional-looking
web interface, reducing the latency of the camera feed, and deploying it on the
Internet, accessible at periscope.cs.wisc.edu.

Research prototypes often do not reach this level of operationality. However,
this was a priority from the beginning because prior work in robotic groupware that
is not operational-level is evaluated in simple contexts (e.g., relatively uncluttered
workspaces, with short and structured tasks) that do not reflect the complex and
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dynamic real-world context of using groupware to support physical work. The fact
that the system was operational allowed us to conduct 2-hour evaluation sessions
with dyads in Chapter 4. It also enabled us to recruit remote instructors from
technical colleges for the study in Chapter 5 and allowing them to access the robotic
camera from their homes or offices. Recruiting experts like these is challenging, so
making the system operational expands the pool of potential participants who can
test the system and provide feedback. On a meta level, I was remote for the entire
duration of the study in 5 and used the Periscope system to facilitate the study.

Usage

In Chapter 4, our findings included diverse and rich examples of interactions
enabled by the Periscope system and patterns of use of the system’s features. We
assessed the system’s strengths and limitations based on how well these findings
supported our design goals. This approach to understanding system use or usability
seems somewhat imprecise when compared to many HCI research and industry
practices. Typically, usability is assessed by showing improvements in human
performance or work practices against a baseline set of metrics or by providing
evidence that people can achieve specific goals using the system, like performance
measures or task completions (Greenberg and Buxton, 2008). Our evaluation
deviates from these norms, as it lacks a comparative benchmark and does not rely
on an analysis of outcomes realized by users1.

Greenberg and Buxton (2008) argued in their essay on usability evaluation that
“the choice of evaluation methodology – if any – must arise from and be appropriate for the
actual problem or research question under consideration.” From the outset, my goal was
to explore the feasibility and promise of this paradigm of using cobots for robotic
groupware. Thus, we developed the Periscope system to serve as an instantiation of
this paradigm. The focus of the evaluation in Chapter 4 was on understanding the
feasibility of the paradigm, rather than on benchmarking the effectiveness of the

1The ranking of dyads in Section 4.4 is a measure of performance outcome, but we do not base
any significant claims on this ranking.
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instantiated system. Hence, I believe that the deviation from usability evaluation
norms is justified. I posit that the study’s findings demonstrate that a shared camera
control approach is a viable method for realizing the feasibility of cobot-based
groupware and for supporting consistent and meaningful user engagement.

While beyond the scope of this dissertation, it would be interesting to compare
the ways in which users engaged with the system and interacted with each other in
the two studies presented in Chapters 4 and 5. The similarities would be encourag-
ing for generalizability. The differences would reveal the various contextual factors
that influence user behavior, such as the size of the workspace, worker mobility,
shared vocabulary established prior to the initiation of the interaction, and the
nature of the task components. In addition, the particular implementation of the
system (e.g., specific features, graphics, or devices) can significantly impact user
outcomes, and minor changes in system functionalities may result in unexpected
variations in user engagement. The methodologies employed in this dissertation
should be applicable for characterizing other system implementations, but further
research is necessary to determine the extent to which the results of this dissertation
generalize across different system implementations.

Application

In Chapter 5, we explored the potential of the Periscope system in enabling remote
workforce training in manufacturing environments. With evaluating innovative
technologies, there is a danger that users do not understand how they can be
useful to them, particularly when they fall short of existing practices, such as in-
person training in our situation (Christensen, 2013). Hence, utilizing Periscope
as a technology probe was crucial in enabling participants to envision its utility.
Furthermore, the opportunity for some participants to engage in multiple sessions
was beneficial, as it allowed them to become more familiar with the paradigm.
Venkatesh and Bala (2008) proposed that as users accumulate experience with a
system, they are better positioned to evaluate the likelihood of achieving high-level
goals (e.g., perceived usefulness) by drawing on insights gained from experience
of the low-level actions (e.g., perceived ease of use).
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Over the last three decades, the “perceived usefulness” scale from the Tech-
nology Acceptance Model (TAM) by Davis (1989) has been widely applied to
measure technology usefulness. Extensions to the model (Venkatesh and Davis,
2000; Venkatesh and Bala, 2008) have been made to explain perceived usefulness
in terms of more contextual factors, such as job relevance — the degree to which an
individual believes that the target system is applicable to his or her job. While perceived
usefulness, as measured by this scale, may be useful for comparing variations of
a system or for benchmarking against a baseline, it offers limited insight for envi-
sioning or characterizing the actual usage scenarios. Thus, in Chapter 5, we gain an
initial understanding of the perceived usefulness of the Periscope system by charac-
terizing its potential context of use. The findings in Section 5.4 are synthesized from
participant interviews and observations of system usage, and enriched by the study
team’s reflections arising from these discussions. This interpretive methodology
yields meaningful contributions for future research endeavors.

In addition to providing insights about potential utility, this study also revealed
new usability issues not identified in the previous study described in Chapter 4.
For instance, the more expansive workspace compared to the previous user study
exacerbated the split-attention effect highlighted in Section 4.5. The local user was
more mobile within the workspace (unlike the mostly seated participant in the
previous study) and seldom looked at the interface on the laptop. Displaying the
interface on a tablet or a smartphone would likely have been more beneficial in this
context. Our future work will involve an analysis of the dataset for usability issues.

Towards Formalization

The iterative design process could be formalized in future work using methods such
as systematic design documentation and reflection (Dalsgaard and Halskov, 2012),
better connecting design decisions with broader design theory (Mose Biskjaer
and Halskov, 2014), utilizing frameworks for planning and evaluating design
documentation (Bardzell et al., 2016), and adopting documentation practices for
building a “credible evidence base” for scholarly reporting (Sadokierski, 2020).
These practices could better facilitate the translation of knowledge gained from the
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system’s design into broader academic knowledge.
Evaluating the use and utility of new technologies is challenging. Comparative

benchmarks can help in formalizing these evaluations. With a baseline system
such as Periscope and its initial evaluation data, variations of the system can now be
implemented to isolate specific parts of interest. I believe these evaluations should
be conducted under as natural conditions as possible. For instance, to understand
user behavior in the presence or absence of a feature, I suggest conducting an
ablation-style study by simply disabling the feature and informing users that the
system is experiencing bugs, rather than explicitly setting up separate conditions
for usage with and without the feature.

