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Abstract

Self-assembly is a natural process of autonomously forming structures from a collection
of simple components. In swarm robotics, it is an open challenge to self-assemble
scalable and robust structures that can adapt to dynamic features of the environment.
We take a photomorphogenetic approach—a method directed by light-stimuli for
multi-robot self-assembly inspired by the tissue growth of trees—and a honeybee-
inspired model. Existing research on multi-robot self-assembly is mostly limited to
predefined shapes that reconfigure only on long time-scales. Here the state-of-the-art
is extended, as the swarm autonomously rearranges the assembled structure to react
to dynamic environments and repair damage. The high turnover rate of adding robots
to the structure and allowing them to leave again creates novel challenges of how to
ensure minimal stability as well as how to balance exploration and exploitation of
the assembly. An adaptive resource distribution method similar to a plant’s vascular
system steers the assembly process. Robots aggregate into a tree structure and receive
virtual resource according to local environmental features—here, specifically light.
The effectiveness of our approach is validated through several real and simulated
robot experiments consisting of five components. (1) Leader selection: during the
first set of experiments the robot swarm collectively selects a leader and a place to
initiate self-assembly. The robots are exposed to a gradient of light that is bright on
one side and gradually dimming to the other. The task is to initiate a tree structure in
the darkest area that is implemented by a honeybee-inspired approach. (2) Directed
aggregation: a directed aggregation in the form of a tree structure grows towards
the light source. (3) Adaptation to dynamic environment: an improvement is then
to create structures that adapt to the environment not only during the formation
process but also continuously throughout the experiments. Robots in the dark areas
fail to absorb enough resource to keep them in the structure, while the aggregation
grows in areas of higher quality. The swarm adapts to the dynamic light setup by
continuously allocating the resource to the part of the structure in the brighter area.
(4) Site selection: we take one step further to test the robots’ ability to adapt to changes
and to collectively select the most advantageous growth site in the arena based on
the brightness and the proximity of the sites. The swarm succeeds in finding and
selecting the more advantageous site and succeeds in adapting its choice after changes
in the environment. (5) Self-repair: we evaluate the robustness of our method by
testing the swarm’s ability to regrow damaged areas. Soon after the damage, the tree
structure grows back, repairing the structure. Simulation of a swarm of 1024 robots
demonstrates the scalability of our adaptive self-assembly method. The thesis therefore
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contributes to a broadened foundation for stimuli-driven self-assembly that is adaptive
and robust. As in many works on robot self-assembly, we also face the problem of
finding and defining the appropriate hardware approach and future work has to prove
that we can govern the hardware challenges.
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[Abstract in German]

