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Abstract

Recently, robotics research has been gained alot of attentions, due to its wide applications, especially
in some places that human beings can not survive, like in a planet or fire. There are alot of interesting
applications of multiple robots, such as satellite exploration and surveillance missions. However, in
such system one can not possibly rely on assuming fail-proof software or hardware, especially when
such robot systems are expected to operate in hazardous or harsh environment. Therefore, the issue of
resilience to failure becomes essential. Perhaps surprisingly, this aspect of multiple robot systems has
been explored to very little extent so far.

Flocking, as one of important applications of coordination of multiple robots, has a lot of applica-
tions, like moving a box from one place to another place, or explores some unknown places. During
flocking, mobile robots group to form a desired pattern and move together while maintaining that for-
mation. One difficulty is how to distinguish the crashed robots from those who are staying in “waiting”
state since they al don’t move during some period. Another difficulty isto make agroup of robots move
together to form ageographic graph in distributed way. To address the above questions, our research goal
is to achieve the effective coordinated flocking even with the crash of mobile robots. More specifically,
we focus on solving distributed geographic agreement problems for groups of mobile robots.

First, we proposed a fault tolerant flocking in asynchronous model. Our algorithm ensures that the
crash of faulty robots does not bring the formation to a permanent stop, and that the correct robots are thus
eventually allowed to reorganize and continue moving together. Furthermore, the agorithm makes no
assumption on the relative speeds at which the robots can move. The algorithm relies on the assumption
that robots' activations follow a k-bounded asynchronous scheduler, in the sense that the beginning and
end of activations are not synchronized across robots (asynchronous), and that while the slowest robot is
activated once, the fastest robot is activated at most k times (k-bounded).

By analyzing the above algorithm carefully, we find one flaw in the agorithm due to the limit of
design method. That is the formation formed by robots can not be rotated freely. Therefore, in the
following part, we design a new method to lift such limit by allowing the formation to move to any
direction, including its rotation, yet in a semi-synchronous model. Further analysis demonstrates that the
proposed algorithm can make formation freely rotation, and has very good maneuverability.

In practical applications, some parts of a robot, like sensor, moving actuator, or memory etc., is
prone to transient crash due to the influence of complex environment. We discuss the (im) possibility of
self-stabilization of flocking algorithms with memory corruption in different system models.

Finally, we propose a non-fault tolerant flocking algorithm in order to compare the performance with
the above fault-tolerant ones. The described algorithm can effectively adapt to the environment to avoid
the collision among robots and obstacles. Furthermore, one interesting thing iswhen there is no obstacle
in the environment; the robots can keep the desired distance with their neighbors.

In all, to the best of our knowledge, our work is the first to consider the fault tolerant issue during
robots dynamic flocking. Also it opens some new interesting topics on robots dynamic coordination, like
robots coordination in the model of crash and recovery.

Keywords. Mobile robot, decentralized coordination, local interactions, flocking, formation gener-
ation, self-organization
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Chapter 1

| ntroduction

In recent years, robotics research has been gained a lot of attentions due to its wide applications. A
powerful robot or a group of robots can solve some tasks that are impossible or hard for human beings,
like searching after earthquake or exploring on moon, et al. (see Figure 1.1).

Nowadays, robotics design has been focused on making system involving a single complex robot
towards the design and use of alarge number of robots, which are simple, relatively inexpensive, but
capable of collaborating to perform complex tasks. Several reasons motivate this shift, including reduced
costs, faster computation, more potential for fault tolerance, the possibility of expendability of the system
and the reusability of the robots in different applications.

A large range of applications benefit from this shift, particularly applications in dangerous environ-
ments, where human lives would be jeopardized, and applications in remote places, either inaccessible to
humans or where communication delays render remote controlled robot missions unfeasible. Examples
include planetary rover missions, Mars ground preparation, surveillance and inspection of remote sites,
such as tight spaces, deep sea, hazardous and hostile environments, search and rescue missions, such
as rescuing people trapped under piles of debris in an earthquake disaster, or searching for victims of a
flood, exploration of unknown environments, cooperating autonomous vehicles, etc.

1.1 Multi-robot Cooperation

The coordination of multi-robot teams has awide variety of applications such as mine exploration, load
carrying, surveillance-and-security, and search-and-rescue [SCHRO01, KOVAQ3, BLT02, IWFE97].

For such operations, relying on a group of simple robots for delicate operations has various advan-
tages over considering a single complex robot [CC98]. For instance, (1) it is usualy more cost-effective
to manufacture and deploy a number of cheap robots rather than a single expensive one, (2) higher
number yields better potential for a system resilient to individua robot failures, (3) smaller robots have
obviously better mobility in tight and confined spaces, and (4) a group can survey alarger areathan an
individual robot, even if the latter is equipped with better sensors.

Multi-robot systems provide an exciting solution to many real-world problems. Multiple robots
can cooperate to manipulate large objects, survey large areas in a short amount of time, and provide
system redundancy. These functionalities make them applicable to avariety of tasksincluding large-scale
construction [LALBO2], hazardous waste cleanup [RSGHP02], and planetary exploration [SHPBO1].

The class of coordination of multiple autonomous mobile robots discussed so far in the literature
includes, among others, the following basic tasks. formation of simple geometric patterns [KSIS96],
gathering and convergence [CFPS, MCGP02, ISMY 96a, ISMY 96b], flocking (namely, following the
movement of a predefined leader) [GPREO2](see Figure 1.2), uniform distribution over a specified re-
gion [KSIS96], and partitioning into groups [KSIS96].



Figure 1.2: Example of coordinated socia behavior(flocking wild geese).

1.2 Dependability in distributed robot system

In traditional distributed system, increasing the number of components means increasing the probability
that some of these components will be subject to failure during the execution of a distributed algorithm.
To avoid the necessity of restarting an algorithm each time afailure occurs, algorithms should be designed
so asto deal properly with such failures.