Additionally, I do not recommend making direct quantitative comparisons with
other work paradigms (e.g., in-person or extended reality groupware) in the initial
phases of exploring the design space. Such comparisons may not accurately capture
the future value of emerging technologies and could potentially underestimate
their transformative impact. New technologies often serve different purposes or
are utilized in different contexts compared to existing ones. Without independently
characterizing the new technology, we may not be able to develop fair metrics that
consider the unique advantages or constraints of each work paradigm. Users might
also be more familiar with existing paradigms, which may bias results in their favor
due to comfort rather than quality. Therefore, it would be important to thoroughly
familiarize users with new paradigms before drawing precise conclusions from
comparisons. For example, in the study described in Chapter 5, we observed that
instructors established new social norms and work practices over repeated sessions
of using the Periscope system. We noticed phenomena such as small talk emerging
over time, which may indicate increased familiarity with the paradigm. Thus, early
comparisons to existing paradigms may obscure how innovative features of new
technologies could lead to new ways of working that are not currently possible.

My reflections on these issues have led me to hypothesize that new computa-
tional representations of user and system behavior are necessary to help formalize
the design and evaluation of robotic groupware. I address this in Section 6.4, where
I present some preliminary work on a Petri net-based representation.
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6.2 Why a Robot?
Implementing robotic camera systems, especially with the use of collaborative
robots as discussed in this dissertation, demands significant investment in hardware
infrastructure, considerable effort from users to learn and operate a complex system,
and extensive resources for continuous development and maintenance. This raises
the question: Why incorporate robots? Based on the work in this dissertation, I
propose categorizing scenarios where robotic cameras are beneficial by examining
them through two key dimensions: the level of awareness needs and the level of
structure in the task or environment.

I hypothesize that a solution like Periscope, which offers substantial control and
flexibility of viewpoint to users, is well-suited for scenarios that are more unstruc-
tured and have high awareness needs. Conversely, in more structured scenarios
that also demand high awareness, increased automation in awareness support may
be feasible. For instance, if a task model can predict awareness needs based on
historical data from collaborative work, the robot could proactively gather relevant
information for the collaborators. In unstructured scenarios, like those explored in
this dissertation, where awareness needs may not be easily codifiable, users could
benefit from having greater control for independent perceptual exploration.

In contexts with lower awareness needs, simpler robotic solutions, or even the
absence of a robot, might be preferable. For more unstructured scenarios with low
awareness needs, basic mobility affordances, such as those from mobile telepresence
robots or PTZ cameras, might suffice. In more structured scenarios, the simplest
solutions, like a single or multi-camera setup, might be effective.

In this dissertation, my argument is that the remote expert scenario, charac-
terized by its unstructured, dynamic tasks and environment, and high awareness
needs, aligns well with the viewpoint flexibility offered by cobots.

Beyond Robotic Cameras

A cobot’s role in robotic groupware can extend beyond serving as an actuation
technology for cameras. The robot may take on a more proactive role and function
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as a teammate, for example, by monitoring worker actions during periods of helper
inattention (caused by factors such as distraction, interruption, or assisting other
workers). The robot’s actions can go beyond supporting shared visual information
for collaborators and include providing physical assistance to the worker. Remote
users could also use the robot for remote manipulation or demonstration. Additionally,
integrating other sensors onto a cobot platform, such as Lidar sensors to generate
virtual maps, opens up new user interaction possibilities. For example, remote
users can navigate and interact with a virtual reconstruction of the workspace using
head-mounted displays.

These additional roles of the robot could also potentially alleviate cost concerns,
as the robot serves multiple functions. Cobots are marketed to manufacturing
facilities for their versatility and adaptability for various types of tasks, making
them an appealing choice for implementing robotic groupware in environments
that demand complex, multi-faceted solutions. Additionally, depending on the
precision and repeatability required from the robot, there are cheaper alternative
robots that can serve as platforms for robotic groupware. For example, Elephant
Robotics2 has a range of affordable robots that could serve as desktop assistants in
an educational institution.

Egido (1988) in her essay on Video conferencing as a technology to support group
work: A review of its failures emphasizes that the success of new technologies depends
more on the nature of the application for which they are introduced rather than the
specific details and features of the system. Therefore, work such as that described
in Chapter 5 is crucial for understanding the applications for which cobot-based
groupware solutions may be beneficial.

Robotic Groupware

In this dissertation, I propose the term robotic groupware to describe groupware
developed with robotic technology. My working definition for the term is: Robotic
systems that are specifically designed with the goal of being placed within groups for
improving human-human collaborative work.

2https://shop.elephantrobotics.com/collections/mycobot

https://shop.elephantrobotics.com/collections/mycobot
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6.3 Challenges and Limitations
In this section, I consolidate the various limitations and challenges in this work into
three broad categories that I believe represent general challenges in developing any
effective robotic groupware: arbitration, evaluation, and development.

Arbitration

In Periscope, the modes arbitrated inputs from different sources in a relatively simple
fashion. While this approach was sufficient to realize an instance of robotic systems
based on shared camera control, future systems that integrate more complex in-
teractions and consider more nuanced circumstances for arbitration will require
more sophisticated methods for arbitration. Some of these nuances were already
observed in the use patterns discussed in Section 4.4.

In UP-5, related to the use of the robot-led mode, workers often rested their hand
on the table to maintain a steady view of the relevant area. This behavior does
not qualitatively align with the notion of being robot-led, but rather worker-led.
Although the modes were named based on the arbitration policy, the practical use
showed that in many instances of hand-tracking (what we called the robot-led mode),
it was actually worker-led. Conversely, in UP-6, which is also related to the use of
the robot-led mode, the worker did not explicitly direct the camera and this aligns
more closely with the notion of being robot-led. This discrepancy suggests that
in refining the arbitration policy, it may be necessary to differentiate these modes
further by taking into account the varying levels of worker involvement observed
in these two use patterns.