Zusammenfassung

Selbst-Assemblierung ist ein natürlicher Prozess in dem sich Strukturen autonom
aus einer Menge einfacher Komponenten formen. Eine offene Herausforderung der
Schwarmrobotik ist es skalierbare und robuste Strukturen durch Selbst-Assemblierung
zu bilden, die sich dynamischen Eigenschaften der Umgebung anpassen können.
Wir wählen einen photomorphogenetischem Ansatz - eine vom Gewebewachstum
der Bäume inspirierte Methode, die die Selbst-Assemblierung von Multi-Roboter-
Systemen mit Lichtstimuli steuert - und ein von Honigbienen inspiriertes Modell.
Bestehende Forschung zur Selbst-Assemblierung von Multi-Roboter-Systemen ist
meist auf vordefinierte Formen, die sich in grossen Zeitabständen rekonfigurieren,
beschränkt. Wir erweitern den Stand der Technik, da unser Schwarm die gebildete
Struktur autonom umstrukturiert, um auf dynamische Umgebungen zu reagieren und
Schäden zu reparieren. Durch das Hinzufügen von Robotern zur Struktur und deren
Möglichkeit diese wieder zu verlassen entsteht eine hohe Fluktuationsrate. Dadurch
entstehen neue Herausforderungen: die Sicherstellung von minimaler Stabilität sowie
die Ausbalancierung vom Exploration und Exploitation der Struktur. Ein Verfahren
zur adaptiven Ressourcenverteilung, ähnlich dem vaskulären System einer Pflanze,
steuert den Assemblierungsprozess. Roboter aggregieren in einer Baumstruktur und
bekommen virtuelle Ressourcen entsprechend der lokalen Eigenschaften der Umwelt
zugeteilt - in diesem Fall Licht. Die Effektivität unseres Ansatzes wird durch mehrere
Experimente mit echten und simulierten Robotern validiert. (1) Wahl eines Anführers:
in der ersten Versuchsreihe wählt der Roboterschwarm kollektiv einen Anführer und
einen Ort, um die Selbst-Assemblierung zu initiieren. Die Roboter werden einem
Lichtgradienten ausgesetzt, der auf einer Seite hell ist und zur anderen Seite hin
allmählich abdunkelt. Durch die Aufgabe ist definiert, dass die Baumstruktur im
dunkelsten Bereich initiiert wird. Der durch Honigbienen inspirierte Ansatz setzt
dies zuverlässig um. (2) Gezielte Aggregation: gerichtete Aggregation in Form einer
Baumstruktur. Diese wächst dann zur Lichtquelle hin. (3) Anpassung an dynamische
Umgebungen: eine Verbesserung besteht darin Strukturen zu schaffen, die sich der
Umgebung nicht nur während des Entstehungsprozesses, sondern auch kontinuierlich
während der Experimente anpassen. Schlecht positionierte Roboter können nicht
genügend Ressourcen aufnehmen, um sich in der Struktur zu halten, während die
Aggregation in Bereichen mit höherer Qualität wächst. Durch das kontinuierliche
Zuteilen der Ressourcen an den Teil der Struktur im helleren Bereich passt sich der
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Schwarm dynamischen Lichtverhältnissen an. (4) Standortwahl: Wir gehen einen
Schritt weiter, um die Anpassungsfähigkeit der Roboter zu testen sowie um kollektiv
den vorteilhaftesten Wachstumsstandort in der Arena zu wählen. Dies geschieht auf
Basis der Helligkeit und der Nähe der Standorte. Der Schwarm findet und wählt die
beste Stelle erfolgreich aus und passt die Wahl an Änderungen in der Umwelt an.
(5) Selbst-Reparatur: wir evaluieren die Robustheit unserer Methode indem wir die
Fähigkeit des Schwarms zum Nachwachsen von beschädigten Bereich testen, insbeson-
dere wenn ein Großteil der geformten Baumstruktur betroffen ist. Bereits kurz nach der
Beschädigung wächst die Baumstruktur nach und die Struktur wird repariert. Die Sim-
ulation eines Schwarms mit 1024 Robotern zeigt die Skalierbarkeit unserer Methode
zur adaptiven Selbst-Assemblierung. Somit trägt die Dissertation zu einer erweiterten
Basis für stimuli-getriebene Selbst-Assemblierung bei, die adaptiv und robust ist. Wie
in vielen Arbeiten zur Selbst-Assemblierung von Robotern stehen auch wir vor dem
Problem einen geeigneten Hardware-Ansatz zu finden und zu definieren. In weit-
eren Arbeiten muss gezeigt werden, dass wir diese Herausforderungen überwinden
können.
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Chapter 1

Introduction

Robots fascinated people around the world for decades [ 14]. Researchers and

engineers try to enhance the capabilities of robots and increase their applications since

their invention [93]. Early robots were Humanoid—robots with bodies that resembled

human beings. In 1495 Leornardo da Vincibuilt a robot that looked like a human in

an armor. One of the most advanced humanoid robots that can walk and carry loads

of weights is Atlas robot [ 106]. There are also robots that look like plant roots [ 90]

or animals such as dogs [102] or social insects [77]. Engineers continue to develop

robots with closest properties to living organisms. Another approach to robot design

is not to build robots that look like organisms but to make robots that can be deployed

next to the organisms. The idea is to let the robots and natural systems support each

other and live next to each other. These systems are known asbio-hybridsystems and

the goal is to keep both arti�cial agents—robots—and organisms in an environment.

Recently some of bio-hybrid systems were built with robots and animals [ 52, 134].

Researchers tried to �nd a way to understand the behavior of animals and even create

a communication channel to bees and �sh by deploying robots that can lead these

organisms [52, 134]. Besides animals and insects, an EU-funded research project,�ora

roboticafocused on creating bio-hybrid systems with natural plants. Their goal was to

create a symbiotic relationship between a robotic component and natural plants (see

Fig. 1.1). They proposed a bio-hybrid system that contains natural plants, robots, and

human beings. The idea was to create an inhabitable living space for human beings.

The result is a living architecture that serves as a structure with functionalities. Human

users are able to de�ne the growth of natural plants into different patterns. The artefact

of the bio-hybrid system can be urban furniture or public spaces, buildings, or even

entire cities. The bio-hybrid also adapts based on the environmental conditions. These



2

Fig. 1.1 A schematic of the aim of �ora roboticaproject.

conditions can be imposed to the system by offering or limiting resources such as light,

CO2, etc.

Our research was done in the context of this project. The robotic part of the bio-

hybrid system is a swarm of robots that self-assemble and grow a structure alongside

the natural plants. The structure is a robot-controlled scaffolding that grows in sync

with plants. Wahby et al. studied the methods of forming the plants with robots using

phototropism, growth of plants in response to light and thigmotropism, that is growth

of plants in response to touch stimuli [ 150, 152]. We focus on the other aspects of the

project that is growing a robotic structure and incorporating the environmental condi-

tions in the growth process. We aim at proposing a self-assembly process inspired by

organisms, including natural plants, that fully adapt to dynamic environments.

