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ABSTRACT

LightBee is a novel “hologrammatic” telepresence system
featuring a self-levitating light field display. It consists of a
drone that flies a projection of a remote user’s head through
3D space. The movements of the drone are controlled by the
remote user’s head movements, offering unique support for
non-verbal cues, especially physical proxemics. The light
field display is created by a retro-reflective sheet that is
mounted on the cylindrical quadcopter. 45 smart projectors,
one per 1.3 degrees, are mounted in a ring, each projecting
a video stream rendered from a unique perspective onto the
retroreflector. This creates a light field that naturally
provides motion parallax and stereoscopy without
requiring any headset nor stereo glasses. LightBee allows
multiple local users to experience their own unique and
correct perspective of the remote user’s head. The system is
currently one-directional: 2 small cameras mounted on the
drone allow the remote user to observe the local scene.
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Figure 1. LightBee telepresence system with two local users
viewing the drone-based light field display to
communicate with a person in a remote capture room
(inset).

1 INTRODUCTION

Over the past decades, research on teleconferencing
systems has enabled the transmission of essential non-
verbal communication cues between local and remote
participants over large distances [4,20,28,30,38,43,46].
Prototypes such as TeleHuman [20] convey body
orientation cues, facial expressions and eye contact
between local and remote users, making it easier to, e.g.,
take turns in multiparty remote conversations [45].
Displays with head-tracking and stereo glasses now allow
both motion parallax and stereoscopy to be conveyed, in life
size [13,20]. However, these prototypes do not allow a
remote participant to move around a local space, because
they focus on the use of static projection systems.

Spatial movement of remote users serves as an important
non-verbal cue, one that can enhance social presence. Social
presence was defined by Short et al. [39] as reflecting the
extent to which a person is perceived as salient. Movements
can also convey emotions independently of representation
[25]. Interaction distance, specifically, can affect the
interlocutors’ relationship positively or negatively [10].
Proximity [2] can signal mutual intimacy, and plays a role
in the turn taking process [13,38]. Movement also allows
participants to monitor the progress of a conversation. For
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example, by moving away and turning the body,
participants may signal the end of a conversation. While
augmented reality headsets, such as Microsoft’s HoloLens,
can create an illusion of movement of participants in their
surroundings, these require head mounted displays that
make it difficult to capture facial features [31]. As such,
telepresence systems that accurately convey physical
movement, specifically of the remote user’s head, still
represent a technical challenge.

1.1 Contribution

In this paper, we present LightBee, a telepresence drone
that displays a 3D hologrammatic representation of the
remote user’s head that moves with the actual head
movements of the remote user (see Figure 1). LightBee
consists of a self-levitating retroreflective cylinder that
reflects images projected on it by a ceiling-mounted radial
array of 45 smart projectors in a narrow band of
approximately 1 degree of angle. Simultaneous projection
of the image of the remote person’s head from every degree
of angle creates a light field display, which we refer to as
“hologrammatic” because an actual hologram only refers to
a light field created through laser interference patterns. 3D
surround video and movements of the head are captured in
the remote user’s capture room using an array of
stereoscopic ZED video cameras (Figure 1, inset). These are
conveyed across a gigabit Ethernet connection as depth
maps to the projection rig. The smart projectors then act as
a parallel computer, each calculating its own angular view.

The main contribution of this systems paper is a novel self-
levitating light field display for use in telepresence. Our
contributions over and above existing work are as follows:
Our system, to our knowledge, 1) is the first
teleconferencing system to feature a self-levitating light
field display; 2) the first drone-based display to provide
motion parallax and stereoscopy simultaneously to multiple
users; 3) the first robotic telepresence system to accurately
represent the physical movement of the remote user’s head
to local participants; 4) due to the drone-based propulsion
system, the display moves more quickly than previous
wheeled and blimp-based teleconferencing robots.

