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Abstract

With the proliferation of multi-robot systems, the interfaces required to operate them have become increas-
ingly complex compared to those used for single robot systems. This can present challenges for operators
who need to extract relevant information in order to make informed decisions about how to operate the
robots. To address this issue, this thesis explores a variety of strategies aimed at improving the intuitive-
ness and usability of such systems. These strategies encompass a range of approaches, from designing
user interfaces to integrating physical input devices, knowledge representations, and other modalities to
assist operators. In this context, the thesis proposes a decision support system that provides operators
with additional information in an intuitive way, focusing specifically on handling a set of distinct commands
for a heterogeneous robotic team. A key constraint during the development of this system was the lack
of historical data available to train the modules on. As a result, the proposed system was tested in a
few-shot environment and was specifically designed for this circumstance. The support system comprises
two modules: one that probabilistically classifies the next command using a data mining approach called
sequence prediction, which is used to reorder the available commands in the interface; and a second that
creates higher-level commands by mining frequent sequences from the historical dataset. These com-
mand sequences are presented to the operator, who can add them as additional executable commands.
To evaluate the advantages and disadvantages of this novel approach, a user study was conducted, which
showed that both modules increased the efficiency and usability of the system, while also identifying op-
portunities for further improvement.
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1 Introduction

1.1 Motivation

The use of robotic systems has experienced a signi�cant surge in popularity in recent years, with their ap-
plications ranging from personal assistance to industrial use. These systems offer a multitude of ways for
humans to interact with them, including simple start and stop buttons as well as more interactive options.
To enhance the user experience, different modalities for interaction have been created, such as computer,
laptop, tablet, and smartphone interfaces, as well as game controllers, gamepads, and joysticks. Further-
more, some interfaces are designed to provide haptic feedback, while others display all the necessary
information on a screen, and some offer a combination of both.

In this text, the focus will be narrowed down to on-screen interaction with robotic systems, while omitting
additional feedback provided on non-screen interfaces. Nonetheless, some of the most interesting new
input systems with on-device feedback that are used in conjunction with a screen-based interface will be
highlighted. As application interfaces become increasingly complex, inexperienced users may �nd them
challenging to understand, making interaction dif�cult. Overcrowded interfaces can also increase workload
and reduce ef�ciency, ultimately leading to accidents [76].

Most robotic systems are based on a set of distinct commands [86][81] that involve executing a single
action, such as moving an arm to a speci�c position or driving to a particular location. Alternatively, a
command might involve planning and executing a complete set of actions based on a speci�ed goal.
The available commands or actions may vary depending on the type of robot and its level of autonomy.
Interaction with robotic systems can be carried out using more widespread interfaces, such as a mouse
or touchscreen, or more advanced devices, such as the haptic input device sigma.7 by Force Dimension.
The latter provides haptic feedback, allowing the user to feel the robot's movements and exert force on the
device to control the robot more accurately.

When determining the level of autonomy for different commands, certain criteria must be taken into
account. The literature proposes various de�nitions to categorize the autonomy level of a system or com-
mand. However, the level of autonomy can be broadly de�ned in several subsections. For example, one
subsection pertains to robotic autonomy, which is de�ned by the number of interactions required to achieve
a speci�c goal [27]. Commands with low extent and time affordance are considered to have a low level of
autonomy. On the other hand, if a goal consists of a combination of different actions and there is no need
for intermediate inputs, the level of autonomy can be considered high.

Another subsection pertains to system autonomy, which concentrates on data extraction and process-
ing. This approach is based on concepts like uni�cation and evaluation of the entire system's data. It is not
limited to the scope of single commands or actions to control robots, but rather encompasses the entire
interaction and computation process. It is also applicable as a general information system. The complexity
of each command depends on the degrees of freedom the robot has and the already implemented interac-
tion possibilities. However, the level of autonomy is independent of complexity. Hence, it is easier to attain
a high level of autonomy on systems supporting a narrow set of tasks.