Self-assembly is observed frequently in nature on all scales, be it on the level of

molecules, cells, or organisms [156]. Trying to create similar capabilities in engineered

systems is challenging. Promising are observations of simple self-organized pattern

formation. One example is the Brazil nut effect. Shaking a can with a mixture of

small and large nuts causes the larger nuts to rise to the top and the smaller nuts

go to the bottom [ 121]. This segregation is known as Brazil nut effect and it has

inspired approaches in robotics to emulate this pattern formation with a large group

of robots [50]. Researchers in several �elds of research tried to explore the options of

having self-organized pattern formation in a system with multiple robots [ 47, 144, 138,

140]. Despite the progress over the last decade, these technological systems are still

quite limited—in terms of dynamics, adaptivity, and complexity—when compared to

natural systems. Millions of years of evolution resulted in organisms that demonstrate

a high level of adaptivity in self-assembly. Some of these natural systems are coral

reefs [69], social insects [3, 36, 155, 111, 112], and natural plants [84, 139].
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A self-organized formation of shapes with several robots is shown to be feasible

even with large robot groups ( 103 robots). Other approaches that operate on smaller

robot groups have shown that self-assembled robots can adapt to challenging envi-

ronments and perform better than single robots [ 49, 33, 108, 86]. A related approach is

forming structures with several components as developed in modular robotics. These

modules can recon�gure themselves and form dynamic shapes [ 101, 154, 82, 57, 143].

Similar ideas are investigated with nano- or micro-scale assembly of units in the

�eld of programmable matter[144, 47, 92] where large numbers of robot modules as-

semble and interact with each other to form desired shapes and to react to external

conditions.

There are also approaches to self-assembly that focus on the design of passive

elements. These elements are driven by an external force (e.g., vibrations) to passively

self-assemble [73]. Approaches to self-assembly in robotics can be separated into

works that focus on self-assembly of predetermined or anticipated structures [ 125, 33]

and works that focus on adaptive growth processes where only certain qualities

of the resulting structure are speci�ed [ 100, 55]. A third dimension is added by

categorizing whether aspects of self-repair are considered [123]. An often overlooked

requirement of autonomous self-assembly is adaptivity. The complete self-assembly

process starts by collectively deciding where and triggered by whom they want to start

building a structure and how they can keep the structure adaptive to changes in the

environment.

1.1 Research Goals

Robots can be programmed to form prede�ned shapes, but self-assembly gets more

challenging if the shapes need to be dynamic. If the assembled swarm adapts its

shape for instance to dynamic features of the environment or to failures in individual

robots at runtime, then the assembly's structure also needs to be dynamic. In an

adaptive case, the shape is not simply assembled once and then kept there inde�nitely;

rather, the shape is assembled and then continuously recon�gured on short time-

scales (of minutes, or even seconds). The required speed of recon�guration may be

determined by the time-scale of changes in the dynamic environment. A study in

simulation has investigated how self-assembly with a multi-agent system can adapt to

changing system size—i.e., agents are removed or added, and the prede�ned shape

scales accordingly [123, 122]. The removal of agents can also be seen as damage to the

shape, which then needs to reassemble, meaning the swarm has some capability of

self-repair. In adaptive self-assembly, a key challenge is that damage to the assembled
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structure needs to be repaired autonomously. Damages can occur during the process or

even after the shape has been fully formed. Repair may be executed by regrowing the

damaged parts or by appropriately recon�guring the shape. In a dynamic environment

it may be advantageous to regrow the missing parts in an adapted, updated form.

Robustness to errors is a general challenge in robot self-assembly. A notable aspect

of the self-assembly with 1024 Kilobots by Rubenstein et al. [125] is its low degree

of scalability. All robots essentially line up consecutively and need to be positioned

one after the other. This causes a time complexity that is linear in the number of

robots. That needs to be considered a limitation, compared to the high standards for

scalability that are generally set in swarm robotics [ 54]. The feasible shapes are also

limited, as excess robots need to have a free path in order to leave. Scalability with

system size is a challenge in robot self-assembly. In a realistic application of the full

self-assembly process, there are sub-tasks that are rarely considered in existing research.

For instance, the robot swarm may need to �rst detect that self-assembly is required,

before the process is initialized. As the next sub-task, the swarm needs to collectively

agree on which robot starts the self-assembly (i.e., selecting a seed or leader), and

where. The question of which robot, is the well-known leader selection problem. The

question of where relates to aggregation processes in reaction to an environmental

feature. A biological example of such behavior is seen in the aggregation of young

honeybees [131], where they form a cluster in response to a speci�c temperature. In an

application of robot self-assembly we may have similar requirements, if for example

the assembly should be positioned in certain areas preferentially. Existing research

on self-assembly with a swarm of robots is mostly limited to prede�ned shapes that

recon�gure on long time-scales. Therefore, our research goal is to propose a method

for self-assembly that operates on all scales and is capable of adapting dynamically to

sudden changes in the environment.

