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Kurzfassung

In den letzten Jahren hat der Einsatz von robotischen Systemen in zivilen Anwen-
dungsfeldern stark zugenommen. Insbesondere kleine unbemannte Flugroboter,
auch Unmanned Aerial Vehicles (UAVs) genannt, werden zunehmend durch Ret-
tungskrafte zur Unterstiitzung in Katastrophenszenarien angefordert. Um die Ein-
setzbarkeit dieser Flugsysteme weiter zu verbessern und Rettungskrifte zu ent-
lasten, stellen sich Herausforderungen hinsichtlich der zuverldssigen Vernetzung
und Automatisierung des Flugbetriebs. Aufgrund von Ressourcenbeschrankun-
gen kleiner Fluggerdte beinhalten zukunftsweisende Konzepte den Einsatz von
kooperierenden Multirobotersystemen. Voraussetzung fiir den Betrieb kooperieren-
der UAVs sind zuverlassige Kommunikations- und Mobilitdtsstrategien, die sowohl
die Eigenschaften der eingesetzten Kommunikationstechnologien als auch die Mo-
bilitatsfdhigkeiten der Roboter beriicksichtigen.

Gegenstand der Forschung in dieser Dissertation sind neuartige Mobilitatstrategien
und Kollaborationskonzepte, die auf Basis innovativer Kommunikationslésungen
die Zusammenarbeit heterogener Roboterschwirme ermdéglichen. Der innovative
Mobilitatsansatz Communication-Aware Potential Fields (CAPF) basiert auf vir-
tuellen Potentialfeldern und berechnet anziehende und abstoflende Kréfte in Ab-
héngigkeit von bestimmten Kommunikationsleistungsindikatoren. In Kombination
mit einem verteilten Rollenkonzept kénnen einzelne Roboter des Schwarms Ver-
halten und Funktion bedarfsgerecht anpassen. Der ganzheitliche Systemansatz
vereint verschiedene essentielle Aspekte fiir die Zusammenarbeit agentenbasierter
Systeme. Hierzu zdhlen effiziente Datenstrukturen, zuverlassige Kommunikations-
strategien sowie Methoden zur verteilten Entscheidungsfindung.

Der hohe Reifegrad der entwickelten Lésungen konnte durch eine innovative En-
twicklungsmethode, die aus modellbasierten, Software-in-the-Loop sowie Hardware-
in-the-Loop Simulationen besteht, erreicht werden. Kernaspekte dieser Arbeit wur-
den erfolgreich in der Praxis durch Flugexperimente demonstriert. Die Forschungs-
ergebnisse wurden in zahlreichen wissenschaftlichen Veroffentlichungen auf inter-
nationalen Konferenzen und in Fachzeitschriften diskutiert und mit dem ITG Preis
2013 ausgezeichnet. Mit den erzielten Ergebnissen wird es kiinftig moglich sein,
durch kommunikationssensitive Mobilitdtsstrategien eine zuverlédssige Datenkom-
munikation fir die Steuerung kooperierender UAV-Systeme bereitzustellen und so
eine wesentliche Voraussetzung fiir den sicheren Betrieb unbemannter Systeme zu
erfiillen.






Abstract

The utilization of robotic systems in civil applications rapidly increased during
the past years. Especially small Unmanned Aerial Vehicles (UAVs) are demanded
by rescue forces to assist in disaster situations. In order to exploit the full poten-
tial of the unmanned systems, the requirements regarding mission complexity and
autonomy increase. To overcome the resource limitations of small platforms, trend-
setting concepts include cooperating multi-robot systems. Essential for successful
cooperation are reliable communication and mobility strategies, which consider the
characteristics of the applied communication technologies as well as the mobility
capabilities of the individual robotic systems.

The research in this thesis addresses novel mobility strategies and concepts, which
allow the collaboration of heterogeneous robotic swarms, based on innovative com-
munication solutions. The holistic system approach considers a variety of essen-
tial aspects to enable the collaboration of agent-based systems. Key elements are
efficient data structures, reliable communication strategies and methods for dis-
tributed decision-making.