Similarly, in mobile robot system, as the common models assume cheap, simple and relatively weak
robots, the issue of resilience to failure becomes prominent, since in such systems one cannot possibly
rely on assuming fail-proof hardware or software, especially when such robot systems are expected to
operate in hazardous or harsh environments [NADPO4]. It seems plausible that the inherent redundancy
of such systems may be exploited in order to enable them to perform their tasks even in presence of
faults.

Recently, there are some research addressed on fault tolerant robot coordination, like in gathering of
robots. Thefirst concrete attempt we're aware of for dealing with crash faultsis described in [YMF97],
where an agorithm is given for the Active Robot Selection Problem (ARSP) in the presence of initial
crash faults. The ARSP creates a subgroup of non-faulty robots from a group that includes also initially
crashed robots and makes the robots in that subgroup recognize one another. This allows the non-faluty
robots in the subgroup to overcome the existence of faults in the system, and they can further execute
any algorithm within the group. Then, Agmon and Peleg [AP0O4] studied fault tolerant algorithms for
the problem of gathering n autonomous mobile robots. Subsequently, an algorithm tolerant against



one crash-faulty robot in a system of three or more robots is presented. It is then shown that in an
asynchronous environment it is impossible to perform a successful gathering in a 3-robot system with
one Byzantine failure. Défago etc. in [DGMPO06] significantly extended the studies of deterministic
gathering feasibility under different assumptions related to synchrony and faults crash and Byzantine. In
addition we extend our study to the feasibility of probabilistic gathering in both fault-free and fault-prone
environments.

1.3 Flocking

Flocking is one of the important applications of multiple robots coordination. In detail, flocking is the
ability of a group of robots to move in formation and to preserve formation while moving. Flocking
has many important applications, for instance, transporting large objects, exploring hazardous areas and
surveillance [JSEBOO, SHP04, ASER03, RCH9g].

At first, the behavior of flocking is observed from the collective motion of a large number of self-
propelled entities - is a behavior exhibited by many living beings such as birds, fish, bacteria, and in-
sects [JOREOS].

Until now, flocking problem has been studied from various perspectives, such as control theory, artifi-
cia intelligence and computational viewpoint [DKGO07, GP04, SM03, CP07]. To the best of our knowl-
edge, only few works studied the flocking problem from computational viewpoint, such as [DISCO08,
GP04, CP07]. Among them, the work of [GP04, CP07] are the closest to our work, however, they rely
on the assumption that robots always function properly, and never crash. That assumption is not practi-
cal due to the characteristic of weakness of robots, especialy if robots operate in dangerous or complex
environments.

Perhaps surprisingly, this aspect of multiple robot systems has been explored to very little extent so
far. Yoshida et al. [YMF97] proposed a fault-tolerant algorithm to select the active mobile robots from
a group of mobile robots. Unfortunately, the authors only considered initial crash faults of robots, i.e.,
a faulty robot that makes no motion from the beginning of execution of the algorithm. Aswe know, it
is not applicable in dynamic applications like flocking, because the probability of robot failure during
execution is much high due to influence of various environments.

Recently, the problem of flocking has been addressed from a computational point of view. The first
such study was by Gervasi and Prencipe [GP04]. In their work, the authors first provided a formal
definition for the flocking problem based on aleader-followers approach. The authors proposed a flock-
ing agorithm that applies to formations that are symmetric with respect to the movement of the leader
without an agreement on a common coordinate system (except the unit distance).

Coble and Cook [CC98] discussed the fault tolerant coordination of robot teams. In their work,
the robots can communicate between each other by exchanging messages. In particular, they applied a
symbolic machine learning approach to deal with uncertainties in communication among autonomous
robots. In other words, they provided a set of attributes that a robot needs to consider when determining
whether its neighbor has been destroyed or it is temporarily obstructed from communicating.

Canepa and Potop-Butucaru [CP0O7] also studied the flocking problem based on a leader-followers
approach from an agorithmic standpoint. In their work, first a leader is elected via probahilistic or
deterministic algorithm, and then robots arrange each other in asymmetric formation (circle) with respect
to the location of the leader in the CORDA model [PRECO1]. In their work, they do not rely on the
existence of a specific leader a priori known to every robot in the system. However, the leader cannot
be changed during execution. Finaly, their flocking algorithm allows robots to preserve the formation in
movement by just moving ahead. Their algorithm does not permit any other kind of movements (turning,
going backward, scaling, etc.). Furthermore, their work do not consider fault tolerance issue.

In papers [LDCO5] and [LCO06], the authorstried to solve the weakness of the leader-follower model,
i.e., when the leader is dead, how to select a unique leader. The idea of these papers is to move some
robots, in order to find the unique furthest one from the new average position of all robots as their leader.



However, when the scale of a swarm of robots becomes very large, the worst case may appear that there
exist many leaders at any time and no unique leader can be found in finite time.

Gervasi and Prencipe [GP04] have proposed a flocking algorithm for robots based on a leader-
followers model, but introduce additional assumptions on the speed of the robots. In particular, they
proposed a flocking algorithm for formations that are symmetric with respect to the leader’'s movement,
without agreement on a common coordinate system (except for the unit distance). However, their ago-
rithm requires that the leader is distinguished from the robots followers.

Canepa and Potop-Butucaru [CPO7] proposed a flocking algorithm in an asynchronous system with
oblivious robots. First, the robots elect a leader using a probabilistic algorithm. After that, the robots
position themselves according to a specific formation. Finally, the formation moves ahead. Their al-
gorithm only lets the formation move straight forward. Although the leader is determined dynamically,
once elected it can no longer change. In the absence of faulty robots, this is a reasonable limitation in
their model.

1.4 Objectives

Our main (principle) motivation is to to consider the fault tolerance of flocking of a group of mobile
robots. In particular, a group of mobile robots can generate and maintain a desired formation during
flocking even in the presence of faulty robots.