Additionally, consider UP-10, where the helper attempts and fails to move the
camera on their own and then asks the worker for assistance. This is the helper-
initiated worker-led mode, which does not quite feel like the worker is leading but
rather assisting. An accurate usage of the worker-led mode would be UP-7 when
the worker wants to share some information with the helper. Given the frequent
observation of the assistance scenario (UP-10) in Chapter 5, we use the term manual
assistance instead of worker-led mode to better reflect the qualitative difference in the
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same mode’s usage. This suggests that the arbitration for these two types of mode
usage might need to be different. Thus, one of the design implications suggested in
Section 4.5 is a use pattern-based arbitration approach, which might address the
nuances in how the same mode is used in different contexts.

In Section 4.5, we also suggest expertise-based arbitration and modeless arbitra-
tion to address other observed issues related to arbitration. It is important to note
that the arbitration policy of the system coordinates users in a multi-user setup and
influences their interactions. For instance, in our design, the helper had excessive
authority during arbitration and this diminished the role of the worker. This led to
conflict situations where the worker’s attempts to move the camera or offers to do
so were overruled by the helper.

I contend that the proper design of arbitration that carefully considers the
needs of the context of use (e.g., user, task, scenario, time and space) is the key to
building any robotic groupware. The work in this dissertation lends some insight
into this design process for robotic camera systems, but variations in context between
Chapters 4 and 5 already show differences in how the arbitration policy functions
under different contexts. Thus, the design of arbitration presents a significant
challenge to building effective robotic groupware.

Evaluation

There were limitations in our study design in Chapter 4. Although we envisioned
Periscope to serve as an expert tool, our evaluation was conducted with novices. We
attempted to overcome this discrepancy with extensive training until participants
appeared fluent with the system. Nonetheless, we recognized that experts who
frequently utilize the system might provide more insight into the challenges they
face day-to-day, use our system differently, and provide different feedback. Addi-
tionally, the setup of our study resulted in a stationary work environment where the
robot arm only utilized about a third of its range of movement and the worker was
mostly seated. Although these constraints afforded greater safety for the participant
from collisions with the robot and minimized the potential for discomfort from
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large motions within close proximity, we were interested in understanding how
our system would perform in more dynamic workspaces.

We addressed both of these limitations in the study design in Chapter 5, by
recruiting real-life instructors who participated in multiple sessions and instructed
a realistic task in a more expansive workspace. This setup required the worker to
move around considerably. We observed many differences in user behavior between
the studies. For instance, annotation usage dropped from an average of 32 times
per session in Chapter 4 to only 0.17 times per session in Chapter 5. This change
can at least be partially attributed to the students’ mobility and their familiarity
with task-relevant terminology. These findings illustrate that even minor variations
in study design can lead to significant behavior changes. However, pinpointing
the exact reasons for these changes is challenging. While the quantitative data on
annotation usage clearly differ, attributing these differences to specific aspects of
the study design is complex.

Controlled studies may be valuable for isolating specific variables for detailed
examination, but there is a risk that overly controlled studies might not reveal these
behaviors at all. Further, identifying the right metrics to understand user behavior
and system use is challenging because the success of collaboration outcomes is
influenced not only by the effectiveness of the groupware system in facilitating
collaboration but also by various group and organizational dynamics. For example,
factors such as the similarity among group members, familiarity with one another,
and the presence of hierarchical structures within the group can exert a substantial
impact on collaborative outcomes (Harris et al., 2019). Further, these social dynam-
ics may evolve over time (Twidale et al., 1994) and may be reshaped by the use of
the groupware (Neale et al., 2004).

Analyzing data from opportunistic evaluations, where participants interact
freely with the system and each session varies, is particularly challenging. While
such data provides rich insights into the naturalistic usage of the system, deter-
mining which combination of data channels (e.g., dialogue, interactions with the
system, worker actions, camera motions) captured the phenomenon of interest is
difficult. Another significant challenge lies in determining the appropriate gran-
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ularity of data analysis. Aggregated data may condense information that is vital
for a nuanced understanding of the system’s design. On the other hand, a highly
granular analysis can lead to an overwhelming amount of data and make it difficult
to extract meaningful conclusions. Finally, translating these empirical insights into
concrete improvements in the design of arbitration is challenging, especially when
the origins of observed behaviors within the system are not clear.

Development

The development of the Periscope system presented numerous challenges, many
of which are commonly encountered in systems research in HCI and HRI. These
challenges include balancing research and engineering goals, sustaining systems
post-publication, and securing the necessary resources, such as time and personnel,
to achieve these aims. One strategy I employed to maintain the system beyond its
initial publication was to utilize it as a platform for other research. In the period
between the two studies in this dissertation, two short papers (Praveena et al.,
2023a; Meng et al., 2023) were authored using the system as a research/engineer-
ing platform. Regular engagement with the system’s code base facilitated more
efficient issue resolution by the research team. However, replicating the system on
a different robot has proven challenging due to the backend code being somewhat
disorganized, a byproduct of prioritizing research over engineering goals.

Furthermore, a significant challenge, as alluded to in the previous subsection,
involves bridging the gap between evaluation and improved system design. Trans-
lating empirical findings into tangible improvements in the arbitration policy is
difficult, especially when the origins of observed behaviors within the system are
not clear. Additionally, introducing new features can unpredictably interact with
existing ones, making even minor implementation changes daunting in large-scale
system development. This complexity was the primary reason for my decision
to forgo the development of a second, more user-friendly version of the system.
Instead, I opted to investigate alternative approaches to system behavior represen-
tations with the aim to facilitate the iterative development of complex interactive
systems. I will elaborate on this work in Section 6.4.
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6.4 Future Work
Supporting Iterative Development

As discussed in Section 6.3, the development process of robotic groupware can
present significant challenges. I will discuss some of my preliminary prior work
in this direction that is motivated by the challenges discussed above related to
arbitration, evaluation, and development. This section includes research that was
previously published in Praveena et al. (2023b).

The development of complex systems such as robotic groupware draws on
the expertise of a diverse array of application developers, including domain experts,
designers, programmers, and research professionals, each employing methods,
tools, and representations tailored to their specific stage of the development cycle.
Additionally, given the iterative nature of systems development, there is often a
significant amount of refinement and cross-communication between these phases.
The representations and tools that application developers utilize for their respective
phases of system development — such as low-fidelity prototypes by designers
and high-fidelity simulators by algorithm developers — may not be effectively
interoperable across different phases. In Praveena et al. (2023b), we proposed that
a unifying representation can facilitate a smoother transition across the various
stages of the iterative development process.

