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Abstract

This thesis presents research in the area of mixed reality application in natural human
interaction with semi-autonomous systems. It explores two areas of applications: pro-
gramming collaborative robots in particular and piloting UAVs. The goal of the research
is to find an appropriate way of communication between human and machine so that both
human and machine, given today’s technology, do the activity in which they are most ef-
fective and complement each other. The work does not focus on automatic methods of
data processing or autonomous decision-making but on human interaction with systems
for which today’s technologies allow a degree of autonomy. In the area of collaborative
robot programming, it introduces a new concept of programming in a shared 3D workspace
that aims to make this activity easier for less experienced programmers while reducing
the mental load on the user during this activity. The research results demonstrate their
application not only in academia but especially in industry, where the concept has al-
ready been successfully deployed. In the field of UAV piloting, the presented preliminary
research focuses on using mixed reality to enhance pilot orientation in the environment
and appropriate interaction when using the results of automatic sensor data analysis.
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1 Introduction

We live in a time when we are surrounded by machines from mechanical to digital.
These machines have a purpose, a function that makes our lives easier from physical
work to computational tasks. For humans to use machines, there has to be a way to
operate them, control them, and give instructions. At the same time, we need to know
the state the machine is in to see the direction of movement, the temperature of the
motor, and the result of the calculation. This interface between man and machine is an
absolutely essential element for the e ective use of machines by humans.

Nevertheless, what exactly does the terma cient mean in this context? E ciency
can be viewed from many angles. It can ban amount of time it takes to perform the
desired task with a machine. For example, a machine may be able to perform its function
quickly, but the number of control steps or the time to operate the machine may be high,
and the speed advantage of the machine itself is reduced. There may alsséeeral errors
in operating or monitoring the machine. Controls may be imprecise, the order of their
use unclear, and information from indicators and pointers challenging to interpret and
complex. All of this can lead to errors in operating the machine and frustration for the
user. It can also be a measurement dfie mental loadof an operator carrying out the
machine control. The many controls, indicators and pointers can be very burdensome and
exhausting for the machine user. This soon causes the user to lose focus and increases
the risk of injury or damage to the machine.

Today, the vast majority of mechanical machines are already equipped with measuring
sensors and some computer system that allows the measured data from both the machine
and its surroundings to be automatically processed and evaluated in a meaningful way.
The measurement results can then be presented to the user or used directly by the machine
for automatic self-control. The manufacturing industry today makes full use of automatic
machines. Yet it still needs humans for many tasks. Unfortunately, these tasks are
trivial in decision-making or creativity, primarily mechanical and repetitive. Creating
single-purpose machines is ine cient in many cases; the degree of variability of conditions
is higher and requires frequent changes. One solution may therefore be machines that
can be more easily adapted to a new task and operate in close proximity to a human
something that most single-purpose automatic machines in the industry today do not allow
for safety reasons. These collaborative robots bring the possibility to make production
more accessible and cheaper by combining the capabilities of a human and a robot. The
robot performs monotonous, repetitive tasks, and the human makes decisions in uncertain
situations, modi es the robot's actions or performs complex manipulation tasks for the
robot. To make thishuman-robot collaborationpossible, it is necessary to have an interface
that allows human-robot communication inan e cient way. Communication here means
passing information about what exactly is to be done at what place in space, monitoring
the current activity of each involved subject, informing about the activity just underway
or planned, and indicating the system's internal state.

Both the human and the robot work in a real environment, i.e. in 3D space. Therefore,
the ideal space for communication is theishared workspacevhere the activity is taking
place. This spacas observable and measurablg/ both the human and the robot, and it
is the spacewhere both can reach and do their activityCurrent information technologies
already o er partial solutions to enable human interaction with the digital (virtual) world
in a 3D environment. Mixed reality is one such technology that brings the ability to
correctly display digital data (virtual world) into the real world. There are also several
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technologies that allow the user's actions to be tracked so that the user can interact with
the virtual world.

Both humans and robots, in their work, need tgerceiveand to some extenunderstand
the environmentin which they are working, i.e. create some interpretation of the shared
environment (the human mental and the robot digital map of the environment), and then
share this interpretation with each other. Further, they need to communicate the process
of their or their joint work the work process in the environment or the robot's program.

It is essential that the human is then able tocontrol and manipulatethe knowledge and
plans that the robot creates and according to which it will make further decisions.

(a) Robot-operator observing the program for the PDB testing task
in augmented reality (Kapinus et al., 2022c).

