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ABSTRACT

SELF-ORGANIZED FLOCKING WITH A MOBILE ROBOT SWARM

TURGUT, AL �I EMRE

Ph.D., Department of Mechanical Engineering

Supervisor: Assist. Prof. Dr. Bu�gra Koku

Co-Supervisor: Assist. Prof. Dr. Erol Şahin

March 2008, 111 pages

In this thesis, we study self-organized �ocking using a swarm of mobile robots. We

�rst present a mobile robot platform having two novel sensin g systems developed speci�-

cally for swarm robotic studies. We describe its infrared-b ased short-range sensing system,

capable of measuring the range to obstacles and detecting kin robots. In particular, we

describe a novel sensing system called the virtual heading sensor (VHS), which combines

a digital compass and a wireless communication module to for m a scalable method for

sensing the relative headings of neighboring robots.

We propose a behavior based on heading alignment and proxima l control and show

that it is capable of generating self-organized �ocking in a g roup of seven robots. Then, we

propose a number of metrics to evaluate the quality of �ocking and use them to evaluate

four main variants of this behavior. We characterize and mod el the sensing abilities of the

robots and develop a physics-based simulator that is veri�e d against the physical robots for

�ocking in open environments. After showing in simulation tha t we can achieve �ocking

in a group of up to 1000robots in an open environment, we perform experiments to det er-

mine the performance of �ocking under different controller p arameters and characteristics

of VHS using the prede�ned metrics. In the experiments, we va ry the three main char-

acteristics of VHS, namely: (1) The amount and nature of noise in heading measurement,

(2) The number of neighboring robots that can be "heard", and ( 3) the range of wireless
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communication. Our results show that range of communicatio n is the main factor that de-

termines the scale of �ocking, and that the behavior is highly robust against the other two

characteristics.

We extend an existing particle-based model to determine the phase transition charac-

teristics of of �ocking under different VHS characteristics . An analytical treatment of the

model is also presented and veri�ed against the results obta ined from experiments in a

physics-based simulator.

Keywords: Swarm robotics, Flocking, Self-organization, Ph ase Transition, Particle-based

Models
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ÖZ

B�IR GEZER ROBOT O�GULUNUN KEND �I-KEND �INE SÜRÜ HAL �INDE HAREKET

ETMES�I

TURGUT, AL �I EMRE

Doktora, Makina Mühendisli �gi Bölümü

Tez Yöneticisi: Yrd. Doç. Dr. Bu�gra Koku

Ortak Tez Yöneticisi: Yrd. Doç. Dr. Erol Şahin

Mart 2008, 111 sayfa

Bu tezde, bir gezer robot o �gulunun, sürü halinde hareket et mesi (ing. �ocking) incelenecek-

tir. Başlang�çta, o �gul robot sistemleri çal�şmalar�nd a kullan�lmak üzere geliştirilmiş ve iki

yeni alg�lama sistemi bulunduran gezer robot sistemi anlat �lacakt�r. Bunlardan birincisi,

robotlar�n yak�n mesafedeki robotlar ile engelleri ay�rma lar�n� sa �glayan ve de bu cisimlerin

robota göre mesafelerini ölçebilen k�z�l-berisi alg�lama sistemidir. �Ikincisi ise, robotlar�n

di �ger robotlar�n yönünü sanal olarak ölçmesini sa �glayan ve bir say�sal pusula ile iletişim

biriminden oluşan sanal yön alg�lay�c�s�d�r (SYA). SYA, bir çok farkl� o �gul-robot sistem-

lerinde kullan�labilecek ölçeklenebilir bir alg�lama sis temi olarak ortaya ç�kmaktad�r.

Sürü halinde hareket davran�ş�, yön ayarlama ve mesafe kor uma davran�şlar� kullan�la-

rak oluşturulmuştur. Bu davran�ş ilk başta yedi robot ü zerinde s�nanm�ş�r. Daha sonra

davran�ş�n içerisindeki denetim parametreleri kullan�l arak dört farkl� davran�ş biçimi elde

edilmiş ve oluşturulan davran�şlar tan�mlanm�ş olan ö lçütler kullan�larak de�gerlendiril-

miştir. Davran�ş� yüksek say�da robot kullanarak s�nama k için robotun ve alg�lama sistem-

inin modelleri �zik-tabanl� bir benzetimci üzerinde kulla n�lmak üzere ç�kart�lm�ş ve bu

benzetimci üzerinde engelsiz ortamda modellenmiştir. Be nzetimcinin sonuçlar�n�n robot-

lardan elde edilmiş olanlarla uyumu gösterildikten sonra benzetimci içinde 1000 robot
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kullan�larak deneyler yap�lm�ş ve önerilen davran�ş�n ö lçeklenebilir oldu �gu gösterilmiştir.

Daha sonra denetim parameterlerin de�gerleri ve SYA'n�n alg �lama özellikleri de �gişimine

karş� sürü halinde hareket davran�ş�ndaki de�gişimler önerilmiş olan ölçütler kullan�larak

araşt�r�lm�şt�r. Bu deneylerden ç�kan en önemli sonuçla rdan bir tanesi ak�n davran�ş�n�

gerçekleştiren o�gulun grup büyüklü �günün SYA'n�n ileti¸ sim mesafesine ba�gl� olmas�d�r.

Son olarak da sürü halinde hareket davran�ş�nda gözlemlen en faz de�gişimi, parçac�k

bazl� bir model kullan�larak modellenmiş ve model başar� ile de�gişik SYA alg�lama özellik-

leri karş�s�nda davran�ş�n tepkisini tahmin edebilmiş tir. Model, analitik olarak çözülmüş

ve modelin ön gördü�gü sonuçlar �ziksel benzetimcide elde e dilen sonuçlarla karş�laşt�r�l-

m�şt�r.

Anahtar Kelimeler: O�gul robot bilimi, Sürü halinde hareket, Kendi-kendine örgütlenme,

Parçac�k-bazl� modeller, Faz de�gişimi
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CHAPTER 1

INTRODUCTION

Swarm robotics [7][8] is a new approach to the coordination o f large numbers of robots

that takes its inspiration from the impressive coordinatio n abilities of social insects such

as bees, ants and termites [9]. It studies how a large number of robots can interact to

create collectively intelligent systems without any centr alized coordination and achieve

robustness, �exibility and scalabilityat the system level.

Robustnessis the insensitivity of a system to disturbances, a desirabl e property required

in any engineering system. Robustness is a consequence of several attributes in swarm

robotics. First is the redundancy of the system, i.e., the loss of individuals up to a certain

level is compensated by the others, and system performance does not deteriorate consid-

erably. Second is the decentralized control of the system. In swarm robotics, control is

embodied in individuals, rather than having a centralized c ontroller. Third is the simplic-

ity of the individuals. Individuals in a swarm robotic syste m are much simpler than in a

single robotic system, which makes the system more robust.

Flexibility is the ability of the system to generate different solutions to different tasks it

faces during its life-cycle. It can be argued that �exibility is the opposite of specialization,

meaning the utilization of an individual in various tasks ra ther than utilizing a speci�c

individual in a speci�c task. As can be observed in ant colonie s, depending on the situa-

tion, an individual can take responsibilities in a wide span of tasks such as foraging, prey

retrieval or chain formation.

Scalabilityis the insensitivity of performance to changes in number of i ndividuals. Scal-

ability in swarm robotics is facilitated by several factors . First, coordination strategies are

designed to be decentralized, so that an increase in the number of individuals in the system

does not increase its complexity, and hence, deteriorate the performance of a centralized

controller. Second, the sensing systems utilized in swarm r obotics are decentralized, so
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that a centralized sensor, such as an overhead camera, does not exist in the system. Hence,

each individual has the same sensing capabilities, regardless of the size of the group.

Having these promising properties, it is desirable to utili ze swarm robotics in real-

world applications. In this respect, the research spans two different directions. First is the

development of robots capable yet simple enough to be utiliz ed in batches. Swarm robotic

platforms should facilitate study rather than interfering with it, and allow researchers to

concentrate on the problems of coordination. Second is the development of �exible and

scalable coordination methods to operate on swarm robotic s ystems.

We will develop a new robotics platform designed speci�call y for swarm robotics re-

search, having two novel sensing systems for kin-detection , having the longest operation

time in its class, and speci�cally designed for our intended coordination problem, yet �ex-

ible enough to be utilized in other problems, too.

Many coordination problems are studied in swarm robotics: Pattern formation, aggrega-

tion, self-assembly, coordinated movement, foragingand self-deployment. Pattern formationis the

formation of certain desired patterns globally using only l ocal interactions. Aggregationis

the gathering of randomly distributed robots to form the lar gest possible cluster via local

rules. Self-assemblydenotes the connection of individual robots physically to s olve complex

tasks which are impossible to accomplish as single entities. Coordinated movementdenotes

the movement of robots coherently in con�ned environments, where the �ocking of birds

and herds of quadrupeds are a few of the examples seen in nature. Foraging is a task

performed by natural swarms in which they retrieve prey back to their nests. Robots per-

forming foragingmimic this behavior. Self-deployment, also known as dispersion, denotes

the maximum coverage of an area by a swarm of robots [10].

In this thesis, we study �ocking as a coordinated movement pro blem. Flocking is a

fundamental behavior that is desirable in most swarm roboti c systems in real-world appli-

cations. When a swarm of mobile robots is to be utilized in a su rveillance or rescue task

in a certain place, it should �rst move to that place and then p erform its tasks. As noted

previously, the most ef�cient and advantageous way to move f rom one place to another in

animal societies is �ocking, which is almost the same for robo tics applications. Flocking

has been studied for almost a decade, and yet it remains as an "open" problem in swarm

robotics. It is a challenging task due to the sensing needs and inevitable interference prob-

lems caused by the operation of many robots in close proximit y.
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1.1 Problem

In this thesis, we study the self-organized �ocking of a swarm of mobile robots. By self-

organized �ocking, we mean that a group of mobile robots, init ially placed within local

proximity of each other but not necessarily aligned, being a ble to move in free space cohe-

sively, avoiding any obstacles in the environment, as if it w ere a "super-organism".

1.2 Contributions

Towards this end, we have developed a new mobile robotic plat form designed from scratch

for swarm robotics applications, focusing mainly on the req uirements of �ocking. The

robotic platform consists of two novel sensing systems. Fir st is the infrared (IR) short-range

sensing system, capable of kin-detection and proximity mea surements at close distances

with minimal interference from the environment and other ro bots. Second is the virtual

heading sensor, which utilizes digital compass and wireles s communication modules to

"virtually" sense the headings of the robots.

We also proposed a behavior for self-organized �ocking in a co nstrained space. Our

approach is signi�cant in several aspects. First, it is the � rst study in literature to achieve

self-organized �ocking without any static or elected leader . Second, we performed ex-

tensive experiments with robots and a physics-based simula tor to systematically analyze

the proposed �ocking behavior against the controller parame ters and the virtual heading

sensor characteristics. The results of these experiments are presented and analyzed using

the proposed metrics such as order and entropy. Third, a simpl e particle based-model is

introduced to model the steady-state characteristics of �oc king against virtual heading sen-

sor characteristics. The model is also treated analytically, and its predictions are veri�ed

against the simulation results.

In the next chapter, we present a literature survey regardin g �ocking in different �elds.

Then, in chapter three, we review the existing robotic platfo rms against the requirements

of swarm robotic systems, focusing on �ocking behavior. In th e fourth chapter, the de-

sign of the robotic platform is described and the details of e ach sub-system are explained

throughly. In chapter �ve, we model the characteristics of t he short-range and heading-

sensing systems of the robotic platform to utilize them in a p hysics-based simulator de-

veloped to achieve the �ocking behavior using a large group of simulated robots. In the

sixth chapter, we develop a �ocking behavior based on heading alignment and proximal
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control. In chapters seven and eight, we analyze �ocking beha vior against changes in

controller parameters and virtual heading sensor characte ristics, respectively. In chapter

nine, we propose a simple particle-based model, called the stiff vectorial network model,

to model �ocking behavior and predict conditions for stabili ty against sensing noise. The

thesis ends with conclusions.
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CHAPTER 2

LITERATURE SURVEY ON FLOCKING

"They circle; now dense like a polished roof, now disseminate d like the meshes

of some vast all-heaven-sweeping net wheeling, rending, da rting a madness in

the sky."

— Edmund Selous

Flocking is a widely-observed phenomenon in nature in which a group of animals such

as �sh or birds [11] move and maneuver as if they were a single c reature. Flocks are ob-

served to be highly scalable, so that a group size of tens to several thousands are not un-

common in nature. Flocking is of vital importance for the sur vival of many species, be-

sides its other advantages [12][13]. The survival rate increases due to two factors. First, the

chance of being eaten while in a large group is less than the chance of being eaten while

alone [14]. Second, being together increases the overall size of the group and threatens

predators. A school of small �sh is much larger and threateni ng than a humble predator,

which may well persuade the predator from attacking the scho ol. Another advantage of

�ocking is the emergence of "collective intelligence" due to the interaction of the individu-

als in the �ock [15]. It can easily be argued that having many br ains and eyes in charge of

searching for food is superior to having a single brain and a c ouple of eyes [16]. Flocking

enables energy ef�ciency in the movement of animals, birds b eing a good example. Birds

utilize the streamlines formed by their frontal neighbors f or an up thrust which decreases

the energy consumption necessary to �y. This is especially ben e�cial in the case of long

journeys such as migration [16][12].

The subject of �ocking did not attract much attention from �eld s other than biology

until Reynolds' seminal work [17]. Reynolds, inspired by �oc king in natural systems, per-

formed pioneering work and proposed for the �rst time that �oc king in birds can be arti-

�cially generated utilizing a combination of simple behavi ors based on local sensing rules.
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(a) (b) (c)

Figure 2.1: Three basic behaviors of Reynolds' �ocking model. ( a) Separation behavior.

(b) Alignment behavior. (c) Cohesion behavior. Arrows indica te the steering direction of

the individual due to each behavior. Reproduced from [1]

He then successfully used this principle and achieved a real istic computer animation of

�ocking.

In the study, a �ock is formally de�ned as:

"... a group of objects that exhibits a general class of polarized, non-colliding,

aggregate motion."

He suggested that a realistic-looking simulation of �ocking could be made possible

only through local interactions of the individuals rather t han a centralized controller in

charge of calculating the paths of each individual. He propo sed three simple behaviors

constituting the basic �ocking model as:

� Separation:Individuals move so that they avoid collisions with their ne ighbors as

shown in Figure 2.1(a).

� Alignment: Individuals match their velocities to the average of their n eighbors. Veloc-

ity is regarded as a vectorial quantity composed of heading a nd speed components

as shown in Figure 2.1(b).

� Cohesion:Individuals move towards the geometric center of their neig hbors as shown

in Figure 2.1(c).

The neighbors of an individual are local as in case of �sh and ar e determined by a

distance from the center of the individual and an angle in the direction of motion of the

individual. Obstacle-avoidance and goal-seeking behavio rs are also included in the model

to enable realistic �ocking behavior in the presence of obsta cles.

Reynolds' algorithm is both scalable and, most importantly depends on only three sim-

ple rules of motion to achieve coherent �ocking action, which makes it a favorable solution
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to achieve �ocking in any domain. However, there is a major lea kage related to sensing

where real-world applications are concerned. In order to ap ply Reynolds' algorithm to

the real world, one should ensure that each individual has a k nowledge of the velocity

and position of its neighbors on an individual basis, free of any uncertainty or noise. This

assumption is quite unrealistic, and is hardly possible wit h the current state of technology.

Reynolds' seminal work fostered studies in many different � elds, statistical physics,

control, and robotics being the major ones. In the rest of thi s chapter, we will review them.

2.1 Statistical Physics

In statistical physics, the emergence of collective behavior observed in a wide range of

�elds, from biological systems to �uid mechanics, is studied using simple particle-based

models. Particle-based models consist of interacting particles under the effect of actuation

or sensing noise. Tools of statistical physics are utilized to analyze the resulting dynamics.

Vicsek et al. [2] proposed a simple model, called self-drive n particles (SDP), to study

the emergence of the self-aligned motion of particles due to local interactions observed in

biological systems [18]. The SDP model can be regarded as a subset of Reynolds' algorithm,

and is able to model collective motion in different systems s uch as �sh, birds, quadrupeds

and some bacteria [19]. In the SDP model, particles move at a constant speed in a square

region with periodic boundary conditions. The heading of eac h particle is updated to the

average of its neighbors' at a local range with the inclusion of a noise term (scalar noise

model). It is observed that, the particles having random ori entations initially as shown

in Figure 2.2(a), tend to move form small clusters moving in di fferent random directions

at low density and noise values depicted in Figure 2.2(b). The p articles move in random

directions with some correlation at high density and noise v alues as shown in Figure 2.2(c).

The particles move in a common random direction at high densit y and low noise values as

illustrated in Figure 2.2(d).

Systematic Monte-Carlo simulations of the model were condu cted with periodic bound-

ary conditions, varying the noise and the density of particl es. The results of these simu-

lations revealed that particles undergo a phase transition 1 from an unaligned state to an

aligned state above a certain density value or below a certain noise value which are called

the critical noise density and critical noise, respectivel y [19]. The phase transition is ob-

served to be of second-order.
1http://en.wikipedia.org/wiki/Phase_transition . Last visited: April 2008.
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(a) (b)

(c) (d)

Figure 2.2: The velocities and trajectories of particles in Vicsek model using 300 particles

after a certain time. The velocities are indicated by an arrow and the trajectories by a

continuous curve. (a) Initial time. (b) Low density and nois e. (c) High density and noise.

(d) High density and low noise. Reproduced from [2]

Systems possessing second-order phase transition characteristics have a continuous

phase diagram in which the system transforms continuously f rom one state to another.

Phase transition is said to occur at a special point called the critical point. In the analysis of

these systems, an order parameter is de�ned, representing the state of the system against

an independent variable. In the case of the SDP model, the average alignment of the parti-

cles is de�ned as the order and the independent variable is ta ken as the actuation noise or

density of the particles.

The conclusions of the SDP model contradict the Mermin-Wagne r theorem [20], which

states that ordered phase (aligned state in the SDP model) cannot be observed in one or

two-dimensional systems having local interactions at non- zero temperatures (noise in the

SDP model) unless long-range interactions exist [20]. In order to justify the predictions of

the SDP model analytically, Czirok et al. [21] and [22] propo sed a continuum model. In

their model, particles are allowed to move in 1-D, having the ir speed (speed is variable,

unlike in the SDP model) and headings set to the average of their neighbors' within close

proximity, at each time-step. The predictions of the continu um model are in accordance

with the SDP model, indicating that a second-order phase tra nsition from disordered to

ordered state exists in the presence of noise. This result clari�es the ambiguity between

the Mermin-Wagner theorem and the predictions of the SDP mod el. In the SDP model,

although the particles interact with their neighbors in clo se proximity, long-range inter-
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actions still exist due to diffusion and relative displacem ent of the particles among each

other [23]. It is this effect that causes aligned motion in th e SDP model.

Huepe et al. [24] studied the intermittency characteristic of the SDP model which is de-

�ned as the unintended random motion of particles observed i n non-equilibrium systems.

It is observed that, although the particles have aligned mot ion, they frequently become

unaligned and move randomly in the case of high noise and low d ensity conditions. The

intermittency condition continues until the noise level is decreased or the density is in-

creased.

Gregoire et al. [25] extended the SDP model by adding an attraction/repulsion term

based on the local bearing and range measurement of neighboring particles, which enables

cohesive motion in open-space. The heading of each particle is updated to the weighted

sum of the heading-adjustment and attraction/repulsion te rms, having the noise added

vectorially (vectorial noise model) to each heading measur ement. Simulations are per-

formed by changing the relative weights of the two terms, and unaligned-to-aligned transi-

tion is observed to be of �rst order. Coherently moving clust ers in open space are achieved

by the proper selection of the two coef�cients.