Petri nets, particularly Timed Colored Petri nets (TCPNs), hold the potential
to unify various phases of the development process. Petri nets are a visual and
graphical mathematical model that can be used to describe and analyze system
behavior (Peterson, 1977). At a very basic level, Petri nets are defined as a set of place
nodes that hold tokens, transition nodes that indicate actions that move tokens from
place to place, and directed arcs between places and transitions that define the logic
of where and which tokens are consumed and produced by transitions. Our paper
provides more details on TCPNs (Praveena et al., 2023b). While representations and
tools tailored for individual phases are indispensable, an accompanying, unified
representation can enhance this design process by encoding information that can
be used to coordinate between phases.
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Design
Multi-Resolution: Operates effectively at different levels 
of abstraction, allowing gradual refinement for a more 

detailed and precise system description.
Example: Using a high-level Petri net model to elicit user

requirements about robot dialogue, positioning, and roles. 

Specification
Graphical And Visual: Provides a clear & intuitive 

representation for specifications, supports iterative refinement.
Example: Physical spaces like the cupcake display case can be 
depicted as places; human and robotic agents or concepts like

speaking floor can be represented as tokens.

Simulation
Interactive Exploration: Enables interactive 

simulation and supports exploration of system behavior.
Concise Search Space: Offers a compact state space 

for automated simulation.
Example: Emulate sensor activations or user inputs by 

placing tokens in appropriate places within the Petri net. 

Validation
Formal and Experimental Validation: Supports 
formal validation through mathematical analysis; 
designers can model and log human behavior for 

experimental validation. 
Example: Ensure that the robot never greets the

same human twice using verifiable logic.

Implementation
User/Machine-Friendly: Balances formal underpinnings 
with visual and graphical representation, aiding both 
human comprehension and machine processing.

Example: Transitions can instigate behaviors such as motion
planning or image processing.

Deployment
Dynamic Observation: Allows observation of dynamic 

properties through token movement, facilitating 
semantically meaningful insights during deployment.

Example: Designer monitors the Petri net to make sure the 
robot is successfully interacting with its environment.

Figure 6.1: Flow between development phases and properties and examples of how
Petri nets are useful at each.
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In Praveena et al. (2023b), we found it useful to think of systems development in
terms of six phases as shown in Figure 6.1: (1) design, (2) specification, (3) simulation,
(4) validation, (5) implementation, and (6) deployment.

Design: A key property that enables Petri nets to enhance this phase is their ability
to be used at different levels of abstraction. Jensen and Kristensen (2009) used a
suitably abstracted Petri net-based model to engage end-users (hospital nurses) for
elicitation, negotiation, and agreement of user requirements. This high-level model
can then be gradually refined through the various systems development phases to
yield a more detailed and precise description of the system under consideration,
ultimately resulting in an executable prototype of the system.

Specification: Specification involves defining the requirements, behavior, features,
and constraints of the system being developed. Petri nets provide a precise, concise,
and human-friendly way to represent system behavior, yielding models that are
both mathematically sound and accessible to systems developers through their
visual and graphical nature (Jensen and Kristensen, 2009). The Petri net repre-
sentation can be designed to map to semantically meaningful domain properties
(e.g., distinct physical areas within a setting, human and robotic agents, and ab-
stract concepts like speaking floor). For instance, physical spaces like tables can
be depicted as places, and the robot can be represented by a token. The movement
of the robot can be specified and visualized as the movement of the token through
the Petri net. Additionally, Petri nets can facilitate the development of complex
systems by enabling developers to specify smaller subprocesses, which can then be
automatically combined using mathematical properties into a behavior model of a
larger and more intricate system.

Simulation: Simulation involves viewing how a system behaves under different
conditions via a simplified representation of real-world phenomena. Developers
have the ability to actively engage with a Petri net model to explore hypothetical sce-
narios, e.g., by placing tokens to emulate real-world events such as sensor activations
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and user commands. Due to the visual and graphical nature of the representation,
developers can visually track the movement of tokens as they traverse the graph.
In addition, Petri nets can also facilitate the methodical exploration and discovery
of optimal system parameters via the use of automated simulations that do not
require user intervention.

Validation: Validation involves assessing whether the system is built correctly
according to its design and performs its intended functions accurately and reliably.
Robotic groupware systems can benefit from both formal and experimental validation
techniques. Formal techniques can be used to prove whether programs adhere to
specific properties (Wing, 1990), such as ensuring a robot never greets the same
human twice (Porfirio et al., 2018). On the other hand, experimental techniques are
useful for validation of user behavior and ergonomic properties (Ait-Ameur and
Baron, 2006), such as ensuring that an individual is able to effectively communicate
with the robot in the presence of ambient noise. Petri nets are formal models that
can be shared between formal and experimental validation, and bridge the gap
between these techniques.

Implementation: The Design, Specification, Simulation, and Validation stages of
the systems development process produce a precise, concise, and human-friendly
model in the form of a Petri net, which can be integrated into the system’s implemen-
tation. This integration eliminates any loss of information or unintended alterations
that might occur during translations between different representations at various
phases. As a result, the specified behaviors and interactions captured within the
Petri net model can be faithfully translated into the program’s execution. If, at any
point, the designer realizes changes need to be made to the implementation, since
the model is still represented as a Petri net, this can seamlessly be introduced into
the previous Specification, Simulation, and Validation steps.

Deployment: Petri nets can be beneficial to monitor and visualize the real-time
execution of finished systems. The compact and graphical nature of Petri nets
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provides a clear depiction of the system flow, especially with the use of tokens to
model dynamic behaviors and allow for tracing an entity through the system. Petri
nets are ideal for run-time analysis and experimental validation during deployment
because they model complex interactions, capture dynamic behaviors, and provide
a visual presentation of system behavior.