(b) Drone pilot GUI application based on augmented virtuality (DroCo) 2.

Figure 1: Examples of Ul using mixed reality for human interaction with semi-autonomous
systems.

This work speci cally explores the possibilities of using mixed reality for interaction
in 3D environments between humans and semi-autonomous systems. These are systems

Lhttps://www.fit.vut.cz/research/product/647/



that are able to perceive their environment to some extent and control their actions semi-
autonomously based on prede ned tasks. The essential thing is to nd a natural and
e ective way of communication between the human and the semi-autonomous system
(robot, UAV, etc.) so that the human can easily understand what the robot knows and
does and can e ectively intervene and control its actions. In addition to the main focus
on human interaction with collaborative robots in mixed reality, the use of MR in the
eld of piloting UAVs (or drones) is also presented (see illustrative images on Fig. 1).

This habilitation thesis is conceived as an annotated collection of previously published
articles of the Robo@FIT research grodpunder my leadership and/or students' work
under my supervision. | have selected the articles according to their relevance to my
research area concerning the use of mixed reality in semi-autonomous systems. The selec-
tion of speci c articles is summarized in the introductory of Section 3 and Section 4. The
speci ¢ contributions of the articles are then presented in the individual subchapters. All
selected articles relevant to this thesis are then included in Appendix. In Section 2, where
| put the reader more in context, | brie y introduce the broader range of technologies and
scienti c areas. The knowledgeable reader of the issues can skip this chapter.

Zhttps://lwww.fit.vut.cz/research/group/robo/



2 Background Technologies and Scienti c Areas

In this chapter, | will introduce the reader to a number of technologies and scienti c areas
that are key to research in the eld of mixed reality and interaction with collaborative
robots or UAVs. The knowledgeable reader of the subject matter can skip this brief intro-
duction to the technological context and continue withSection 3. Most of the presented
areas are multi-disciplinary and encompass a range of other technical and scienti ¢ dis-
ciplines. The summary is intended to provide the reader with a concise introduction to
relevant approaches and technologies.

2.1 Mixed Reality

The digitisation of the real world has been going on since the rst computers were built
in the 1950s. From o ce documents, digitisation has now reached the point where we can
digitise and simulate a large variety of di erent parts of the real world in near real-time.
So we have a vast amount of heterogeneous data available to us in digital form. In today's
modern world, we are also surrounded by computérsfrom smart watches, cameras and
regular computers to vehicles, manufacturing machines, smart infrastructure, etc. From
the inception of computers to the present day, one research challenge still remainew

to create an interface for humans to interact with this digital world (both data
and computing power) naturally and e ectively. So that humans can easily and quickly
submit tasks and queries to computers and so that the results of the computer's work can
be presented to the user in a clear and understandable way. Without realising it, we are
still using concept from the 70s (WIMP) or 90s (post-WIMP®) today to communicate
with the digital world. New concepts for human-machine interaction that are still nding
their massive application include, among others, mixed reality.

Mixed reality technology? is based on the idea of linking the real and digital worlds
by displaying virtual objects in such a way as to create the illusion of the existence of
these objects in the real world. The ratio of real and virtual worlds may vary (see reality-
virtuality continuum on Fig. 2). On the one hand, virtual reality (a completely arti cial
world) can be supplemented with data from the real world (augmented virtuality). On
the other hand, the real world can be supplemented with virtual elements (augmented
reality). The key is that physical and digital objects coexist and interact with the user
in real-time. There is also a de nition of mixed reality that extends it further and says
that the synthetic content and the real-world content are able to react to each other in
real-time, or other de nitions like an extended reality (XR) that connects all AR, VR,
MR or spatial computing’.

Several technologies are available to implement mixed reality. The essential thing is to
know the location and direction of the user's view (head pose or display device pose) in the
real world. The image of the virtual world must then be generated in such a way that the
user observing the scene of the real world, supplemented by the display or projection of the
image of the virtual world, obtains the illusion of the real occurrence of virtual objects in

3https://en.wikipedia.org/wiki/Ubiquitous_computing

4WIMP, stands for "windows, icons, menus, pointer", was developed at Xerox PARC in 1973, see
more at https://en.wikipedia.org/wiki/WIMP_(computing)

SPost-WIMP consider new conditions brought by mobile devices (small screen, gestures) (Nielsen,
1993)

Shttps://en.wikipedia.org/wiki/Mixed_reality

"https://en.wikipedia.org/wiki/Spatial_computing
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