Huepe et al. [26] in a recent study investigated the underlyi ng dynamics of the SDP and

Gregoire-Chate models [25]. They found that the SDP model creates high and unrealistic

local density values when compared to the Gregoire-Chate mo del during the unaligned-

to-aligned state phase transition. The unrealistic local density values make it hard for the

SDP model to be used in modeling natural or robotic swarms, si nce local density values

are quite low in both cases [12].

Gregoire et al. [27], in another study, claimed that the tran sition of unaligned to aligned

motion of particles is of �rst order, even for the SDP model, r egardless of the model of

noise utilized, the second-order phase transition being a n umerical consequence of the �-

nite system-size in the simulations. In contrast, Nagry et a l. [23] in a recent study showed

by simulation that in the small-velocity regime where displ acement of particles is much

smaller than the measurement range -the regime where the SDP model is intended to be

used- the transition is still of second order with the SDP mod el [2]. In another study, Al-

dana et al. [28] reached a similar conclusion utilizing a sim ple particle-based model. They

showed that the type of transition depends only on the type of noise model utilized. When

the scalar-noise model is utilized, as in the case of the SDP model, the transition is of sec-

ond order, and when the vectorial-noise model is utilized, a s in the Gregoire-Chate model,

the transition is of �rst order.
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Aldana et al. [6] proposed a simple model called the vectorial n etwork model (VNM).

Unlike the SDP model, in the VNM, the particles are kept statio nary while their headings

are updated to the average of their neighbors with an additio n of a scalar noise term, as

in the SDP model. However, unlike the SDP model, the neighbor s of a particle are not

only picked up randomly from the local neighborhood but also randomly from the entire

group. It is observed that the system undergoes a second-order phase transition from an

unaligned to an aligned state when there is at least one random neighbor in the neighboring

set of particles and the noise is also below the critical valu e. In the case of totally local

neighbors, the system stays in an unaligned state unless noise is set to zero. The reason

behind this is the lack of long-range interactions due to hav ing only local neighbors, which

is in accordance with the predictions of the Mermin-Wagner t heorem [20]. The predictions

of the VNM also help us to understand the existence of phase tr ansition observed in the

SDP model. The VNM in the all-random neighbor case can be treated analytically to predict

the phase transition characteristics of the system and the critical noise value.

The common point of the particle-based models is the utilizat ion of either actuation or

sensing noise in calculating the heading of particles. One of the major drawbacks of these

models is the lack of analytical treatment due to the non-equ ilibrium characteristics of the

models, the 1-D SDP model [22] and the VNM [6] being two except ions that can be treated

analytically to predict the conditions of phase transition . Despite a few implementations

in biological systems [18][12], the particle-based models are yet to be implemented in other

�elds, such as robotics.

2.2 Control Theory

In control theory, �ocking algorithms are proposed based on l ocal heading, bearing, and

range information on an agent basis. The stability of these algorithms is ensured analyti-

cally. Actuation and sensing noise are disregarded in all stu dies with the exception of [29].

Tanner et al. [30][31] proposed a stable control law for �ocki ng in free space based on

range, bearing and velocity information of neighbors of a ro bot in close proximity. Two

cases are considered in their study. One is the �xed-topolog y [30] case, where neighbors

are assumed to be �xed regardless of the sensing range, resulting in smooth control laws;

and the other is the dynamic-topology [31] case, where neigh bors are subject to change

with sensing range, resulting in non-smooth control laws. I n the dynamic topology case,
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it is assumed that the change of neighbors is such that a neighboring graph 2 of the system

always remains connected. The proposed control law, in both c ases, includes an attrac-

tion/repulsion term depending on local distance measureme nt, and an alignment term

depending on local velocity measurement. The attraction/re pulsion force is implemented

using a continuous version of the potential function in [25] . Stability is proved for the

�xed-topology [30] and dynamic-topology [31] cases using G raph Theory and Lyapunov's

stability theorem for non-smooth systems, respectively.

The �xed-topology case is successfully applied to the contro l of two complex robots

and a virtual leader [32]. The robots have high-resolution en coders for displacement and

velocity measurements, and an on-board computer with a high -speed communication fa-

cility which is used to broadcast its position and velocity t o the other robot. In this way,

each robot has the exact absolute position and velocity info rmation of the other robot and

the virtual leader. Although this study seems to be an impleme ntation of �ocking in real

robots, the robots are far from practical, and are too comple x to be utilized in batches.

Jadbabaie et al. [33][34] investigated the stability conditions of the aligned motion of

particles in the SDP model [2], neglecting the effect of noise on the heading calculation.

They showed that stability is ensured when the neighboring gr aph remains connected

within a �nite time interval, with time divided into in�nite ly many irregular intervals.

A more relaxed condition is also proposed, indicating stabl e motion even if none of the

neighboring graphs is connected but the union remains conne cted within a �nite time in-

terval.

Olfati-Saber [35] considered the case of �ocking without a le ader in free space and en-

vironments with obstacles based on local-proximity and vel ocity measurements. The algo-

rithm consists of a gradient-based attraction/repulsion t erm and a velocity-matching term.

It was shown that the algorithm boils down to Reynolds' �ockin g algorithm [17] and is not

stable for agent counts larger than ten. The addition of a grou p objective term is shown to

be essential for stable �ocking behavior in obstacle-free en vironments. Environments with

obstacles are handled by introducing virtual agents to the a lgorithm, which are assumed

to move in the periphery of obstacles.

Cezayirli et al. [36] proposed an algorithm using a �xed lead er to enable �ocking in

free space. Each agent is assumed to have range and bearing information about its neigh-

2A neighboring graph is a simple and undirected graph whose vert ices denote the agents. An edge exists

between two vertices if and only if the related agents are neig hbors. The neighboring graph is said to be

connected if one can start from a node and reach any other node by passing through the edges of the graph.
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bors and moves to keep its proximity within a prede�ned range , while maintaining the

connectivity of the neighboring graph. The �xed leader has a priori knowledge about the

coordinates of the target points, and simulations have show n that initially connected agents

preserve their connectivity and move to the target points co herently.

Lindhe et al. [37] proposed a �ocking algorithm based on Voron oi partitions. In their

algorithm, the obstacle-free Voronoi partition 3 of each agent is calculated using the local

range and heading information of each agent at each time-step. The agents are then moved

toward the centroid of this region having guaranteed that th e distance to the goal point is

decreasing, keeping the formation in a desired condition, i f feasible. If these conditions are

not realizable, agents do not move at the current time-step. This algorithm ensures stable

and collision-free �ocking in environments with complex obs tacles.

Hanada et al. [38] introduced an algorithm for �ocking in envi ronments with obstacles.

In this algorithm, the agents are assumed to measure the range and bearing information

of their neighbors and the obstacles. It is also assumed that the goal direction is known

a priori by all of the agents. Based on this information, each agent selects two neighbors

and moves in such a way that an isosceles triangle is formed among the neighbors. Mean-

while, agents keep their heading toward the goal direction a nd avoid obstacles. With the

proposed algorithm, simulations have shown that the agents are able to split and rejoin in

the presence of obstacles, and that they form equilateral triangles in the long-run as well.

Moshtagh et al. [29] proposed an algorithm to align the headi ngs of the agents without

explicit measurement of heading information. This algorith m relies on computer vision

techniques in which agents are assumed to measure relative bearing, optical �ow of neigh-

boring agents and time-to-collision between the neighbori ng agents to deduce heading

information. Simulations revealed that the algorithm work s successfully when the neigh-

boring graph is connected, even in the case of noisy measurements.

Gervasi et al. [39] proposed an algorithm which enables a gro up of agents to �ock and

to keep their desired formation. Agents are assumed to measure the range and bearing of

the others and distinguish the leader, which is driven exter nally independent of the rest of

the �ock. Agents, at each time-step, compare the current forma tion of the group, using the

leader as the common reference, with the desired formation a nd move to a target location

to transform the current formation into the desired one. Som e variants of this algorithm

3The Voronoi partition of a point ( p) in a set (S) of N points is a planar region in which any point

in the region has the smallest distance to the point p rather than to any other point in set S. http:

//en.wikipedia.org/wiki/Voronoi_partition . Last visited: April 2008.
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are also proposed to increase performance and stability.

In all of the proposed �ocking algorithms, range and bearing i nformation are utilized

on an agent basis to enable stable �ocking in free space [30][31][34][35][36][39][29][37] and

in environments with obstacles [37][38]. In all of the studi es except [29], measurement

noise is neglected and under this assumption, the stability of the algorithms is ensured

analytically, except [39]. The major �aw in control-centric a pproach is the dif�culty in

realizing the algorithms in the real world since it is almost impossible to satisfy the sensing

requirements with the current state of technology.

2.3 Biology

Flocking and coordinated movement are widely-observed and -studied phenomena in bi-

ological systems. Studies in this perspective span different tracks. In one track, the moti-

vations of species to perform �ocking are analyzed; in the oth er track, micro-models, i.e.,

behavioral models of individuals, are proposed to determin e how �ocking is achieved by

individuals. The �nal track consists of experimental and the oretical studies related to the

factors constituting �ocking.

The determining factors in the �ocking behavior of desert locu sts are studied in [18].

It is proposed that there is a critical density above which lo custs form clusters and move

in ordered fashion. Preventing locusts from reaching this c ritical density value will pre-

vent their devastating effect on agricultural goods. The cri tical noise is determined by

experiments using locusts. The process is also modeled usingthe 1-D SDP model, and the

predictions of the model are in agreement with the experimen ts [21][22].

In a recent study, Ballerini et al. [12] studied the neighbor ing characteristics of �ocking

birds, and showed that birds have a �xed number of neighbors w hich are determined by

topological means rather than the metric distance between t he birds. This makes the �ock

robust to segmentation and predator attacks. The �ndings wer e also veri�ed using the

SDP model [2], which revealed that individuals utilizing to pological distance can easily

separate and rejoin under a predator attack, which is not obs erved in the case of metric

distance.

The motivations and factors constituting the marching behav ior of cannibal crickets are

analyzed in [13]. It is indicated that cannibalism is the mai n motivation in this behavior.

Crickets try to move towards other crickets to eat them, whil e running away from others

in order not to be eaten, which together results in an aligned motion of crickets.
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A micro-model of the behavior of an army ant ( Eciton burchelli) is developed in [40],

and includes obstacle-avoidance and pheromone-tracking terms. The results of the model

revealed that ants tend to move in a common direction to avoid collisions with other ants

while moving back and forth in the environment.

In biological studies, it is seen that �ocking increases the p robability of survival of a

species against environmental factors and predator attacks, though in some cases, �ocking

might not be so attractive on an individual basis, such as whe re cannibalism exists [13].

Flocking in biological systems is also robust to noise [18] and changing sensing conditions,

as seen in birds [12].

2.4 Robotics

In most of the real-world tasks to be accomplished in distant places, robots should �rst

move to this place and then perform the required task. In the c ase of swarm robotic sys-

tems, a group of robots should move together as a group, which can be accomplished by

�ocking. Therefore, �ocking is of crucial importance and has be en studied for more than a

decade in swarm robotics, but it still remains as an "open" pr oblem.

In one of the earliest attempts towards obtaining �ocking in a group of robots, Mataric

[41] combined a set of "basis behaviors": namely, safe-wandering, aggregation, dispersion

and homing. In this study, the robots were able to sense the obstacles in the environment,

localize themselves with respect to a set of stationary beacons and broadcast their position

information to the other robots in the group. The �ocking behav ior developed can be seen

as collective homing, where a homing direction is known and t he robots try to stay within

the sensing range of each other while moving. Through the use o f safe-wandering behav-

ior, the robots were also able to avoid obstacles in their pat h towards the home direction.

In [42], Kelly and Keating used a group of 10 robots which were ab le to sense the obsta-

cles around them through ultrasound sensors, and the relati ve range and bearing of neigh-

boring robots through the use of a custom-made active infrar ed (IR) system. The robots

used an off-the-shelf radio frequency (RF) system to elect one of them as leader when none

of them declares itself as leader. The leader would then wander in the environment, and the

others would follow. The IR system was used to generate attrac tive forces towards other

robots, whereas the ultrasound sensors acted as a repulsiveforce against other robots and

obstacles.

Hayes et al. [43][44] proposed a "leaderless distributed �oc king algorithm that is more
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conducive to implementation on embodied agents" than the on es being used in computer

animation. The �ocking behavior consisted of two simpler beha viors; namely collision

avoidance and velocity matching �ock centering. It was assum ed that the robots were able

to sense the range and bearing of their neighbors within a pre de�ned sensing range. Us-

ing this information, each robot would compute the center-o f-mass (CoM) based on the

relative placement of its neighbors and the heading towards a pre-de�ned goal area. The

CoM was then used to implement �ock cohesion, whereas the chan ge in CoM between

consequent sensory cycles was used to align the robot within the group. The authors im-

plemented the proposed algorithm on the Webots simulator an d optimized the parameters

of the algorithm, which were then veri�ed on a 10-robot group . In the experiments with

the physical robots, however, the authors had to "emulate th e range and bearing sensor

signals" by tracking the robots using an overhead camera system and broadcasting these

readings to the robots.

Spears et al. [45] proposed a framework called arti�cial phy sics to enable lattice for-

mation in robots using attraction/repulsion and viscous fo rces based on local range and

bearing measurements. Two infrared sensing modules were ut ilized for range and bearing

measurement that were rotated by a motor to have a 360� �eld of view. Although lattice

formation was of main concern in this study, �ocking was also c onsidered as a potential ap-

plication. The experiments were performed using seven robot s. In the experiments, robots

�rst formed a regular hexagonal lattice, then moved togethe r towards a light source.

Holland et al. [46] proposed a �ocking algorithm for unmanned ground vehicles (UAV)

similar to Reynolds' algorithm, based on separation, cohes ion and alignment behaviors.

Each UAV had a wireless communication module and an on-board c amera system facing

the ground. A UAV captured an image of the ground and transmitt ed it to a host, which

extracted and transmitted the range, bearing and velocity i nformation of the UAV's neigh-

bors back to the UAV. This "emulated" sensing information was u sed to perform �ocking.

Vaughan et al. [47] focused on controlling the behavior of a �o ck of ducks using a

robotic sheepdog. The requirement was to move the ducks to a pr ede�ned goal point with

the robotic sheepdog. A simple control algorithm was implem ented on the robotic sheep-

dog based on the range and bearing information of the �ock. In t he algorithm, the robotic

sheepdog was attracted by the �ock and repelled by the goal poi nt. The range and bearing

measurement of the �ock were "emulated" using an overhead cam era which tracked the

position of the ducks and broadcasted it to the robotic sheep dog. Simulations and real-life

experiments were performed with 12 ducks and a robotic sheepdog. In the simulations,
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each duck was assumed to be attracted by the distant ducks and repelled by the nearby

ones. The ducks were also assumed to be repelled by the roboticsheepdog and the setup

walls.

The few experimental studies in robotics reviewed above used either a virtual or ex-

plicit leader [42] to lead a group of individuals, or assumed that a goal heading (or area)

was sensed by the whole group [41][43]. Moreover, in some of t he studies [43][32], the

authors had to resort to using "emulated" sensors. Studies that propose to use vision to

control �ocking [29], although promising, still remain to be implemented and evaluated

on physical robots. Hence, swarm robotic systems that can maneuver in an environment

as a super-organism and avoid obstacles in their path as a �ock do not exist yet.

The main reason behind this non-existence, as partially discussed above, is that the

�ocking behaviors proposed and studied in other domains, suc h as computer graphics,

statistical physics and control theory, assume that indivi duals can sense the range to the

center of their neighbors and that there is one range reading per neighbor. Such sensing

abilities still do not exist on most available robot platfor ms, with the exception of Kelly

and Keatings' [42] custom active IR system. The proximity sens ors on most mobile robots

(such as ultrasound and IR-based systems) can sense only therange to the closest point of a

neighboring robot, and multiple-range readings can be retu rned from a close neighboring

robot. Furthermore, the sensing of bearing, velocity and or ientation of neighboring robots

is still dif�cult with the off-the-shelf sensors available on robots. Hence, there exists a major

gap between the studies that propose �ocking behaviors and ro botics.
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CHAPTER 3

REVIEW OF ROBOTIC SYSTEMS IN

SWARM ROBOTICS RESEARCH

The requirements of a mobile robot used as part of a swarm robot ic system differ from

these of a mobile robot used stand-alone. Creating a swarm robotic system takes more

than gathering a number of copies of any robot platform and ma king them work together,

since the operation of many robots in coordination and in clo se proximity poses additional

constraints.

In this chapter, we will �rst discuss the additional require ments needed by robots used

in swarm robotic systems. Then, we will introduce the existin g robots in the literature and

discuss their capabilities in the scope of these requirements, focusing on their application

to �ocking behavior, which is of primary concern in the thesis .

3.1 Requirements of Swarm Robotic Systems

In this section, we investigate in detail the extra requirem ents expected from the use of

robots in swarm robotic systems when compared to their usage as a stand-alone system.

These requirements can be categorized as:

� Sensing and Signaling : The main emphasis in swarm robotics is the interaction

among the robots as well as the interaction of the robots with their environment,

putting extra constraints on the robots to be used.

– Interference among robots : The interference among the sensing systems of the

robots should be minimal. In most stand-alone robotic syste ms, proximity sen-

sors are not designed to handle interference that may result from other robots

operating in the same environment.
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– Interference from environmental factors : The interference of environmental

factors with the sensing system of the robots should be minim al. In existing

stand-alone robotic systems, the effect of environmental f actors, such as, day-

light on the infrared proximity sensors, is accepted as part of the world, and is

not dealt with. In swarm robotics research, however, the maj or emphasis lies

on the use of self-organizing coordination methods, and env ironmental non-

uniformities may bias the experiments unacceptably.

– Kin-detection : The robots should be able to distinguish other kin-robots. I n

most stand-alone robotic systems, such an ability is usuall y regarded as high-

level and is usually handled through visual processing. In s warm robotics sys-

tems, however, such a sensing ability is vital to study the co ordination mecha-

nisms involved in tasks such as �ocking or pattern formation. Therefore, it is

preferred to make kin-detection as easy as proximity sensin g.

– Stigmergic sensing and signaling : The robots should be able to leave "marks"

in the environment and be able to sense them. This is rather a di f�cult and

challenging task, even for stand-alone robotic systems. Alt hough these abilities

can be considered as an extra for a stand-alone robotic system, they are actually

essential in swarm robotic systems, since stigmergic communication is known

to be heavily used by social insects for coordinating their b ehavior.

– Generic sensing: The robots should also provide some form of generic sens-

ing to allow the researcher to test novel sensing strategies which may not be

included in the existing sensing abilities implemented by t he �xed hardware

design.

� Communication : Unlike stand-alone robotic systems, communication by plug ging

cables into the robots is no longer feasible when working wit h a swarm robotic sys-

tem, and therefore, the robots must support some form of wire less communication.

– Wireless communication between the robots and a console : The robots should

support wireless communication with a console to allow easi er monitoring and

the debugging of algorithms on individual robots.

– Wireless communication among robots : The robots should have inter-robot

wireless communication. Such an ability would allow the rob ots to be used in

the formation of ad-hocnetworks.
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– Wireless programming : The robots should support wireless downloading of

control algorithms from a console.

– Parallel programming : The robots should be programmable in parallel. In

swarm robotics research, the robots usually share the same control algorithms,

and programming the swarm as a whole in one shot would be a big t ime-saver.

� Physical interaction: The robots should be able to physically interact with each oth er

and the environment. Self-assembly or self-organized buil ding of objects into larger

structures remain interesting research topics in swarm rob otics.

� Power: The robots should have a long battery-life. In swarm robotics research, the

swarm may need to remain mobile for a period that is long enoug h for the collective

behavior to emerge and the goal to be reached. Low battery-li fe would imply a sit-

uation where many robots run on batteries that need to be rech arged and replaced

frequently, creating inconvenience during the experiment s.

� Size: Size does matter in swarm robotic systems. The robots should be small enough

not to increase the size of test arena when experimenting wit h the system, yet big

enough not to limit the expandability of the robot or increas e the cost of the swarm

robots due to miniaturization of components.

� Cost: The robots should be low-cost, since unlike stand-alone robots, they will be

used in groups of at least ten.