Here are our main research questions:

1. Leader selection: How can a robot swarm explore the environment and collec-

tively select a robot as a leader? It is relevant to also consider the location of the

leader as it can be a starting point for self-assembly.

2. Directed aggregation: How can a robot swarm collectively grow a structure

towards a better quality area? We have learned about many approaches where

the robots know in advance their exact desired positions in a bitmap [ 126]. Here

we are interested to know more about probabilistic approaches in self-assembly

without specifying exact behavior or location for the robots.



1.2 Research Contributions 5

3. Adaptation to dynamic environments: How can a robot swarm detect changes,

and then adapt its shape and structure appropriately? This question adds more

complexity to the previous one. To answer this research question, the swarm

needs to stay adaptive to any changes in the environment in addition to collec-

tively deciding on building a structure.

4. Site selection: How can a robot swarm explore the environment and compare

different sites and select the optimum area to grow into? In the previous question

we were interested to know if the swarm can continuously build a structure

towards the better area. In this scenario the swarm needs to compare two areas

that both have the same quality. Here we want to investigate how the swarm can

collectively and continuously compare different options and select the best one.

5. Self-repair: How can a robot swarm self-repair a damage of a structure they

built before? We look for an approach to enable the swarm to react to damages

and self-repair the structure.

6. Concept of electronics-embedded soft-body robots. How to tackle hardware

design challenges for self-assembly in a bio-hybrid context? The previous ques-

tions focus on bio-inspired controllers while in this question we are interested to

know more about a dedicated hardware design for self-assembly in bio-hybrids

of robots and plants.

1.2 Research Contributions

We develop a photomorphogenetic method for adaptive robot self-assembly, in-

spired by light-driven clustering among young honeybees, diffusion processes in coral

reefs, and growth processes in plants. To address the context of self-assembly, we

study the sub-tasks of leader selection and selection of an appropriate area to begin

growth. In a distributed way, we run our self-organized virtual growth process to

aggregate structures that adapt to different light conditions. We propose algorithms

for a swarm of Kilobots to collectively select a leader, aggregate according to environ-

mental features, forage for light as a resource, recon�gure and adapt to a dynamic

environment, and self-repair when damage occurs. Therefore, the contributions of this

thesis are:



1.2 Research Contributions 6

1. Leader selection: There are many species

that are able to solve complex tasks when work-

ing as a group. Among many examples, we

took our inspiration from young honeybees that

are able to collectively �nd a location with an

ideal temperature in a hive and cluster around

that area. Inspired by that, we design an exper-

iment with light gradient instead of tempera-

ture. We then design a controller that runs on

all robots and allows the robot swarm to collec-

tively �nd the darkest area in the arena. The

robot that stays longer at the darkest point is

selected as leader. The leader then initiates the

self-assembly.

2. Directed aggregation: We aim for building

a structure that is not prede�ned. The swarm

needs to collectively decide how the structure

needs to be built. For inspiration, we took the

growth process in coral reefs. Coral reefs grow

with diffusion limited aggregation under wa-

ter. We design a controller for the swarm that

can grow tree structures towards a light source.

The experiment offers a gradient of light, and

the robots diffuse, aggregate, and eventually

build a tree structure towards the brighter side

of the arena. We take a probabilistic approach

in building the tree structure.
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3. Adaptation to dynamic environments: The

structure built in the previous scenario is not

prede�ned but it is �xed once built. In order

to take a step further, we look into the pos-

sibility of building structures that are adap-

tive. This time we take our inspiration from

natural plants. The vascular system of natu-

ral plants regulates the resource distribution

from the soil to all branches based on the light

level that shines through the branches. Plants

grow branches that receive more light. Inspired

by that, we design a controller that allows the

swarm to quickly adapt to dynamic environ-

ments. Parts of the tree structure that are ex-

posed to better light conditions tend to stay

longer in the tree than those that are in the

darker areas. We then change the light con-

dition and observe the behavior of the swarm.

4. Site selection: We design another experi-

ment to investigate the performance of swarms

using our controller that is inspired by natural

plants. The robots need to collectively build

a structure that is not prede�ned for this ex-

periment. They have to adapt similarly to the

previous experiment. Besides these behaviors,

the swarm needs to collectively select the most

advantageous growth site in the arena. The se-

lection is based on the brightness and the prox-

imity of the sites. Between two bright sites, the

swarm adaptively selects the area closer to the

seed. If the two sites are equidistant, the struc-

ture is built towards the area that is brighter.

