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Francesco Mondada, José Halloy, Alcherio Martinoli,
Nikolaus Correll, Alexey Gribovskiy, Grégory Sempo,
Roland Siegwart, and Jean-Louis Deneubourg
15.1 Introduction 547

15.1.1 Motivation 549

15.1.2 State of the Art 550

15.2 The Concept of a Mixed Society 551

15.3 Methodology Overview 554

15.4 The Formal Society Model: Analytical Models and

Simulations 556

15.4.1 Advantages of Mathematical Formalization 557

15.4.2 Multi-level Modeling 558

15.4.3 Relation and Synergy between the Levels of

Description 562

15.5 Behavioral Animal Studies 562

15.5.1 Experimental Tests 564

15.5.1.1 Monitoring tools 566

15.5.2 Identification and Quantification of

Relevant Behavior Communication Signals 567

15.5.3 Formalization of the Biological Behavioral

Model 567

15.5.4 Lessons Learned from Leurre 569



April 6, 2013 10:45 PSP Book - 9in x 6in Handbook-Collective-Robotics–prelims

xvi Contents

15.6 Robot Design 571

15.6.1 Specifications of Relevant Communication

Channels, Behaviors, and Bodies 573

15.6.2 Robot Design and Implementation 574

15.6.3 Robot Design in the Leurre Project 574

15.7 Society Modulation 576

15.7.1 Model-Based Predictions 578

15.7.2 Parameters Modulation 580

15.8 Discussion 581

15.9 Conclusion and Outlook 585

16 Underwater Robot Swarms: Challenges and Opportunities 587
Navinda Kottege, Felix Schill, Alexander Bahr,
and Uwe R. Zimmer
16.1 Multirobot Swarms 588

16.2 Distributed Sensing 589

16.3 Underwater Localization and Navigation 591

16.3.1 Cooperative Localization and Navigation 593

16.3.2 Coordination of Underwater Gliders 596

16.3.3 Relative Localization Sensors 596

16.4 Scalable Communication in Underwater Swarms 597

16.4.1 Requirements for Network Scalability 601

16.4.2 Network Channel Access for Swarms 603

16.5 State of the Art and Future Directions 607

17 Aerial Collective Systems 609
Jean-Christophe Zufferey, Sabine Hauert, Timothy Stirling,
Severin Leven, James Roberts, and Dario Floreano
17.1 Introduction 609

17.2 Flying Robots 611

17.2.1 Platforms 611

17.2.2 Flight Stabilization 616

17.2.3 Localization and Navigation 620

17.2.4 Collision Avoidance 624

17.2.5 Power Management and Energy 627

17.3 Enabling Coordination 630

17.3.1 Communication 630

17.3.2 Relative Positioning 636



April 6, 2013 10:45 PSP Book - 9in x 6in Handbook-Collective-Robotics–prelims

Contents xvii

17.4 Collective Behaviors 645

17.4.1 Exploration 645

17.4.2 Flocking 651

17.4.3 Approaches to Controller Design 655

17.5 Conclusion 658

18 Collective Systems in Space and for Planetary Explorations 661
Dario Izzo, Christos Ampatzis, and Tobias Seidl
18.1 Collective Systems in Space 661

18.2 Challenges 665

18.3 Three Selected Projects from the Advanced

Concepts Team 668

18.3.1 Behavior-Based Methods for Formation

Control 668

18.3.2 Evolutionary Robotics-Based Controllers 674

18.3.3 A Deployment Problem Solved by Plant

Roots 683

18.3.3.1 The biological model 684

18.3.3.2 The technological transfer 689

18.3.3.3 A representative space

application 691

18.3.3.4 Concluding remarks 691

18.4 General Summary 693

19 Nanorobotics: A Perspective 695
Aristides A. G. Requicha
19.1 The Nanorobotics Manifesto 695

19.2 Programmable Nanoassembly 698

19.3 Design and Fabrication of Nanorobots 701

19.4 Programming and Coordination of Nanorobot

Swarms 703

19.5 Summary 706

20 Minimalistic Large-Scale Microrobotic Systems 707
Oliver Scholz, Angel Dieguez, and Paolo Corradi
20.1 Introduction 707