� Simulation: Swarm robotic systems require realistic simulators which ar e essential to

speed up the development of new control algorithms. Such sim ulators need to model

the interactions between the robots as well as the interactions of the robots with their

environment in a realistic way that can also be veri�ed in the physical robots.

3.2 Review of Existing Mobile Robots

In this section, we review the existing mobile robot platfor ms that have been developed

for or are suitable for conducting swarm robotics research, and evaluate them according

to the requirements listed in the previous section, focusin g mainly on the requirements of

�ocking behavior.

e-puck [48] has a circular shape with a diameter of 70 mm and is made of plastic. Two

stepper motors are used for locomotion and there is a speaker for audible feedback. An
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accelerometer, eight IR sensors (for obstacle and ambient light detection), a camera, three

omni-directional microphones and a Bluetooth module are ut ilized in the robots, where

vision, color LED communication and ZigBee communication m odules can be added on

demand. The robots can be programmed via the Bluetooth module . A three-hour of au-

tonomy is reported using a 5 Wh Li-Ion battery.

Alice [49] has a rectangular prism body, having dimensions of 21x21x21 mm and is

made of plastic and PCB. Two high-ef�ciency watch motors are used for locomotion. Alice

has many optional sensory modules, such as four IR proximity sensors for obstacle detec-

tion, a short-range robot-to-robot communication module, an IR receiving module, a linear

camera module, a wireless communication module and an ANT ext ension module. In ad-

dition, there is an optional gripper module and various loco motion modules to be utilized

on different terrains. Ten hours of autonomy is reported wit h two button batteries and

twenty hours of autonomy is achieved with an additional Li-P oly battery.

Jasmine [50] is another micro-robot platform which has a rectangula r prism body, hav-

ing a 26x26x26mm measurement and being made of aluminum and PCB. Two small g ear-

head motors are used for locomotion. Jasmine has six IR sensors (LED+receiver) for prox-

imity measurement and communication over short ranges. Ther e is one powerful IR LED

for detailed analysis of an object of interest, and a modulat ed IR module for communica-

tion with the host. Jasmine III has a modular design in which d ifferent sensing modules,

such as an ambient light sensor, a color sensor and different locomotion modules, can be

utilized. Two hours of autonomy is reported with Li-Poly bat teries.

s-bot [51] has a circular shape, having a diameter of 116mm and a height of 100mm.

s-bots have a patented locomotion sub-system consisting of both wheels and tracks, which

are driven by two DC gear-head motors. s-bots have many sensors of different modalities.

These sensors are �fteen IR proximity sensors for obstacle detection, a torque sensor on the

wheels, a force sensor between the base and the wheels, a3-axis accelerometer, an omni-

directional camera and eight RGB LEDs for messaging between each s-bot. There are two

grippers for holding/lifting other s-bots and objects. Ther e is a Wi-Fi module for wireless

communication. Li-Ion batteries are utilized in the robots , but the operation time is not

mentioned in the study.

Swarmbot [52] is a square-shaped robot having dimensions of 130 mm. It has four

wheels on each side driven by two DC gear-head motors. There are bump sensors, light

sensors, drive wheel encoders and a patented IR robot-to-robot communication system in a

Swarmbot. Additional modules are a linear CCD, magnetic food and swarm-cam emitters
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which can be utilized on-demand. There is an RF communication unit for debugging and

programming purposes. Battery-life is not reported but aut omatic charging stations are

utilized to enable recharging by the robots themselves.

Pherobot [53] has a circular shape with a diameter of 110mm. There are two DC motors

in the locomotion sub-system. There are eight modulated IR tr ansmitters and receivers in

each robot for robot-to-robot communication. An interestin g user interface is utilized in

the robots, in which users wear virtual-reality goggles to i nteract with the robots visually.

No information is available for the operation time of the rob ots.

Khepera II [54] has a circular shape with a diameter of 70 mm. It has two DC brushed

servo motors with incremental encoders and eight infra-red proximity and ambient light

sensors. There are extension modules such as different modules (b/w or color, directly

used or combined with an omni-directional mirror), a wirele ss video module, a linear vi-

sion module, a matrix vision module, a radio communication m odule, a gripper and a

general I/O module which can be utilized on demand. One hour o f autonomy is reported

with Ni-MH batteries.

Flockbots [55] are circular-shaped robots with a diameter of 180 mm. Two modi�ed

RC servomotors are used for locomotion. There are �ve IR range �nders, one bump sensor

and a CMUCAM-2 vision module. A gripper is also designed to grip objects. Additional

wireless communication modules are planned to be added to th e robots. A Bluetooth mod-

ule is used for debugging and downloading programs. Two hour s of autonomy is reported

with NiMH batteries.
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Table 3.1: Comparison of mobile robots for swarm robotics res earch

e-puck Alice Jasmine s-bot Swarmbot Pherobot Khepera
II

Flockbot

Interference
robots

N/A YES YES N/A NO NO YES YES

Interference
environment

NO NO NO YES NO NO NO NO

Kin detection YES YES YES YES YES YES YES NO
Stigmergic
sensing

NO NO NO NO NO NO NO NO

Generic sens-
ing

vision vision NO vision vision NO vision vision

Wireless com-
munication

Bluetooth
802.15.4
ZigBee

RF mo-
dem

IR Wi-Fi RF mo-
dem

NO RF mo-
dem

Bluetooth

Wireless prog. YES NO NO YES YES NO YES YES
Parallel prog. NO NO NO NO NO NO NO NO
Wireless
robot-robot

YES YES YES YES YES YES YES YES

Physical Int. NO gripper gripper gripper NO NO gripper gripper
Battery-Life medium high medium N/A N/A N/A short medium
Size (cm) dia.=� 7 2:1� 2:1�

2:1
2:6� 2:6�
2:6

dia.=� 12
ht.=15

13 � 13 �
13

dia.=� 11 dia.=� 7
ht.=3

dia.=� 18

Cost low low low N/A N/A N/A high medium
Simulator Webots Webots Breeve Swarmbot

3D
N/A N/A Webots MASON

and Breeve
Computation 30F6014A 16F877 ATMEGA

18
XScale 40 MHz

ARM
PALM V 25MHz

Motorola
68331

PXA255
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Satisfying all of these constraints in a single design is a di f�cult, if not impossible, chal-

lenge. Hence, we will mainly focus on the requirements relat ed to �ocking behavior in

evaluating the existing robotic platforms. In �ocking, robo ts should perform two basic

behaviors. One is to assume a common heading, and the other is to avoid obstacles and

maintain a desired distance from other robots in close proxi mity. The former requires sens-

ing of heading, and the latter requires proximity measureme nt of nearby kin-robots and

obstacles. The measurements are to be performed in a short time and interference in the

measurements should be minimized.

None of the existing robotic platforms satisfy these requir ements. The inconvenience

rises in the following issues: (1) Kin-robot detection is onl y available in a few robotic plat-

forms utilizing imaging systems. (2) Sensing systems are open to interference due to envi-

ronment and kin-robots, imaging systems being an exception . (3) Heading measurement is

not possible in the existing platforms. (4) Operation time o f the robots is not long enough.

(5) Cost of the robots is too high to utilize them in batches. Th erefore, we designed a novel

robotic platform from scratch to satisfy the aforementione d needs related to �ocking and

be able to perform self-organized �ocking without the need of "emulated" sensors or any

leaders. Yet, it had to be simple and cost-effective so as to be utilized in batches.
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CHAPTER 4

THE DESIGN OF THE KOBOT ROBOTIC

SYSTEM

"You start with wide nets. You gather a bunch of ideas. And you � nally settle

on the elements that are most promising."

— David Hill

In this chapter, we present a novel mobile robot, called Kobot , that was designed from

scratch to meet most of the requirements of swarm robotic stu dies focusing mainly on

�ocking behavior. Kobot was designed to be light, modular and p ower-ef�cient, yet rela-

tively cheap in order to be utilized in batches conveniently .

The most distinguishing properties of Kobots are their abilit y to measure range and

bearing of kin-robots in close proximity through the short- range sensing system and head-

ing measurement through the virtual heading sensor. These pr operties are the two distin-

guishing properties that enable Kobots to be utilized in �ocki ng studies.

Kobot is composed of several sub-systems that can be listed as: sensory, control, lo-

comotion, structural and power sub-systems. The sensory sub-system can further be di-

vided into communication, heading sensing and short-range sensing sub-systems. The

short-range sensing sub-system senses the distance from kin-robots and obstacles in close

proximity and distinguishes robots from obstacles. The head ing sensing sub-system vir-

tually measures the headings of neighboring robots in the gr oup through digital compass

and XBee modules. Information from the sensors is fed to the control subsystem, which

controls the behavior of the robot through the control algor ithm. The communication sub-

system is utilized to program Kobots wirelessly and to enable an ad-hoccommunication

channel between Kobots. The power sub-system supplies the necessary operating voltage

24



to all other sub-systems of the Kobot. The structural sub-syst em is the body of the Kobot.

It holds and protects all the other sub-systems while mainta ining the aesthetics as well.

In this chapter, we will �rst present the evolution of these s ubsystems and then go into

the details of the design of each subsystem.

4.1 A Brief History

Prior to reaching the �nal design of Kobot, many iterations we re performed. We will dis-

cuss these to demonstrate the development process of Kobot and the ideas behind it.

4.1.1 Version 1

The earliest version of Kobot was version 1, as shown in Figures 4.1 and 4.2. The body had

a layered structure where the bottom layer contained the loc omotion, power and control

sub-systems. The middle layer had the short-range sensing sub-system and the third layer

had the imagining sub-system. The structural sub-system in t his version was composed of

two concentric circular parts manufactured from Delrin, ea ch having a diameter of 120mm.

The two circular layers were connected to each other via a circular Delrin rod at the center,

which together resulted in a height of 70mm. Two standard hacked RC servo-motors were

utilized with the wheels placed inside the robot body and dir ectly coupled to the motors.

And in versions 1:1 to 1:3 as shown in Figures 4.1(b), 4.1(c) and 4.1(d), Sharp GP2D12

IR-sensors were utilized to detect kin-robots. These sensors were abandoned in versions

1:4 and 1:5 due to their low-speed operation. In these versions, an embedded camera board

(CMUcam-2) and a spherical mirror were utilized to detect the range and heading of kin-

robots. Four AA-size NiMH rechargeable batteries were utiliz ed as the power source. The

weight of version 1 happened to be greater than expected. The placement of the controller

and the batteries were also inconvenient and not ergonomic t o handle. Hence, the struc-

tural sub-system was redesigned from the ground up in the nex t version.

4.1.2 Version 2

In this version, there was a major leap ahead in the type of bod y material and the way it

was manufactured, as shown in Figure 4.3. The body was composed of top and bottom

parts which were casted from polyurethanes (PU) 4.

4PU is an elastomer having favorable properties such as low densit y (speci�c gravity is 0.2), aesthetics, and

durability. It is widely utilized in many industries such as the automotive and construction industries.
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(a) (b)

(c) (d)

Figure 4.1: (a) Kobot prototype version 1:0. (b) Kobot prototype version 1:1. (c) Kobot

prototype version 1:2 (d) Kobot prototype version 1:3.

(a) (b)

Figure 4.2: (a) Kobot prototype version 1:4. (b) Kobot prototype version 1:5.
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(a) (b)

Figure 4.3: (a) Kobot prototype version 2:0. (b) Kobot prototype version 2:0.

Two high-quality gearhead DC motors, the battery and the sho rt-range sensors were

mounted on the bottom part. The camera and controller board we re placed on the top part.

A linear mirror was placed on the top part via three carbon-�b er rods. The frontal side of

the two parts were left open for easy access to the battery and the electronics. Three of

these prototypes were manufactured. Their performance was t ested by conducting simple

aggregation experiments, and found acceptable. Power consumption was the major �aw

in this version. The embedded camera board (CMUcam-2) consumed too much power

decreasing the operation time of the robot considerably. The refore, we decided to replace

CMUcam-2 with a different sensing system in the next version o f Kobot.

4.1.3 Version 3

The body and the electronics were redesigned. A low-power ima ging system instead of

the CMUcam-2 was planned to be designed and utilized in this ve rsion, shown in Figures

4.4(a) and 4.4(b). However, due to time constraints, we had to give up this idea and leave

it as a future project. It remains an ongoing project and will be utilized in future studies.

4.1.4 Version 4

Version 4 had exactly the same mechanical and electronic design as version 3 except for the

utilization of a virtual heading sensor and the abandonment of the imaging sub-system.

The virtual heading sensor was designed to enable measurement of the headings of neigh-
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(a) (b)

Figure 4.4: (a) Kobot prototype 3:0 front view. (b) Kobot prototype 3:0 exploded view.

boring robots in the group. It is a combination of a digital co mpass and wireless com-

munication modules. A wireless communication module was al so used in robot-console

communication for programming and debugging purposes. The s hort-range sensing sub-

system was redesigned to enable analog proximity measurement over short distances. It

was able to distinguish kin-robots from obstacles as well. I nterference due to nearby robots

was also minimized through the utilization of a CSMA-CA (carr ier sense multiple access

with collision avoidance) like algorithm. All the electroni cs and mechanics were reshaped

from the ground up.

The body was composed of top and bottom parts. All of the electro nic cards were

mounted on the bottom part and the top part was only utilized t o protect the cards and

for aesthetic purposes. The digital compass was mounted on top of the robot using a cir-

cular rod to decrease the effect of electromagnetic noise due to the electronic cards. In

Figure 4.4(b), the short-range sensing system is shown in between the bottom and top

parts. All the electronic cards (communication module, powe r module and main control

board) and components were stacked on the short-range sensing card using a small form

factor connector as shown in Figure 4.5. This design had several advantages: (1) The ca-

bling problem we faced in prototype 2:x was totally solved. (2) Cards were connected both

electrically and mechanically in a reliable fashion. (3) Mo dularity was facilitated in design.
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Figure 4.5: Close-up view of the short-range sensing sub-system.

(a) (b)

Figure 4.6: (a) Kobot version 4:0 with the virtual heading sensor. (b) Seven Kobots with the

virtual heading sensor.

A suitably designed card such as a camera board and a controller could be integrated into

the system conveniently. In Figure 4.5, a hypothetical camera card is placed on top of the

card stack. Removal of a card from the stack is also as easy as placing a new one.

Old batteries could easily be replaced with new ones by remov ing the battery case from

the front-opening of the bottom part. In order to prevent usa ge of cables in the top part,

three debug LEDs were also mounted on the short-range sensing card and the lights of

these LEDs were transmitted to the top part using acrylic lig ht-guides. A photo of version

4 is shown in Figures 4.6(a) and 4.6(b). Ten of these prototypes were manufactured and

utilized in the study.
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Figure 4.7: Block Diagram of Kobot.

Speci�cations

The �nal version of Kobot is an extendable, power-ef�cient and relatively cheap robot plat-

form which weighs only 350gr with batteries. It is differentially driven by two high qu al-

ity gearhead motors. The robot has eight IR sensors for kin and obstacle detection and a

digital compass for heading measurement. An IEEE 802:15:4/ZigBee compliant wireless

communication module with a range of approximately 20 m indoors is utilized for com-

munication between robots as well as between the robots and a console. The robot hosts

a 20 MHz PIC184620A microcontroller, which can be programmed th rough the wireless

communication channel to control its behavior. The low-powe r design of its systems gives

the robot an operation time of 10 hours with a 2000mAh Li-Poly battery.

The block diagram of Kobot is shown in Figure 4.7. At the heart of th e Kobot is the

control sub-system. All of the information from the communic ation, short-range sensing

and heading sensing sub-systems is fed into the control sub-system, which runs the con-

trol algorithm on a PIC18F4620 microcontroller. The behavio rs are controlled via driving

the motors, changing the control inputs to the motor drivers using pulse width modula-

tion (PWM) which together form the locomotion sub-system. Th e control sub-system also

controls the three debug LEDs and a buzzer to indicate the state of the Kobot.

A comparison of existing robot platforms and the �nal versio n of Kobot is shown in

Table 4.2.
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4.2 The Short-range Sensing Sub-system

The short-range sensing sub-system is designed to measure the range and bearing of kin-

robots and other objects in close proximity. The issues related to the short-range sensing

sub-system can be listed as: generic sensing, minimal interference from the environment,

minimal interference from other robots, analog proximity m easurement and low-power.

The system should satisfy generic sensing principles, which enable change of the sens-

ing characteristics using software. The proximity measurem ent is required to be performed

in analog fashion with minimal power consumption. The most im portant of all is the elim-

ination of interference in the sensing system from other rob ots and the environment. In-

terference is inevitable due to the operating conditions of the robots in �ocking. Many

approaches exist to eliminate environmental noise; howeve r, elimination of interference

from other robots still remains an unsolved problem.

Design

A novel sensing system was designed to satisfy the short-range sensing requirements of the

robotic system. The early versions of the system operated in digital fashion and lacked kin-

detection ability. In the most recent design, however, kin- detection was enabled and the

sensing system operates in analog fashion where proximity m easurements are performed

at eight discrete levels with a range of approximately 21cm.

The short-range sensing sub-system is composed of eight IR sensors placed uniformly

at 45� intervals, as shown in Figures 4.8(a) and 4.8(b). The system is alow-power and

high-speed (18Hz) object detection unit which has the ability to distingui sh robots from ob-

stacles/walls in the surrounding area. The range of operatio n is approximately 21 cm (for

round objects), and the output of the sensor is presented at eight discrete levels having

equal spacing. 38kHz modulation is also utilized in IR LEDs to eliminate envir onmental

noise.

Each IR sensor is composed of an IR LED, an IR receiver, a PIC12F683 microcontroller

and an IR LED driving circuit with an op-amp, as shown in Figur e 4.9. The PIC12F683

both controls the operation of the IR sensor and transmits th e measurement result to the

main sensor controller, the PIC16F877A, when requested. The IR LED is driven to seven

prede�ned voltage levels by low-pass �ltering the pulse wid th modulation (PWM) output

of the PIC12F683. The voltage value that the LED is driven to is measured using the analog-

to-digital (A/D) converter channel of the PIC12F683. When th e desired value is attained,
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(a) (b)

Figure 4.8: (a) Schematic diagram of the sensor board. The arrow indicates the forward

direction of Kobot. (b) A photograph of the sensor board.

the IR LED is turned on and a 38kHz modulated IR signal is emitted. The IR signal is

re�ected back if there is an object nearby, and detected by the IR receiver. The IR receiver

multiplies, �lters and demodulates the detected signal and outputs the result to the digital

port of the PIC12F683.

The sensors operate in three states:kin-detection, proximity-sensingand data-transmission,

which are controlled by the main sensor microcontroller. The sensor starts in kin-detection

state initially. In this state, the IR receiver is active and the IR LED is off. The sensor "listens"

to the environment to detect any IR irradiation, which, when detected, is an indication of a

nearby kin-robot. The next state is the proximity-sensingstate. In this state, the sensor �rst

looks for any incoming IR irradiation; if detected, it waits for approximately 6:7ms which

is the maximum possible time spent by a sensor to detect an object, for the nearby robot

to �nish its measurement. After that, it performs proximity s ensing by varying the power

of the IR LED to determine the minimum level at which the radia ted signal re�ects back

from the object. Proximity measurement result in one of eigh t discrete levels, which is then

transmitted to the main sensor microcontroller in the data-transmissionstate. The sensor

then returns back to the kin-detectionstate.

This process is illustrated in Figure 4.10. The sensor �rst entered the kin-detectionstate

upon receiving a C1 command from the main sensor controller. The sensor, in this s tate,

tried to detect any IR emission from neighboring robots. The s ensor in the �gure was not

able to detect any irradiation which means that there was no n earby kin-robot. The main

sensor controller then puts the sensor into the proximity-detectionstate by sending aC2 com-
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Figure 4.9: Block diagram of an individual sensor.

mand. The sensor, in this state, detected an IR signal, which means that a nearby sensor

was making a measurement, and the sensor waited for approxim ately 6:7 ms to guarantee

that the neighboring sensor had �nished its measurement. The sensor then started mea-

surement from Level1 and detected an obstacle inLevel3. The proximity reading was then

transmitted to the main sensor controller when the sensor wa s put into data-transmission

state by the C3 command.