Our work considers fault tolerance in problems of a dynamic nature (flocking). This is done while
ensuring the collision avoidance during flocking. During the movement of robots, the collision between
robots and the collision between robots and obstacles are also considered.

Our motivation isto find distributed flocking agorithms in different system models under the weak
assumptions. The assumption include the coordinates (Chapter 4, 5 and 6), communication among
robots, visibility of sensor (Chapter 7), etc. Crash faults (Chapter 4-6) and transient value failures (Chap-
ter 6).

1.5 Contributions

There are main three contributions in this dissertation. The first one is about the design of two fault
tolerant flocking algorithms. The second contribution is the discussion about self-stabilization of robot
flocking when robots suffer transient failure. The last but not least is: it is the first time to apply failure
detector [CT96] into robot system.

Fault tolerant flocking  Flocking algorithms are studied for many years, but to the best of out
knowledge, the fault tolerance of flocking has not been discussed so far. Fault tolerant flocking in some
senseisagroup of mobile robots flock together to coordinate effectively even in presence of robot failure.

First, we formally presents the definition of fault tolerant flocking, which builds a bridge between
robots application (flocking) and dependable distributed system. After formally specifying flocking prob-
lems and developing an adequate computational model, we find as weak as possible conditions under
which flocking can be achieved.

Our main contribution is two deterministic fault tolerant flocking algorithms. Oneisin k-bounded
asynchronous system which isto show that the geometric formation agreement during dynamic flocking.
Specialy, al robots can coordinate effectively each other to generate adesired formation evenin presence
of failure of robots. But in asynchronous model, the robots can not make formation rotate freely. To lift
such limitation, we propose a novel flocking algorithm which can make robots move freely, yet in a
weaker model—semi-synchronous model.

Other contributions can be mentioned. First, we propose the algorithm modules, which is convenient
for hardware design and using in practical applications. Second, we propose a useful method how to



distinguish the crashed robots from the correct ones. Using this method, the robot system can break the
deadlock situation that the correct robots wait for the crashed robots for ever to keep formation and thus
all robots can not move any more. In al, our algorithms provide a dependable platform for dynamic
flocking of robots.

Self-stabilization of flocking with transient failure The property of self-stabilization isvery im-
portant for dependable distributed system. In this dissertation, we analyzed the self-stabilization of
flocking of a group of non-oblivious robots for transient failure.

When the robots or some component of robots experience transient failure, one dependable robot
system should make sure the robots self-stabilize to a stable state. As aresult, in our work, we mainly
focus on the corruption of memory. Memory corruption means. some or total of the data in the memory
change to other random values. For instance, in magnetic fields, the data in the memory may experience
corruption. After the robots move away from the specia place, the memory are not influenced any more.
In this situation, how to find a way to make robot system self-stabilize and make robot flock together
become avery important issue. In al, we provide ageneral way to analyze the self-stabilization of robot
coordination.

Failure detector in robot system  The abstract failure detection methods [CT96] are addressed in
traditional distributed system for many years. However, there is few work that applies failure detector
into robot system, except the work [APO4].

Differently from [APO4], we provide a specific application of failure detector but not an abstract
one. Our failure detector provides a specific method to distinguish the crashed robots from the correct
ones, as aresult, to break the deadlock situation that the correct robots always wait for the crashed ones
to satisfy the requirement of flocking, and can not move any more. Thus, it will inspire the design of the
failure detector for specific applications.

1.6 Organization

Therest of this dissertation is structured as follows:
Chapter 2 discusses system models and definitions that are used throughout this dissertation.

- Chapter 3 states the problem that needs to address in flocking of a group of mobile robots.
- Chapter 4 presents afault tolerant flocking algorithm for a group of asynchronous mobile robots.

- Chapter 5 discusses formation rotation issue of mobile robots and presents afree rotation flocking
algorithm, yet in aweaker model — semi-synchronous model.

- Chapter 6 discusses the (im)possibility of self-stabilization of the presented fault tolerant flocking
algorithms with memory corruption.

- Chapter 7 addresses on the collision avoidance issue between robots, and between robots and
obstacles in the environments.

- Chapter 8 summaries the major results of thiswork and outlines future research directions.



Chapter 2

System Models and Definitions

2.1 System Models

The system consists of a set of autonomous mobile robots R = {rn,rs,....,r,} locating on a two-
dimensiona plane. Each robot is modelled and viewed as a point in the plane, and is equipped with
sensors to observe the positions of the other robots. The local view of each robot is expressed according
to a private coordinate system that to be consisted of a unit of length, an origin and the directions and
orientations of the two x and y coordinate axes.

The robots are completely autonomous. Moreover, they are anonymous, in the sense that they are a
priori indistinguishable by appearance. They do not have any kind of identifiers that can be used during
their computations. Furthermore, there is no direct means of communication among them.

Remark: why the robots are anonymous? what advantage could it bring? From the theoretical view-
point, if the robots are anonymous, it makes the model weaker and better. From the practical situation,
even the robots don’'t know each other’sidentity number, they still could work together. From the another
side to consider, if the robots are not anonymous, that means all robots have identity number, and use
communication to exchange their identity number. Furthermore, all robots need to share the same coor-
dinate system, otherwise, they can not know who is where. Therefore, if the robots are not anonymous,
it brings alot of problem and makes the problem more compl exity.

In particular, each robot R; identifies the locations of al robots in R;’s private coordinate system;
the result of this step is a multi-set of points P = {p,...pn } defining the current configuration. In al,
robotsfirst get all robot’s location by sensing the environment, perform computations on the sensed data,
and move toward the computed destination. This behavior constitutes its cycle of sensing, computing,
moving and being inactive. We define an activation cycle of arobot as follows:

e Look. Here, arobot observes the world by activating its sensors, which will return a snapshot of
the positions of the robots in the system.

e Compute. In this event, arobot performs alocal computation according to its deterministic algo-
rithm. The algorithm is the same for al robots, and the result of the compute state is a destination
point.

e Move. The robot moves toward its computed destination.