2 BACKGROUND

We will first discuss prior work in the area of light field
display technologies. Next, we will provide an overview of
light field displays for use in multiparty video conferencing,
and the use of telepresence robots for mobility. Note that
the focus of this review is on embodied multiview group
telepresence systems.
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2.1 Approaches to Light Fields

Light field displays visualize 3D scenes by recreating the
angular rays of light around a scene. A light field display
emanates light in many different angles, such that they
generate many different views. There are three main ways
to create light field displays: Using parallax barriers [16];
using integral imaging, also known as microlens arrays
[23]; and using multiview retroreflective projection [27]. A
parallax barrier display uses an array of pinholes or slits to
control what pixels are seen from a particular angle. An
integral imaging display uses microlens array overlays that
bend pixels into specific angles. Both methods lower the
resolution of a display since a user only sees a subset of
pixels from any one direction. Multiview projection
systems typically use narrow-band retroreflective materials
[32] that reflect the light from a set of angled projectors
directly back into the eyes of the user. Two key benefits of
this technology are that 1) it supports full resolution for all
views, and 2) it generates a much brighter image. Next, we
will discuss previous use of multiview projection in
teleconferencing.

2.2 Multiview Projection Teleconferencing

There has been a wealth of approaches to the development
of multiview projection displays for teleconferencing.
Multiview [29] was one of the first systems to use multi-
projection and a retroreflective screen to provide multiple
viewports. Jones et al. [18] proposed a bi-directional
teleconferencing system that featured a spinning
anisotropic display surface. This display surface reflected
rays of light from a high-speed projector into different
viewing positions. The system provided a 180° field of view
of the head of a remote user. This solution relied on the use
of moving parts, and was not ideal for our drone. Jones et
al. [17] provided a solution containing an anisotropic screen
and a curved projector array. The screen reflected the light
rays from each projector as a vertical strip, and the strips
were blended using a 1° horizontal diffuser. The prototype
provided vertical parallax for multiple participants by
means of head tracking. Pan et al. [32] designed a display
that applied the full resolution of projectors to a cylindrical
retro-reflective screen. The screen reflected each angular
projection back into a narrow viewing zone. However, the
density of projectors was insufficient to provide a full
stereoscopic light field around the cylindrical surface. All of
the above approaches provided corrected eye contact in
one-to-many teleconferencing scenarios. However, the
position of the screens was fixed, meaning remote users
could not move around the room to communicate physical
proxemics to local users. TeleHuman2 [11] is a telepresence
system that uses a circular array of 45 720p projectors to
front-project a 3D representation of a person into a life-size
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cylinder with a retroreflective screen. We were inspired by
its design as it allows the projection technology to be
located away and around a light weight projection surface.
Note that none of the above examples were mobile.

2.3 Telepresence Robots

PRoP [33] was one of the first telepresence robots. It
consisted of a camera at 1.5 meters from the floor, an LCD
screen right below the camera, a backbone and wheels. The
basic construction of subsequent telepresence robots is
similar, with varying display designs. Some commercial
robots [15,8] have a “Head Agnostic” design, where phones
and tablets are interchangeably used as the display. Some
robot displays provide depth cues beyond a flat 2D display.
Animatronic Shader Lamps Avatars [22] projected a user’s
face on a life-size Styrofoam head. TELESAR4 [41] featured
a retroreflective material as its main display. Local users
wore a near-eye projector to project images from different
angles on its surface, allowing them to perceive motion
parallax.

2.3.1 Remote Control

In terms of the control of telepresence robots, approaches
include joystick, keyboard, tablet control, body tracking and
semi-autonomous control. PRoP [33] was driven using a
joystick. Double 2 [8] could be moved through keyboard or
touch input. It also allowed remote users to adjust the
height of the screen and the camera. Higuchi et al. [14]
proposed an unmanned aerial vehicle (UAV) telepresence
robot that used the user’s head input to control the UAV’s
aerial movement. To help users to avoid obstacles, some
telepresence robots apply assisted navigation strategies that
are beyond the scope of this paper [42,40,19]. Blimps [44]
have been used for telepresence purposes, allowing remote
users to move unencumbered through the environment.
DisplayDrones by Gomes et al. [9] featured a small drone
with a visual representation of a remote Skype user.
However, this display did not provide 3D depth cues.