The main sensor controller, PIC16F877A, coordinates the states of the sensors. First,

the even-numbered sensors (I 0, I 2, I 4, and I 6) are put into kin-detectionstate. Then, after

a prede�ned amount of time ( 2 ms), the odd-numbered sensors (I 1, I 3, I 5, and I 7) are

put into kin-detectionstate to prevent accidental reception of any re�ected IR sign al from a

neighboring sensor. The main sensor controller ensures that the sensors stay inkin-detection

state for a random period of time ( 11-15ms) to prevent synchronization of the sensors of

two neighboring robots. The sensors are eventually put into proximity-sensingand data-

transmissionstates.

The kth sensor returns an integer pair (dk , r k ) to the main sensor controller via a

software-implemented serial port. dk 2 f 0; 1; � � � ; 7g denotes the distance from the ob-

ject being sensed. dk = 1 and dk = 7 indicate a distant and a nearby object, respectively.

dk = 0 stands for no detection. r k 2 f 0; 1g shows whether the detected object is a kin-robot

or not. The main sensor controller having received the measur ement results from the eight

sensors, transmit these to the main controller via I 2C protocol.
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Figure 4.10: Timing diagram of a sensor detecting an obstacle.

4.3 The Heading Sensing Sub-system

Heading information is vital to achieve stable �ocking in ope n space, and an off-the-shelf

sensor does not exist for this purpose. Therefore, we designed a heading sensor from the

ground up to measure the headings of the robots. The issues related to the design of the

heading sensing system are: generic sensing, indoor operation, minimal interference from

robots, minimal interference from the environment, low-we ight and low-power.

The sensing system should be able to operate indoors since ourmain concern is indoor

operation. Noise and interference due to neighboring robot s and the environment should

be eliminated or at least minimized in the design. If these ar e inevitable, they should be

handled by software through the generic sensing capability and kept at acceptable values.

The weight and power consumption of the system should also be k ept at the minimum

possible values.

Design

It is almost impossible to design a simple sensing system that can be utilized to sense head-

ings. We therefore approached the problem in a different man ner. We utilized the wireless

communication module available in each robot (Section 4.4) and added a digital compass

module to constitute a novel sensing system called the virtu al heading sensor (VHS). Hon-

eywell's small-sized, low-cost and low-power HMC-6352 digi tal compass module is used

as the compass and is shown in Figure 4.11(a). The HMC-6352 has two highly-sensitive

magneto-resistive sensors placed at90� from each other as shown in Figure 4.11(b). It can

detect its orientation with respect to the North pole of the E arth with high accuracy and

repeatability when operated in outdoor environments.
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(a) (b)

Figure 4.11: (a) Photo of the HMC-6352 digital compass module. (b) Schematic of HMC-

6352 placed in a magnetic �eld. Reproduced from [3].

The VHS operates in two states. One is theactivestate and the other is the passivestate.

In the activestate, the VHS, through its digital compass, measures the heading of the robot

with respect to sensed Northin degrees with a precision of � 0:5� . The heading is then con-

verted to radians ( � ) and broadcasted to the neighboring robots within the commu nication

range. The activestate lasts for approximately 3 ms and is repeated at each control step

(110ms). In the passivestate, the VHS listens to the environment for heading messagesfrom

robots for approximately 110ms, and then the system returns back to the active state again.

This cycle continues throughout the operation of the robot.

The received heading value (� j ) from the j th robot is then converted to the body-�xed

reference frame of the robot having a heading 5 of � shown in Figure 6.3 using the following

equation:

� 0
j =

�
2

� (� j � � ) (4.1)

where � 0
j is the heading of the j th VHS neighbor with respect to the body-�xed reference

frame of the robot.

The assumption behind the operation of the VHS is that the sensed Northdirection is

considered to be approximately the same within the communic ation range (R) of robots;

hence, the values conveyed by the heading messagesare considered to be with respect to

the same reference, thesensed North, and Equation 4.1 holds. This situation is illustrated in

Figure 4.12. Three nearby robots on the left-hand side of the �g ure have approximately

the samesensed Northdirection (indicated by dashed arrows) ( ns1, ns2 and ns3); hence, it is

logical to assume sensed Northas the common reference among these robots.

The major �aw behind this assumption is the hard-iron effect of nearby ferrous met-

5The heading of the robot is the angle between the sensed Northand the y-axis of its body-�xed reference

frame measured in clockwise direction.
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als in the environment, which may cause the sensed Northdirection deviate considerably

from the North pole. This is illustrated in Figure 4.12. The robo t on the right-hand side is

close to a ferrous metal (shown as a U-magnet) and its sensed Northdirection ( ns4) is greatly

deviated from the North pole (indicated by the bold arrow, N, in the y-axis) and different

from the other robots' ( ns1, ns2 and ns3). In this case, the common reference assumption

among the robots is not realistic. This is a fact, but since the average of the heading val-

ues are utilized in the �ocking behavior, averaging acts as a l ow-pass �lter and cancels the

counter-effects of noise. And in experiments related to the V HS characteristics given in Sec-

tion 8.1, we observed that this type of sensing is quite robust , even in indoor environments

where metal objects are abundant.
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Figure 4.12: Illustration of the hard-iron effect on the VHS.

4.4 The Communication Sub-system

The control algorithm or certain parameters are frequently c hanged during the develop-

ment of the robotic system. It is also necessary to debug the control algorithms during

run-time. It is almost impossible to accomplish these tasks utilizing a cable connection.

Hence, a means of wireless communication should be utilized in robots to enable both

debugging and programming during run-time. It is convenien t to perform programming

in batches in order to decrease the programming time, especially when large groups are

concerned. The design issues related to the communication sub-system are: power con-

sumption, communication speed, scalability, real-time de bugging support and cost.
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In the design of the communication sub-system, the minimiza tion of power consump-

tion is the most important factor. There exists a compromise b etween power consumption

and rate of communication which directly affects the progra mming time. An appropriate

communication speed should be determined by keeping the pro gramming time within ac-

ceptable limits. The sub-system should also enable a wireless link between the robots and

a console for real-time data acquisition from the robots, bo th for debugging and testing

purposes.

One of the drawbacks of using wireless communication is its a dverse effect on scala-

bility, which is an important issue in swarm robotic systems as explained in Chapter 1.

In order to preserve scalability, range of communication sh ould be limited or preferably

adjusted depending on the mode of operation. The range of comm unication can be max-

imized when the robots are being programmed and minimized wh en they are communi-

cating with each other. In this way, scalability and low-pow er operation can be facilitated

in the communication sub-system.

Related Work

Wireless programming is a common need in multi-agent system s including swarm robotics

and sensor networks. It should be power-ef�cient, transpar ent to the user and rapid. Al-

most all of the swarm robotic systems in the literature suppo rt wireless programming,

but none of them has a wireless parallel programming feature . Robots are programmed

one-by-one instead. Alice [49] and Jasmine [50] are micro-robot platforms equipped with

a frequency-modulated IR receiver module which is used for w ireless programming. s-

bot [51] and Flockbot [55] are more advanced robotic platfor ms designed for swarm stud-

ies, and they both use the IEEE802.11 wireless standard for communication and wireless

programming. Swarmbot [52] is another swarm robotic platfo rm which has an RF mo-

dem for wireless communication and programming. e-puck [48 ] is one of the most re-

cent robotic platforms, and has the ability of wireless prog ramming using an on-board

IEEE802.15.4/ZigBee wireless adapter.

The constraints of wireless programming in swarm robotic sys tems are quite different

from those in sensor networks. The �rst difference is that the number of individuals, called

motes in a sensor network, is much greater than the number of r obots in a swarm robotic

system, the former measured in thousands and the latter prob ably in tens. The other differ-

ence is in power-ef�ciency. Wireless programming should be extremely ef�cient in sensor
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networks to save battery-life since it is very hard, if not im possible, to recharge thousands

of batteries.

Several different wireless-programming algorithms are pr oposed for sensor networks.

Trickle [56] uses an algorithm called "polite gossip". In th is algorithm, nodes broadcast a

code summary periodically, and stop broadcasting when they receive a summary identical

to their own. If an older version of the code is heard, each nod e continuously broadcasts its

own code summary to trigger its neighbors to broadcast the ne wer version. This algorithm

is power-ef�cient since only code summaries are broadcaste d in normal operation and the

code itself is only broadcasted when needed. New code also propagates rapidly within the

network.

Another approach to wireless programming in sensor networks is to implement a vir-

tual machine in motes to decrease the code size to be programmed. Mate [57] is an example

of this approach. Mate is a byte code interpreter which works on the TinyOS [58] operating

system. It decreases the code size of very complex programs so that the amount of code to

be broadcasted wirelessly decreases considerably. Code isencapsulated into small pack-

ages and only updated packages are broadcasted. When a mote receives an updated code

segment, it updates itself and immediately forwards the new version to its neighbors. In

this way, the new code segment propagates through the networ k effectively.

Design

Hardware

A PIC 16F877A6 microcontroller (A PIC18F4620 is utilized in the current ve rsion) is uti-

lized in the main control board. The 16F877A is a widely-used m icrocontroller having the

ability to write to its own program memory; it has one hardwar e-implemented serial port.

Many examples of open-source wireless programming softwar e are also available for the

PIC16F877A. Among these, Screamer7 by Sparkfun Inc. was selected as the most appropri-

ate alternative due to its extensive use and good support.

MaxStream's wireless communication module, called XBee, supports the

IEEE802.15.4/ZigBee protocol and is utilized as the wireless communication module

in Kobots. The IEEE802.15.4/ZigBee provides low-power network ing capability that can

support point-to-point, point-to-multipoint and peer-to -peer communication facilities. 8

6http://www.microchip.com . Last visited: April 2008.
7http://www.sparkfun.com . Last visited: April 2008.
8http://www.maxstream.net . Last visited: April 2008.
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This protocol was preferred to the IEEE802.11 because of its power ef�ciency, and to

Bluetooth due to its ability to address 65536modules instead of seven as supported by

Bluetooth. Through this system, ad-hoccommunication among the robots and communica-

tion with a console are supported. Also, using the broadcasti ng capability of this protocol,

we were able to implement wireless parallel programming of m ultiple robots. The XBee

modules from Maxstream, as shown in Figure 4.13(b), communic ate with the host via a

serial interface at up to 115:2kbps and provide a 250kbps RF data transmission rate for

wireless communication. We have utilized XBee modules at a d ata rate of 57:6kbps.

(a) (b)

Figure 4.13: (a) XBee-PC interface card. (b) XBee placed on Kobot having an address of

10h.

Software

The wireless programming software is composed of two parts. O ne is the host program,

running on a console, and the other is the client, running on Ko bots. The host takes care of

the user interface, communicates with the Kobots, and downlo ads and veri�es the desired

program. The client consists of programmer software which pr ograms and veri�es the

program desired by the host, and a bootloader which either ru ns the programmer software

or the control algorithm, depending on the request of the hos t.

In a typical scenario (Algorithm 1), the user �rst stops the cu rrently operating Kobots,

then marks the Kobots to be programmed and selects the application program to be down-

loaded. The selected program is divided into 4-to-8-word-long blocks. The blocks are then

fetched in sequence, and their lengths, starting memory add resses and checksums are de-

termined. These values, together with the program words, are broadcasted and veri�ed on

each robot. Robots reporting checksum errors are put on the CandidateList and a prede-

�ned number of programming retries are performed on these ro bots. Robots still not able
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to be programmed are discarded. The same procedure continues until all of the program is

downloaded to the robots.

The Kobots are initially kept in wait state, as indicated in Algorithm 2. They change

their state to receivestate when the console starts to broadcast program words. On re-

ceiving the last byte of the program block, the checksum is ca lculated. If it is correct, the

received block is written to the program memory and TRUE is sent as a reply to the con-

sole. Otherwise, the write operation is not performed and FAL SE is sent. In this case, the

host program re-broadcasts the same block. This procedure continues until all the blocks

are successfully broadcasted to the robots.

Performance of the Wireless Parallel Programming System

Several experiments were conducted to test the performance of the wireless parallel pro-

gramming system. In these experiments, a custom-designed XBee-PC interface card was

utilized to connect the console with XBee module, as shown in Figure 4.13(a). An XBee

module was also interfaced to each Kobot, as shown in Figure 4.13(b). The host program

was run on the console and the client program was run on the Kobo ts.

The results of these experiments are shown in Figure 4.14. During the experiments,

the XBee wireless module was interfaced at 57600baud, which was the fastest baudrate

at which we faced the least amount of trouble. The program size in the experiments was

5:6 kWord, which is approximately 70% of the program memory of the PIC16F877A. It

takes approximately 33 s to program one robot and each robot adds approximately 10 s to

the programming time. The host program spends 10s to verify after broadcasting a block of

program. A total of 130s was spent to program 10robots via parallel programming, which

would have been approximately 330s (=33 � 10) if the robots had been programmed one

by one in serial fashion.

4.5 The Control Sub-system

The control sub-system runs the main control algorithm and co ntrols the behavior of the

robots. Distributed architecture, processing power and lo w-power operation are the design

issues related to this sub-system.

The architecture of the control sub-system is required to be d istributed, meaning that

each sub-system must have its own dedicated controller. In t his way, modularity is assured

in the design of the robot and new sub-systems can easily be introduced into the design.
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Algorithm 1 The host program
1: {User marks the Kobots to be programmed}
2: marked Kobots are inserted in CandidateList
3: {User selects the program to be downloaded}
4: load the program to be downloaded
5: for Robot in CandidateList do
6: send ENQ to Robot
7: if not timeout and reply equal to ACK then
8: change robot's tag to present
9: else

10: change robot's tag to not present
11: end if
12: end for
13: for block in program do
14: for Robot in CandidateList do
15: if there exists RetryTaggedRobotthen
16: put all RetryTaggedRobot in ProgramList
17: change block to previous
18: else
19: put all PresentTaggedRobot in ProgramList
20: end if
21: end for
22: for Robot in ProgramList do
23: send ENQ to robot to request checksum result
24: wait for ACK from robot
25: if no reply or unexpected characterthen
26: change tag to notpresent
27: else
28: if reply FALSE and retry less than 3 then
29: change tag to retry
30: else
31: change tag to present
32: end if
33: end if
34: end for
35: broadcast START character
36: broadcast block length
37: broadcast starting memory address
38: broadcast checksum
39: broadcast program block
40: end for
41: broadcast END character
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Algorithm 2 The client program
1: if not timeout and ENQ received then
2: send ACK to console
3: else
4: run current program
5: end if
6: while TRUE do
7: wait for ENQ
8: if checksum falsethen
9: reply FALSE

10: else
11: reply TRUE
12: end if
13: wait for START character
14: receive block length
15: if block length equal to END then
16: start downloaded program
17: end if
18: receive memory address
19: receive checksum
20: receive program block
21: calculate checksum
22: if checksum = 0then
23: write program block to memory
24: end if
25: end while
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Figure 4.14: Duration of programming. XBee is interfaced at 57600baud. Program size is

5:6 kWord.

Processing power and power consumption are again the two com peting factors in the de-

sign. The operating frequencies of microcontrollers are kep t at minimum levels to decrease

power consumption, and hence, save battery-life.

Design

Robots are designed to have a distributed control architect ure, meaning that each sub-

system has its own controller to take care of low-level tasks . There is a common com-

munication medium between these controllers, as illustrat ed in Figure 4.7. The control

sub-system consists of the main controller board whose design is based on the PIC18F4620

microcontroller, as shown in Figure 4.15. It communicates wi th the main sensor controller

via I 2C communication protocol to receive the sensor readings. Ha ving the sensor read-

ings and the control algorithm, behavior of the Kobots is cont rolled by commanding the

left and the right motors with the main controller. The XBee wi reless communication mod-

ule is also interfaced to the serial port of the main controll er to download or debug the

control algorithm wirelessly.

The design is scalable and modular in the sense that any additi onal sub-system, such as

an imaging sub-system, can easily be interfaced to the control sub-system via I2C commu-

nication protocol. The imaging sub-system will have its own c ontroller for low-level tasks

like camera parameter adjustment, data collection, and for high-level tasks like image pro-

cessing and pattern-recognition algorithms.
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Figure 4.15: Main control card.

4.6 The Locomotion Sub-system

The locomotion sub-system is responsible for the movement of the robot on the x � y plane.

Design issues related to the locomotion sub-system are: thedriving system, the size of the

actuators, modularity, the driving electronics and low-po wer.

The driving system determines how Kobots are driven. Among vari ous alternatives,

the differential drive system is utilized in Kobots for its ea se of application and high ma-

neuverability characteristics. DC motors are used as the actuators and they should be

power ef�cient, high-torque and small. Flat motors are pref erable to save space inside the

Kobot. The locomotion sub-system should also be modular, whic h means ease of chang-

ing motors to more powerful ones or more capable ones for diff erent applications, without

making considerable changes in the structural sub-system. The driving electronics should

be simple and be able to drive motors ef�ciently at high PWM fr equencies.

Design

The Kobot is a differentially-driven robot which has two power ed wheels on its sides and

two caster wheels in front and back. Kobots can only move on smo oth surfaces without any

gradients in indoor environments. 3 V, high-ef�ciency (to save power), low-pro�le (to save

space) and high torque motors from FTB Inc. of Faulhaber9 are used in the locomotion sub-

system. The wheels are directly coupled to the motors, and are composed of three parts.

The inner part, which is the wheel hub is manufactured from hig h-grade aluminum. It is

specially designed to decrease shaft load on the motors and to eliminate any possible cause

of eccentricity in the wheel. The middle part is the rim and is m anufactured from Delrin.

9http://www.faulhaber.de . Last visited: April 2008.
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The outer part is the tire, in which an O-ring is utilized to inc rease the coef�cient of friction

between the wheel and the ground. The motors are mounted using an aluminum adapter

plate so that different motors can be utilized in Kobot with on ly a change of the adapter

plate.

The motors require a high-frequency PWM signal to increase ef �ciency; hence, the

Si9988 motor-driver chip from Vishay 10, is utilized in the motor-driver module. The Si9988

is an ef�cient motor-driver chip which requires almost no ex ternal components. It allows

voltage and current measurement of the motors. It is not impl emented in the current ver-

sion of the Kobot, but will be utilized in the future for close- loop speed or torque control

of the motors, respectively. The motors are driven in open-lo op fashion for the time being,

with a frequency of 78:5 kHz, and consume approximately 30mA in the worst case.

4.7 The Power Sub-system

Autonomous operation of the robots requires batteries to be u sed as the energy source.

Voltage from the batteries is converted to a convenient leve l by a voltage converter. The

design issues related to the power sub-system (battery and voltage converter) are: dura-

tion of operation (battery), ef�ciency (voltage converter ), size and weight (battery), and

recharging (battery).

Batteries supply energy to the robot. The output of the batter ies is converted to a conve-

nient level by a voltage conversion system, which should be e f�cient to maximize battery-

life. The energy content of the batteries depends on their chemistry and their size. Increas-

ing the size of the battery increases its capacity, but this causes problems in the system.

Therefore, it is logical to use high-technology batteries wi th an appropriate size having

high energy-density. These batteries should not only be rechargeable, but also allow rapid

recharging. An ideal �gure for the duration of operation is as sumed to be three hours.

Design

The power sub-system consists of rechargeable batteries anda voltage-conversion module

as shown in Figure 4.16. The voltage-conversion module is designed to operate with differ-

ent battery types and sizes. A three cell AAA/AA sized Ni-MH batte ry or a one-cell Li-Poly

battery can be utilized with the voltage-conversion module . The most popular recharge-

able battery on the market today is the Ni-MH battery, which c an be found in different

10http://www.vishay.com . Last visited: April 2008.
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Figure 4.16: Voltage conversion module.

