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Abstract

In the context of diversifying workstyles and infectious disease countermeasures, remote collab-
oration and communication are becoming increasingly important. To support this, much research in
telepresence, which conveys the presence of users in remote locations, has been conducted. Addi-
tionally, telepresence systems utilizing devices such as robots and pin displays have been proposed
to enable physical embodiment and interactions. However, these are often expensive and offer lim-
ited interactions. Therefore, I propose a concept of telepresence using a collective of robots. As
a first step towards this, I introduce a telepresence system for remote collaboration using holo-
graphic avatars and mobile robots, named HoloBots. With HoloBots, remote users can not only
be visually and spatially present but also physically interact with local users and their environ-
ment. HoloBots employs Azure Kinect to capture the remote user’s body in real-time and displays
it through Hololens2. The remote user’s movements are synchronized with a tabletop mobile robot
(Sony Toio) placed in front of the local user. Moreover, I explore the design space of HoloBots, such
as the actuation of objects, sharing of tangible UIs, interactions with miniature bodies, and commu-
nication using haptics. Furthermore, I present future directions for telepresence using a collective
of robots.
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Chapter 1

Introduction

In the context of infectious disease prevention and the diversification of work styles, remote collab-
oration and communication have become increasingly crucial. Numerous studies have been con-
ducted to support remote work, one of which involves the technology of telepresence, designed to
convey a sense of presence in remote locations. A key aspect within this domain is the ability to en-
gage in physical interactions, as if one were actually present and working alongside others. This has
been addressed by technologies like robotic telepresence and physical telepresence, which focus on
enabling physical body representations and physical interactions. However, these technologies face
challenges due to their limited range of possible representations and interactions and the complex-
ity of the configurations. To address these challenges, I have proposed the concept of telepresence
using a collective of robots. As the first step in this direction, I have developed a system named
HoloBots.

1.1 Telepresence

Telepresence refers to technology that provides a person in a remote location with the sensation
of being in the same place. This technology facilitates remote collaboration and enhances remote
communication. Research in telepresence has mainly focused on visual representation, with various
systems being proposed in response to changes in the media used. For instance, 2D video confer-
encing tools (like Microsoft Teams 1 and Zoom 2) have been proposed for PCs and 3D avatar-based
tools (such as VRChat 3) for Virtual Reality (VR) devices. Moreover, in Mixed Reality (MR), in
which users can interact with virtual objects in the real world, holographic telepresence technologies
such as Holoportation [OERF+16] have emerged, displaying full-body captures of remote individ-
uals for realistic avatar representation. Research has also been conducted to augment telepresence
by integrating physical representations and interactions into these visual representations. This ad-
vancement enables remote individuals to interact with physical objects or local users and to have a
physical presence themselves.

1https://www.microsoft.com/en-us/microsoft-teams/group-chat-software
2https://zoom.us/
3https://hello.vrchat.com//
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Figure 1.1: Telepresence in Mixed Reality [OERF+16] (left) and robotic telepresence [AB10]
(right).

1.2 Robotic Telepresence

In the context of Human-Robot Interaction (HRI), telepresence utilizing robots has been proposed.
In the robotic telepresence system, remote individuals are represented as robots, such as humanoid
robots and robots with a 2D video screen. These robots convey gestures and movements to lo-
cal users, creating a sense of the remote individual’s presence. Moreover, robots can manipulate
objects in remote locations, enabling collaborative interaction with physical items. However, hu-
manoid robots have some drawbacks. They are often expensive and have limited expressiveness.
The conveyance of gestures and facial expressions of the robot is significantly influenced by the
number and quality of motors used.