For some systems, users can utilize commands on various levels of autonomy [48], resulting in a rel-
atively high number of possible commands. This can sometimes lead to confusion, as some commands
may result in a similar or even the same goal state. Therefore, it would be bene�cial to have a system
that supports the user in deciding which command to choose next or a way to make the robot automati-
cally choose the next move. This would require a higher level of autonomy on the holistic side to develop
reasonable suggestions.
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1.1.1 Multi-robot Scenarios

The preceding discourse has been limited to the examination of the capabilities of single robot systems.
However, with the current advancements in technology, interfaces have been developed that enable the
commanding of multiple robots at once, also known as robotic teams. These teams can either be com-
posed of homogeneous robots, i.e., robots of the same type, or heterogeneous ones, which consist of a
blend of different robots.

When commanding a heterogeneous robotic team, there are numerous possibilities for interaction, as
each robot has its unique abilities and �elds of application. Consequently, an increase in the number of
commands required to manage the team effectively is inevitable. Additionally, there may be instances
where multiple robots must work in unison to accomplish a task, thereby necessitating more dynamic
control mechanisms.

Resource management is also a crucial consideration when working with a team of robots. For a group
of mobile robots, safety during any locomotion task is of the utmost importance, and prioritizing collision
avoidance becomes imperative.

1.1.2 Non expert Operation of Complex Systems

When it comes to operating a team of robots, it's essential to provide thorough training to users due to the
complex nature of the system and the potential problems that may arise. This puts additional requirements
on human factors, which could be reduced or avoided with an effective interface. An effective interface
should either be self-explanatory or provide enough information to guide users with no prior training.

If the system is highly advanced, a recommendation system can serve as an expert system to suggest
following steps or provide an overview based on stored knowledge. The interface may also include a help
page for available interactions. The system may include a ontology about the known world, which stores
information about objects and their relationships for each robot individually, in a combined world state, or
both. This ontology could be used to infer on reasonable next steps or help the operator decide on the
robots' next steps by providing him with an overview of the current state.

To gain a deeper understanding of human-robot interactions, it's possible to record interactions and
evaluate the operator's focus and commonly used interaction possibilities. This information can help de-
velopers extract the needs of users and develop further functionalities based on the gained knowledge. It's
also essential to evaluate data based on user experience levels for effectively training support systems.

Manual improvements can also be made based on stored and gained knowledge. Training support
systems based on experienced users' data can guide inexperienced users towards intuitive usage. Ulti-
mately, a thorough understanding of the system and its users is an essential next step for ef�cient and safe
operation of a team of robots.

1.1.3 Support Systems to decrease Mental Load

As mentioned, opportunities to increase levels of autonomy are divided into robotic command-based and
holistic approaches. Both of those can be handled on each robot and the complete system of all robots
combined in the robotic team. The supporting systems that can be created for each of these opportunities
are sheer endless. Here, the focus lies on a data acquisition and processing approach that covers a
combined view of the whole robotic team and will only brush on the topics mainly used for single robots.
Depending on which data is recorded during the operation, the possible systems that can be built on top
of it vary. This already �lters the possible approaches one might take for each given system.

The recordings of the sessions here will be shown as a structured text �le containing time-stamped
natural language text and parameterization values. Those can be processed afterward. Hence, there is
no data acquired to create a speech recognition system for example. Still, there are many opportunities to
work with the data given.
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First, the recorded data can be used to extract knowledge about the system. Therefore, one might
extract semantic states of the given environment and store them in a world representation or ontology.
Based on that, one can build a rule-based reasoning system. If the information is unclear and needs
some further processing, one can fall back on natural language processing and data mining approaches
to extract, classify, or translate the data to be processed further [87].

Another chance to create support for the operator lies in processing the sequences of actions and
parameter changes within the system. Here, one might extract rules and common item sets of any form
or create predictions [29]. Those processing steps can be implemented based on data mining methods or
with any neural network approach. The core difference here is that neural network approaches work best
if a lot of data is available to train the systems.