Table 4.1: Power consumption of sub-systems

Sub-system Current (mA) Voltage (V) Power (mW)

Locomotion 60 5 300

Short-range 60 5 300

Control 20 5 100

Communication 50 5 250

Total 950

sizes and shapes. AA and AAA sizes are convenient due to their siz e and weight. Li-Poly

batteries are the most recently-introduced rechargeable batteries. They have an energy

density of approximately three times that of Ni-MH batterie s. One of the important points

one should consider when using Li-Poly batteries is to preve nt the battery voltage from

dropping below a critical value, or else the batteries will b e damaged permanently. The

voltage-conversion module consists of a 10F202 microcontroller (yet to be implemented) to

automatically stop the robot when the battery voltage drops below the critical value.

The voltage-conversion module regulates the input voltage t o a constant 5 V, which

is the required TTL voltage level for the robot, except for the c ommunication sub-system,

which has its own regulator that converts 5 V to 3:3 V for the operation of the XBee module.

There is a red LED in the voltage-conversion module to indicat e low-battery voltage.

The measured power consumption values are tabulated in Table 4.1. Endurance tests

were performed with Kobot, having all of its sub-systems oper ating with three-cell AA-size

Ni-MH or one-cell Li-Poly batteries. The results of the exper iment were quite impressive,

and exceeded our expectations.7:5 hours and 10:5 hours of autonomy were observed with

Ni-MH and Li-Poly batteries, respectively. These �gures put Kobot in the �rst place in its

segment.
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4.8 The Structural Sub-system

The structural sub-system forms the body of the robot, that ca rries and protects the other

sub-systems. The issues related to the design of the structural sub-system can be listed as:

weight, modularity, durability, aesthetics, size and cost .

The weight of the body should be minimal to decrease the weight of the robot. Two

ways exist to minimize the weight. One is to decrease the size and the other is to decrease

the density of the material used for the body. The former appro ach is not feasible, since the

size of the components used in the robot limits the minimizat ion of the body considerably.

The size of the robot should also be at a certain value for pract ical reasons. Hence, there is a

lower limit to the size of the robot. Having �xed the size to th e an appropriate value, a low-

density material, polyurethanes was utilized as the body ma terial of Kobot. Modularity

was facilitated through two-piece design of the body.

In the next chapter, we will model Kobot and its sensing system s in order to utilize them

in a physics-based simulator. The simulator is used to perfor m systematic experiments

with a large group of robots.
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Table 4.2: Comparison of mobile robots for swarm robotics res earch with Kobot

e-puck Alice Jasmine s-bot Swarmbot Pherobot Khepera
II

Flockbot Kobot

Interference
robots

N/A YES YES N/A NO NO YES YES NO

Interference
environment

NO NO NO YES NO NO NO NO NO

Kin detection YES YES YES YES YES YES YES NO YES
Stigmergic
sensing

NO NO NO NO NO NO NO NO NO

Generic sens-
ing

vision vision NO vision vision NO vision vision vision+IR

Wireless com-
munication

Bluetooth
802.15.4
ZigBee

RF mo-
dem

IR Wi-Fi RF mo-
dem

NO RF mo-
dem

Bluetooth 802.15.4
ZigBee

Wireless prog. YES NO NO YES YES NO YES YES YES
Parallel prog. NO NO NO NO NO NO NO NO YES
Wireless
robot-robot

YES YES YES YES YES YES YES YES YES

Physical Int. NO gripper gripper gripper NO NO gripper gripper NO
Battery Life medium high medium N/A N/A N/A short medium high
Size (cm) dia.=� 7 2:1*2:1*2:1 2:6*2:6*2:6 dia.=� 12

ht.=15
13*13*13 dia.=� 11 dia.=� 7

ht.=3
dia.=� 18 dia.=� 12

ht.=7
Cost low low low N/A N/A N/A high medium low
Simulator Webots Webots Breeve Swarmbot

3D
N/A N/A Webots MASON

and
Breeve

CoSS

Computation 30F6014A 16F877 ATMEGA
18

XScale 40 MHz
ARM

PALM V 25MHz
Motorola
68331

PXA255 18F4620
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CHAPTER 5

CHARACTERISTICS AND MODELING OF

KOBOT

In this chapter, we determine the Kobot's characteristics of t he short-range sensing system

and virtual heading sensor using systematic experiments. Th ese characteristics are then

utilized in CoSS, a physics-based realistic simulator, to analyze the �ocking behavior under

different controller parameters and virtual heading senso r characteristics for large groups.

5.1 The Characteristics of the Short-range Sensing Sub-system

Two different experiments were conducted to determine the c haracteristics of the short-

range sensing sub-system. One of these is the obstacle-proximity experiment as shown in

Figure 5.1(b) and the other is the robot-proximity experimen t as depicted in Figure 5.1(d).

In both of the experiments, the robot for which proximity dat a was collected was kept

stationary (the bottom robot in Figure 5.1(b)) and the other r obot (the top robot in Fig-

ure 5.1(b)) was moved in the �rst quadrant of the x � y plane at 1cm intervals, as shown

in Figure 5.1(a). 200measurements were taken at each point. The stationary robot had its

frontal sensor (sensor I 0 in Figure 4.8(a)) turned on in both of the experiments whereas the

moving robot's sensors are turned on only in the robot-proxim ity experiment.

The results of the obstacle-proximity experiment are shown i n Figure 5.1(b). In the

�gure, the dark points denote low proximity values whereas t he light ones denote high

proximity ones. When this graph is compared with the graph of the robot-proximity ex-

periment, shown in Figure 5.1(d), it can easily be seen that they are in accordance with

each other, which reveals that the sensing system has almostthe same characteristics in

obstacle- and robot-proximity measurements. The experimen ts also revealed that the sen-

sor has a range of21 cm in lateral and 10 cm in transverse directions (lateral direction lies
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on the x-axis and transverse direction lies on the y-axis, as shown in Figure 5.1(a)). The

results of these experiments are arranged as a look-up tableand utilized in the simulator

to be explained in Section 5.3.

The percentage of success of robot detection is plotted in Figure 5.1(c). The dark points

show a higher success rate, and the lighter ones show a lower success rate. It can be ob-

served that for most of the operating range, the sensing system is 100%successful. The

outlying points, which are beyond the range of the sensor mig ht be interpreted as out-

of-range values but are a proof of existence of a neighboring robot. These occur because

sensors may receive IR irradiation from very distant kin-ro bots, even up to 1 m away but

they cannot make a proximity measurement since the kin-robo t is beyond the range of the

sensor. The output of the sensor reveals the detection of a kin-robot beyond the 21 cm

range. This information is quite useful in dispersion or aggr egation tasks. It is also seen

that the rate of success decreases considerably for nearby points, which might be due to the

high intensity of IR irradition and the possibility that the sensor cannot operate properly

within such proximity.

5.2 The Characteristics of the Virtual Heading Sensor

Two characteristics of the virtual heading sensor are of mai n concern. One is the number

of VHS neighbors that a VHS node can "hear" for different grou p sizes and communication

ranges, and the other is noise in the heading measurement.

5.2.1 Number of VHS Neighbors

Three sets of experiments were performed to determine the average number of VHS neigh-

bors that a VHS node (hereafter be called node) can communicate with during a prede�ned

amount (equal to the duration of the control loop). A VHS neig hbor of a robot is not nec-

essarily one of the robots in close-proximity. It can, rathe r, be any robot within the com-

munication range of robot's VHS. Thus, in that sense, neighbor relations in Kobots can be

regarded as topologicalone rather than a metric, as in [12].

The experiments were performed in Prowler [59], an event-dri ven probabilistic wireless

network simulator, since the experiments required more nod es than were available phys-

ically. In all of the experiments, the nodes were placed on a h exagonal grid with a 25 cm

distance and kept stationary.

The �rst experiment aimed to test the effect of the communicat ion range on the number
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(a) (b)

(c) (d)

Figure 5.1: (a) Experimental setup used in the obstacle-proximity measurement and robot-

proximity experiments. (b) Results of the obstacle-proxim ity experiment. (c) Rate of suc-

cess of robot detection. (d) Results of the robot-proximity experiment.
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Figure 5.2: The communication range experiment. (a) Topology of nodes. Circles indicate

various communication ranges of the central node. (b) Avera ge number of VHS neighbors

of the central node. The ends of the boxes and the horizontal li ne in between correspond

to the �rst and third quartiles and the median points, respec tively.

of VHS neighbors. In order to test this, the communication ra nge was varied in such a way

that there existed robots beyond the communication range of the central node. The ex-

periment was performed with 817nodes placed in a regular hexagonal grid having 25 cm

spacing. The communication range of the VHS was changed to �ve different values, indi-

cated by the concentric circles in Figure 5.2(a). When the communication range was set to

its largest value (200cm), indicated by the outermost circle, many robots were sti ll out of

the communication range, which indicates the locality of co mmunication. For each range,

�ve different simulations were performed with random initi al conditions for 10time-steps.

The distribution of the average number of VHS neighbors for th e central node are plotted

in Figure 5.2(b).

It was observed that the average number of VHS neighbors incr eased with an increase

in the communication range up to a certain value ( � 25), then decreased and settled at

20 with a further increase in the communication range. This was d ue to the fact that an

increase in the communication range increases the number of collisions in the heading

messages, preventing a further increase in the number of VHS neighbors.

In the second experiment, the effect of group size on the numb er of VHS neighbors was

investigated. 91 nodes were utilized in a hexagonal formation having 25 cm spacing. The

communication range was set to its maximum value ( 20 m) so that all of the nodes were

within communication range of the other nodes; in other word s, the communication range
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was global. The number of nodes was set to �ve different values and �ve simulations were

carried out for each case with random initial conditions. The simulations were performed

for 10 time-steps and the average number of VHS neighbors of a node was calculated for

each simulation. The results are plotted in Figure 5.3(a).

This experiment reveals that an increase in the number of nodes increased the number

of VHS neighbors up to 72, and then it decreases with a further increase in the group si ze

and settles at 20. The decrease in number of VHS neighbors is due to an increase in the

number of collisions of the heading messages, which consequently limited the number of

VHS neighbors to a smaller value.

The third experiment was conducted to measure the degree of ra ndomness in the neigh-

bor selection of a node, i.e. to determine any bias or anisotropy in neighbor selection pro-

cess. In this experiment, we place 91 nodes on a hexagonal grid with 25 cm spacing. The

communication range of the nodes was again set to its maximum value (20 m). The ex-

periment was run for 100time-steps and repeated 5 times. The hexagonal grid was hypo-

thetically divided into six equal regions and the region of t he VHS neighbors of the central

node was recorded at each time-step. The results are plotted in Figure 5.3(b). It can be

seen that VHS neighbors are distributed evenly to each region. This reveals that there is no

directional preference in the selection of VHS neighbors.

The last two experiments revealed two important facts relate d to the VHS. (1) The

number of VHS neighbors of a node is almost constant and depends only on group size.

(2) Nodes pick up their neighbors randomly and without any di rectional preference. These

two points were utilized extensively in simulations and mod eling of the �ocking behav-

ior. It was also these two facts that enabled the possibility of an analytical treatment of the

model.

5.2.2 Noise

The VHS is composed of a digital compass and wireless communication modules. Hence,

its noise characteristic is a combination of these two modul es. The digital compass module

has a noise of� 0:5� in heading measurement which is practically negligible. The wireless

communication module's operation is also free of noise, due t o the parity check11 feature

on the reception side and the CSMA-CA 12 protocol (Carrier Sense Multiple Access with

11http://en.wikipedia.org/wiki/Parity_bit . Last visited: April 2008.
12CSMA-CA is a widely utilized method to minimize communication er rors especially in wireless com-

munication protocols. http://en.wikipedia.org/wiki/Carrier_sense_multiple _access_with_
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Figure 5.3: (a) The group-size experiment. Average number of VHS neighbors for �ve

different group sizes. (b) Neighbor-selection experiment . The ends of the boxes and the

horizontal line in it correspond to second and third quartil es and the median points, re-

spectively.

collision avoidance) present in the XBee modules, which avo ids interference from other

robots when broadcasting heading messages.

In this respect, the VHS could be regarded as a perfect sensing system which is ex-

tremely accurate and free of noise. However, this is not the c ase. The noise characteristics

of the digital compass module depend highly on unpredictabl e factors, such as the pres-

ence of nearby ferrous metals and external magnetic �elds in indoor environments. There-

fore, noise is regarded as an unknown parameter of the �ocking behavior and is treated

accordingly.

Noise is modeled using the vectorial noise model introduced by Gregoire et al. [25], in

which a noise vector having a random direction with a variabl e magnitude is added to the

measurement as shown in Figures 5.4(a) and 5.4(b). The resultant heading vector (~hj ) is

calculated as:

~hj = ei� 0
j + �e i� j (5.1)

� 0
j is the heading measurement from the j th VHS neighbor with respect to the body �xed-

reference frame of the robot given in Equation 4.1. � is the magnitude of the noise vector,

and � j is the direction of the noise vector determined by either a Ga ussian or uniform

distribution.

In the Gaussian distribution case, � is a normally-distributed variable having a mean of

collision_detection . Last visited: April 2008.
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(a) (b)

Figure 5.4: Vectorial noise model. The heading measurement vector (ei� 0
j ) is denoted by a

continuous arrow. The noise vector ( ei� j ) is shown by a dashed arrow and the resultant

vector (~hj ) is denoted by a bold continuous arrow. (a) � = 1 . (b) � = 1 :5. Adapted from [4].

� 0
j and a standard deviation of either �= 2 or � , whereas, in the uniform distribution case, �

is randomly selected from [� �; � ]. The two cases are denoted byN (� 0
j ; �= 2) and N (� 0

j ; � ),

respectively. The case ofN (0; �= 2) is plotted in Figure 5.5.
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Figure 5.5: Histogram of simulated noisy measurements of VHS for � 0
j = 0 � . The simula-

tions are performed for 10000 steps for three different � values.

5.3 The Co-Swarm Simulator

A physics-based simulator, called the Co-Swarm Simulator ( CoSS), is used in computer

simulations. The CoSS is built on top of the Open Dynamics Engi ne (ODE) which enables
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modeling of complex physical interactions like the collisi on of bodies and slippage in the

wheels.

(a) (b)

Figure 5.6: (a) A photo of seven robots in CoSS. (b) A snapshot of seven robots.

The main body and wheels of the robot are modeled using basic cy lindrical collision

geometries. DC motors are simulated using virtual motorize d hinge joints, and the virtual

weights of the components are adjusted to obtain a similar mo vement pattern with similar

motor torques. The IR short-range sensing system and the VHS are modeled utilizing

the results of systematic experiments. Since the characteristics of the short-range sensing

system are determined using kin-robots (in passive/active state), they are not valid for

objects like walls or irregularly-shaped obstacles in the e nvironment. Therefore, for the

time being, CoSS is only utilized to model the �ocking behavio r in free space. A photo of

seven robots and its CoSS counterpart is shown in Figure 5.6
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CHAPTER 6

THE FLOCKING BEHAVIOR

". . . thousands of tree swallows gathering for �ight: an order held in constant

change: a congregation rich with entropy: nevertheless, separable, noticeable

as one event, not chaos . . . "

— A. R. Ammons

In this chapter, we propose a self-organized �ocking behavio r based on two basic be-

haviors. By self-organized �ocking, we mean that a group of ro bots, initially connected but

not necessarily aligned, should be able to wander in an envir onment by moving as a co-

herent group in free space and avoiding any obstacles, as if it were a "super-organism".

Different from other studies, the �ocking behavior is regard ed as a fully decentralized

and scalable coordination method which does not utilize any designated or elected leader

within the group.

We then de�ne several metrics such as order and entropy to mea sure the performance

of �ocking qualitatively. Following that, we perform full-�e dged �ocking in a constrained

space using nine Kobots to demonstrate how the �ocking behavio r works. We then per-

form �ocking in open space using seven robots in CoSS and seven Kobots, and verify the

CoSS simulations against the Kobot experiments using order and entropy metrics. Finally,

we utilize 1000robots in CoSS to evaluate the �ocking behavior with a large gr oup in open

space.

6.1 The Flocking Behavior

The �ocking behavior consists of heading-alignment and proxi mal-control behaviors, com-

bined in a weighted vector sum:
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a = � h + � p (6.1)

where h is the normalized heading-alignment vector having a weight of � , p is the nor-

malized proximal-control vector having a weight of � , and a is the desired acceleration

vector.

6.1.1 Heading Alignment

Heading alignment behavior aims to align the heading of a rob ot to the average heading

of its VHS neighbors as illustrated in Figure 6.1. The virtual h eading sensor is utilized in

receiving the heading values of the VHS neighbors. The alignm ent vector (~h) is calculated

by vectorially summing up Equation 5.1 for all the heading val ues of the VHS neighbors of

a robot as:

~h =
X

j 2N R

~hj (6.2)

where NR denotes the VHS neighbors of a robot when the communication r ange of the

VHS is set to R.

The normalized heading-alignment vector ( h) is calculated as:

h =
~h

k~hk

(a) (b)

Figure 6.1: The heading alignment. The central robot aligns its heading to the average of

the three randomly selected VHS neighbors drawn in black. The other robots are drawn in

gray. The communication range is set to R and NR is set to 3. (a) t = 0 . (b) t = 1 .
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6.1.2 Proximal Control

Proximal-control behavior uses readings obtained from the IR sensing system to (1) avoid

collisions with other robots and obstacles and (2) maintain cohesion between the robots.

For each IR sensor, a virtual force proportional to the square of the deviation of the

measured distance from the desired distance is assumed. The desired distance is taken

as an appropriate �nite value for kin-robots, and 1 for obstacles, which forces the robot

to maintain a desired distance from kin-robots while moving away from obstacles. The

virtual force from the kth sensor is calculated as:

f k =

8
<

:

� (dk � ddes )2

C if dk � ddes

(dk � ddes )2

C otherwise

where ddes, the sensor measurement corresponding to the desired distance, is half of the

sensor range (ddes = 3 ) for robots and 0 for obstacles, since IR sensors return a reading of0

for objects at in�nity. C is a scaling constant equal to10for robots and 35for obstacles, and

is used to normalize f k . f k is less than0 in the case of a repulsive force, and greater than 0

in the case of an attractive one. The sense of the forces is de�ned with respect to the robot.

The value of the force, f k , is plotted in Figure 6.2 for both robot- and obstacle-detect ion

cases. Theddes value is also indicated for both cases.
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Figure 6.2: The virtual force ( f k ) is plotted as a function of dk 2 f 0; 1; � � � ; 7g, where dk = 1

for a distant and dk = 7 for a nearby object.

The calculation of the normalized proximal control vector, p, is as follows:
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p =
1
8

7X

k=0

f kei� k

where k denotes the kth sensor having an angle of � k = �
4 k with the x-axis shown in

Figure 4.8(a) of the body-�xed reference frame shown in Figur e 6.3. 1
8 is the normalization

constant.

,

-

.

/

0

1

w
2

q

Lv

Rv

Figure 6.3: The reference frame is �xed to the center of the robot where the x-axis coincides

with the rotation axis of the wheels. The forward velocity ( u) is parallel to the y-axis. !

denotes the angular velocity of the robot. vR and vL denote the velocity of the right and

left motors, respectively. The y-axis of the body-�xed reference frame makes an angle of �

(current heading) with the sensed Northdirection ( ns) at the instant the �gure is drawn. l is

the distance between the wheels.

6.1.3 Motion Control

The acceleration vector (a) of the robot is mapped to forward velocity ( u) and angular

velocity ( ! ). u is calculated as:

u =

8
<

:

( a
kak :âc)


 umax if a
kak :âc � 0

0 otherwise
(6.3)

where âc is the current direction of the robot that is coincident with the y-axis of the body-

�xed reference frame, and equal to j . 
 is the modulation parameter.

When the modulation parameter 
 is set to 1, the forward velocity of the robot ( u) is

modulated depending on the "urge"-to-turn condition as sho wn in Figure 6.4. u is com-

puted by calculating the dot product of the desired directio n (a) and the current direction
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(a) (b) (c)

Figure 6.4: Modulation of the forward velocity ( u) when 
 = 1 . (a) The robot makes rotation

and translation. � � 0� ) u � umax . (b) The robot makes mostly rotation. � � 90� ) u �

0. (c) The robot only makes rotation. � > 0� ) u = 0 .