Definition 1 The sequence Look-Compute-Move-Wait is called the cycle of a robot. If one such cycle
of a robot is executed, we call this one activation of a robot.

Specidly, there is no direct communication among them. Hence, the only way to communicate is
observing the other robots' position by its sensor. In the “look” step, the robots are indistinguishable, so
each robot R; knows its own location p;, but does not know the identity of the robots at each of the other
points.



Activation Cycle in SYm model:

{Wair ]--( Look ]—(Compu‘{e]—( Move ]

Atomic execution

Figure 2.1: An activation cycle of arobot in SY m model.

Note that the “look” and “move” steps are carried out identically in every cycle, and the differences
between different algorithms occur in the “compute” step. Moreover, the procedure carried out in the
“compute”’ step follows the same algorithm. If the robots are oblivious, then the agorithm cannot rely
on information from previous cycles.

Time is represented as an infinite sequence of time instants during which each robots can be either
“active” or “inactive’. Each time instant during which a robot becomes active, the robot observes its
environment, computes a new position, and moves toward that position. The activation of robots is un-
predictable and unknown to robots, with the guarantees that: (1) every robot becomes active at infinitely
many time instants, and (2) at least one robot is active during each time instant.

Our computational model for studying and analyzing problems of coordinating and controlling a set
of autonomous mobile robots follows three well-known models:

e Fully synchronous model (FSYNC) [AP0O4]
e Suzuki-Yamashita model (SY m model) [KSIS96, AOSY 99, SY99]
e CORDA model [PRECO01, GPREO1b]

2.1.1 Fully Synchronous Model (FSYNC)

The fully synchronous model isintroduced in [APO4]. In fully synchronous model, each robot works
according to the cycle of look-compute-move. In addition, robots operate according to the same clock
cycles, and all robots are active on al cycles. There is a lower bound of S units on the minimum
movement of arobot in acycle, and also there is alimit of maximum movement in each cycle.

2.1.2 Suzuki-Yamashita Model (SYm)

In the SYm model, time is represented as an infinite sequence of discrete time instants 4, t1, to, ...,
during which each robot can be either active or inactive. Only when arobot in wait state, it isinactive; in
other state, a robot executes the activations (look, compute, move), which occur instantaneously. Thus,
it results in a form of implicit synchronization(see Figure 2.1). In other words, this model is partially
synchronous, in the sense that all robots operate according to the same clock cycles, but not al robots
are necessarily active in all cycles. The activations of the different robots can be thought of as managed
by ahypothetical “scheduler”, whose only “fairness’ obligation is that each robot must be activated and
given a chance to operate infinitely often in any infinite execution.

The cycle of arobot is finite, and the activation of robots is determined by an activation schedule,
which is unpredictable and unknown to the robots. At each time instant, a subset of the robots becomes
active, with the guarantees that: (1) Every robot becomes active at infinitely many time instants, (2) At
least one robot is active during each time instant and (3) The time between two consecutive activations
is not infinite.



Activation Cycle:

[Wait | - [ Look |- I Compute ]- [Begin move]- [ End move]

Ieyele 2" eyele

Figure 2.2: The activation of robots in CORDA model.

The atomic action executed by arobot in this model is a computation cycle. The execution of the
system can be modelled as an infinite sequence of rounds. In around one or more robots are activated
and perform an activation cycle.

In every single activation, the distance that robot » can travel in one cycle is bounded by ¢, then the
agorithm returns a point of at most &,,. This distance may be different for different robots.

2.1.3 CORDA Modsd

The CORDA model introduced by Prencipe [PRECO01] issimilar to the SY mmodel described above. The
most notable difference is that, in the CORDA model, there is no synchronization (explicit or implicit)
between robots. Specialy, during the period arobot moves (i.e., between “Begin move” and “ End move’
in Figure 2.2), the other robots can activate many times. Furthermore, a robot can see the other robots
that are moving in the plane.

In the CORDA model, the (global) time that passes between two successive states of the same robot
is finite, but unpredictable. In addition, no time assumption within a state is made. This implies that
the time that passes after the robot starts observing the positions of al others and before it starts moving
is arbitrary, but finite. That is, the actual movement of a robot may be based on a situation that was
observed arbitrarily far in the past, and therefore it may be totally different from the current situation.

They may be interrupted by the scheduler during the execution of the computation cycle. Moreover
while a robot performs an action A, where A can be one of the following atomic actions. observation,
local computation or motion, another robot may perform atotally different action B.

In the model, there are two limiting assumptions related to the cycle of arobot.

Assumption 1 It is assumed that the distance travelled by a robot » in a move is not infinite. Further-
more, it is not infinitessimally small: there exists a constant 4. > 0, such that, if the target point is closer
than ¢,., » will reach it; otherwise, » will move toward it by at least 6.

Assumption 2 The amount of time required by a robot » to complete a cycle (wait-look-compute-move)
is not infinite. Furthermore, it is not infinitesimally small; there exists a constant 7 > 0, such that the
cycle will require at least 7. time.

2.1.4 Reation between Models

Asdiscussed in the paper [AP04], the relation between the three modelsisasfollows: The FSY NC model
is an extreme model since in this model, robots work according to the same clock cycles and all robots
are active on al cycles. The SYm model is semi-synchronous model, in the sense that only some robots
may activate in synchronous way and the execution of each activation is atomic. The another extreme



model is CORDA (also the weakest model), during which robots are fully asynchronous. Obvioudly, the
relationship among them is. FSYNC is a subset of SYM, and SYM model is a subset of CORDA. That
is, using the set signal, they satisfy FF'SYNC € SYm c CORDA.

2.2 Scheduler

At each configuration, a scheduler decides the set of robots which are allowed to execute their actions.
A scheduler isfair if, in an infinite execution, arobot is activated infinitely often.

From the paper [DGMPO6], we know there are different kinds of schedulers based on their property
(fairness). First, we give the definition of full activation cycle for robots.