We present the swarm with two different light

conditions and we examine the behavior of the

swarm to see whether it is able to successfully

select the better quality or closer sites.
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5. Self-repair: We perform another set of ex-

periments to evaluate the performance of the

swarm in case of a damage. The experiment

is designed to project a dark bar on the struc-

ture to cause a damage. We investigate whether

the swarm is able to adaptively repair the struc-

ture. Our method aims at enabling the swarm

to recover from damage by �rst allowing the af-

fected robots to leave the structure. The robots

in the structure then continue to attract more

robots to recover from the damage.

6. Concept of electronics-embedded soft-

body robots: After looking into the possibil-

ities in bio-inspired control approaches, here

we investigate the robotic part in the context of

bio-hybrid systems. In order to overcome the

hardware design challenge for self-assembly,

we propose an electronics-embedded soft-body

structure in bio-hybrid systems. We present

�exible �laments with a design that enables a

decentralized control approach. We show the

potential extensions and applications of this ap-

proach in bio-hybrid systems.



1.3 Ph.D. Publications 9

1.3 Ph.D. Publications

This thesis contains a summary of several research projects that were individually

reported as journal articles or conference papers. The journal articles include:

1. Mohammad Divband Soorati , Mary Katherine Heinrich, Javad Ghofrani, Payam

Zahadat, and Heiko Hamann, “Photomorphogenesis for Robot Self-assembly:

Adaptivity, Collective Decision-making, and Self-repair”, Bioinspiration & Biomimet-

ics Journal (BB-IOP), Volume 14, Issue 5, Page 056006, 2019, DOI: 10.1088/1748-

3190/ab2958.

2. Mary Katherine Heinrich, Sebastian von Mammen, Daniel Nicolas Hofstadler,

Mostafa Wahby, Payam Zahadat, Tomasz Skrzypczak, Mohammad Divband

Soorati , Rafal Kre�a, Wojciech Kwiatkowski, Thomas Schmickl, Phil Ayres,

Kasper Støy, and Heiko Hamann, “Constructing Living Buildings: A Review of

Relevant Technologies for a Novel Application of Biohybrid Robotics”, Journal

of The Royal Society Interface, Volume 16, Issue 156, Page 20190238, 2019, DOI:

10.1098/rsif.2019.0238.

3. Mary Katherine Heinrich, Mohammad Divband Soorati , Tanja Katharina Kaiser,

Mostafa Wahby, and Heiko Hamann, “Swarm Robotics: Robustness, Scalability,

and Self-X Features in Applications”, De Gruyter Online Journal, 2019, (accepted).

4. Heiko Hamann, Yara Khaluf, Jean Botev, Mohammad Divband Soorati , Eliseo

Ferrante, Oliver Kosak, Jean-Marc Montanier, Sanaz Mostaghim, Richard Red-

path, Jon Timmis, Frank Veenstra, Mostafa Wahby, and Aleš Zamuda, ”Hybrid

Societies: Challenges and Perspectives in the Design of Collective Behavior

in Self-organizing Systems”, Frontiers in Robotics and AI, section Computational

Intelligence, Volume 3, Page 14, 2016, DOI: 10.3389/frobt.2016.00014.

The papers presented at the international peer-reviewed conferences were:

1. Mohammad Divband Soorati , Maximilian Krome, Marco Mora-Mendoza, Javad

Ghofrani, and Heiko Hamann, “Plasticity in Collective Decision-Making for

Robots: Creating Global Reference Frames, Detecting Dynamic Environments,

and Preventing Lock-ins”, IEEE/RSJ International Conference on Intelligent Robots

and Systems (IROS), 2019, China.
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1.4 Outline

This thesis contains six chapters. In this chapter we motivated our work and de-

scribed our research questions and how we approach the challenge of solving them. In

the next chapter, we provide a background to the �eld of swarm robotics and introduce

the main concept and challenges that we are facing in this �eld. State-of-the-art is fully

described to clarify our contribution in Chapter 2. We then provide a detailed explana-

tion of our methods and experiments with real and simulated robots in Chapter 3. The

results of these experiments are explained and analyzed in Chapter 4. In Chapter 5 we

explain our hardware approach to self-assembly in bio-hybrid systems. We describe

the prototypes that we made and how sensing and actuation can be integrated. We

also present how our work can be a foundation for further research on soft robotics

in bio-hybrid systems. Finally, we conclude the thesis and propose future work in

Chapter 6.



Chapter 2

Background

We de�ne the terminology and elaborate the concept of swarm robotics in this

chapter. We also describe the bio-inspired control and bio-hybrid systems of our

research.

2.1 Introduction to Swarm Robotics

In this section we explain the main concepts of swarm robotics and specify design

challenges.