(âc) vectors as in Equation 6.3. When the urge to turn is low meanin g that the robot is al-

ready moving in the desired direction, the forward velocity is allowed to achieve its maxi-

mum value ( umax ) as shown in Figure 6.4(a). Conversely, when the urge to turn i s high, u

decreases, converging to0 in the extreme case, where the robot only rotates with respect to

its center of mass as illustrated in Figure 6.4(b). And when the dot product of the desired

direction of motion ( a) and the current direction ( âc) of the robot is negative, this indicates

that the angle between the two vectors is greater than 90� in absolute value as shown in

Figure 6.4(c). By settingu = 0 in this case, we constrain the robot's motion to rotation only ,

instead of assigning a negative velocity. Failure to do so wo uld result in robots moving

backwards, a situation that would complicate the behavior a nd its analysis.

The angular velocity ( ! ) of the robot is determined using a proportional controller by

calculating the deviation of the desired direction ( a) from the current direction ( âc) of the

robot.

! = ( 6 a � 6 âc)K p (6.4)

where K p is the proportional gain of the controller. 6 (:) computes the argument of the

related vectors and 6 âc = �
2 .

The rotational speeds of the right ( NR ) and the left (NL ) motors as shown in Figure 6.3

are eventually calculated as follows:

NR =
�

u �
!
2

l
� 60

2�r
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NL =
�

u +
!
2

l
� 60

2�r

where NR and NL are the rotational speeds [rpm] of the right and left motors, respectively,

l is the distance between the wheels of the robot [m], u is the forward velocity [m/s] and w

is the angular velocity [rad/s] of the robot.

6.2 Metrics of Flocking Behavior

In desirable�ocking behavior, individuals having an ordered formation a re supposed to

move cohesively in a common direction with minimal energy co nsumption. It is required

to de�ne some measures to quantify desirable�ocking behavior in mathematical terms.

Hence, we de�ne a number of metrics which will help us in two wa ys. Firstly, they will

serve as objective measures and quantify the performance of the �ocking behavior. Sec-

ondly, they will be utilized in comparing the performance of different behaviors achieved

through setting controller parameters or sensing characte ristics to different values than the

default ones.

Order, entropy and average angular velocity metrics are de� ned to measure the align-

ment, positional order and energy consumption of the group, respectively. The average

forward velocity metric is also utilized as a secondary meas ure of the energy consumption,

and is more convenient to use in some cases. The success rate metric is de�ned to indicate

the frequency of successful experiments.

Order ( ) measures the angular order of the robots [2].

 (t) =
1

M

�
�
�
�
�

MX

k=1

ei� k

�
�
�
�
�

(6.5)

where M is the number of robots in the group and � k is the heading of the kth robot at time

t.

Order can have a value between 0 and 1 and is calculated by collecting the heading

value broadcasted by the robots at each time-step. When the group is aligned, and hence,

the system is in an orderedstate, the order parameter approaches to 1. When the group

is unaligned, the system is in a disorderedstate and the order parameter is close to 0. In

desirable�ocking behavior, robots are supposed to be in an orderedstate, having a high-

order value.
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The steady-state value of order denoted by � is calculated by taking the average of

Equation 6.5 as:

� = h (t)i t (6.6)

Entropy (S) measures the positional disorder of the group [60]. This met ric is calculated

by �nding every possible cluster combination, �nding Shann on's information entropy of

these clusters and then sum them up. Different clusters are found out by changing the

maximum distance ( h) between individuals from 0 to 1 to consider them to be in the

same cluster. Two robots i and j are considered to be in the same cluster, if and only

if k~ri � ~rj k � h, where ~ri and ~rj denote the position vectors of the i th and j th robots,

respectively, and k:k calculates the Euclidean norm. Shannon's information entro py (H(h))

of a cluster having a maximum distance of h is calculated as:

H(h) =
KX

k=1

pk log2(pk ) (6.7)

where pk is the proportion of individuals in the kth cluster, and K is the number of clusters

for a given h.

These entropy values are integrated over all possible h's ranging from 0 to 1 in order

to �nd the total entropy ( S) of the distribution:

S =
Z 1

0
H(h) dh (6.8)

When the absolute value or time evolution of the entropy is of no concern, we utilize

the rate of change of the entropy (dS=dt) in our analysis. Figure 6.5 shows four possible

con�gurations that a seven-robot �ock can attain. In con�gur ation (a), individuals are

placed linearly (the least-desired con�guration), having the highest entropy value. Among

con�gurations (b) and (c), the former has a larger entropy va lue since the latter is more

ordered. Con�guration (d) has the smallest entropy value si nce it is the most-ordered

con�guration for a seven-robot �ock. In desirable�ocking behavior, the �ock is required

to have a high positional order, and hence, a low entropy ( S) value.

Entropy is calculated using relative positions of the robot s, without the need for a high-

quality stationary overhead camera. A mobile overhead came ra is utilized to calculate

entropy using the relative positions of the robots. The relat ive positions are determined by

utilizing an off-line tracking algorithm using the OpenCV c omputer vision library.
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(a) (b) (c) (d)

Figure 6.5: Entropy values for four different con�gurations of seven robots. Entropy de-

creases as the con�guration loses its positional order.

Average angular velocity (! rms ) of the �ock is the amount of unnecessary energy spent

[41] due to the rotational movement of each individual. It is calculated by taking the aver-

age of the root-mean-square (rms) of the angular velocity of each individual over the entire

operation time ( t).

! rms =
1

M

MX

i =1

q
h! 2

i i t

where M is the number of robots in the group and ! i is the angular velocity of robot i .

In the experiments, average angular velocity is calculated using the angular velocity

values broadcasted by each robot at each control time-step. ! rms should ideally be 0 in

desirable�ocking behavior to minimize energy consumption.

Average forward velocity (VG) is the average velocity of the geometric center of the

�ock, calculated by dividing the distance traveled in the for ward direction by the operation

time. The average velocity of a �ock with non-rotating (having less tendency to rotate)

robots is high, meaning that the �ock will reach a destination point in a shorter time. In

desirable�ocking behavior, higher values of average forward velocity are preferred.

Success rate(SR) denotes the ratio of successful runs to the total number of experi-

ments. A run is considered a failure when robots collide with each other or get stuck, and

the cohesiveness of the group is lost.

6.3 Full-�edged Flocking in Constrained Space

The �ocking behavior is implemented on Kobots using the default parameter settings given

in Table 6.1. The experiment is conducted with seven Kobots in a constrained environment

having an in�nite wall in the path of the robots. In almost all of the trials, Kobots success-

fully adopted a common heading and avoided the wall in their w ay. It is observed that
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Table 6.1: The default settings for the controller and VHS para meters.
Parameter Default Value

C
on

tr
ol

le
r

weight of heading alignment ( � ) 0.125
weight of proximal control ( � ) 0.5

modulation parameter for forward velocity ( 
 ) 1
maximum forward speed of a robot ( umax ) 7 cm/s

proportionality constant of angular velocity ( K p) 0.5
optimal IR measurement for kin robots ( ddes) 3

V
H

S range (R) 20 m
number of VHS neighbors ( Nc) 20

nature of noise (� o) N (� = � 0
r , � = � �

2 )

�ocking behavior results in three distinct phases of operati on: (1) The alignmentphase, in

which randomly oriented robots align their headings, keepi ng proximity with the other

robots at the desired value, resulting in a group possessing high positional and angular

order. Robots mostly perform rotations and hardly advance i n this phase; (2) Theadvance

phase, in which an aligned and positionally-ordered group a dvances. Robots in this phase

mainly move forward at the maximum speed, keeping a common al ignment and proxim-

ity with other robots. (3) The avoidancephase, in which an advancing group faces a wall.

Robots mainly perform rotations to get past the wall and atta in a common heading.

Figure 6.6 shows a sample run, in which seven Kobots positioned in random orienta-

tions are allowed to move in an environment having a wall. In t he experiment, robots are

allowed to communicate with six VHS neighbors and the VHS is o nly subject to environ-

mental noise; no additional noise is introduced. The followi ng controller parameter set is

utilized: � = 0 :125, � = 1 , 
 = 1 , K p = 0 :5 and umax = 7 cm/s.

The robots begin in the alignmentphase (t = 0 s) in which they try to align their heading

with their VHS neighbors'. At the end of this phase, the robots a re aligned, and have

positional order, which marks the beginning of the advancephase (t = 6 s). When the

�ock arrives at the wall, the avoidancephase starts (t = 16 s). The robots in front sense the

presence of the wall, come almost to a halt and rotate to bounce off the wall. The other

robots try to avoid the robots in front of them by decreasing t heir speeds and performing

rotations. The robots, after avoiding the wall, once more ado pt a common alignment and

return to the advancephase (t = 20s). The same cycle is repeated and the robots bounce off

two additional walls until the end of the experiment.
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Figure 6.6: Self-organized �ocking with seven Kobots. Startin g from a connected but un-

aligned state, Kobots negotiate a common heading and move as a group in free space,

bouncing off a wall without losing their cohesion.

6.4 Full-�edged Flocking in Open Space

We performed full-�edged �ocking experiments in open space to verify CoSS against Kobots.

The experiment was conducted using seven Kobots and seven robots in CoSS, and the

robots were placed in a regular hexagonal formation with ran dom orientation. In the ex-

periments, robots �rst aligned their headings, which incre ased the order of the group to

approximately 1 shown in Figure 6.7(a); then they started to advance. During t he ex-

periment, the entropy of the group did not change considerab ly, which shows that the

positional order of the group is maintained throughout the e ntire operating time as shown

in Figure 6.7(b).
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Figure 6.7: Self-organized �ocking in open space with seven Kob ots and seven robots in

CoSS. (a) Plot of order. (b) Plot of entropy. Five simulation s are performed and the mean

values are plotted together with error-bars indicating � one standard deviation of the value

from the mean.
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We note that the results obtained from Kobots and CoSS are similar for both the tran-

sient and steady-state phases of the behavior shown in Figures 6.7(a) and 6.7(b) verify-

ing that CoSS provides a realistic simulation of �ocking in op en environments for Kobots.

Hence, it can be judged that CoSS may safely be utilized to simulate the �ocking behavior.

CoSS will be utilized especially when experiments are to be p erformed with a large group

of robots.

6.5 Full-�edged Flocking with a Large Group in Open Space

In order to demonstrate the performance of the �ocking behavi or with a large group, we

utilized 1000robots in CoSS, as shown in Figure 6.8. We set the controller parameters as:

� = 0 :125, � = 2 , umax = 7 cm/s and K p = 0 :5, and the VHS parameters as: R = 20m,

� = 3 and N = 10 in the experiment. These parameters are regarded as the default settings

of the �ocking behavior and under these settings we obtained r obust and scalable �ocking

of the group. However, in the following chapters, in order to investigate the robustness

and the performance of the �ocking behavior, we will evaluate it under different controller

parameters and VHS characteristics.
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(a) (b)

Figure 6.8: Full-�edged �ocking with a large group. (a) The scree nshot at the beginning of

the simulation. (b) The screenshot when t = 2000 s. The total displacement of the �ock is

approximately 110m.
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CHAPTER 7

ANALYSIS OF VARIANT BEHAVIORS AND

OPTIMIZATION OF THE CONTROLLER

PARAMETERS

In this chapter, we �rst set the weight of the heading vector ( � ), weight of the proximal

control vector ( � ) and the modulation parameter ( 
 ) to their extreme values to generate

several variants of the �ocking behavior and analyze them in advance, alignmentand avoid-

ancephases using seven Kobots. We also performadvance-phase experiments using CoSS

for the sake of comparison.

We then optimize the weight of the proximal control vector, t he maximum forward

velocity and the proportional for an aligned, cohesive and r apid �ocking motion using 100

robots in CoSS and seven Kobots.

7.1 Analysis of Variant Behaviors

Speci�cally, in order to understand the effects of the diffe rent components of �ocking, we

created four variants of �ocking by setting some of the contro ller parameters to their ex-

treme values. In this way, we gained crude knowledge of the pe rformance of the �ocking

behavior in extreme cases.

The variants were created by setting the weight of the heading vector (� ), the weight of

proximal-control vector ( � ), and the modulation parameter ( 
 ) to their extreme values. In

this way, we attained four different variants as listed belo w:

� Proximal Control with Constant Forward Velocity(Pconst )

In this variant, only proximal control is performed and the f orward velocity is not
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modulated. � is set to 0, � to 1, and 
 to 0.

� Proximal Control with Modulated Forward Velocity(Pmod)

In this variant, the forward velocity is modulated with 
 set to 1. � is again 0 and �

is 1, as in Pconst.

� Heading Alignment and Proximal Control with Constant Forward Velocity(HP const ) This

variant adds a heading alignment term. � is set to 0:125and � is set to 1. 
 is 0 as in

Pconst, which means that the forward velocity is not modulated.

� Heading Alignment and Proximal Control with Modulated Forward Velocity(HP mod) In

this variant, � is set to 0:125, � is set to 1 and the forward velocity is modulated with


 set to 1.

The variants of the �ocking behavior were evaluated in three ph ases. Theadvance- and

alignment-phase experiments were conducted in free space, while the avoidance-phase ex-

periments were conducted in an environment that had a wall bl ocking the path of the

robots. The experiments were conducted using seven Kobots and were repeated ten times.

The advance-phase experiment was also conducted in CoSS with seven robots and was re-

peated ten times. In all of the experiments, the robots were i nitially put into hexagonal

formation having 25cm spacing between their centers to ensure that each robot was in the

IR sensing range of at least one other robot. The experiments were conducted with the

default parameter set, as shown in Table 6.1, unless otherwise stated.

7.1.1 The Advance-Phase

We started evaluating the variant behaviors in advance-pha se, since this is the only phase

in which we can compare all of the variant behaviors together . In this phase, the robots

were aligned and moving in a common direction at a relatively high speed while maintain-

ing the cohesion of the group.

In the experiments, the robots were initially aligned and th en left to move for 15s. The

performance of Pconst, Pmod , HPconst and HPmod behaviors were evaluated using order,

entropy, average forward velocity and average angular velo city metrics.

The steady-state value (the converged value at t = 15 s) of each metric attained in ten

experiments are presented as a box-and-whisker plot, showing the results of the CoSS and

Kobot experiments next to each other. The order and entropy val ues are plotted in Fig-

ures 7.1(a) and (b). The normalized average forward velocity a nd normalized average
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angular velocity values are depicted in Figures 7.1(c) and (d ), respectively. The normaliza-

tion of the average forward velocity and average angular vel ocity were performed using

the maximum attainable values for the average forward veloc ity and average angular ve-

locity as 0:07m/s and 0:84rad/s, respectively. The snapshots of sample runs are shown i n

Figure 7.1(e).

Pconst behavior results in a disordered state having a low-order va lue (� 0:2) as seen

in Figure 7.1(a). The reason for this is the lack of heading-alignment behavior, which

makes it impossible for the robots to preserve their common h eading. The cohesiveness

of the group is also not preserved, as is evident from the high entropy values ( � 1) seen

in Figure 7.1(b); hence, each robot moves independently unless they collide with each

other and get stuck, as seen in Figure 7.1(e). This is due to the fact that the robots cannot

modulate their forward speed, which stays at the maximum val ue (umax ) at all times. Since

the cohesiveness of the group is lost, it is not logical to say anything about the average

forward velocity of the group. The noisy proximal measuremen ts due to the IR sensors

cause the robots to perform extensive rotations resulting i n high average angular velocity

values (� 1), as shown in Figure 7.1(d).

The second variant, Pmod , presents quite a different behavior. The robots, aiming onl y

to control their inter-distance and able to modulate their f orward velocity, can indeed re-

main as a group as shown in Figure 7.1(e), is as evident with a considerably lower entropy

value (� 0:4) than the previous variant, seen in Figure 7.1(b). In order to preserve cohesion,

the robots perform so many rotations due to the noisy IR senso rs that their forward speeds

approach to zero, resulting in a cohesive but stationary gro up, having approximately zero

average forward velocity as shown in Figure 7.1(c) and high av erage angular velocity val-

ues depicted in Figure 7.1(d). However, the robots can still n either preserve their common

heading nor adopt a new heading due to the absence of alignmen t behavior as shown in

Figure 7.1(a).

The HPconst and HPmod variants perform signi�cantly better in all metrics with th e

help of the heading-alignment behavior. In both cases, robo ts are capable of maintaining

their alignment perfectly, as indicated by an order value of 1, and keeping their cohesive-

ness, attaining a low entropy value ( � 0:4), as seen in Figures 7.1(a) and (b), respectively.

Alignment behavior balances the effect of proximal-control behavior so that robots per-

form rotations less frequently, resulting in low average an gular velocity values ( � 0:4), as

depicted in Figure 7.1(d), and quite high average forward vel ocity values (� 0:9) as shown

in Figure 7.1(c). It can also be observed in Figure 7.1(e) that the two variants performed
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successfully in the advance-phase experiment.

Only the HPconst and HPmod behaviors can be regarded as successful in theadvance-

phase, since these are the variants in which the robots were able to move forward main-

taining a common heading and keep the cohesiveness of the group. Therefore, we will

evaluate only the HPconst and HPmod variants for their alignment and avoidance perfor-

mance to determine the best among the two.

In the above discussions, we have not addressed the results of CoSS and Kobot experi-

ments explicitly, since it is evident from the �gures that th e results are in close agreement,

both qualitatively and quantitatively.

7.1.2 The Alignment-Phase

The alignment-phase is the phase in which robots are unaligned and try to as sume a com-

mon orientation by performing rotations most of the time. Me anwhile, the robots have

to avoid collisions with their neighbors in close proximity . This experiment is expected

to accentuate the necessity of velocity modulation, existi ng only in HPmod among the two

variants that successfully completed the advance-phase experiment.

In the experiments, robots were placed with random orientat ions and left to operate for

5 s, which is enough time to adopt a common heading, if they coul d. Order and entropy

metrics were utilized to measure the performance of the HPconst and HPmod variants.

Figures 7.2(a) and 7.2(b) depict the time evolution of the order and entropy values of

two sample runs, respectively. The snapshots of these runs are shown in Figure 7.2(c).

In the HPmod behavior, robots attained a common orientation in approxim ately 4s re-

sulting in a high-order value ( � 1), as shown in Figure 7.2(a). A sudden increase was

observed in entropy, indicating that the �ock expanded while the robots were attaining a

common heading. As soon as order reached a high value (� 0:8), entropy decreased and

settled to a relatively low value ( � 0:5) as shown in Figure 7.2(b). Out of ten experiments,

HPmod behavior attained a success rate of100%. A snapshot of one of the runs is shown in

Figure 7.2(c).

Things changed in the case of theHPconst variant. The robots were not able to attain a

common orientation, which kept the order low ( � 0:4), as shown in Figure 7.2(a). This was

mainly due to the fact that the robots were not able to modulat e their forward speed; hence,

they collided with each other and got stuck. These colliding r obots formed independent

stationary or moving clusters, increasing entropy continu ously, as shown in Figure 7.2(b),
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Figure 7.1: Advance-phase experiments. (a) Plot of order. (b) Plot of entropy. ( c) Plot of

normalized average forward velocity. (d) Plot of normalize d average angular velocity.

(e) Snapshots of the initial and �nal con�gurations of Kobots . The ends of the boxes and

the horizontal line in between correspond to the �rst and thi rd quartiles and the median

values, respectively. Outliers are indicated by a plus sign .
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Figure 7.2: The results of the alignment-phase experiment. (a) Time evolution of order.

(b) Time evolution of entropy. (c) Snapshots of the initial a nd �nal con�gurations of Kobots.

and preventing the �ock from attaining a common heading. An ind ependently moving

and a stationary group of robots can be observed in Figure 7.2(c). Out of ten experiments,

HPconst failed in all of them, resulting in a success rate of 0%.

The alignment-phase experiments clearly revealed that the HPmod variant is superior

to the HPconst variant due to the fact that the forward speed of the robots is modulated

in HPmod . Modulation has crucial importance in avoiding robots or ob stacles, which will

become clearer in theavoidance-phase experiment.