Definition 2 (full activation cycle) A full activation cycle for any robot 7; is defined as the interval
from the event Look (included) to the next instance of the same event Look (excluded).

Definition 3 (Unfair scheduler) Some robots in the system may never get activated while the other
robots activate often.

Definition 4 (Fair scheduler) Each robot can activate infinite times during infinite executions.

Definition 5 (Centralized scheduler) Each time only one robot get activated.

Definition 6 (Arbitrary scheduler) At each configuration an arbitrary subset of robots is activated.
During the fair schedulers, there is a special scheduler called bounded scheduler.

Definition 7 (Bounded scheduler) There exists a natural number k, but the value of & is unknown,
between two consecutive full activation cycles of the same robot 7;, another robot r; can execute at most
k full activation cycles.

In this paper we consider the fair version of a subset of bounded scheduler: k-bounded-scheduler.

Definition 8 (k-bounded-scheduler) Between two consecutive full activation cycles of the same robot
r;, another robot r; can execute at most k full activation cycles, where & is known.

This definition allows us to establish the following lemma:

Lemma 1 Wth & bounded scheduler, if a robot is activated & + 1 times, then all (correct) robots have
completed at least one full activation cycle during the same interval.

2.3 Failure Detection

Before we talk about failure detection, first we explain three important concepts—failure, fault, and error
based on [ALRLO4]. Correct service is delivered when the service implements the system function.
A service failure, often abbreviated here to failure, is an event that occurs when the delivered service
deviates from correct service. A service fails either because it does not comply with the functional
specification, or because this specification did not adequately describe the system function. Since a
service is a sequence of the system’'s external states, a service failure means that at least one (or more)
externa state of the system deviates from the correct service state. The deviation is called an error. The
adjudged or hypothesized cause of an error is called afault. Faults can beinternal or external of a system.

In adistributed system, two components of the system, both processes and channels, can fail. Itis
very important to define types of possible failure for further discussion about existing problems. Now,
some failure models are introduced and the types of failure assumed discussed.
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Figure 2.3: Different Classifications of failures[ALRL04].

Here, in robot system, similarly with process failure in the distributed system, the robot can fail for
various reasons and they behave differently after failure. Due to the influence of outside environment, a
robot or part of components of arobot, like sensor, communication eguipment, or moving actuator, may
crash. In this dissertation, we mainly discuss the crash of robots and put the crash of components of a
robot in our future work.

2.3.1 FailureClassifications

In general, robot failures are mainly classified the following classifications with respect to the behavior
of arobot after failure [ABLS90]. Figure 2.3 shows the different failure classifications in distributed
system.

Crash failure: A robot halts, but isworking correctly until it halts.

Omission failure: A robot fails to respond to incoming requests.

Timing failure: A robot’s response lies outside the specified time interval.

Response failure: The robot’s response is incorrect.

- Arbitrary (Byzantine) failure: A robot may produce arbitrary responses at arbitrary times.

Based on the duration of failure, there are transient failure and persistent failure(permanent failure).
Following the meaning of permanent, a crash is permanent in the sense that a faulty robot stop and
never recovers. Compared with permanent failure, transient failure istemporary failure and the period of
failure is bounded.

Based on [Gerard00], there is another failure models—Byzantine behavior: a robot is said to be
Byzantine if it executes arbitrary steps that are not in accordance with its local agorithm.

We call robots that never crash be correct robots, and robots that have crashed be faulty or incorrect
robots. Note that correct/faulty are predicates over awhole execution: arobot that crashes is faulty even
before the crash occurs. Of course, arobot cannot determine if it is faulty and some other components
(i.e., failure detector modules) cannot make robots faulty.

We consider permanent crash (in most of this dissertation and unless stated otherwise). That is, a
robot may fail by crashing, after which it stop moving and executes no actions (no movement) any more.
However, itis till physically present in the system, and it is seen by the other non-faulty robots. A robot
that isnot faulty is called a correct robot.

In this chapter, we address crash failures. That is, we consider initial crash of robots and also the
crash of robots during execution. That is, arobot may fail by crashing, after which it executes no actions
(no movement). A crash is permanent in the sense that a faulty robot never recovers. However, it is still
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Table 2.1: Eight classes of failure detectors defined based on accuracy and completeness

Completeness Accuracy
Strong | Weak | Eventual Strong |  Eventual Weak
Strong Perfect P | Strong .S | Eventually Perfect P | Eventually Srong &S
Weak Q Weak W &R Eventually Weak W

physically present in the system, and it is seen by the other non-crashed robots. A robot that is not faulty
iscalled a correct robot.

In distributed coordination of robots, a question arises. how arobot knows a robot has crashed? As
we know in distributed system, a process uses failure detector to detect the other process by sending
message periodicaly (actively or passively). First, we introduce what the failure detector is and then we
discuss how to design afailure detector for robot system.

2.3.2 Failuredetector

In distributed systems with failures, applications often need to determine which processes are up (opera-
tional) and which are down (crashed). This service is provided by failure detector. Failure detectors are
the core of many fault-tolerant algorithms and applications, such as group membership, group communi-
cation, atomic broadcast, atomic commitment, consensus and leader election, etc. Also failure detectors
are found in many systems, such as 1SIS, Ensemble, Relacs, Transis, Air Traffic Control Systems.

A Failure detector can be viewed as a distributed oracle for giving a hint about the operational state
of aprocess. In fact, afailure detector consists of failure detector modules that communicate with each
other by exchanging messages. A process, called a monitoring process, can query its failure detector
module about the status of some process, called a monitored process. The monitoring process thus
obtains information about whether or not the monitored process is suspected to have crashed.

The principal definitions of failure detectors have been proposed by Chandra and Toueg [CT96].
They define the notion of unreliable failure detectors, which are based on the following model. For every
process p; in the system, there is a module F'D; attached that provides p; with potentially unreliable
information on the status of other processes. At any time, i can query F'D; and obtain aset of processes
containing those that are suspected of having crashed.