2.1.1 What Is a Robot?

The origin of the word robot is the term `robota' which means `forced labour' in

Slavic language [120]. Decades after the �rst known use of the term robot in liter-

ature and with the development of advanced computers, robots started to �nd a

place in the industry for their outstanding precision and capabilities [ 93]. Nowadays

robots help us in industry [ 107, 37, 27], medical applications [ 65, 78, 87, 10, 31], space

exploration [ 103–105], etc. We recognize robots not for their limited application in

resembling or replacing humans but we recognize them as “machines that sense, think,

and act” [ 15]. Thinking or intelligenceof robots is what distinguishes robots from other

machines [117]. In other words, intelligent connection between the perception and the

actuation makes a machine a robot. Robots should not follow a set of hard-coded rules

de�ned by human beings. Without a direct control over the robotic operations, how

do we eliminate or limit the potentially devastating costs of failure? Signi�cant costs

of robot operation failures range from putting human health in danger (e.g., robotic

surgeries) to loss of time we may need to measure in generations to compensate for
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low performing robotic missions (e.g., Mars rovers). In robotics, we try to predict

possible scenarios and design robots in ways that decrease likelihood of failure to

large extents. However, in unknown contexts, where predicting all events becomes

nearly impossible, failures may only lead to minor anomalies, or they may stop the

whole system. Any part that plays such a critical role in a system is a single point of

failure.

2.1.2 What Is Swarm Robotics?

One of the bene�ts of decentralized systems is that there is no single module capable

of affecting or controlling the whole system. In the context of robotics, avoiding single

points of failure is the main motivation to study robots that operate in a group with

decentralized control.

De�nition of Swarm Robotics

“A group of non-intelligent robots forming, as a group, an intelligent robot” is called

intelligent swarm[16]. Throughout this manuscript the term robot swarm refers to the

concept de�ned above as intelligent swarm. As the de�nition implies each agent in

the swarm is not an intelligent robot but the collective of all agents is intelligent in

a way that its behavior is neither predictable nor random [ 17]. It is not predictable

because intelligent robots should have the freedom to choose for any decision and it is

not fully random as we assume that its intelligence is not the result of pure random

selection. “The study of how large numbers of relatively simple physically embodied

agents can be designed such that a desired collective behavior emerges from the local

interactions among agents and between the agents and the environment” is called

Swarm Robotics[129].

Advantages of Swarm Robotics

Robustnessis the �rst advantage of swarm robotics to avoid single points of failure,

assuring that the swarm continues to operate even when failures occur in some of the

robots. Robustness is the result of:

• Redundancy; if a robot fails, there are other functioning robots that compensate

the error.

• Decentralized control; one of the main characteristics of a swarm robotics system

is that the robots do not have access to centralized control [22]. Robots interact
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with each other and with the environment and decide their behavior individually

without having a central control unit.

• Simplicity; in swarm robotics, the robots are simple in comparison to single

complex robots. The simplicity in the design of the robots helps the designer to

easily detect anomalies of robots. Simplicity also helps in decreasing the costs

and allows mass production of robots.

• Distributed sensing; the likelihood that the majority of the robots in a swarm

have faulty sensor values is quite low making the swarm a robust sensing system

as a whole.

Adaptivity is the second advantage of swarm robotics. The swarm is �exible and

adapts to changes in the environment or the tasks. It is easier to recon�gure a system

that consists of multiple separate modules compared to a large system with tightly

coupled components. Scalability, as the third advantage, means that scaling the swarm

size up or down should not largely interfere in the operation of the system. If the

swarm density—the area divided by the swarm size—changes, then a direct impact

may be expected on the ef�ciency of the system [54].

Local Information: Communication and Sensing

Robots interact with each other and with the environment. Interaction between

the robots can be implicit or explicit. Explicit communication is a direct transfer of

information between robots via a speci�c channel such as infra-red or Bluetooth. In

implicit communication the information is inferred without an explicit engagement

in interaction [ 46]. Robots also get an understanding about their environment using

simple sensors (e.g., ambient light sensor) that provide the information needed for map-

ping robot states to suitable actions. An important characteristic of a swarm robotics

system is that robots receive information from a limited range in their neighborhood.

Swarm Robots can only communicate and sense locally which is a precondition for

scalability [22].

Collective Decision-making

With no agent in charge of decision-making, how does a swarm overcome the chaos

and reach a consensus? Collective decisions are the outcome of competition among

individuals for different types of information [ 41]. The probability of selecting an

option raises non-linearly with the number of the individuals that selected the same

option [ 25]. Starting from a random set of options, the positive feedback gradually
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leads the swarm to a consensus on a decision. There are many collective decision-

making strategies including the local majority rule where every individual obeys

the dominant decision in its neighborhood [ 75]. Different varieties of majority-based

decisions are introduced and tested on various robot platforms [ 148, 146, 147, 35].