2.3.2 Social Cues and Mobility

Researchers have provided telepresence robots with
varying degrees of mobility, which can aid in the
establishment of social presence. Choi et al. [5] made a
wheeled robot that could mimic a remote user’s body
orientation and movement. They found that the robot’s
movement affected interpersonal judgements. MeBot [1]
and Animatronic Shader Lamps Avatars [22] mapped a
remote user’s head motion to the head display of the robot
in order to convey gaze awareness. ScalableBody [24]
allowed users to adjust the height of the robot to maintain
the correct eye level, and found this enhanced engagement.
Rae et al. [37] found that the height of a telepresence robot
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influenced the local user’s impression of dominance from
the interlocutor. However, conveying lifelike head
movement is still a technical challenge with telepresence
robots due to their comparatively slow motor systems.

3  DESIGN RATIONALE

Our overall goal in the design of LightBee was to achieve a
lightweight light field display capable of flight that still
featured a very dense number of viewports. This allows
multiple interlocutors to perceive the remote participant
stereoscopically, with continuous motion parallax, without
the need for glasses or head tracking. The following design
criteria were taken into consideration:

3.1 Drones and Head Representation

There are good reasons to use a drone for telepresence
displays. Drones potentially help a display look and behave
more human, by adding smooth physical movement.
Although this is not a universal requirement, one benefit of
using drones is that they do not require structural support,
offering no exposed mechanical parts that impact human
likeness. Drones, if properly powered and tracked, have no
limitations in terms of mobility, particularly in the 3rd
dimension. Compared with wheeled robots, the 3D spatial
location of a drone is readily controllable, allowing drone
displays to smoothly replicate a remote user’s behavior.
Blimp-based displays have not been able to match the speed
of human head movements [45], and the size of the
envelope must be very large in order to provide adequate
lift. A drone-based solution has the potential to move very
quickly to match natural head movements and the display
size can be chosen to match the head size.

We chose to represent only the remote user’s head, mostly
for practical reasons. Flying a screen large enough for full
body projection is not possible with current payloads of
indoor drones. We chose representing the head because it
communicates facial expressions and gaze, and is a rich
source of non-verbal information. Rather than relying on
animation, we chose to use 3D volumetric video of the head.
This helped avoid the Uncanny Valley effect common in
avatar-style animations [26]. Accurate eye contact and head
orientation images are automatically provided by the
rendition of 3D volumetric video via the light field
projection, and can be adjusted using calibration of the
remote capture system.

3.2 Using Head Control

Driving a robot requires attention [36], and this influences
the efficiency of communication [21]. However, using the
remote user’s head movement as input allows for intuitive
control over the local drone [14] as head gestures belong to
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the same schema that are used to control looking behaviour
[34]. The synchronization of the drone with the remote
user’s head motion also serves as an important nonverbal
cue to local participants [25]. In our design, the 3D location
of LightBee is controlled directly by the remote 3D head
location to mimic the proxemics that take place in
collocated conversation. All movements of the head model
are mapped to realistically convey both direction and
proximity of the remote person, as well as eye contact.
When the head moves further away it becomes smaller, as
does the drone surface.

3.3 Freedom of Movement and Manual Control

An important requirement was that participants are able to
move comfortably within Hall’s Social Distance (1.2m-
3.6m) [13] without losing stereoscopy or motion parallax.
When the LightBee is out of range of the projectors, users
rely on manual control. Note that the latter method of
control is beyond the scope of this paper: when the drone is
not projected on or tracked, users are, however, able to
explore the remote space using two drone-mounted
cameras.

3.4 Form Factor

To provide a potential 360° horizontal viewing area, we
decided to use a cylindrical screen form factor. This has the
additional benefit of allowing the quadcopter to be mounted
hidden within the cylinder, while providing space for
airflow. The size of the cylinder would need to approximate
that of the average human head.

3.5 Glasses-Free Projected Light Field

One of our main goals was to free users from wearing any
helmets or glasses in order to increase the users’ comfort
level and their ability to see one another. For this purpose,
we chose to project a light field on the drone’s surface using
an exterior projector array. Another method would have
been to generate a light field using spinning LED strips on
the surface of the drone [6], but aside from negative effects
on flight dynamics there are other considerable engineering
costs associated with this method. To render a high-quality
light field, a powerful onboard computer is required, with
associated high-bandwidth network boards that are beyond
the current payload of interior drones. Our approach of
combining a self-levitating retro-reflective screen with an
external light field projector array provided a low weight
display solution that removed the need for head tracking,
shutter glasses or other complex head-worn apparatus.
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3.6 Simultaneous Stereoscopy and Horizontal
Motion Parallax