Complex systems are characterized by many free interactions, leading to elabo-
rate interaction traces that are challenging for analysis and interpretation by people.
Muratet et al. (2016) use a Petri net representation to algorithmically analyze and
label player behaviors during a game. However, even for the manual generation
of labels, qualitative coding of Petri net traces could serve as a complement to, or
even a potential substitute for, video coding. Moreover, Petri net elements could
be time-stamped or tagged with data for dynamic behavior (e.g., when transitions
are fired) to facilitate downstream analysis such as understanding response times,
waiting times, and throughput. This approach could enable a more direct trans-
lation of empirical insights from deployment into tangible improvements in the
design, specification, or implementation of system behavior.

The efficacy of this approach hinges on the model effectively capturing all aspects
that the developer seeks to analyze. This is achievable using Petri nets because
of the representation’s versatility in expressing a variety of concepts, including
user-activity model, task model, and context model.

Current and Future Work: Petri nets could be an indispensable tool for robotic
groupware development. However, there is a need for a domain-specific instantia-
tion of Petri nets that is tailored for HRI/groupware development, and is accessible
to developers lacking experience with Petri nets. There is also a need for devel-
opment tools that selectively expose aspects of the underlying representation to
developers in an intuitive, graphical way. Currently, I am working with a team of
undergraduate and graduate researchers on the development of a new tool, named
Statewise, specifically towards this goal.
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Extensions of the System

Improving robot initiative: In the Periscope system, the robot exhibited passive
behaviors to assist and facilitate user interactions, but did not initiate actions. This
measured approach in our preliminary prototype prioritized safety for the worker
from any possible collisions with the robot and minimized the potential for discom-
fort from unexpected robot actions. The inherent risks and uncertainties of using
a powerful robotic arm, which could be remotely controlled in close proximity to
a worker, necessitated a more cautious and passive role for the robot. However,
as these systems evolve and gain acceptance, there is immense potential for the
robot to take on a more proactive role and function as a teammate. For example, the
robot may monitor worker actions during periods of helper inattention (caused by
factors such as distraction, interruption, or assisting other workers) and provide
task summaries to the helper upon their return.

Additionally, the robot may serve different roles during the collaboration pro-
cess as a tool (e.g., a camera holder in Gurevich et al. (2012)), a surrogate (e.g.,
representing the helper’s gaze in Kuzuoka et al. (1995)), or a collaborator (e.g.,
completing a task on behalf of the helper in Stolzenwald and Mayol-Cuevas (2019)).
The robot can fulfill these roles for the remote user, the local user, or both.

Expanding robot functions: The robot’s actions can go beyond supporting shared
visual information for collaborators and include providing physical assistance to
the local user. For example, Senft et al. (2021a) developed an approach that enables
end-users to interactively create robot programs to collaboratively complete a task
with a robot. In this context, the robot serves multiple functions by providing both
visual and physical assistance to users. Sophisticated arbitration policies need to
be developed to address the competing needs associated with these functions, for
example, when the remote user needs to move the robot to see something while the
local user needs the robot to fetch something. Additionally, remote users could also
use the robot for remote manipulation or demonstration. This allows remote users
not only to observe but also to interact with the physical workspace. However, these
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manipulation actions by the robot, especially when performed in close proximity
to local users, raise safety concerns that must be addressed.

Additionally, integrating other sensors and displays onto a cobot platform, such
as Lidar sensors to generate virtual maps or projectors to overlay annotations directly
onto the physical environment, opens up new user interaction possibilities. For
example, remote users can navigate and interact with a virtual reconstruction of the
workspace using head-mounted displays. Local users could use a projection-based
tabletop interface for robot programming.

Exploring alternative collaboration setups: Periscope was designed for a specific
local worker–remote expert configuration as described in Section 1.1, but future work
could explore other configurations. In the study described in Chapter 5, we dis-
cussed several interesting alternative setups with participants. These alternatives
include mutual collaboration, where both collaborators engage in physical tasks,
and scenarios where experts provide remote assistance to multiple workers.

In the mutual collaboration scenario, both collaborators could be co-located with
robotic cameras. They would have access to each other’s robotic camera, thereby
enabling them to observe and interact (if the robot is equipped with a manipulator)
with each other’s workspaces. For this setup, the interaction mechanisms of the
Periscope system, which are currently designed for mouse input from a remote user,
would need to be modified. A more suitable approach might involve using gesture
or touch-based inputs that take advantage of the co-location of both users with
their respective robots.

In scenarios where experts assist multiple workers across various locations (each
worker is co-located with a robot), the expert might only be able to actively engage
with one worker at a time. As a result, the robots could serve as the expert’s deputy
and autonomously monitor workers not directly supervised. This work paradigm
imposes unique cognitive demands on the expert. Unlike guiding multiple workers
who are physically present in the same space, assisting workers across different
locations requires the expert to switch between contexts and rapidly acquire an
awareness of each worker’s progress.
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Alternative setups might also involve changes in the expertise level of each
collaborator. For example, in Normandale’s use case, a local expert instructs a remote
student, which is the opposite of our context. In Li et al. (2022), a local expert instructs
several remote students. In Mentis et al. (2020), both collaborators are surgeons who
are experts. In all examples, only the local user has access to the physical workspace.
These alternative setups would likely result in variations in shared camera control,
stemming from changes in the frequency and types of information that collaborators
need to share, which vary according to the context.

There may also be situations where a complex problem requires multiple remote
experts to simultaneously or intermittently interact with the worker. When multiple
experts attempt to control a robot simultaneously, user inputs may need to be
prioritized and combined based on factors such as predefined roles, expertise level,
or the criticality of the action. If control shifts intermittently from one expert to
another, then handoff protocols may be necessary to ensure knowledge transfer
between experts. Such protocols might include easily accessible logs detailing past
actions or sensor readings, and the system might even proactively prepare this
information in anticipation of expert needs.