20.2 Microrobots—Definition and Motivation 709

20.2.1 Definition 709

20.2.2 Motivation 710



April 6, 2013 10:45 PSP Book - 9in x 6in Handbook-Collective-Robotics–prelims

xviii Contents

20.3 State-of-the-Art in Microrobotics 711

20.4 Swarm Robotics—Definition and State of the Art 714

20.5 Enabling Technology I: Communication

Technologies for mm-Sized Swarm Robots 719

20.6 Enabling Technology II: Onboard Control and

Processing 723

20.7 Enabling Technology III: Energy Supply of

Microrobots 727

20.8 The I-Swarm Microrobot Platform 728

20.8.1 Solar Cell 731

20.8.2 Communication Module 731

20.8.3 Locomotion and Vibration Contact

Sensor 733

20.8.4 Locomotion Unit 734

20.8.5 ASIC 736

20.8.6 Performance of the Final I-Swarm Robot

Platform 738

20.9 Fabrication Aspects 740

20.10 Conclusion 742

21 Chemical Swarm Robots 745
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Preface

Collective robotics may be considered an interdisciplinary effort,

which deals with technological, scientific, and social problems in

artificial and mixed societies consisting of many interacting entities.

Handbook of Collective Robotics: Fundamentals and Challenges is

devoted to mechatronic, chemical, biological, and hybrid systems

utilizing cooperative, networked, swarm, self-organizing, evolution-

ary, biomimetic, and bioinspired design principles and addressing

underwater, ground, air, and space applications. In selecting the

topics for this book, special attention was paid to covering current

and future key technologies and involving leading research groups

from the corresponding technological areas. This book is aimed at

anyone who is interested in learning more about collective robotics,

whether coming from research, education, business, or anywhere

else. Its purpose is to help people learn what modern collective

robotics is, what it may develop into, and what impact it might have

on our society.

The idea of creating a book that would address the entire field of

collective robotics was born within several large European projects

and communicated to the community during conferences, such as

ICRA, IROS, DARS, and ANTS. The preparation essentially arose from

the workshops Collective Adaptive Systems and Collective Robotics
organized by the Future and Emerging Technology and Cognitive
Systems and Robotics units in the European Commission. Multiple

discussions with Prof. Paul Levi, Prof. Hermann Haken, Prof. Alan

Winfield, Dr. Thomas Schmickl, Dr. José Halloy, Prof. Gusz Eiben,

Prof. Wei-Min Shen, Prof. Dario Floreano, Prof. Rolf Pfeifer, Prof.

Steen Rasmussen, Prof. Jean-Louis Deneubourg, Prof. Karl Crail-

sheim, Prof. Heinz Wörn, and Prof. Kasper Stoy radically influenced

the final selection of topics. Stanford Chong, director of Pan Stanford
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Publishing, suggested extending the content to Fundamentals and

Challenges and transforming it into a handbook. The book in its

current form includes 22 chapters, divided thematically into Middle-
Sized and Networked Systems, Large-Scale and Swarm Systems, and

Challenges. Its creation involves 52 co-authors from 14 countries and

describes more than 40 research projects and 70 robot platforms.

Its 75 pages of references can be thought of as one of the most

comprehensive overviews of the whole field of collective robotics.

The chapters have received comments from 36 reviewers, and the

whole effort took more than two years.

The editor prepared this volume in the conviction that future

collective robotics will involve different synthetic systems; the

selection of chapters reflects this vision.

The first chapter discusses a taxonomy for collective robotics and

briefly introduces the content of other chapters. Chapters 13 and 21

are devoted to biochemical, Chapter 15 to biohybrid, Chapters 19

and 20 to micro- and nano-, and Chapter 22 to bacterial systems.

Classical mechatronic technologies are represented by swarm

(Chapter 2), networked (Chapter 3), reconfigurable (Chapter 7),

and self-assembling (Chapters 8 and 14) systems. The chapters

target different applications in service (Chapter 4), underwater

(Chapter 16), aerial (Chapter 17), and space (Chapter 18) areas.

Example of cooperating industrial robots should have been repre-

sented by the KUKA Robotics RoboTeam; unfortunately economic

conditions made further preparation of this chapter impossible. I

would like to thank Ken Stoddard and all those who were involved

in the preparation of that work. The methodological part of the book

covers self-organizing (Chapters 2 and 8), evolutionary (Chapters 5

and 12), biomimetic/bioinspired (Chapter 9), and developmental

(Chapter 14) strategies and involves aspects such as reliability

and fault tolerance (Chapter 5), scalability (Chapter 10), energy

foraging (Chapter 11), self-replication (Chapter 13), and adaptivity

(Chapters 12 and 14). Finally, diverse social aspects of collective

robotics are treated in Chapters 9, 12, and 15.

I would like to thank all the co-authors who contributed to this

book, the reviewers whose comments improved all the chapters, our

research group, especially Prof. Paul Levi for his open and constant

encouragement, and finally all those people who helped either with
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computer infrastructure or with the technical preparation of this

book. I would also like to thank my family for the support I received

while preparing this book.

Serge Kernbach
Stuttgart
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