Although both stereoscopic and motion parallax
information provide effective depth cues [12], the
combination of these cues improves the precision of depth
perception [3]. We designed a ring of tightly packed
external projectors such that multiple local interlocutors
would be provided with different stereoscopic views
through the alignment of their left and right eyes with
different projector units. They would be provided with
simultaneous motion parallax as the eyes align to the
different images while moving along the projector array.
Since most human movement during conversations is
horizontal, and to avoid occlusion of the display by a two-
dimensional array of projectors, we decided to limit the
light field to horizontal parallax only. This allows the
projectors to be mounted above the users’ heads without
impacting the horizontal 3D views.

3.7 Angular Resolution

To provide stereoscopy to each local interlocutor, the
angular resolution of the cylindrical display had to be
smaller than the average interpupillary distance (6.3 cm for
adults [7]). We designed the projector ring such that the
distance between two viewports would provide stereoscopy
at a comfortable social distance (1.2m - 3.6m [13]).

3.8 Asymmetrical telepresence

While the system could, in principle, be designed such that
it is bi-directional, we focused on the light field experience
delivered by the drone, limiting the experience of the
remote person to two displays showing images from two
on-board drone cameras. As such, we delivered a one-way
illusion of telepresence while maintaining the ability of the
remote user to fly through the space independently of the
light field representation or local positioning trackers.

3.9 Surround 3D Video Capture

Interference is an issue when capturing volumetric 3D
video using infrared structured light depth cameras. To
avoid this, we chose to apply stereo cameras that operate in
visible light. To reduce computational complexity and
network load, images would need to be sent from each
camera to a cluster of projectors, each augmented with
computational ability to render its own custom view.
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Figure 2. The LightBee prototype viewed from above. Special
rotor blades direct airflow through the cylinder.

4 IMPLEMENTATION

Next, we discuss the implementation of the self-levitating
cylindrical display, which includes the quadcopter
hardware, the cylindrical retroreflective screen, and the
flight control system. After that, we discuss the light field
rendering approach, the remote capture system, and how
the quadcopter-captured video is transmitted.

4.1 Flying Cylindrical Retroreflector

Figures 2 and 3 show the LightBee prototype, a quadcopter
of our own design with a hollow retroreflective cylindrical
surface. The quadcopter is outfitted with 4 brushless motors,
a Micro MultiWii flight controller board and an ESP-8266
WiFi breakout board. The flight controller is a customized
version of the MultiWii software modified to work with the
brushless motors, and with our custom communications
protocol. Power is provided by a 1300 mAh battery that
sustains approximately 4 minutes of flight time at present.
There are two small cameras mounted on the top of the
screen to provide visual feedback to the remote user.

4.2 Size and Aerodynamics

The drone is 38 cm in diameter and 22 cm in height. We
made the diameter larger than that of an average human
head for aerodynamic purposes. This is because the walls of
the cylindrical screen act as a drag surface for the air moved
by the propellers, decreasing the effective thrust output. As
the height of the screen increases, the air pressure above the
quadcopter decreases. The resulting design was a
compromise between average head size and optimal thrust
capacity. Four angled 9 cm propellers power the flight
(Figure 2). The screen materials consist of a microbead
retroreflective cloth wrapped around a cylindrical film, with
a one-dimensional diffuser layer. The diffuser (RPC
Photonics™ EDF-L1) features a 56° vertical scatter angle,
which allows for retroreflective projection without a
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Figure 3. LightBee prototype with two cameras and
retroreflective surface.

significant drop in brightness when the quadcopter moves
up or down.

4.3 Flight Control

On top of the quadcopter, reflective motion capture markers
allow tracking of position and rotation by a Vicon MX
Motion Capture System. Coordinates are provided to the
flight controller at 100 Hz via the Vicon Tracker 3.4
software. We designed a control system to calculate the
waypoints of the quadcopter, as well as to govern its
behavior as it flies between waypoints. The waypoints are
set based on the remote user’s head movements. These head
movements are tracked at 60Hz by a Kinect v2.0 through
the Kinect for Windows SDK 2.0 and transmitted through a
network to the flight control system. The quadcopter can
automatically fly to these waypoints, through Proportional,
Integral and Differential (PID) control loops, which adjust
the quadcopter’s thrust along the x, y and z axes.