Introducing new modalities: The incorporation of robotic technology in group-
ware systems does not exclude the possibility of incorporating additional technolo-
gies. Introducing new modalities (e.g., natural language (Tellex et al., 2020)) can
enrich user interactions. Verbal communication is the primary modality of interac-
tion between workers and experts. However, users might not want to use natural
language to interact with the robot; they may choose to use a different modality
with the robot while simultaneously employing natural language for communi-
cation with their human collaborators. Alternatively, they might opt for natural
language as a unified modality of interaction with both the robot and their human
collaborators. The choice of modality could depend on the robot’s role: if the robot
acts as a tool, users may favor mouse input, whereas if the robot functions as a
collaborator, natural language could be more appropriate. Natural language could
also be utilized implicitly to infer user intent and trigger autonomous behaviors.
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The Periscope system uses screen interfaces for controlling and displaying shared
information; however, there is potential to integrate head-mounted displays into
this context. A virtual view of the workspace can enable interactive capabilities
for both input and output. Moreover, users could transition between live video
and the virtual workspace or experience a combination of the two. In addition
to the feed from the robotic camera, users could also have access to a camera on
a tablet or a smartphone that can be moved around by the worker, or to a head-
mounted camera on the worker. The physical workspace may host multiple robots,
allowing the user to access their feeds separately for varied viewpoints across a
broader workspace. Alternatively, while the user temporarily accesses one feed,
another robot could be utilized to scan the environment and update the dynamically
changing details in a virtual setting. The use of multiple (dynamic) camera feeds
may cause issues with the control frame — the frame of reference in which the
user provides inputs (Praveena et al., 2022). This would require further research to
understand its impact.

Integrating haptic (Hannaford and Okamura, 2016) and actuated tangible inter-
faces (Poupyrev et al., 2007; Ihara et al., 2023; Li et al., 2023) into robotic groupware
opens new opportunities for enhancing user interaction. By incorporating tactile
feedback, users can receive information about the force exerted during physical
interactions. This could enable a remote user to be informed when the robot or
worker is performing an action, or allow a remote expert to convey to a local worker
the amount of force required for a specific task. Such feedback could be partic-
ularly valuable for an expert monitoring multiple workers, as it would allow for
unobtrusive updates on the activities of peripheral workers. Finally, the use of
tabletop tangible interfaces can potentially expand the supported range of tasks.
For example, a coordinated use of miniature tabletop robots for precise wiring
adjustments could be an alternative to relying solely on the cobot.

Improving arbitration: All the extensions discussed above necessitate more so-
phisticated arbitration policies. Shared control systems rely on two aspects: (1)
understanding user intent, and (2) robust arbitration policies to combine user and au-
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tonomous behaviors to fulfill this intent. In the Periscope system, user intent is often
explicitly provided, e.g., for mode selection and target selection. However, there is
potential for implicitly predicting user intent, such as by analyzing conversation
data or gaze patterns (see Belardinelli (2023) for a recent review). Aronson et al.
(2021) demonstrated the use of the remote user’s natural eye gaze behavior to infer
user intentions during telemanipulation, and Oh et al. (2021a) explored the use of
natural grabbing hand gestures for inferring the user’s intent to grasp an object.

Learning-based approaches for developing arbitration policies (Dragan and
Srinivasa, 2013) are widely used in the robotics literature, and these strategies can
also be applied to robotic groupware. For example, Oh et al. (2021b) presented
a policy that granted increased control to the human operator at critical decision
points, such as choosing among various routes to avoid an obstacle. In robotics
research, shared control typically involves one human and one robot. The devel-
opment of arbitration policies for multi-user shared control systems introduces
significantly increased complexity.

Application to New Domains

The work presented in this dissertation focuses on physical tasks within the manu-
facturing domain. Robotic groupware holds the potential to facilitate new work
practices in various other domains as well. I explored this in the domain of cine-
matography in prior work through exploratory interviews with cinematography
practitioners (Praveena et al., 2023a). I will elaborate on one of our findings that is
particularly relevant to this dissertation.

One participant described a collaborative rehearsal process where the camera
operator and director work together in real-time to fine-tune camera movements un-
til they achieve the desired shot. This interaction allows for immediate adjustments
and the ability to save the final movement for use during the actual shoot. This is an
example of co-located, real-time robotic groupware. Another participant proposed
the idea of multiple individuals in different locations simultaneously accessing
and operating a robotic camera to storyboard and prototype shots, possibly using
virtual reality headsets. This is an example of remote, real-time robotic groupware.
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Similar to the work in Chapter 5, in the cinematography work, we used Periscope
as a technology probe which served as a starting point for brainstorming and ex-
ploring new ideas. This approach ultimately led to interesting discussions about
innovative and alternative cinematography processes. Thus, the research method-
ologies and technical approaches presented in this dissertation are relevant for
exploring new application domains in robotic groupware.

Building effective robotic groupware for new application domains presents
challenges similar to those encountered in this work, especially in understanding
the context of use for future work practices. Salovaara et al. (2017) call this the
present-future gap and propose several mitigation strategies. One such strategy
is staging, such as configuring a laboratory to resemble a living room. Carefully
staged studies can represent high-fidelity versions of a potential context of use,
which can elicit more natural behavior from participants.

6.5 Conclusion
This dissertation presents work on the design, usage, and application of the Periscope
system to offer insights into a novel point in the design space of robotic groupware,
specifically groupware built on cobot platforms and their potential for enabling
remote collaborative work. Periscope is a robotic camera system that is a synergistic
integration of various methods and techniques from HCI, CSCW, HRI, and robotics
that demonstrates the feasibility of building a groupware system on cobot platforms.
This dissertation contributes to the understanding of how and where a highly
capable cobot platform can be integrated into a collaborative system. My hope
is that the use and application of Periscope in real-world contexts demonstrates
the potential for new paradigms of collaborative work, such as remote workforce
training. My belief is that robots, particularly collaborative robots, have immense
potential to help people work together better on physical tasks. While there is
plenty of exploration to be done to deepen our understanding of this design space,
my dissertation begins to establish a vocabulary and framework for more general-
purpose robot-supported collaborative work and lays the groundwork for how we
can build effective robotic groupware.
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a implementation details

Figure A.1 illustrates the system architecture. The system is built on the Robot
Operating System (ROS)1, which enables communication between system com-
ponents and real-time control of the robot arm. In our prototype, we mount an
Azure Kinect camera2 on a Universal Robot UR5 collaborative robot arm3. The
camera provides both color images, which the users can view, and depth data for
use in computer vision algorithms. The color and depth data have a resolution of
2048x1536 and 512x512, respectively. The resolution of the color image viewed by
the user may be reduced due to bandwidth constraints.