The impossibility result mentioned above (i.e., severa distributed agreement problems cannot be
solved deterministically in asynchronous systemsif even asingle process might crash [CT96]), no longer
holds if the system is augmented with some unreliable failure detector oracle [CT96]. An unreliable
failure detector isone that can, to a certain degree, make mistakes (over and over).

The failure detector is a distributed entity that consists of all modules and whose behavior must
exhibit some well-defined properties. Depending on the properties that are satisfied, a failure detector
can belong to one of severa classes. Now, these properties are as follows:

Completeness properties

e Strong completeness. Every faulty process is permanently suspected by all correct processes.
e WWeak completeness: Every faulty process is permanently suspected by some correct process.
Accuracy properties

- Srong accuracy: No process is suspected before it crashes.

- Weak accuracy: Some correct process is never suspected.

- Eventual strong accuracy: Thereis atime after which every correct process is never suspected by
any correct process.
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- Eventual weak accuracy: There is atime after which some correct process is never suspected by
any Correct process.

Perfect failure detector P satisfies strong completeness and strong accuracy. There are eight such
pairs, obtained by selecting one of the two compl eteness properties and one of the four accuracy proper-
ties.

Asan example, the class S of failure detectors, is one of the weakest failure detectors to solve Con-
sensus, are defined by strong completeness and eventual weak accuracy. Interestingly, any given failure
detector that satisfies weak completeness can be transformed into a failure detector that satisfies strong
completeness. There also exist transformation algorithms for failure detectors from strong completeness
to weak completeness. This means that a failure detector with strong completeness and a failure detec-
tor with weak completeness are equivalent, thus, G is also the weakest failure detector for solving
Consensus.

The problem is, that in asynchronous distributed systems, it is impossible to implement a failure
detector of class ¢S in a litera sense. The definition of S failure detector is nevertheless highly
relevant in practice. Algorithms which assume the properties of a<>S are incredibly robust because they
can tolerate an unbounded number of timing failures. In other words, and in a more pragmatic way, an
application is guaranteed to make progress as long as the failure detector behaves well for long enough
periods. Conversely, the application might stagnate during bad periods and resume only after the next
period of stability.

2.4 Position Configuration

When arobot gets activated, first it “looks’ the position of all robots and then gets the set of al robots
positions. We call such position set as position configuration. Specially, the formal definition is as
follows:

Definition 9 (Position Configuration) When a robot gets activated, the set of the robots' positions ob-
served by a robot is called a position configuration.

In non-oblivious robot system, the position configuration of robots needs to be saved in the memory.
Between activations of arobot, the past position configuration is saved in the memory.

In order to denote the different flocking algorithm conveniently, we denote the flocking algorithm
which can translate but can not rotate formation as Fr. The flocking which can rotate the formation is
caled Fg. Obviously, Fr also can trandate. For the different flocking algorithms, they work in different
system models. Now we can use F (M O D E L) to denote the translating flocking algorithm which works
in MODEL, where MODFEL is avariable that can be CORDA, SYm and FSYNC. If the algorithm can
tolerate the memory corruption, we denote it be 7V C(M ODEL), where MC'is the abbreviation of
memory corruption.
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Chapter 3

Problem Statement: Flocking

3.1 General Flocking

A special behavior of large number of interacting dynamic agents called “flocking” has attracted many
researchers from diverse fields of scientific and engineering disciplines. The term “flocking” in English
means “moving together in large numbers’. This behavior exists in the nature in the form of flocking
of birds, schooling of fish, and swarming of bacteria . Solutions to the flocking problem are useful
primitives for larger tasks. For instance box pushing or cooperative manipulation, where robots can be
asked to move heavy loads.

In the literature, there are many kinds of flocking definition. The earliest is stated by Craig Reynolds
in his simulation program, Boids in 1986. He said the basic flocking is controlled by three simple rules:

1) Separation - avoid crowding neighbors (short range repulsion)
2) Alignment - steer towards average heading of neighbors

3) Cohesion - steer towards average position of neighbors (long range attraction)

Separation means that each member, or robot, of aflock tries to keep aminimum distance from every
other robot in the flock. Alignment means that each robot tries to go in the same direction as the rest of
the flock. Cohesion means that each robot tries to get as close as possible to the rest of the flock (huddie
together). With these three simple rules, the flock movesin an extremely realistic way, creating complex
motion and interaction that would be extremely hard to create otherwise. Afterward, avoidance is added
as the fourth requirement by some researchers. It means each robot tries to not get too close, or avoid,
robots in other flocks. From these four simple rules of flocking emerges apparently life-like behavior for
aflock.

Numerous definitions of flocking can be found in the literature [GP04, Rey87, BH97, YB96], but few
of them define the problem precisely. The rare rigorous definitions of the problem suppose the existence
of aleader robot and require that the other robots, called followers, follow the leader in adesired fashion
[GPO4, CP07, GP0O1, GPREO1b, VGGPO1]. The motion of the leader is not constrained by the problem.
In contrast, the followers must follow the leader in such a way that the relative positions of the robots
aways keep adesired distance.

3.2 Formation Flocking

Informally, flocking is the formation and maintenance of a desired pattern® while moving, by ateam of
mobile robots. In this chapter, we take a leader-followers approach [GP0O4]. That is, at any time, there

The pattern means a geometrical graph in 2-dimension plane or three dimension space.
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exists arobot leader in the system to lead the other robots, called followers. This leader is elected and
known by the other robots in the system. In other words, the followers just need to follow the leader
wherever it goes, and to keep the given formation while moving.

In order to provide a formal definition of the formation flocking problem, we use the following
definitions introduced in [GP0O4].