Those approaches can be used to gain and create knowledge about the system that can support the
user. Depending on the system requirements, each of the proposed approaches might be better suited for
one given environment than another. Hence, creating a general supporting system should be based on a
modular approach that can quickly adapt to �t the corresponding system's needs.

1.2 Core Challenges in creating a supporting system

Providing support is a complex task that requires a system capable of processing data such that robots or
users can understand the output. To achieve this, several key factors must be considered:

• Create a data storage that contains valuable information:

– store detected objects within the given environment

– store semantic state

– store system and environmental parameters

– store system knowledge

– store user/operator interactions

• Process the stored data to extract useful information or improve the system

– create a knowledge base

– train arti�cial intelligence / neural networks

• Feed the gained knowledge or information back into the system

– enhance the user interface

– enhance the reasoning processes of the robot(s)

By following these steps, one can develop a comprehensive support system that caters to the needs of
robots and users alike. It's worth noting that each robotic system may require unique data acquisition and
processing steps, but this overview provides a solid foundation to build upon.

1.3 Explored Use Case

For the successful implementation of the proposed system, it is crucial to take into consideration the
environment in which it will be utilized. Speci�cally, for the purpose of this thesis, the system will facilitate
Surface Avatar experiments that have been outlined in [48]. These experiments entail teleoperating a team
of robots from an orbital point of execution. The user interface employed for this setup will be operated
by an astronaut stationed at the International Space Station (ISS), who will be tasked with controlling four
distinct robots located on Earth: Rollin' Justin, the Interact rover from the European Space Agency (ESA),
Bert, and the Lander Mounted Arm LAMA.



4

Figure 1.1 Available Robots in Surface Avatar Setup

As depicted in �gure 1.1, each robot has a speci�c role to play. Justin is responsible for the maintenance
of the base camp and the handling of scienti�c work�ow. On the other hand, LAMA is tasked with managing
the storage of all scienti�c equipment and sample probes within the lander. The rover is equipped to make
long traverses, while Bert is better suited for narrow spaces such as caves and craters.

The robots can be controlled through speci�c commands or direct teleoperation, with inputs from a
haptic 3D device and joystick that translate into joint movements. The user interface displays camera
views, available commands, and input con�gurations for the direct teleoperation modes of each robot, with
the �exibility to switch between them.

1.4 Thesis statement and Overview

The primary objective of this thesis is to introduce a new data acquisition and processing system that is
speci�cally designed for robotic teams. The system is highly modular and can be easily adapted to the
requirements of most command-based user interfaces that are used for controlling either a single robot or
a team of robots.

The challenges that are discussed in section 1.2 serve as the foundation for the proposed system, and
each challenge is addressed through a process that is suitable in the test environment. The modular ap-
proach employed in the system allows for the addition or exchange of algorithms in each module, thereby
making it more �exible and adaptable. Since this thesis also entails the creation of a data acquisition sys-
tem, it is imperative to test the feasibility of the system through the use of a limited amount of training data.
This few-shot learning approach is extending the current set of requirements for the proposed system.

The thesis is divided into several chapters, each with its own unique focus and purpose. Chapter 2
includes a thorough bibliographic research and state-of-the-art overview of the individual parts, as well as
an overview of other existing systems. It covers various topics such as GUI layout optimization, knowledge
representation, natural language processing, command recommendation in terms of sequence prediction,
multi-robot handling, and a basic overview of UI testing. Chapter 3 describes the fundamental concept
of the approach and its formal de�nition, while chapter 4 provides the test scenario de�nitions and re-
quirements, an overview of the robotic team, and the user interface. Chapter 5 delves into the system's
implementation and its interfaces, including a simple testing environment that was used during the devel-
opment phase.
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Chapter 6 presents an overview of the collected run-time data on the system's performance in terms of
ef�ciency, speed, and usability. It also includes the results of a conducted user study. Finally, chapter 7
discusses the system's advantages and disadvantages and provides an overview of possible future work
in this area.