7.1.3 The Avoidance-Phase

In the avoidancephase, robots having a common orientation and moving cohesi vely face

an in�nite wall in their path. They bounce off that wall, retai ning their alignment and

cohesiveness. At the same time, the robots avoid collisions with each other. These experi-

ments are also expected to demonstrate the importance of modulation in velocity as in the

alignment-phase experiment.

In the avoidance-phase experiments, robots were initially placed against an in�nite wall

and had a common orientation. They were left to move for 15 s, during which they faced
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a wall, and tried to bounce off and move away from it. Order and entropy metrics were

utilized during the analysis of the HPconst and HPmod variants.

Figures 7.3(a) and 7.3(b) present the time evolution of the order and entropy values of

a sample run for the two behaviors, respectively. The snapshots of these runs are shown in

Figure 7.3(c).

In the case of theHPmod variant, the robots preserved their alignment before and af ter

they encountered with the wall, keeping the order high ( � 1), as depicted in Figure 7.3(a).

The entropy graph shown in Figure 7.3(b) has a hump. Entropy �rs t increases when the

robots encounter the wall, and then returns to its initial va lue, which indicates that the

group remains cohesive after bouncing off the wall. The HPmod variant performed suc-

cessfully in all of the ten runs, attaining a 100%success rate. One of these runs is shown in

Figure 7.3(c).

The performance of the HPconst variant is similar to its performance in the alignment-

phase experiment. Due to lack of modulation of forward veloc ity, the robots get stuck

at the wall or collide with each other as shown in Figure 7.3(c) , preventing the group

from preserving its order as seen in Figure 7.3(a) and staying cohesive, which results in

a continuous increase of entropy as shown in Figure 7.3(b). Out of ten runs, the HPconst

variant had a success rate of0%.

The results of the experiments in this phase revealed that mod ulation of forward ve-

locity is a must when avoidance is concerned and this ability is only present in the HPmod

variant.

The experiments reveal that the HPmod variant outperforms the other behaviors and

satis�es the requirements of desirable�ocking behavior. Its success depends on two factors.

First is the heading alignment, which adjusts the orientati on of the robots to a common

value. Second is modulation of forward velocity, which prev ents collisions among the

robots.

7.2 Optimization of the Controller Parameters

Having analyzed the variants of the �ocking behavior and deci ded on the HPmod variant,

in this section we optimize the controller parameters for an aligned, cohesive and rapid

�ocking motion.

In the experiments, the weight of the proximal-control vect or (� ), maximum forward

speed (umax ) and proportional gain ( K p) parameters were set to various values and their
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Figure 7.3: Theavoidance-phase experiment. (a) Plot of order. (b) Plot of entropy. (c ) Snap-

shots of the initial and �nal con�gurations of Kobots.

effects were analyzed using order, entropy and average forw ard velocity metrics. The ex-

periments were conducted with CoSS using 100 robots and repeated 20 times. The same

experiments were also conducted using seven Kobots and repeated 3 times. In the ex-

periments, robots had random orientations having a regular hexagonal formation with a

center distance of 25cm. In this way, connectivity of the group was ensured, meani ng that

each robot was in the IR sensing range of at least one other robot. The experiments were

conducted with the default parameter set, as shown in Table 6 .1, unless otherwise stated.

7.2.1 Weight of Proximal-Control Behavior

The weight of proximal-control behavior ( � ) determines the relative strength of the two

behaviors when the weight of alignment behavior ( � ) is assumed to be constant. The� pa-

rameter favors heading alignment and increases the average forward velocity of the �ock,

but does not consider the cohesiveness. In contrast, the� parameter favors proximal con-

trol and decreases the average forward velocity of the �ock; h owever, it maintains the

cohesiveness. In this section, we try to �nd an optimum � and � combination which will
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preserve the cohesiveness of the �ock while keeping the avera ge forward velocity at high

values.

In the experiments, we took � as constant and changed� to various values to �nd its

optimum. The plots of CoSS and Kobot experiments are shown next to each for comparison

purposes. Figures 7.4(a) and 7.4(b) show the time evolution of order. Time evolution of

rate of change of entropy is depicted in Figures 7.5(a) and 7.5(b). Figures 7.6(a) and 7.6(b)

show the average forward velocity of the group as a box-and-w hisker plot.

For CoSS experiments conducted with 100robots, it is seen in Figure 7.5(a) that increas-

ing � , increasesdS=dt having a value of 0 when � = 0 :5. VG makes a peak as� increases,

then VG decreases continuously as shown in Figure 7.6(a). In all of the � values, order

reaches approximately 1 regardless of the choice of � as depicted in Figure 7.4(a). From

these results, we can conclude that for a large group, the optimum value of � is 0:5, since

at this value, dS=dt = 0 meaning that the group preserves its cohesiveness andVG has its

maximum value.

For the experiments performed with 7 Kobots, it is observed in Figure 7.5(b) that dS=dt

is approximately 0 when � = 1 and � = 2 . VG has a similar trend as in the 100-robot

case, having its maximum when � = 0 :5 as shown in Figure 7.6(b). Order again reaches

approximately 1 for all of the tested � values, as depicted in Figure 7.4(b). From these

results, we can conclude that the optimum value of � is 1:0 for a small group. This is the

value which both ensures cohesiveness of the �ock ( dS=dt = 0 ) and provides a moderate

speed. � being different in 100-robot and 7-robot case is an interesting result that might be

a consequence of differences in the dynamics of large and small groups.
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Figure 7.4: Plot of order in � experiments. (a) CoSS experiments. (b) Kobot experiments.

Error-bars are not shown for clarity.
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Figure 7.5: Plot of rate of change of entropy in � experiments. (a) CoSS experiments.

(b) Kobot experiments. Error-bars indicate � 1 standard deviation from the mean. Error-

bars in (b) are not shown for clarity.

7.2.2 Maximum Forward Speed

Maximum forward speed ( umax ) determines the maximum attainable forward speed ( u) of

a robot. Experiments were conducted to determine the optima l value of umax that maxi-

mizes the average forward velocity of the group while mainta ining its cohesiveness.

In the experiments, we varied umax and determined its effect on the �ocking behavior.

For the Kobot experiments, umax was only set to 4and 7cm/s due to mechanical limitations

of the DC motors. The results of CoSS and Kobot experiments are presented next to each

other for comparison purposes. Figures 7.7(a) and 7.7(b) show time evolution of order.

Time evolution of the rate of change of entropy is shown in Fig ures 7.8(a) and 7.8(b).

Average forward velocity is represented as a box-and-whisk er plot in Figures 7.9(a) and

7.9(b).

It is observed in Figures 7.7(a) and 7.7(b) that for all of the tested values of umax , the

robots attain an order value of approximately 1 at approximately equal times. dS=dt is

observed to be 0 when umax is 4 or 7 cm/s both in CoSS and Kobot experiments as shown

in Figures 7.8(a) and 7.8(b)). It is observed in Figures 7.9(a) and 7.9(b) that increasing

umax increases the average forward velocity of the group. As a resu lt, we set the value

of umax to 0:7 m/s which ensures the cohesion of the �ock, results in a modera te average

forward velocity and is the maximum physically realizable s peed in Kobots.
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Figure 7.6: Plot of average forward velocity in � experiments (a) CoSS experiments.

(b) Kobot experiments. The ends of the boxes and the horizontal line in between corre-

spond to the �rst and third quartiles and the median values, r espectively. Outliers are

indicated by `+' signs.

7.2.3 Proportional Gain

Robots have two velocity components. The �rst is the forward s peed (u), determined by

the umax parameter. The second is the angular velocity (! ), determined by a proportional

controller having a gain of K p. The optimum value of the umax parameter was determined

in the previous section, and in this section, we will �nd the o ptimum value of K p. When

K p is large, a small deviation from the desired direction cause s rapid rotations in robots,

eventually decreasing the average forward velocity of the �o ck. However, when K p is

small, the robots become sluggish in their rotations, resul ting in a high average forward

0 10 20 30 40 50 60
0

0.2

0.4

0.6

0.8

1

time [s]

y

 

 

u
max

=4 cm/s

u
max

=7 cm/s

u
max

=10 cm/s

u
max

=20 cm/s

(a)

0 5 10 15 20 25 30
0

0.2

0.4

0.6

0.8

1

time [s]

y

 

 

u
max

=4 cm/s

u
max

=7 cm/s

(b)

Figure 7.7: Plot of order for umax experiments. (a) CoSS experiments. (b) Kobot experi-

ments. Error-bars are not shown for clarity.
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Figure 7.8: Plot of rate of change of entropy for umax experiments. (a) CoSS experiments.

(b) Kobot experiments. Error-bars indicate � 1 standard deviation from the mean. Error-

bars in (b) are not shown for clarity.

velocity but decreased responsiveness. Experiments were conducted to investigate these

counter-effects and �nd an optimal value of K p.

In these experiments, K p was varied and their results for CoSS and Kobot experiments

are presented next to each other. Time evolution of order is d epicted in Figures 7.10(a)

and 7.10(b). Rate of change of entropy is plotted in Figures 7.11(a) and 7.11(b). Average

forward velocity is plotted as a box-and-whisker plot and sh own in Figures 7.12(a) and

7.12(b).

It is observed in Figures 7.10(a) and 7.10(b) that order reaches a steady-state value of

approximately 1 for all of the tested values of K p. dS=dt is 0 when K p is 0:5 or 0:9 as seen

in Figures 7.11(a) and 7.11(b). For CoSS experiments,VG shows a decreasing trend asK p

increases shown in Figure 7.12(a) which is not the same in Kobot experiments shown in

Figure 7.12(b) such that Kobots cannot attain a high VG when K p is 0:1 unlike the CoSS

counterpart. This is due the fact that at this value of K p, �ock cannot stay cohesive (dS=dt >

0). Robots in a small group move away from each other much easil y than robots in a large

group, hence; VG of Kobots is considerably lower than VG of robots in CoSS. From these

results, we can conclude that the optimal value of K p is 0:5 which makes the �ock stay

cohesive and attain a moderate average forward velocity.

The experiments conducted in this chapter revealed importan t facts. First, heading-

alignment behavior is crucial in attaining a common orienta tion among the robots. Noisy

IR sensors are not suf�cient for this purpose. Second, when r obots are in need of avoiding

an object, they should have their forward velocities modula ted; otherwise, they collide
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Figure 7.9: Plot of average forward velocity for umax experiments. (a) CoSS experiments.

(b) Kobot experiments. The ends of the boxes and the horizontal line in between corre-

spond to the �rst and third quartiles and the median values, r espectively. Outliers are

indicated by `+' signs.

with the other robots or obstacles and usually get stuck. Thir d, there is an optimum set of

� , umax and K p parameters of �ocking that result in desirable�ocking behavior. In the next

chapter, we will consider the effect of VHS characteristics on the �ocking behavior.
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Figure 7.10: Plot of order for K p experiments. (a) CoSS experiments. (b) Kobot experiments.

Error-bars are not shown for clarity.
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Figure 7.11: Plot of rate of change of entropy for K p experiments. (a) CoSS experiments.

(b) Kobot experiments. Error-bars indicate � 1 standard deviation from the mean. Error-

bars in (b) are not shown for clarity.
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Figure 7.12: Plot of average forward velocity for K p experiments. (a) CoSS experiments.

(b) Kobot experiments. The ends of the boxes and the horizontal line in between corre-

spond to the �rst and third quartiles and the median values, r espectively. Outliers are

indicated by `+' signs.
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CHAPTER 8

ANALYSIS OF FLOCKING BEHAVIOR

UNDER DIFFERENT VHS

CHARACTERISTICS

The performance of �ocking depends highly on the sensory chara cteristics of the VHS.

Therefore, in this chapter, we study the performance of �ockin g under different parameter

settings of the virtual heading sensor: (1) the amount and na ture of noise of the digital

compass, (2) the number of VHS neighbors and (3) the range of wireless communication.

We speci�cally varied the magnitude ( � ) and direction ( � ) of the noise vector, the com-

munication range ( R) and the number of VHS neighbors ( N ). The experiments were con-

ducted with 100 robots in CoSS placed with random orientations in a regular h exagonal

formation having 25 cm center spacing to ensure initial connectivity of the grou p. The

default parameters as shown in Table 6.1 were utilized in the e xperiments unless other-

wise stated and the experiments were repeated 10 times in each case. The number of VHS

neighbors experiments were also performed with seven Kobots and were repeated 3 times.

8.1 Heading Noise

The digital compass utilized in the VHS is susceptible to nois e due to the presence of fer-

rous metals in the environment when operated indoors. This no ise is apt to affect the

performance of �ocking considerably. Therefore, in this sect ion, we try to investigate the

effect of heading noise in the virtual heading sensor.

Heading noise is modeled using the vectorial noise model [25 ], as shown in Equa-

tion 5.1. In the vectorial noise model, noise is represented by two components, one being

magnitude ( � ) and the other being angle (� ). Two experiments were conducted to deter-
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Figure 8.1: Heading noise experiments. (a) Plot of order for d ifferent levels of noise ( � )

when � is uniformly distributed in [� �; � ]. (b) Plot of the steady-state value of order for

Gaussian noiseN (0; �= 2), N (0; � ) and uniformly distributed noise in [� �; � ].

mine the effect of these two components. In both of the experi ments, the number of VHS

neighbors is set to 1 to accentuate the effect of heading noise.

8.1.1 Magnitude of Noise

In the �rst experiment, we investigated the effect of magnit ude (� ) by assuming that ( � )

was uniformly distributed in [� �; � ] and varied � . Time evolution of order for various �

values is plotted in Figure 8.1(a).

Results of the experiment reveal that even for rather high le vels of noise (� < 15), order

of the group converges to rather high values, though the spee d of convergence is slowed

as shown in Figure 8.1(a).

8.1.2 Nature of Noise

In the second experiment, we investigated the effect of the n ature of noise by changing the

type of distribution of the angle as � 2 [� �; � ] = N (0; 1 ), � 2 N (0; �= 2) or � 2 N (0; � ),

where N (x; y) denotes a Gaussian distribution having a mean of x and a standard deviation

of y. � was varied between 0 and 20 for each distribution.

The steady-state values of order are plotted in Figure 8.1(b). The values are calculated

by averaging order in the last 5000time-steps of the experiments. The results indicate that

order stays above 0:8 for � values smaller than 5 when uniform or Gaussian distributions

(N (0; � )) are utilized. However, in case of the Gaussian distributio n denoted by N (0; �= 2),

order is approximately 1 for all the tested � values.
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Two experiments reveal that �ocking behavior is robust again st sensory noise, both

in cases of Gaussian and uniform distributions. In the rest o f the experiments, noise is

assumed to be Gaussian (N (0; �= 2)), with an � value of 3:0 unless otherwise stated.

8.2 Number of VHS Neighbors

In these experiments, we varied number of VHS neighbors and i nvestigated its effects on

�ocking using order, entropy and average forward velocity me trics. Two sets of experi-

ments were conducted. In the �rst set, 100robots were utilized in CoSS and in the second

set, seven Kobots and seven robots in CoSS were utilized.

8.2.1 Large Group

The experiment was conducted using 100robots in CoSS. Time evolution of order is plotted

in Figure 8.2(a), and its steady-state value is shown in Figure 8.2(b). Time rate of change of

entropy and average forward velocity are shown in Figures 8.3 (a) and 8.3(b). Steady-state

order is calculated by averaging the last 5000time-steps.

An increase in N improves the settling time of order as shown in Figure 8.2(b) a nd it

also increases the average forward velocity of the �ock depic ted in Figure 8.3(b). The rate

of change of entropy is not affected considerably which is ap proximately 0 for all the tested

values of N as seen in Figure 8.3(a). It is observed in Figure 8.2(b) that number of VHS

neighbors positively affects system's robustness to noise. An � value of 15 decreases order

to 0:2 when N = 1 , whereas order is approximately 0:8 when N = 3 .

8.2.2 Small Group

The experiments were conducted using seven Kobots and seven robots in CoSS. Order,

entropy and average forward velocity values in Kobot experim ents are plotted in Fig-

ures 8.4(a), 8.4(b) and 8.4(c), respectively. Order, entropy and average forward velocity

values for CoSS experiments are plotted in Figures 8.5(a), 8.5(b) and 8.5(c), respectively.

Similar to the 100-robot case, it is seen in Figures 8.4(a) and 8.5(a) that for allof the

tested N values, order approaches to 1 quite rapidly. The latency of the 1-neighbor case

in settling time is much less signi�cant in seven robots than in 100 robots, since seven

robots assume a common heading more rapidly than hundred rob ots. The rate of change

of entropy is not affected signi�cantly by N as shown in Figures 8.4(b) and 8.5(b). Average

forward velocity increases with increasing N , however the increase is less apparent than
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Figure 8.2: Number of VHS neighbors experiment with 100 robots in CoSS. (a) Plot of

order. (b) Plot of the steady-state value of order. Uniformly distributed noise is assumed

with � = 3 to accentuate the results.
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Figure 8.3: Number of VHS neighbors experiment for 100 robots in CoSS. (a) Plot of rate

of change of entropy. (b) Plot of average forward velocity. Th e ends of the boxes and

the horizontal line in between correspond to the �rst and thi rd quartiles and the median

values, respectively. The outliers are denoted by `+' signs.
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Figure 8.4: Number of VHS neighbors experiments with seven Kob ots. (a) Plot of order.

(b) Plot of rate of change of entropy. (c) Plot of average forw ard velocity. The ends of the

boxes and the horizontal line in between correspond to the �r st and third quartiles and the

median values, respectively. The outliers are indicated by `+ ' signs.
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Figure 8.5: Number of VHS neighbors experiment with seven rob ots in CoSS. (a) Plot of

order. (b) Plot of rate of change of entropy. (c) Plot of avera ge forward velocity. The ends

of the boxes and the horizontal line in between correspond to the �rst and third quartiles

and the median values, respectively. The outliers are indica ted by `+' signs.

the 100-robot case, since the direction of motion in a 7-robot-�ock is much more prone to

disturbances by momentary changes in the direction of indiv idual robots as seen in Figures

8.4(c) and 8.5(c).

8.3 Range

In this section, we investigate the effect of range on the per formance of �ocking. Range

values (R) were varied such that a local (40 cm), an almost global (100 cm) or a global

range (200 cm) was attained for 100 robots. The number of VHS neighbors was taken as

the mean value obtained from Prowler experiments (shown in F igure 5.2(b)), which was 5

for 40cm, 25 for 100cm, 22and 20 for 200cm.

Order and rate of change of entropy values are plotted in Figu res 8.6(a) and 8.6(b)

for various R. The size of the largest cluster is depicted in Figure 8.3. It is observed in
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Figure 8.6(a) that order converges to 1 for R values of 1:0 and 2:0 m. dS=dt is also 0 for

these values indicating a cohesive group as shown in Figure 8.6(b) which is also evident

in Figure 8.3.

As a conclusion, we can say that, size of the largest cluster approaches to the size of the

group when the range of communication tends to be global. We d o not consider this as a

limitation since the range of VHS is 20 m in indoor environments which is well enough to

cover thousands of robots in its range.
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Figure 8.6: Range experiments. (a) Plot of order. (b) Plot of rate of change of entropy.

VHS characteristics have notable effects on the performance of �ocking. First, �ocking

is quite robust against sensing noise. Even for very high noi se values, robots can still attain

a common heading and advance. Second, a large number of VHS neighbors increases the

robustness of �ocking against sensing noise. Third, locality in the communication range

causes segmentation in the group, resulting in several independently-moving aligned and

cohesive clusters. The range should be global in order to attain a single cluster.
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CHAPTER 9

MODELING PHASE TRANSITION IN

FLOCKING

"Make everything as simple as possible, but not simpler."

— Albert Einstein

It was observed in the experiments related to heading noise i n Section 8.1 and num-

ber of VHS neighbors in Section 8.2 that the unaligned-to-ali gned transition of the robots

resembles phase transition observed in most physical systems. Hence, in this chapter, we

model the phase transition of �ocking.