Design Challenges

There are two levels in a swarm robotic system: micro-and macro-level. The micro-

level is the level of individual robots and what they perceive, how they act based on

their rules, etc. The macro-level is the level of the whole swarm as a group. Reaching

from one level to the other might not be trivial. For example, on the macro-level we

can de�ne a task for the swarm to move an object in an arena. The design decisions on

the level of individual robots (micro-level) may be to let the robots follow a moving

light source to accomplish the goal de�ned on the macro-level [ 12]. Tasks are de�ned

on macro-level and it is the duty of a designer to �nd the local control algorithm for

individual robots so that the swarm successfully performs an intended task. There

are studies that investigate the micro-macro link but a general approach for relating

the features of the two levels stays as a challenge [58, 118, 53]. Another challenge is to

understand the sources of a behavior in a swarm. It may often be unclear whether a

behavior is caused by an individual robot, several robots independently, or interactions

of multiple robots over time.

Swarm Robotics vs Multi-robot Systems

We should clarify the boundaries of swarm robotics with multi-robot systems. It is

not easy to distinguish the two �elds by looking at the size of the system. A multi-robot

system is a collection of two or more autonomous mobile robots [ 44] (e.g., soccer play-

ing robots [ 34]); whereas for the swarm there is no consensus for a certain size among

researchers [54], even though the term `swarm' implies a large number. The difference

is in the communication range and relying on local or global information. While in a

multi-robot system there can be global information, in swarm robotics the information

has to be communicated only in local neighborhoods. Global communication with

non-scalable technologies, such as wireless local area networks, is not allowed in

swarm robotics. Any global consensus needs to be the result of local interactions. For

instance, there is no access to a global clock for synchronicity in swarm robotics. The

swarm has to reach synchronicity through local interactions and information rather

than an easy access to a central clock.
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Fig. 2.1 Sample research studies in swarm robotics: (left) Replicator and Symbrion
project robots crossing a barrier to the charging station [ 71]; (center) Swarm-bot passing
a gap [99]; (right) CoCoRo underwater robot swarm [133]. Images from [71, 99, 133].

Examples of Swarm Robotics Systems

Fig. 2.1 shows three real robot experiments in the context of swarm robotics. The

left �gure shows a mock-up for the robots in the projects Replicator and Symbrion in

which the robots cross a barrier to the charging station [ 71]. The �gure at the center

shows the Swarm-bot passing a gap [99]. CoCoRo underwater robots are shown in the

right �gure [133].

The rich and diverse sources of inspiration from biology motivate us to learn from

nature. In the next section we explain the concept of self-assembly and introduce our

sources of inspirations.

2.2 Bio-inspiration in Swarm Robotics

Complex behaviors and shapes of organisms went through an evolutionary process

that lasted billions of years. The cost of reaching this level of complexity with our

robots by a comparable evolutionary process is prohibitively high [ 157]. An easier

solution is to mimic the behavior of evolved organisms or to design robots that have

similar morphology [ 19, 91, 30, 128, 79]. Among a vast variety of behaviors and

morphologies in nature, here we investigate a few processes that form shapes and stay

adaptive to changes in the environment.

2.2.1 Self-assembly and Aggregation

Self-assembly is “the autonomous organization of components into patterns or

structures without human intervention” [ 156] and it can be passive (i.e., components

interact according to their geometry or surface chemistry), active (i.e., components
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Fig. 2.2 Structure of a ribosome in a cell as an example for self-assembly on the cellular
level [11]. Image from Science magazine with permission.

can accept some interactions while rejecting others), static (i.e., stable once formed),

or dynamic (i.e., the formation is prone or likely to change) [ 73]. Many examples of

self-assembly are observed in nature across various scales [156]. The crystal structure

of a ribosome in a cell is an example for static self-assembly, see Fig. 2.2.

Aggregation is a common variation of self-assembly where the structure is a cluster

of components that may not have a mechanical link between them. Aggregation is

often observed in social insects such as honeybees in a shape of a chain, mesh, or

cluster structures to solve immediate tasks [3]. Fig. 2.3 shows a swarm of honeybees

collaborating and coordinating to form a mesh that facilitates the construction process

of a new comb [39]. Honeybees control their aggregation densities to regulate their

swarm temperature [ 62], augmented by thermogenesis for heat production [ 142].