4.4 Projector Array

To hold the projector array, a circular rail of 180 cm radius
was suspended from the ceiling at a height of
approximately 195 cm. Mounted underneath this rail are 45
PicoPro 720p focus-free laser projectors that each project a
different angular image (see Figure 4). Each projector image
is retro-reflected back into the eyes of users by the drone
surface, producing both stereoscopy (left and right eye
catching a different projector image) and motion parallax
(eyes moving between projector images) to local users.
Since all the light from each projector is retro-reflected back
into a very narrow angle, the 32 Lumens of each projector
produces a sufficiently bright image even in broad daylight.
To provide stereoscopy for users standing directly below
the projector rail as indicated in Figure 4, projectors are
spaced approximately 4.5 cm apart horizontally, slightly
closer than the average inter-pupillary distance [7]. The
projector array provides nearly 59° of motion parallax,
which can be extended by adding more projectors.
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Figure 4. Projector rail with 45 projectors, each with an
Odroid rendering board.

4.5 Light Field Rendering

We distributed the rendering for each viewport to 45
Odroid C1+ boards, one connected to each projector. Depth
images are captured by stereo cameras and broadcast by the
capture system over UDP. The software running on each
Odroid receives the color and depth images from the remote
system to produce a relief map. The rendering software then
renders a viewport at 720p for each projector by calculating
the offset of its projector in this relief map [35], at ~10 FPS.
This image is subsequently mapped and projected onto the
drone surface. One nice benefit of this method is that the
hologram appears rendered in the correct location
regardless of the exact location of the projection surface.
Colour and depth data of the remote head are applied to an
OpenGL rectangle which is rendered in 3D using a relief
mapping shader, in a method similar to Policarpo et al. [35].

4.6 Remote Capture System

Figure 5 shows the remote capture room. Here, the user is
able to move within a circle of 3 ZED cameras, 1 ZED
camera per 20 degrees, each capturing a 3D volumetric
video of the head. The resolution of a ZED camera is 2 X 2K,
and the frame rate of stereo images is 15 frames per second.
Unlike the Kinect, ZED cameras do not suffer from
interference when multiple cameras are used and can be
used in bright daylight. Each ZED camera is connected to a
high-end NVidia GTX 1080 graphics card on an Intel i5
computer. Our software is implemented on Ubuntu 16.04 to
capture the user’s color and depth images, with background
subtraction. Each ZED camera is in charge of producing a
relief map for a cluster of 15 projectors. The 3 ZED cameras
in the remote location provide approximately 59 degrees of
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Figure 5. The capture room with 3 ZED cameras, and two
displays showing images from the drone cameras.

motion parallax. Extending motion parallax only requires
adding more ZED cameras and processing power.

4.7 Quadcopter Video

Two small 26x26 mm cameras are mounted 60° apart on top
of the quadcopter (see Figure 3). Video from these cameras
is sent via two on-board video transmitters to a local
computer. The video streams are encoded and sent across
the network to the remote capture room, where they are
displayed on two monitors spaced approximately 60° apart.
Since the setup is not symmetrical, the remote user can only
see images from each drone camera on these monitors.
Although the images move around with the drone camera,
the monitors themselves are in a static location.

5 INTERACTIONS

We designed for a limited number of interactions with the
LightBee. Most of these center around the correct
conveyance of head-related cues:

Head Proximity - By moving the head forward or
backwards, proximity cues can be conveyed. Because the
drone is a physical object, when it moves closer towards
you it provides a more powerful cue than does video.

Head Orientation — Head orientation is mostly conveyed
through the light field, by rendering the head from an angle.

It can convey interest in a person.

Eye Contact — Eye contact is conveyed and corrected for by
rotating the head model and positioning the drone such that
it is in line with eye gaze by the onlookers. The use of a
stereo camera means there is no noticeable parallax.
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Speech — Speech is conveyed using a Dolby surround sound
speaker system in the ceiling.

6  APPLICATION SCENARIOS

The LightBee system can be used in a variety of
applications, including entertainment, remote education
and telepresence. In this paper, we focused on its use as a
telepresence robot. We further examine its utility using the
following two user scenarios, future envisionments that
highlight key features and benefits of LightBee’s unique
method of remote telepresence.