In summary, this thesis presents a comprehensive and adaptable data acquisition and processing sys-
tem that can be used to aid the operator in controlling either a single robot or a team of robots, thereby
addressing the challenges that arise in such scenarios. The chapters provide a detailed overview of the
concepts, implementation, and evaluation of the system, and discuss the potential for further research in
this area.
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2 Bibliographic Research

The operation of commanding robots can be quite demanding on the operator in many ways. The com-
plexity of robots has signi�cantly increased, and it is becoming more common to operate not just one robot
but multiple ones at the same time. As the variables in the scenarios increase, the possible inputs to the
operating system also increase, making the interfaces more and more crowded. This issue becomes even
more critical in a multi-robot scenario where the ef�ciency and usability of robotic systems need to be
enhanced.

To address this problem, automatic processes can be incorporated into interfaces to aid the operator in
making reasonable decisions to complete tasks. The effectiveness of each method depends on the given
goal and scenario. One way to improve the interface is by adapting its layout to make it more transparent
and easier to navigate. Another method is to extend the current input and output devices to remove the
full range of information that still needs to be displayed on the screen.

The operation of commanding robots can be quite demanding on the operator in many ways. The
complexity of robots has signi�cantly increased, and it is becoming more common to operate not just one
robot but multiple ones at the same time. As the variables in the scenarios increase, the possible inputs to
the operating system also increase, making the interfaces more and more crowded. This issue becomes
even more critical in a multi-robot scenario where the ef�ciency and usability of robotic systems need to
be enhanced.

To address this problem, automatic processes can be incorporated into interfaces to aid the operator in
making reasonable decisions to complete tasks. The effectiveness of each method depends on the given
goal and scenario. One way to improve the interface is by adapting its layout to make it more transparent
and easier to navigate. Another method is to extend the current input and output devices to remove the
full range of information that still needs to be displayed on the screen.

Adding processes that help to structure the displayed information is also possible. This includes intel-
ligent structures that can store knowledge about the current state of the scenario, which can be stored
in ontologies and world representations. Within those structures, one can create a comparably easy way
to handle, store, and reason with the data at hand. The information can also be used to create recom-
mendation values for the most likely following action. Predicting a following action is just one of many
ways to create recommendations, as another commonly used method is based on a data mining point of
view. It involves processing the history of interactions with the system and additional metadata to infer the
connection between different events and actions within the system.

One crucial area that is frequently utilized to create a more natural interface is Natural Language Pro-
cessing (NLP). NLP helps bridge the gap between robotic and human knowledge patterns since robots
generally only comprehend what they have been programmed to understand. When the system can auto-
matically translate data presented in a human-readable format to machine-readable data, the interaction
between humans and machines becomes more accessible.

Given this brief overview of the intricacy of the subject, it is evident that there are numerous possibilities
for creating a system that supports the operator. As a result, the next chapter will provide a fundamental
overview of current and critical literature in the context of this topic and elaborate on the speci�c appli-
cations it would be helpful in. It focuses on the processes utilized in developing the given thesis, and
while many more research areas can be utilized to support the user, the topics covered here will include
information display and control, knowledge handling, natural language processing, command prediction
and recommendation, a combination of different classi�cation methods, and an overview of evaluation
techniques for a user study at the end.
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2.1 Information Display and Control

In order to effectively coordinate and control multiple robots operating simultaneously, a well-designed
interface is essential. An optimized interface should provide a comprehensive system overview, including
real-time status updates, task allocation, and sensor data visualization. It should enable operators to easily
monitor and command individual robots or groups of robots, while also facilitating seamless communication
and information sharing among the robots. Moreover, the interface should be intuitive and user-friendly,
minimizing cognitive load and allowing operators to respond quickly to changing situations. By optimizing
interfaces for multi-robot scenarios, one can unlock the full potential of these systems, promoting seamless
coordination, enhanced decision-making, and improved overall performance. In the following sections, one
will explore current research on projects that address these challenges.