The main research of this work focuses on communication sensitive mobility strate-
gies and a role-based collaboration concept. The developed solutions address the
often competing performance indicators spatial distribution of the sensor equipped
robots and their communication performance. The later includes inter-agent as well
as agent to end user communication. The innovative mobility strategy Commun-
ication-Aware Potential Fields (CAPF) is based on virtual potential fields and
calculates attracting and repelling forces depending on specific communication
performance indicators. In combination with the distributed role-based behavior,
the individual robots are able to change their behavior and function within the
swarm. By these means, they can function as on-demand relays to enable reliable
communication links over large distances.

Essential parts of this research have been successfully demonstrated in real flight
experiments within the scope of application driven scenarios. The results have been
discussed in numerous publications on international well-respected conferences and
journals. Significant parts of his research have been recognized with the VDE
ITG 2013 literature award. In the future, the results of this work and especially
the communication-aware mobility behaviors, enable reliable communication for
command and control of cooperating UAV systems and thus contribute to fulfill
an important requirement for the safe operation of UAVs.






Contents

Kurzfassung i
Abstract v
Nomenclature ix
List of Symbols XV
1 Introduction

1.1
1.2

1.3
1.4
1.5

1
Outline of this Work . . . . . . ... ... ... ... .. ...... 2
Motivation and Area of Application . . . ... ... ... .. ... 3
1.2.1  Civil Unmanned Autonomous System Applications . . . . . 3
1.2.2  Open Scientific and Technical Challenges . . . .. ... .. 6
Problem Statement . . . . ... ... Lo Lo 8

Solution Approach and Key Contributions . . . . . . . .. ... .. 9
Reference Scenarios . . . . . . . ... o oL 11
1.5.1 Cooperative Exploration . . . . . .. ... ... ... .... 12
1.5.2  Aerial Network Provisioning . . . . . . ... ... ... ... 13

State-of-the-Art, Related Work and Basics in Research and Technology 15

2.1

2.2

2.3

2.4

Agent-Based Systems . . . . . ... L oo 15
2.1.1 Agents in Robotic Systems . . . . . ... ... ... ... 16
2.1.2 Consensus in Agent-based Systems . . . . . . ... ... .. 19
Mobility Models and Motion Planning for Robotic Systems . . . . 22
2.2.1 Random Mobility . . . . . . . ... ..o 23
2.2.2  Cognitive Mobility . . . . ... ... ... ... 24
2.2.3 Mission Planning . . . . . .. .. .o 0oL 30
Communication Systems for Unmanned Vehicles . . ... ... .. 32
2.3.1 Classification of Communication Links . . . . . . .. .. .. 32
2.3.2  Available Communication Technologies . . . . . . .. .. .. 34
2.3.3 Relevant Channel Models . . . .. ... ... ... ..... 41
Unmanned Aerial Platforms . . . . . ... ... ... ... ..... 45
2.4.1 Considered Platforms . . .. .. ... ... ... ...... 45

2.4.2 Flight Control Interfacing . . . . . . ... ... ....... 46



viii

Contents

3

Architecture and Development Methodology for Aerial Robotic Teams 49

3.1 System Architecture . . . ... ... ... ... L. 49
3.1.1 Communication Architecture . . ... ... ... .. .... 52
3.1.2 Service Control Air and Service Control Ground Architecture 54
3.1.3 Mission and Mobility Management . . . . . . ... ... .. 58

3.2 Development Methodology and Environment . . . ... ... ... 61
3.2.1 Multiscale Simulation . . . . ... ... ... 64
3.2.2 Software-in-the-Loop . . . . . ... ... ... ... ... 65
3.2.3 Hardware-in-the-Loop . . . . . . ... .. ... .. ..... 66
3.2.4 Experimental Test Bed . . . .. ... ... ... ...... 66
3.2.5 Parameter Optimization using Evolutionary Algorithms . . 67

3.3 Key Contributions . . . . . . . ... ... ... o 73

Enabling Cooperation in Aerial Multi-Agent Systems 75

4.1 Communication Protocol Considerations for Collaborating Agents 75
4.1.1 Evaluation of Available Data Representations . . . . . . .. 76
4.1.2  Protocol Proposal for Multi-Platform Cooperation . . . . . 79

4.2  Communication Strategy to Distribute Data Among Agents . . . . 81
4.2.1 Saturation Model for Mesh Networks . . . . . .. ... ... 81
4.2.2 Scenario Based Evaluation. . . . . .. .. ... .. ... .. 87