We used the React framework4 for the front-end interface and it connects to
the back-end ROS server using roslibjs5, which uses WebSockets to connect with
rosbridge6. The video feed from the robot-mounted camera is streamed in real-
time to both the helper’s and worker’s interfaces using web_video_server7. Visual
feedback on the camera feed for input commands and annotations is implemented
using React Conva8. The 3D view, built on ros3djs9, includes a digital twin of the
robot and its surrounding objects in threejs10 and updates their states in real-time
from the back-end ROS server.

We integrated a third-party video conferencing API from Dolby.io11 to host
real-time video conferencing. Both the helper and the worker automatically join
the video conference after logging in to the system. Similar to commercial video
conferencing tools, users have the options to turn on or off their microphones or

1https://www.ros.org/
2https://azure.microsoft.com/en-us/services/kinect-dk/
3https://www.universal-robots.com/products/ur5-robot/
4https://reactjs.org/
5http://wiki.ros.org/roslibjs
6https://wiki.ros.org/rosbridge_suite
7https://wiki.ros.org/web_video_server
8https://konvajs.org/docs/react/index.html
9http://wiki.ros.org/ros3djs

10https://threejs.org/
11https://dolby.io/

https://www.ros.org/
https://azure.microsoft.com/en-us/services/kinect-dk/
https://www.universal-robots.com/products/ur5-robot/
https://reactjs.org/
http://wiki.ros.org/roslibjs
https://wiki.ros.org/rosbridge_suite
https://wiki.ros.org/web_video_server
https://konvajs.org/docs/react/index.html
http://wiki.ros.org/ros3djs
https://threejs.org/
https://dolby.io/


128

��������
�������������������
����������
��	���

����
������
�������
���

	������

��
���
���

�����������


	�������


������� ���

­����������
����
��
�
��

	��������
�

	������

��
���
���
������������������

Figure A.1: Periscope includes separate web-based UIs for each collaborator and a
back-end server that controls a robot-mounted camera.

camera feeds. The control panel consists of buttons that interact with the ROS back-
end. The interface is accessible at periscope.cs.wisc.edu and has a password-
based authentication and authorization mechanism that only allows authorized
users to access the system and control the robotic camera.

Motion Generation

We cast the real-time motion generation problem in a constrained multiple-objective
optimization structure, as in Rakita et al. (2021). Most user interactions and au-
tonomous behaviors are formulated as objectives.

q = arg min
q

N∑
i=1

wi ∗ f (χi (q))

s .t . li ⩽ qi ⩽ ui , ∀i

(A.1)

Here, q ∈ Rn is the configuration of an n-joint robot. li and ri are the upper and
lower bounds of the i -th robot joint. N is the total number of objectives and wi is the
weight of the i -th objective χi (q). f is the Groove function introduced by Rakita et al.
(2017) that normalizes objective values for accommodating multiple-objectives.

The forward kinematics function Ψ calculates the camera pose given a joint
configuration. Forward kinematics functions Ψp(q),ΨR(q),Ψq(q) represent the
position, rotation matrix, and quaternion of the camera for joint configuration q,
respectively. The optimized joint configuration q is sent to the robot arm using its
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native programming language, URScript. URScript additionally has commands
that directly support Reset and Freedrive.

Helper Interactions

Target

To point the camera towards a target, we adapt the “look-at” objective from prior
work (Rakita et al., 2018).

χset_target(q) = dist(t, v) (A.2)

Here, function dist() returns the orthogonal distance between a target position
t ∈ R3 and a unit vector v ∈ R3 that indicates the view direction.

Adjust

To move the camera according to directional inputs, the objective is:

χadjust(q) = ||Ψp(qt–1) +∆ – Ψp(qt )||2 (A.3)

Here, qt and qt–1 are the robot joint configuration at time t and t – 1. ∆ ∈ R3 is an
offset signal.

Reset

To move the camera to a pre-defined starting configuration, a pre-defined joint
configuration is sent to the robot arm via the servoj command in URScript.

Annotate

The front-end canvas accepts input signals and overlays a pin/rectangle/arrow
graphic depending on user selection of shape and subsequent movement.
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Worker Interactions

Point

Pointing detection is built upon the open-source MediaPipe solution (Lugaresi
et al., 2019)12, in which a hand pose is represented by 21 2D landmarks. To detect a
pointing gesture, an algorithm checks if the distance from the base of the worker’s
thumb to the worker’s index fingertip is larger than the base of the thumb to all the
other fingertips. With pointing being detected, the pointing slider in the control
panel is enabled for the helper. If the helper chooses to turn it on, the target of the
camera t is set to the position of the index fingertip in the robot frame.

Direct

As described in §Point, we detect landmarks of the worker’s hand using MediaPipe.
The landmarks are converted from the camera’s frame of reference to the robot’s
frame of reference. The average position of 5 landmarks on the worker’s right hand
(wrist, base of all fingers) are used as the target t.

Freedrive

The robot is switched to freedrive directly via URScript. In freedrive, the robot can
be manually moved by the worker into a desired pose. The robot arm senses the
forces applied to it and moves in the direction of the force as if it is being pushed or
pulled by the user.

Autonomous Behaviors

Keep distance

To maintain a specified distance between the camera and a target point, we use an
objective from prior work (Rakita et al., 2018).

12https://google.github.io/mediapipe/solutions/hands.html

https://google.github.io/mediapipe/solutions/hands.html
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χdist(q) = ||t – Ψp(q)||2 – d (A.4)

Here, t ∈ R3 is the target position and d is the specified distance.

Keep upright

We adapt an objective that keeps the camera upright from prior work (Rakita et al.,
2018).

χlookat(q) = (ΨR(q)[0, 1, 0]⊺) · [0, 0, 1]⊺ (A.5)

To keep the camera upright, the camera’s “left” axis (y axis in our system) should
be orthogonal to the vertical axis [0, 0, 1] in the world frame.

Track hand

Same as §Direct.