To achieve collective thermoregulations, Apis mellifera L.have been shown to prefer

different thermal conditions when they form aggregates than when they are isolated,

allowing them to act as a homeothermic superorganism [ 48]. In a thermal gradient

environment, young honeybees have been shown to favor areas with a temperature of

approximately 36 ° C [28]. A single honeybee moves to a location with a nearly ideal

temperature but will frequently leave it to explore further. By contrast, honeybees in a

group are able to maintain the best thermal location once it is found, through a process

of aggregation [48, 132]. This has inspired a simple algorithm in the literature that

mimics honeybees' behavior in �nding the best location for aggregation. The algorithm

is known as `BEECLUST' and is used in collective decision-making processes where
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agent's memory is limited and where reliably locating the optimum with a single

agent is not feasible [131, 72, 56]. Bee-inspired agents walk randomly and when they

encounter an obstacle such as a wall. When two agents meet, they will probabilistically

pause their movement, for a time period proportionate to the temperature sensed

at that location. The closer the temperature is to 36° C, the longer the movement

is paused. Once the waiting period has elapsed, the agents turn and resume their

previous movement pattern.

Fig. 2.3 Comb construction is an example of social behavior among honeybees. Only
few behavioral routines are completely hardwired and skills such as comb construction
is the result of learning and social interactions [ 39]. Image from Frontiers in Psychology,
licensed under CC-BY 2.0.

2.2.2 Growth

We consider two types of growth processes including coral reefs and natural plants.

Coral reefs are particularly interesting because diffusion forms their morphology.

Another biological process, that we consider in this section, is adaptive growth among

natural plants. We are interested in natural plants due to their capability to survive

dif�cult conditions and their adaptive behavior in dynamic environments [24].
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Fig. 2.4 Some coral reef structures can be formed directly by diffusion-limited growth
processes [69]. (Left) live coral table; (center) Enallohelia stony coral; (right) Goniocora
stony coral. Images from Wikimedia Commons (users: Rachmat04, Wolfbenni, and
Wolfbenni), licensed under CC-BY 2.0 and CC-BY-SA 4.0.

Coral Reefs

Coral reefs are an example of organisms that live under water with a morphology

close to tree structures. Coral morphogenesis (see Fig. 2.4) shows a form of distri-

bution from a higher concentration of coral skeleton (root of the coral reefs) to the

upper area with lower concentration. The substances diffuse randomly and attach

to each other with the �rst contact [ 141]. The original diffusion-limited aggregation

model was introduced in 1981 and has been extended and studied in the context of

coral morphology [ 158, 68, 94, 95]. Advection and diffusion have been used more

broadly in models of growth and branching in stony corals [ 94]. Real morphologies of

the Madracis mirabliscoral reefs can be generated exclusively via a diffusion-limited

process [69].

Natural Plants

Vascular patterning is a central part of plant morphogenesis. The development

of vascular patterning (see Fig. 2.5) is impacted in part by auxin transport [ 2, 89]

and subsequently affects resource distribution to organs [ 127]. As can be seen in

photomorphogenesis [70], a key resource in this process is light.

In positive phototropism, when phototropins in stem tissue cells are suf�ciently

exposed to certain wavelengths, water is �rst moved to those tissues to swell them,

after which auxin concentrations can af�x the shape of the swelled tissues during

stiffening [ 26, 85]. In the context of bio-inspired engineering, plant auxin transport
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Fig. 2.5 Plant morphogenesis and vascular patterning is in part driven indirectly
by distribution of resources in the environment, such as light. (Left) Quercus(oak)
vessel network; (center) longitudinal section of Alliaria petiolata(garlic mustard plant)
vascular bundles; (right) cross section of Alliaria petiolatavascular bundles. Images
from Wikimedia Commons (users: Vojt �ech Dostál, Micropix, and Micropix), licensed
under CC-BY 2.5 and CC-BY-SA 3.0.

and resource transport through the vascular system can be seen as a feedback system

for distributed control. We apply a model that drives the growth of dynamic acyclic

trees that continuously form and abandon connections to construct favorable paths

according to resource distribution in the environment (described in Chapter 3) [ 159,

160]. Similar morphogenetic processes are seen in slime-mold, that can distributedly

compute shortest paths in an environment [ 1, 20]. Slime-mold has inspired approaches

to path formation in robot swarms, where simulated robots contract from dispersal,

aggregating between targeted locations [130]. The exploration aspect of distributed

decision-making in morphogenetic processes is also applied in robotics via `rapidly

exploring random trees'—tree structures that start by growing randomly and then bias

the growth towards unexplored areas [81].

Instead of exploring the area randomly, in this work, we focus on the distribution of

resources to a natural plant's organs that helps to grow only to the areas of interest.

The vascular system in a plant actively directs shared resources from the root towards

the branches through the �ow of auxin, a growth and patterning hormone. Among the

processes impacting morphology, higher light exposure near tips triggers greater auxin

volume, increasing vessel thickness when �owing toward the roots. The resources of

water and minerals travel better through thicker vessels, on the way to branch tips.

The Vascular morphogenesis controller (VMC) for directed acyclic graphs (i.e., trees)
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