Modeling can be described as an abstraction of a system that is used to predict its re-

sponse under certain conditions13. Speci�cally, in our case, the model is supposed to pre-

dict phase transition characteristics of �ocking as a functi on of heading noise and VHS

neighbors, yet simple enough to be treated analytically.

In this study, we extend an existing particle-based model, w hich is the vectorial net-

work model, and utilize it in modeling the phase transition o f �ocking. The vectorial

network model (VNM) [6] is a simple particle-based model pro posed to analyze the pre-

dictions of the SDP model, utilizing stationary particles w ith random neighbors [2]. The

VNM predicts similar phase transition characteristics to t he SDP model. Under certain con-

ditions, VNM can be treated analytically to show the existen ce of phase transition which is

not present in any of the similar models.

13http://en.wikipedia.org/wiki/Mathematical_model . Last visited: April 2008.
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Figure 9.1: Plot of magnetization as a function of scaled temperature for �ve different mag-

netic materials. Reproduced from [5].

9.1 Phase Transition in Physical Systems

Phase transition14 is a widely-observed phenomenon in physical systems in whic h systems

transform from one phase to another under the in�uence of a cer tain physical parameter,

such as pressure or temperature. Phase transition can be categorized as: being �rst- or

second-order.

First-order phase transition is the most frequent one encou ntered in our daily lives.

Boiling of water, melting of ice and sublimation of naphthal ene are some typical exam-

ples. In this type of transition, there is an abrupt or discon tinuous change in the phase.

Second-order phase transition is not witnessed frequently . Ferromagnetic and super-�uid

transitions are two examples of this type of phase transitio n. In a second-order phase tran-

sition, phase change is continuous, as shown in Figure 9.1, anabrupt jump is not observed.

At this stage, it is interesting to note the similarities betw een Figures 9.1 and 9.2 despite

the great differences in the systems they represent. Figure 9.1 depicts magnetization as

a function of reduced temperature for �ve different magneti c materials, and Figure 9.2

shows order as a function of � for various number of VHS neighbors attained by 100robots

in CoSS. This similarity is a clear indication of phase transi tion in unaligned-to-aligned

transition of robots under the heading noise. Furthermore, the transition is also argued to

be of second-order due to its continuous nature.

A similar observation was also reported by Baldassarre [4] i n a recent study. In this

study, robots having random orientations were connected to each other physically. They

14http://en.wikipedia.org/wiki/Phase_transition . Last visited: April 2008.
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Figure 9.2: Plot of order. Experiments are conducted in CoSS using 100robots for various

number of VHS neighbors. Each experiment is repeated 10 times. Steady-state value of

order is calculated by averaging its value for the last 5000time-steps. Error-bars indicate

� 1 standard deviation from the mean.

were left to rotate and attain a common direction of motion an d move in this direction.

Robots started pushing and pulling their neighbors while me asuring the net force exerted

on their bodies, and �nally, attained a common orientation a nd moved as a group. Results

of the experiments revealed that unaligned-to-aligned tra nsition of the robots under the

in�uence of sensing noise showed second-order phase transit ion characteristics.

Order is utilized to study the second-order phase transitio n phenomenon. It represents

the state of a system, such as magnetization, against an independent variable, such as tem-

perature, in a system undergoing ferromagnetic phase trans ition, as shown in Figure 9.1.

At temperatures greater than the critical temperature, indi cated by Tc in the �gure, the sys-

tem has a low-order value, indicating a paramagnetic (un-ma gnetized) system. However,

when the temperature is lowered gradually, order increases continuously, showing second-

order phase transition characteristics. The system reachesan ordered state at temperatures

less than the critical temperature, indicated by a vertical line in the �gure. The temperature

at which the transition occurs is called the Curie temperatu re (Tc)15.The details of this phe-

nomena is not fully understood and remains as an open problem in statistical physics [5].

15http://en.wikipedia.org/wiki/Critical_phenomena . Last visited: April 2008.

92



9.2 Vectorial Network Model

The vectorial network model models the phase transition of th e orientation of a group of M

stationary particles placed evenly in a 2-D square lattice. The particles are only allowed to

change their orientations, i.e., modify their heading vector s;H (t) = f ~h1(t);~h2(t); � � � ;~hM (t)g

where ~hj (t) = ei� j (t ) is the heading vector of the j th particle at time t, having an angle of � j

and a magnitude of unity.

The heading vector of each particle is updated to the average of the heading vectors of

its neighbors with the addition of a noise term. The vectorial noise model [25] is utilized in

the model. The update equation with the vectorial network mod el is:

~hj (t + 1) =
1
N

NX

k=1

ei� k (t ) + �e i� (t ) (9.1)

where N is the number of neighbors of each particle. � is the noise coef�cient, and � is a

delta-correlated random variable 16 uniformly selected from [� �; � ].

The main difference of the VNM from other models is the way neig hbors are deter-

mined as illustrated in Figure 9.3. In the VNM, neighbors are p icked up from either the

nearest particles or any random particle in the group. The deg ree of locality is determined

by a parameter denoted by p. When p = 0 , neighbors are all picked up randomly from the

group and when p = 1 , neighbors are selected from the nearest particles only.

VNM predicts a transition from an unaligned state to an align ed state of particles when

the noise parameter (� ) is decreased below the critical noise value (� c ' 4:5), as shown in

Figure 9.4. The phase transition is only observed at a non-zero noise value when there

exists at least one random neighbor in the neighboring set of a particle, as observed when

p = 0 :99 in Figure 9.4. This is due to the fact that long-range interacti ons are essential to

converge to an ordered state in one- or two-dimensional syst ems in the presence of noise,

as stated by Mermin-Wagner in [20]. In the VNM, long-range in teractions can only be made

possible by introducing a random distant particle ( p < 1), since the particles are stationary.

However, in the SDP model, long-range interactions are faci litated by the movement and

diffusion of particles that introduce long-range interact ions; hence, a phase transition at a

non-zero noise value is still possible for locally interact ing particles [23].

16A random variable is called delta-correlated when its autocorre lation function is a Dirac-delta function,

meaning that the current value of the random variable does not dep end on its past values. It is also called

white-noise, and it does not depend on the way the random variable i s distributed. http://en.wikipedia.

org/wiki/White_noise . Last visited: April 2008.
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Figure 9.3: Neighbor selection in the vectorial network mode l. Three possible neighbor

con�gurations for p = 7=8 when the number of neighbors ( N ) is set to be 8. Reproduced

from [6].

Being a minimalist model, the VNM can successfully model the phase transition phe-

nomena of simple systems and can be treated analytically as well. However, due to its

simplicity, it cannot be used to directly to model phase tran sition of �ocking. The main

reason for this failure is the lack of a proximal-interactio n term in the VNM to account for

the close-range interactions among the particles present in the �ocking behavior. Close-

range interactions make the robots sluggish so that they have a hard time turning to a

desired direction. The particles in the VNM can turn to a desir ed direction freely, without

any constraints.

9.3 Stiff Vectorial Network Model

We extended the VNM model to model phase transition of �ocking . We add a term, called

the persistence term, to the VNM and call the resulting model S-VNM. The persistence term

consists of a coef�cient ( � ) multiplied by the current heading of the particle to accoun t for

the current heading when the desired heading is being calcul ated.

We utilized the vectorial noise model [25], in which noise is considered as a vector

having a random direction and a variable magnitude that is ad ded to each heading vector

of the neighbors of a particle. Neighbors are selected randomly from the group ( p = 0 ) due

to two reasons: (a) The virtual heading sensor picks up neighb ors randomly from the group

regardless of the topology of the neighbor as shown in the rec eive topology experiment,

Figure 5.3(b). (b) An analytical solution of the model is only p ossible in case of random
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Figure 9.4: Phase transition diagram predicted by the VNM wit h p = 0 (solid line) and

p = 0 :99 (dashed line). The simulations are carried out using 2 � 104 particles with 15

neighbors. � denotes the magnitude of noise, and 
 is the order parameter of the group.

Adapted from [6].

neighbors. S-VNM consists of M stationary particles placed in a 2-D lattice. The particles

can modify their headings vectors H(t) = f ~h1(t);~h2(t); � � � ;~hN (t)g, where ~hj (t) = ei� j (t ) is

the heading vector of the j th particle at time t having an angle of � j and a magnitude of

unity.

~hj (t + 1) = �e i� j (t ) + �
N cX

k=1

ei� k (t ) + �
N cX

k=1

ei� k (t ) (9.2)

where Nc is the number of neighbors selected randomly from the group. Nc is chosen to be

the same for all particles. � is the interaction coef�cient and � is the noise coef�cient. � k is

a delta-correlated random variable uniformly selected fro m [� �; � ].

The steady-state characteristics of the model are investigated using the time-averaged

version of the order ( � ) as shown in Equation 6.6. Another important point related to t he

steady-state characteristics of the system is the critical noise coef�cient ( � c). The critical

noise coef�cient is the value of the noise coef�cient ( � ) when order (  ) is equal to 0:2. At

this value at which the system changes state. For � values greater than � c, the system is

unaligned and in a disordered state. For � values smaller than � c, the system is aligned,

and in an ordered state.

The effect of the persistence coef�cient (� ) is shown by simulating the S-VNM in Matlab

with 100particles, each having one neighbor as shown in Figure 9.5(a). Each simulation

is repeated three times for 10000simulation time-steps, and � is calculated by averaging

order in the last 5000time-steps.

It is observed that an increase in � �attens the order curve both in the high- and the low-
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noise regions, whereas an increase in� �attens the curve mostly in the low-noise region as

illustrated in Figure 9.5(b).

0 5 10 15 20
0

0.2

0.4

0.6

0.8

1

´

¹  

 

 

k=1
k=5
k=10
k=20

(a)

0 5 10 15 20
0

0.2

0.4

0.6

0.8

1

´

¹  

 

 

l =1
l =5
l =10
l =15

(b)

Figure 9.5: The effect of � and � coef�cients on � . Plot of � as a function of � . (a) � 2

f 1; 5; 10; 20g and � = 10. (b) � 2 f 1; 5; 10; 15g and � = 1 . Error-bars indicate � standard

deviation from the mean.

9.4 Analytical Treatment of S-VNM

One of the main appeals of the S-VNM lies in the possibility of analytical treatment of the

model. We will propose a solution near the transition point t o estimate � c in terms of � , �

and N [61].

We will �rst �nd the probability distribution functions (PD F) of each term in Equa-

tion 9.2, and then solve this equation to �nd � c in the stationary (steady-state) condition.

Since only the direction of h is of consideration, we rescale the equation by dividing by

� , and using ~� = �=� and ~� = �=� to simplify notation, and we will drop "tildes" until the

end of the calculation.

We �rst consider the noise term which corresponds to the sum o f N steps (each of length

1) in a random direction on the plane. This is equivalent to a sta ndard random walk. As

such, we know that the PDF of the position on the x y plane after N steps will be:

P� (x; y) =
1

N� 2�
e

� x 2+ y 2

N� 2 (9.3)

We then take the 2-D Fourier transform of Equation 9.3 and obta in:
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P̂� (� x ; � y) = e� 1
4 N� 2 (� 2

x + � 2
y ) (9.4)

The PDF of the interaction term is calculated in [6]. In the cal culation, it is assumed that

all neighbors of a particle are picked randomly from the grou p, and hence neighbor inputs

are statistically independent. They also have identical PDF s since they are all uncorrelated.

In this case, we can utilize the Central Limit Theorem 17 for N > 5 and obtain:

P̂N� (� x ; � y) = eiN (� 1;0 � x +� 0;1 � y )� N
2 (� 2

c � 2
x + � 2

s � 2
y +2 � 2

cs � x � y ) (9.5)

where � 2
c (t) = � 2;0(t) � � 2

1;0(t), � 2
s (t) = � 0;2(t) � � 2

0;1(t), and � 2
cs(t) = � 1;1(t) � � 1;0� 0;1.

� m;n (t) is the instantaneous sine-cosine moment of the distributio n which is calculated

in [6] as:

� m;n (t) =
Z �

� �
P� (� ; t) cosm (� ) sinn (� )d�

We need to �nd the PDF of the heading of a single particle ( P� (� ; t)) to evaluate � 0;1,

� 1;0, � 1;1, � 2;0 and � 0;2, and hence, �nd the PDF of the interaction term ( P̂N� (� x ; � y)) in

Equation 9.5. Since we are interested in the stationary solution close to the critical noise

value (� c), we only need to approximate P� (� ; t) near this point.

We know that when the noise ( � ) is larger than the critical noise value ( � c) the particles

are in disordered state and each of them has the same probability of being in any direction,

which results in a uniform P� (� ; t) distribution having a magnitude of 1
2� . Decreasing the

noise (� ) causes small perturbations to grow and transforms the syst em continuously to

the ordered state. Therefore, we assume aP� (� ; t) having a perturbation term consisting of

a small constant (� ) multiplied by a continuous function such as cosine functio n. Without

loss of generality, the stationary distribution of P� (� ; t) near � c is taken as:

P� (� ) =
1

2�
+ � cos(� ) (9.6)

P� (� ) is the distribution of the heading of an agent, which is the sa me for all agents

due to the fact that they are all uncorrelated random variabl es. In addition to this, all

P� (� ) evolve using Equation 9.2 to a stationary solution; this is al so the distribution of the

persistence term in Equation 9.2 and of the left hand side (LHS) of this equation. With the

assumed form for P� , Equation 9.5 becomes:

P̂N� (� x ; � y) = e
i�N�� x � 1

2 N
�

( 1
2 � � 2 � 2) � 2

x +
� 2

y
2

�

(9.7)

17http://en.wikipedia.org/wiki/Central_limit_theorem . Last visited: April 2008.
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Then we multiply P̂� (� x ; � y) and P̂N� (� x ; � y), and take the inverse Fourier transform

resulting in the combined PDF of the interaction and noise te rms.

PN�� (x; y) =
1

�N
p

(1 + � 2)(1 + � 2 � 2� 2� 2)
e

� 1
N

�
( x � N�� ) 2

1+ � 2 � 2� 2 � 2 + y 2

1+ � 2

�

(9.8)

We then �nd the probability distribution of the RHS by taking the convolution of PN��

with PDF of the persistence term, which is equal to P� (� ). We �nally obtain:

PRHS (x; y) =
Z �

� �
PN�� (x � � cos�; y � � sin � )P� (� )d� (9.9)

Since we are considering a small � , we expand Equation 9.9 to �rst-order in � by consider-

ing small � perturbation. We then express the resulting equation in pol ar coordinates (R,� )

and integrate over R. The resulting equation, which is the PDF of the RHS is:

PRHS (�) =
1

2�
+ � � cos(�) (9.10)

where � is:

� =
p

� e
� � 2

2N (1+ � 2 )

2
p

N (1 + � 2)

�
(N + � ) I 0

�
� 2

2N (1 + � 2)

�
+ � I 1

�
� 2

2N (1 + � 2)

��
(9.11)

where I 0 and I 1 are Modi�ed Bessel Functions 18 of the �rst kind which are de�ned as the

solution to the differential equation: z2y00+ zy0� (z2 + n2)y = 0 .

In the stationary solution, the LHS of Equation 9.2 is equal to P� (� ). Hence the LHS

and the RHS have the same form, resulting in an equality of PRHS (�) = P� (�) which can

be expressed as:

1
2�

+ � cos(�) =
1

2�
+ � � cos(�) (9.12)

We solve this equation for � , then use Equation 9.11 to determine the critical noise value

(� c). We know that just above the critical noise value, the pertu rbations should grow and

put the system into an ordered state. When � < 1, the perturbations will die out, resulting

in a disordered state; conversely, when � > 1, the perturbations will grow and put the

system in an ordered state. We therefore set� to 1, which corresponds to the critical point.

We can �nd an explicit approximate form for � c by carrying out certain approximations

in the regime that we are considering. We set � and � to 1:5 and 22, respectively, to capture

18http://mathworld.wolfram.com/ModifiedBesselFunction oftheFirstKind.html . Last vis-

ited: April 2008.
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Figure 9.6: The phase transition diagram obtained using simul ation of S-VNM. In simula-

tions, � is set to 1:5 and � is set to 22.

the dynamics of the �ocking behavior. For this set of coef�cie nts, � 2

2N (1+ � 2 ) << 1, which

makes I 0 � 1 and I 1 � 0. � is neglected since it is very small when compared to the other

coef�cients. After substituting � = ~�� , we obtain a simple equation for � c as:

� c = �

r
N�
4

(9.13)

9.5 Results of S-VNM

The S-VNM can be utilized in two ways to predict the phase-tran sition of �ocking. On

one side, the S-VNM can be easily solved numerically to obtai n the full phase-transition

diagram of �ocking that result from a given set of parameters. On the other side, the S-

VNM can be solved analytically to predict � c.

Phase transition diagram is obtained by simulating S-VNM in Matlab. The simulation is

performed with 100particles for 10000steps utilizing 1 and 7 neighbors. �� for the last 5000

steps is plotted in Figure 9.5 together with the results of CoS S experiments. It is observed

that, predictions of S-VNM is in close agreement with CoSS wh en N = 1 . A slight deviation

is observed in N = 7 case for small � values.

In predicting the critical noise value of �ocking, we utilize d Equation 9.13 for different

N . The results are plotted in Figure 9.7 together with the result s of CoSS simulations.

We can see that the two results are in close agreement both forsmall and large N values.

However, we should note that Equation 9.13 is actually valid f or N > 5 due to the Central

Limit Theorem utilized in the analytical treatment.
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CHAPTER 10

CONCLUSION

In this thesis, we study self-organized �ocking in a swarm of m obile robots without any

�xed or elected leader. We proposed a behavior based on the heading alignment and prox-

imal control behaviors. The behavior was �rst implemented us ing nine Kobots. We then

utilized a physics-based simulator to investigate the perf ormance of �ocking under differ-

ent controller parameters and virtual heading sensor chara cteristics. We �nally modeled

the �ocking behavior to study its stability conditions under different VHS characteristics.

This thesis has major contributions to various �elds of resea rch. First, the Kobot robotic

system, having a distinctive design, has two novel sensing systems: the short-range sens-

ing system and the virtual heading sensor. The short-range sensing system is designed

to perform proximity measurements at a range of 20 cm. It has the ability to distinguish

kin-robots from obstacles with minimal interference from o ther robots and the environ-

ment. The virtual heading sensor, which broadcasts digital c ompass readings through a

wireless-communication module and obtains the relative he adings of a group of robots.

This method, based only on the assumption that the sensed Nort h direction remains the

same as the neighboring robots, is scalable, and holds greatpromise for use in swarms of

mobile robots as well as UAVs.

Second, the �ocking behavior that is proposed in the thesis cr eates self-organized �ock-

ing in a group of robots. Different from previous �ocking stud ies with mobile robots, this

behavior does not require "simulated sensors", a goal heading that is sensed by the whole

group or an elected or designated leader. In this sense, we claim that, to the best of our

knowledge, this study is the �rst truly self-organized �ocki ng attained in a group of mo-

bile robots. It is also the �rst study that has proposed quant i�able metrics to analyze the

�ocking behavior systematically under different parameter s.

Third, systematic analysis of �ocking behavior revealed impo rtant facts. The �ocking
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behavior is quite robust to large amounts of noise, even when each robot hears from only a

single neighbor, although the robustness against noise and average forward velocity of the

group increases signi�cantly by increasing the number of VH S neighbors. We have also

observed that communication range determines the size of th e �ock, which is consistent

with models of �ocking in natural systems. Segmentation of th e group is observed when

the communication range is kept at local values, which is due to the quasi-static movement

of robots after adopting a common heading. Due to this fact, t he heading information can-

not spread throughout the group unless the communication ra nge of the virtual heading

sensor is large enough.

Fourth, to the best of our knowledge, this is the �rst study to model and analytically

predict conditions of stability in �ocking behavior impleme nted using a group of robots.
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[2] E. Şahin, S. Girgin, L. Bay�nd�r and A. E. Turgut, "Swarm R obotics", in Swarm Intelli-

gence - Introduction and Applications (editors: C. Blum and D . Merkle), Springer. (in press)

[3] A. E. Turgut, H. Çelikkanat, F. Gökçe, and E. Şahin, "Self-organized �ocking with a
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