Avoid jerky motion

To avoid large and jittery camera motions, both joint motion and camera motion
smoothness objective are included in the optimization formulation. Prior work
(Rakita et al., 2018) assigns equal weights to all robot joints in the joint motion
smoothness objectives. However, the joint that is closer to the robot’s base leads to
larger camera motion, so we apply higher penalty to these joints. Consequently,
the robot has more tendency to make fine movements. In our notation, a joint that
is closer to the robot’s base has a lower index. In our system, the objectives that
minimizes joint velocity, acceleration, and jerk are:

χv (q) =

√√√√ n∑
i
(n – i + 1)q̇i 2, χa(q) =

√√√√ n∑
i
(n – i + 1)q̈i 2, χj (q) =

√√√√ n∑
i
(n – i + 1) ...qi 2

(A.6)
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We use the same objective as prior work (Rakita et al., 2018) to minimize the
velocity of the camera.

χee_vel(q) = ||Ψp(qt ) – Ψp(qt–1)||2 (A.7)

Although joint limits are set as inequality constraints in our formulation (Equa-
tion A.1), we also add an objective to keep solutions away from joint limits.

χjoint_limits(q) =
n∑

i=1
0.05

(
(qi – li )/(ui – li ) – 0.5

0.45

)50
(A.8)

Here, qi , li and ui are the angle, lower, and upper limit of the i -th joint, respectively.

Avoid collisions

We use collision avoidance methods from prior work (Rakita et al., 2021) to prevent
collisions between the robot arm and the objects in the environment including the
worker. These methods allow collision avoidance with both static objects as well as
dynamic objects such as the worker. We use the same methods to prevent collisions
between the links of the robot arm (self-collisions). In prior work (Rakita et al.,
2021), each robot link Ii and environment object e ∈ A is wrapped in convex hull
shapes. The distance between two convex hull shapes dist() is computed using a
Support Mapping method (Kenwright, 2015).

χself_collision(q) =
m–2∑
i=1

m∑
j=i+2

(5ϵ)2

dist
(
li (q), lj (q)

)2 (A.9)

χenv_collision(q) =
∑
e∈A

m∑
i=1

(5ϵ)2

dist (li (q), e)2
(A.10)

Here, m is the total number of robot links and ϵ is a scalar value that signifies the
cutoff distance between collision and non-collision. For both self- and environment
collision, we set ϵ as 0.02.
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To detect the worker’s body positions for collision avoidance, we use the open-
source OpenPose (Cao et al., 2021) system to extract human body poses from RGB
images. Human body poses are represented as 25 keypoints in the RGB image,
which we then map to 3D using depth data. Since the depth data can be noisy, we
use a median filter to get smooth and stable body keypoints. With these stable 3D
keypoints, we create convex hull spaces (e.g., spheres, cuboids) around body parts
for robot collision avoidance. The body parts are also visualized in the 3D view
panel in the front-end interface.

To detect dynamic object positions, we use AR tags (Malyuta et al., 2020) to
identify the poses of dynamic objects in the environment. In future iterations, other
vision-based pose estimation technologies (e.g., SSD-6D (Kehl et al., 2017)) could
replace the AR tags.
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b lesson plan

The lesson plan for instructors in Phase 2 of the study in Chapter 5 is included below.



I. Objectives
At the end of the session, students should be able to:

1. Strip wires and attach terminals/disconnects
2. Route wires, connecting speakers to the amplifier
3. Identify and fix problems with the audio setup

II. Subject Matter
Topic: Car radio and speaker assembly
Tool and materials:

● Wire stripper
● Wire crimper
● Red/Blue/Yellow insulated terminal and disconnect
● 16 gauge wire
● Assorted fuses
● Fuse puller
● Philips head screwdriver
● Multimeter

Specific skills: wire stripping, wire crimping, troubleshooting

III. Setup and Wiring Diagrams
Wiring diagram for speaker setup:

Marked in white is the positive/negative connection to the front left speaker. Marked in gray is the
positive/negative connection to the front right speaker. Purple is the rear left. And finally green is the
rear right.
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Wiring for amplifier and radio:

Red and black on the left side of the image mark the power and ground wires to the radio and amplifier
unit. In blue is marked the “power on” cable that connects the radio to the amplifier. Marked in red/white
on the right side of the image, are the audio cables connecting the radio to the amplifier. The white,
gray, purple, and green cables on the right side of the image mark the connections from the amplifier to
the speakers, as noted in the prior image.

Fuse location on the power connection to the radio unit marked in green:
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IV. Procedures
A. Students should have already completed:

a. Connected the radio to the amplifier

F-L and F-R on the back of the radio will connect to the top and bottom (respectively) on the FRONT-IN
side of the amplifier (the rightmost set of inputs). While R-L and R-R on the back of the radio will
connect to the top and bottom (respectively) on the REAR-IN side of the amplifier (the leftmost set of
inputs).

b. Practiced stripping wires and crimping them to terminals/disconnects
c. Connecting a speaker to the amplifier

When you start the interaction, ask the student to explain/demo what they have done/learned so far.
B. Collaborative task activity:

a. For each of the remaining 2 speakers:
i. Have students run the wire through the harness based on the guide

1. See Section III
ii. Have them cut and strip the ends of that wire
iii. Have then attach terminals/disconnect
iv. Plug the wires into the speakers and amplifier based on the diagrams in Section

III and the image below
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Speaker connections to the amplifier:

Marked in red should already be connected in advance and open/available connections are marked in
green.

C. Verify and troubleshoot the system
a. Ensure the system turns on

i. Have students power on the bench supply units, turn on the radio, and play a test
song from their computer to the system.

b. Testing the system for audio quality and other potential issues
i. Ask the students about the quality of audio, as it may be difficult for you to

discern remotely through the computer’s microphone.

V. Troubleshooting
A. The system does not turn on

a. Check if power is making its way through the system
b. Check if all connections are secure
c. Check if wires are damaged
d. Check if fuses are blown

B. The audio quality is distorted
a. Check if connections are secure
b. Check if the amp is distorting the output
c. Check if the positive and negative wires are flipped for the speaker
d. Check if the amp is receiving enough current

C. The audio signal is sporadic (cutting in and out)
a. Check if the connections are secure
b. Check if the amp is receiving enough current
c. Make sure the wires aren’t damaged

VI. Assessment
Later, during the interview, we would like you to share with us your assessment about how the student
progressed in their skills/knowledge and how comfortable and confident they seemed with the task.
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