4.3 Reaching Consensus in Distributed Robotic Systems . . . . . . .. 89
4.3.1 Impact of Communication Constraints on Consensus Finding 90
4.3.2 Explicit Average Consensus . . . . . . . . . . . .. .. ... 95
4.3.3 Experimental Validation . . . . . . .. ... ... ... ... 97

4.4  Aerial Channel Analysis and Proposal for Height Dependent Rice
Channel Model Extension . . . . .. ... ... ... ........ 98
4.4.1 Laboratory Reference Measurements . . . . . . .. ... .. 99
4.4.2 Outdoor Evaluation and Channel Model Parameter Identi-

fication . . .. ... Lo 100

4.5 Key Contributions . . . . . . . .. ... o 107

Design and Evaluation of Communication-Aware Mobility 109

5.1 Basic Concepts of Communication-Aware Mobility . . . . . . . .. 109

5.2 Requirements and Key Performance Indicators . . . . . ... ... 111
5.2.1 Typical Scenario Requirements and KPI . . . . . .. .. .. 111
5.2.2 Requirements and KPI for CNPC Link . . . ... ... .. 112
5.2.3 Requirements and KPI for Payload Link . . . . . . ... .. 114

5.3 Communication-Aware Mobility Behaviors . . . . . . ... ... .. 116
5.3.1 Smart Cube . . . . . . ... o 116
5.3.2 Communication-Aware Potential Fields . . . ... ... .. 117
5.3.3 Cooperative Area Exploration . . . . . . ... ... ... .. 121
5.3.4 Extensions to Existing Mobility Patterns . . . . .. .. .. 121

5.4 Performance Evaluation of Micro Steerings . . . . ... ... ... 122

5.4.1 Evaluation of A2A Connectivity . . . . ... ... .. ... 123



Contents ix

5.4.2 Direct Comparison of CAPF and Smart Cube with Optimal

Parameters . . . . ... Lo Lo 125
5.5 Key Contributions . . . . . ... ... ... o000 129

6 Concept and Evaluation of Dynamic Role-Based Relaying 131
6.1 Dynamic Role-Based Communication Strategies . . . . . . . . . .. 132
6.1.1 Bounded Direct Mode (BDM) . . . . ... ... ....... 134

6.1.2 Bounded Relaying (BR): Relay Placement and Self-Configuration
of A2G-Topology . . . . . . . . ... 138
6.1.3 Release and Return Strategy (RRS) . . ... .. ... ... 141
6.2 Performance Evaluation of A2G Connectivity . . . . . ... .. .. 143
6.2.1 Evaluation of Bounded Relaying . . . ... ... ...... 143
6.2.2 Evaluation of Bounded Relaying in Reference Scenarios . . 148
6.2.3 Evaluation of Release and Return Strategy . . . ... ... 155
6.3 Advanced Role-Based Behavior for Continuous Operation . . . . . 158
6.4 Key Contributions . . . . . . .. . ... ... 162
7 Summary and Outlook 165
7.1 Conclusions . . . . . .. ..o 165
7.2 Outlook . . . . .. . . 166
7.2.1 Geo-Based Routing for Dynamic Aerial Sensor Networks . . 167
7.2.2 Proposal for Dedicated Communication Links . . . . . . .. 167
7.2.3 Cyber-Physical Networking for UAV Applications . . . . . 168
A Appendix 169
A.1 Comparison of Multiobjective Optimization Algorithms . . . . . . 169
A.2 Detailed Analysis of Data Representations for Data Exchange . . . 172
A.2.1 Data Structures. . . . . ... ... 172
A.2.2 Extensible Markup Language (XML) . . . . . ... ... .. 174
A.2.3 JavaScript Object Notation (JSON) . ... ... ... ... 175
A.2.4 Protocol Buffers . . ... ... ... ... . 175

A.3 Implementation Detail for Rice Model in the Sil / HiL. Development

Process . . . . . 176
A.4 Messages of the Communication Protocol used in the Test Bed . . 178
A.5 Impressions of Contributions to Research Project Demonstrations . 181
List of Figures 185
List of Tables 189
Scientific Activity Report 191
Bibliography 197

Acknowledgments 213