Definition 10 (D-distance) Given two position snapshots of a group of robots C' = {a, o, .., ¢, } and
G = {91,992, -.-,9n}, Where ¢; and g; denote the positions of a robot in snapshot C' and G respectively,
the D—distance between them is defined as follows:

IC|

D(Cv G) = MiNzren Z diSt(Civ gTI'(’L))
=1

where IT isthe set of all possible permutations of 1..., [C'] and dist(g, gx(;)) is the distance between two
points ¢; and gy ;).

Definition 11 (Target) Given a pattern P and a position configuration £, we call an undirected target
of the robots any formation that is obtained by translating P so that its leader point coincides with the
leader of £, and rotating it by an arbitrary angle. e denote such a formation as'lp .

Definition 12 (Approximation undirected formation) An undirected target is formed up to € if
D(E,TpE) < €.

Definition 13 (Flocking) Let 1,79, ..., r, be a group of robots, whose positions constitute a formation
E, and let P be a pattern given in input to r, 79, ...,7,,. We consider the presence of a leader robot
to lead the group, and the other robots are followers. The leader robot can be assigned dynamically,
and any of robots can potentially become a leader if the current leader is crashed. The leader can go
anywhere it wants and the followers just try to follow the leader to satisfy an approximate formation.
The robots solve the approximate formation problem during flocking if, starting from a given desired
formation, the robots can maintain a target formation up to £. More specifically, during flocking, there
exists a formation that satisfies D(E, Tp g) < €.

Definition 14 (Formation) A formation F' = Formation(P,, Ps, ..., P,) is a configuration, with P,
the leader of the formation, and the remaining points, the followers of the formation. Note that the
leader P, isnot distinct physically from the robot followers.

In this chapter, we assume that the formation F' isaregular polygon, d isthe length of the polygon edge
(known to the robots), and o = (n — 2)180° /n is the angle of the polygon, where n is the number of
robotsin F'.

Definition 15 ( ¢.-Approximate Formation) We say that robots form an approximation of the forma-
tion F' if each robot r; iswithin ¢, fromitstarget P, in F'.

Definition 16 (The Flocking Problem) Let r4,...,r, be a group of robots, whose positions constitute a
formation F' = Formation(Py, P, ..., P,,). The robots solve the ¢,.- Approximate Flocking Problem if,
starting from an arbitrary formation at time #y, 3t; > to such that, V¢ > t; all robots are at a distance
of at most ¢, fromtheir respective targets F, in F, and ¢, is a small positive value known to all robots.
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3.3 Fault Tolerant Formation Flocking

In computing systems, a fault tolerant system can provide services even in presence of faults. Here, we
consider fault tolerance of the mobile robots system. That is, a group of robots form and maintain an
approximation of aregular polygon during flocking, in spite of the possible presence of faulty robots or
some components failure of robots.

In robot system, robots can communicate each other by sending message to detect the failure of
robots, like in traditional distributed system. But in the weak system model, like CORDA or SYm
model, robots can not communicate explicitly. The only way that a robot “communicate” (obviously
implicit) with the other robots is by sensor. When arobot senses the other robots, it can get the position
of the other robots (locally or globally). Checking the position change of robots is a unique option to
find failure of robots. So, a question may arise; How to distinguish arobot is staying in “waiting” state
from afailed one. Also, when detecting the crash of robot by observing the positions of robots, it is not
easy to know that a robot stays in its previous positions all the time or the other robots just move to that
position. Those complicated problems need to be considered during designing flocking a gorithms.

Although we do consider the presence of a leader robot to lead the group, the role of leader is
assigned dynamically and any of the robots can potentially become aleader. In particular, after the crash
of aleader, a new leader must eventually take over that role.

3.4 Challengesof Flocking

Flocking provides interesting solutions to many problems: manipulate of large objects, system redun-
dancy, reducing time complexity for the targeted tasks, however it bring in discussion some specific
difficulties. In particular, these robots should achieve their tasks without human intervention based only
on the information provided by the robots in the same group. Moreover, they have to explore unknown
or quasi unknown environments while avoiding collisions among themselves. Additionally, they have to
be able to reorganize whenever one or more robots in the group stop to behavior correctly.

The difficulty of the problem comes from the following points:

e Generate a desired formation  For formation flocking, al robots need to self-deploy themselves
to generate a desired formation in distributed way.

e Avoid coallision between robots During flocking, the algorithm used in the robots should avoid
robot to “kill” each other.

e Avoid collision between robots and the obstacles \When there are obstacles in the environment,
the flocking robots should avoid such obstacles intelligently.

e Detect failure When considering the robot may crash, it is necessary to find away to distinguish
the crashed robots from the correct ones who stay in “wait” state.

e Find the minimum capability that a robot must have If the minimum capability of a robot must
have for flocking coordination, then it is useful for designing how weak the robots.

e Make robot system self-stabilize when transient failure occurs Robots may experience transient
failure, how to make robots system go back to a “legitimate” configuration becomes very neces-
sary.

Generally, there are two kind of collisions that need to be avoided: collision between robots and col-
lision between robots and obstacles. During dynamic coordination, the distributed algorithm that robots
used should make sure absence of collision. Otherwise, if any two or more robots collide each other
or arobot collides with the obstacles in the environment, then it cannot be called effective coordination
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and as aresult they will never finish their desired task. There are many work on flocking with obstacle
avoidance, likein [MLPOO05, SM03, YDCWO07, JY JJ91]. Most of them is from the viewpoint of control
theory or graph theory by designing a potential function. The robots do avoid the collision from the ob-
stacles in the environment, while the computation complexity is not considered. Taking these challenges
in mind, we manage to propose the corresponding solution in different system model. Specialy, when
we explore the fault tolerant formation flocking, obstacles are not considered in the models.
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Chapter 4

Fault-tolerant flocking in a k-bounded
asynchronous system

Flocking of a group of mobile robots has a lot of wide and practical applications, like large-scale con-
struction, hazardous waste cleanup, space missions or exploration of dangerous or contaminated area.
However, as we discussed in the previous chapter, it also go with alot challenges to achieve the effective
coordination, especialy in the presence of robot crash.