6.1 Telepresence for Business

A majority of business meetings are still conducted inside
specific meeting rooms that are equipped with video
conferencing platforms. It is not inconceivable that, in the
future, such platforms would include light field projection,
as per the following scenario:

When business people collaborate from different locations
while working on projects, there is often a need for sharing
information about the space, or to demonstrate an artifact
or experience that takes place in the built environment.
When collocation is not possible, or when users need to
visit multiple sites, LightBee can be used to set up a
telepresence session, which enables a person to be invited
in to explore the physical room remotely. This is especially
where buildings need to be
simultaneously inspected and discussed, for example, in
real estate, architectural design or construction (where
drones are already widely applied for this purpose).

useful in situations

Hologrammatic telepresence via drones reduces the need to
travel, while still providing many of the benefits of non-
verbal communication, making it easier to hop between job
sites. With the front facing cameras and ability to fly over
obstacles, the remote participant is able to inspect and
navigate within a remote job space, even when it is not
outfitted with a tracking system. This emphasizes the
fluidity of drone applications as compared to traditional
conferencing systems. In this scenario, a remote architect is
visiting a job site to discuss details of the build quality with
his clients. When ready to remotely join a face-to-face
meeting, the remote user navigates his LightBee to a
meeting room in a building next to the job site, which is
outfitted with a projection ring and tracking system. As the
meeting starts, the projector array begins projecting on the
LightBee’s retroreflector to provide local users with a
synchronized three-dimensional view of the remote
participant’s face. The local participants engage in a
conversation about the building project. The head
movements of the remote participant and eye contact
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convey non-verbal cues, which help the local participants
understand to whom the remote person is talking,
facilitating turn taking. In collocated conversation,
interlocutors often use such pronouns as “you” or “that”,
which require disambiguation. The remote participant
simply orients his head to refer to the architectural model
under discussion. Such head pointing is naturally supported
by the LightBee’s light field imaging, facilitating deixis
towards the model without requiring verbal
disambiguation. The remote participant moves closer to one
of the clients in an attempt to emphasize that the design
needs alterations. The client responds to the physical
proxemics of the LightBee, and agrees to the request. The
co-workers finalize the decision on the action plan and
schedule, and wave while the remote user turns around and
flies off to inspect another part of the building site.

6.2 TelePresence for Entertainment

Large performance venues are now routinely equipped with
powerful projection technologies as a main entertainment
feature (see, e.g., Olympic opening ceremonies). The
addition of large and high-powered projector arrays would
allow floating holograms to be rendered across a wide range
of drone movement and across large distances inside a
stadium, as per the following scenario:

A DJ is playing a set in an indoor stadium with 10,000
people. Specific areas in the upper levels of the stadium
have been outfitted with 360 degree projector arrays, and
the stage has been outfitted with a volumetric video capture
array. Normally, the DJ is confined to the stage, standing
behind her console from which she spins her tunes. With
multiple copies of herself on LightBees hovering
throughout the stadium, her audience feels much more
connected. As the DJ dances, the LightBees hop up and
down to the beat, whipping the crowd up to take selfies
with the drones.

The LightBee replicas are not limited to one stadium, and
the DJ is able to sell out several more venues that night in
different cities where she is only represented by the
telepresence drones. Not only does this allow her to be in
multiple places at once, her revenue is significantly
increased due to the ability to perform in multiple
simultaneous shows, at a significantly reduced travel cost.
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optimum
viewing area

projector

Figure 6. Overview of active area with LightBee (LB) and
projector rail. Optimum viewing area is indicated in grey,
while optimal flight area is hatched.

7 INITIAL USER EXPERIENCES

In order to gain some initial insight into how users might
experience interactions via the LightBee system, we
performed a preliminary evaluation in which we asked 6
participants (2 female and 4 male) between 25 and 30 years
of age to engage in a triadic conversation for 3 minutes. In
each conversation two local participants conversed with
one remote person represented on a LightBee. The remote
person was an actor who made sure to turn his head toward
each local interlocutor while speaking to him or her. The
actor also moved toward each local user when speaking,
and away when not speaking. In Figure 6, a plan view
diagram illustrates the area in which participants (gray) and
the LightBee (hatched) were allowed to move. To begin
each session, participants were briefed about the system
and the confines of the active space, which was between 180
and 360 cm from the center of the projection ring. After
each session, the participants were asked to reflect upon
their experience, after which they were interviewed by the
experimenter. All participants were successfully able to
interact with the remote person and overall responses were
positive. We mnow provide details about the initial
impressions of the system and comment on aspects that
appeared to affect user experience.
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7.1 Results

Most participants noted that the movements of LightBee
helped them facilitate turn taking and management of the
conversation. P4 claimed that “The movement (of the
LightBee) gave me a better idea of what the remote person was
doing.”P6 claimed that the LightBee’s movement was “easy
to understand and smooth.”