2.1.1 GUIs Available

In this section, one will delve into the current implementations for multi-robot UIs and provide a more
detailed explanation. Many graphical user interfaces for multi-robot scenarios primarily focus on high-level
commands for each robot and provide an overview of the telemetry data of the robots. One speci�c area
of the interface is dedicated to assigning available commands to the available robots [36] [81] [82] [85].

The multi-robot interfaces typically consist of multiple views that allow the operator to view the infor-
mation available for the given system. The basic layout includes a map of the known surroundings, an
overview of the basic robot information, such as availability, error messages, and available commands,
and an overview of each robot's currently scheduled commands. Furthermore, an overview of the avail-
able camera streams from the robots is also part of the basic layout, as illustrated in �gures 2.1c and 2.1b.
It should be noted that most interfaces allow for the simultaneous execution of tasks for multiple robots.
The commands are de�ned in such a way that the command speci�es a goal, and the robots are respon-
sible for planning all the necessary sub-tasks. Therefore, if one commands a robot to collect a sample at
a speci�c point on the map, it autonomously plans the path, drives there, and collects the given sample.
This approach eliminates any different levels of autonomy that may be present.

The design of interfaces for multi-robot systems is a crucial aspect of developing ef�cient and effective
systems. As shown in Figure 2.1, these interfaces are typically designed to separate information into
different screen layouts, which can either require multiple screens or an ef�cient way to switch between
them. One interesting layout, presented in Schmaus et al.'s paper [86], focuses on a single robot for the

(a) Multi-robot Interface in robot focused view (source:
[86]) (b) Copilot (source: [36])

(c) ROS-MC (source: [81])

Figure 2.1 Current GUIs for multi-robot Scenarios
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base layout (as seen in Figure 2.1a), allowing the user to have all the information of that single robot on
the screen while also providing the ability to switch between robots to command each one of them. This
focus on individual robots is particularly helpful for a lower level of autonomy, as the robots require more
interactions for commanding. It is plausible that this system also allows interaction with the robots on
different levels of autonomy.

It is worth noting that the components for multi-robot interfaces are stable in their combination, but the
layout varies depending on the robotic team's autonomy level. In contrast, on a lower level of autonomy,
the information is structured so that each robot is the center of attention by itself. On the other hand,
robotic systems based on a higher level of autonomy tend to have a layout that provides an overview of all
the robots at once. This highlights the importance of designing interfaces that meet the speci�c needs of
the robotic team's autonomy level.

Overall, the design of interfaces for multi-robot systems is a complex task that requires careful consider-
ation of the robots' autonomy levels. The layout of the interface must be tailored to meet the needs of the
user, with a focus on providing ef�cient and effective ways to command and control each robot. With the
right interface design, multi-robot systems can be highly effective tools for achieving complex tasks and
improving overall ef�ciency.

2.1.2 Multi-Robot Handling by Single Operator

The use of multiple robots in a scenario can be quite complex, especially when it comes to commanding
them, which is often the responsibility of a single operator. This can become overwhelming and potentially
lead to errors. However, there are several options available to manage the workload and reduce the
operator's stress levels.

As mentioned in the introduction, robots can operate at different levels of autonomy [27][86], offering
a wide range of possible interactions. To keep the operator's workload manageable, one approach is
to �lter the commands based on their current mental state. This means that the operator's situational
awareness, stress levels, and trust level are assessed in some way. Based on this assessment, the
available commands and interface are adapted. This approach was highlighted in an article by Gomez et
al. [76].

Another interesting idea was presented in a 2016 article [75], which stated that the data recorded from
the robots and the operator can be used to create a selection model. This model determines which parts
of the UI are most likely to be needed and used, taking into account the current mission state and the
operator's mental state. Consequently, the robot's layout and commanding method are adapted according
to these parameters. Furthermore, depending on the state, it should be considered to adjust the level

Figure 2.2 Mining Information from Robot and Operator-Side (source:[75])
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