1.3 Tangible Bits to Physical Telepresence

1.3.1 Tangible Bits and Radical Atoms

In the field of Human-Computer Interaction (HCI), the concept of Physical Telepresence has emerged,
rooted in the concept of Tangible Bits [IU97] introduced in 1997. This concept aimed to bridge the
gap between the physical and virtual worlds. Tangible Bits proposed interfaces where manipulating
physical objects could control bits, and observing physical objects could reveal the state of bits. This
approach features high affordance and body engagement. For instance, in the Tangible User Inter-
face, tangible interaction with data is possible, providing explicit affordance―understanding how
to use it. In musicBottles [Ish99], opening and closing a bottle controls music playback. Similarly,
in Megereality using a dropper symbolizes absorbing and releasing information [WBS20]. Tangi-
ble User Interfaces (TUI) are also characterized by high body engagement, meaning they involve
physical interaction with information, which is beneficial for memory and creativity enhancement.
Furthermore, in 2012, the concept of Radical Atoms was introduced.

Unlike previous TUIs where physical objects were static and merely manipulated, Radical Atoms [ILBL12]
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allowed objects to transform and move, enabling tactile presentations. Though virtual objects them-
selves are intangible, aligning physical objects with virtual counterparts can provide tactile feed-
back. This can be achieved using pin displays (e.g., inForm [FLO+13]) or mobile robots to create
shapes (e.g., ShapeBots [SZK+19]), enhancing haptic communication. Additionally, objects can
be moved, making virtual UIs interactive, as seen in systems like exTouch [KNHI13].

1.3.2 Physical Telepresence

Within the currents of this research, the concept of Physical Telepresence emerged, which enables
remote users to physically interact with local users through an actuated environment. Physical
Telepresence embodies the characteristics of Tangible Bits and Radical Atoms. It allows local users
to engage with a high body engagement, while remote users can experience haptic feedback and
manipulate physical objects. For example, using a pin display system like inForm [FLO+13], which
pushes objects up from below, a remote user can roll a ball or lift a book. This enables local users
to receive tactile feedback and collaborate with high body engagement. However, this setup is
complex. Even simple operations, such as rolling a ball, require intricate maneuvers, like lifting the
ball and then gradually shifting it sideways. Furthermore, increasing the resolution poses significant
challenges. Doubling the resolution would require twice the number of pins, making the system
increasingly expensive.

Figure 1.2: Physical Telepresence [LFOI14]
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1.4 Telepresence Using a Collective of Robots

To address the challenges posed by the complexity, cost, and limited interaction capabilities of exist-
ing telepresence systems that enable physical interaction, I propose a concept of telepresence using
a collective of robots. Collectives of robots have been widely utilized in the HCI field, leading to the
development of various interfaces. These collectives have included small robots, shape-changing
robots, and drones. For instance, collectives of small robots have been used for visualizing informa-
tion (e.g., Zooids [LGKP+16], Ubiswarm [KF17]) and providing haptic notifications (e.g., Swarm
Haptics [KF19]). Collectives of shape-changing robots have been applied in VR for haptic feed-
back (e.g., HapticBots [SOS+21]) and object actuation (e.g., ShapeBots [SZK+19]). Additionally,
collectives of drones have been employed for 3D information visualization (e.g., Flying LEGO
bricks [RBT+20]) and as three-dimensional input/output interfaces (e.g., GridDrones [BRMV18]).
Thus, the use of robot collectives has enabled a broader range of interactions compared to shape-
changing interfaces such as pin displays.

From this perspective, implementing a telepresence system with robot collectives could create
systems capable of diverse interactions at a low cost. In this concept, robot collectives, previously
utilized for information visualization and object actuation, are repurposed for body representation
of remote users and enabling remote object manipulation (Fig. 1.3). Using a collective of robots at
appropriate times and for suitable purposes, a wide range of applications could be accommodated.
Moreover, rather than constructing everything out of robots, strategically placing them only where
necessary ― in body parts that need representation and locations where interaction occurs ― can
achieve significant effects with few robots.

As an initial step of this concept, I propose HoloBots [IFI+23], a telepresence system using mo-
bile robots and holographic avatars captured with RGBD cameras and displayed on MR devices. I
have extensively explored the range of possible interactions, including object actuation, virtual hand
physicalization, world-in-miniature exploration, shared tangible interfaces, embodied guidance, and
haptic communication with this system. Utilizing these interactions, I have proposed applications
that leverage these interactions.
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