Three participants commented on their experience of
proxemic movements by the LightBee. P1 claimed that he
“felt a kind of pressure when it approached me” that helped
him to know that the remote person was engaging with
him. P6 also noted, “the eye contact was really helpful, like in
a class or meeting.” P3 claimed that he wanted the remote
person to always face him when talking. P2 noted that it
was convenient to “show the person around” by moving
herself and P3 claimed that it was “cool to look around the
person by moving around (the LightBee).” P1 stated that he
“did not move around when talking to the other person”, yet
seemed to appreciate LightBee’s movements towards him.

Some participants commented on the ‘missing body’ of the
remote person, yet after further enquiry suggested this did
not necessarily negatively impact their conversation.
Perhaps the relatively high resolution of the head
projection and corresponding head movements of the
remote person led to an Uncanny Valley effect, with
participants expecting there to also be hand movements and
body cues [26]. Two participants complained about the
noise of the drone. P2 did not like “how loud the propellers
are”. None of the participants commented on the lack of
vertical parallax.

8  DISCUSSION AND FUTURE DIRECTIONS

There are, of course, numerous issues with the use of a
drone for telepresence. The system is, at present,
asymmetrical, i.e., the remote user does not obtain a similar
sense of the proximity or direction of the local users. This
can complicate a correct mapping of eye gaze direction if
the remotely perceived location of local users does not
correspond to their correct local angle. This can easily be
solved by making the system bi-directional (i.e., drones in
both locations). LightBee currently supports only indoor
conversations due to limitations in the tracking system and
projector array. The light field and cameras mounted on the
drone are currently limited to a < 60-degree field of view.
This is, however, only due to budget constraints and can be
addressed by adding more cameras and projectors. In the
current implementation, the propellers of the drone create
a clearly audible noise. We expect to address this in future
versions using anti-sound noise-cancelling speakers, or by
asking users to wear Bluetooth earbuds. Additionally,
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improved flight dynamics and rotor design can significantly
cut down on noise generated by the propellers. Battery life
is another limitation, with flight time constrained to about
4 minutes. This is mostly due to the weight of the drone in
relation to its limited battery capacity. A better mechanical
design of the rotors and air flow dynamics would increase
efficiency, for example, by using ducted propellers. Our
current system only captures the representation of a single
remote user. That said, multiple remote users can fly
together provided each user is represented by their own
LightBee. Head controlled movements are currently limited
to within the remote capture space. However, the drone can
be flown using manual control beyond the confines of this
space. After we improve the engineering and design of the
drone, we plan to conduct a more formal study of the
potential influence of LightBee on telepresence experience.

9 CONCLUSIONS

We presented LightBee, a hologrammatic self-levitating
telepresence drone that conveys a 3D image of the remote
participant’s head via a cylindrical light field display. The
light field display consists of a retroreflective screen
mounted on a cylindrical quadcopter. This screen is
projected on by a circular array of 45 projectors mounted
above the heads of local interlocutors. Each projector has its
own renderer that, in parallel, calculates a viewport from a
3D relief map captured at the remote location. This capture
system comprises an array of visible light stereo cameras
connected to a PC. The remote user’s head movement is
tracked and transmitted to control the location of the drone.
Our light field display provides continuous motion parallax
and stereoscopy to multiple local interlocutors without any
need for head-worn apparatus. It allows correct horizontal
gaze awareness between local and remote participants.
Moreover, the movement of the display provides the remote
user with the ability to explore the local environment, even
when not projected upon. We discussed results from initial
evaluations with users indicating that the telepresence
system could support interactions between remote users,

and concluded with initial insights into areas of
improvement.
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