Therefore, in this chapter, our work is to make mobile robots group to form a desired pattern and
to move together while maintaining such formation. Unlike previous studies of the problem, we con-
sider a system of mobile robots in which a humber of them may possibly fail by crashing. Our al-
gorithm [SYDO08] ensures that the crash of faulty robots does not bring the formation to a permanent
stop, and that the correct robots are thus eventually allowed to reorganize and continue moving together.
Furthermore, the algorithm makes no assumption on the relative speeds at which the robots can move.

Refer to Chapter 2, we consider the following system model: CORDA model of Prencipe [PRECO01]
with a k-bounded scheduler. The local view of each robot includes a unit of length, an origin, and the
directions and orientations of the two x and y coordinate axes. In particular, we assume that robots have a
partial agreement on thelocal coordinate system. Specifically, they agree on the orientation and direction
of one axis, say y. Nevertheless, such assumptions (e.g., y-axis) seem like a given existing robot sensors
(e.g., compasses.) Also, they agree on the clockwise/counterclokwise direction.All robots share the same
unit distance. The origin of the local coordinate system of arobot is fixed. Mobile robots may possibly
fail by crashing and never recover. Without such assumptions, it is fairly easy to show that the problem
isimpossible.

Based on the system model, in this chapter, we present a fault-tolerant flocking algorithm for a k-
bounded asynchronous rabot system. Our algorithm ensures that the crash of faulty robots does not
bring the formation to a permanent stop, and that the correct robots are thus eventually allowed to be
reorganized and continue moving together. Furthermore, the algorithm makes no assumption on the
relative speeds at which the robots can move. We assume the existence of at most (n — 3) faulty robots
in the system, where n is the number of all robots in the system.

In detail, the proposed a gorithm is made of three parts. First, based on the k-bounded scheduler and
approximate assumption about moving restriction of robots, we provide a method called perfect failure
detector to detect any robot that has crashed. Second, agreed ranks are assigned for every robot based on
the consistent position configuration. Finally, based on the above module, the third part of the algorithm
ensures that the robots move together while keeping an approximation of aregular polygon, while also
ensuring the necessary restrictions on their movement.

Before we proceed, we give the following notations that will be used throughout this chapter. Given
some robot r;, r;(t) isthe position of r; at time¢. y(r;) denotes the y coordinate of robot r; at sometime
t. Let A and B betwo points, with A B, we will indicate the segment starting at A and terminating at B,
and dist(A, B) isthelength of such asegment. Finally, given aregion X', we denote by |X'|, the number
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of robots in that region at time ¢. Let .S be a set of robots, then | S| indicates the number of robots in the
set S.

Specially, for the definition of e.-Approximate Formation, we assume, dist(r;, ;) < e < (k +
1)dist(r;, ), where k is from k& bounded scheduler, dist(r;,r;) is the distance between two robots 7;
and Tj.

The presented fault tolerant flocking algorithm consists three modules: perfect failure detector,
agreed ranking of robots and flocking algorithm. First, by using perfect failure detector, the robots
get the set of positions of correct robots. The output of failure detector as the input of the ranking mod-
ule. By ranking module, all correct robots are assigned agreed rank. Thus, in flocking module, a unique
leader can be chosen and all the other robots follow the el ected leader move together.

4.1 Perfect Failure Detection

In this section, we give a simple perfect failure detection algorithm for robots based on a k—bounded
scheduler in the asynchronous model CORDA. Refer to Chapter 2, a perfect failure detector has two
properties. strong completeness, and strong accuracy. That is,

e Strong completeness. Every faulty robot is permanently suspected by all correct robots.
e Strong accuracy: No robot is suspected before it crashes.

Before we proceed to the description of the algorithm, we make the following assumption, which is
necessary for the failure detector mechanism to identify correct robots and crashed robots.

Assumption 3 At each activation of some correct robot r;, r; computes as destination a position that
is different from its current position. Also, a robot r; never visits the same location for the last & + 1
activations of r;.1Finally, a robot r; never visits a location that was visited by any other robot r; during
the last k£ + 1 activations of r;.

Remark: For easy to describe our idea, here we make this assumption and later provethat it isalways
verified by our algorithms, thus completing the loop.

This assumption is only needed to determine a unique ranking for any number of robots (even or
odd) asit is the minimal assumption to solve the leader election problem for an even number of robots,
as proved by Flocchini et a. [FPSW99, FPSWO01].

4.1.1 Algorithm Description

Recall that we only consider permanent crash failures of robots, and that crashed robots remain physi-
cally in the system. Besides, robots are anonymous. Therefore, the problem is how to distinguish faulty
robots from correct ones. As shown in Algorithm 1, this failure detector part is pretty straightforward.
It provides a simple perfect failure detection mechanism for the identification of correct robots. The
algorithm is based on the fact that a correct robot must change its current position whenever it is acti-
vated (Assumption 3), and also relies on the definition of the k—bounded scheduler for the activations of
robots. So, arobot r; considers that some robot r; is faulty if r; is activated & + 1 times, while robot r;
isstill in the same position.

Algorithm 1 gives as output the set of positions of correct robots S..;cct, @nd uses the following
variables:

e Sposprevobser: @ global variable representing the set of points of the positions of robots in the
system in the previous activation of some robot r;. These points include the positions of correct
and faulty robots. Sposprevobser 1S iNitialized to the empty set during the first activation of the
robot.

That is, r; never revisits a point location that was within its line of movement for itslast k + 1 total activations.
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e Sposcurrobser. the set of points representing the positions of robots in the current activation of
somerobot r;. Note that these points also include the positions of al robotsin the system, including
faulty and correct ones.

e c;: aglobal variable recording how many times some robot r; did not change its position p;;

Assumption 3 gives as output the set of positions of correct robots S.orect-

Algorithm 1 Perfect Failure Detection (code executed by robot 7;)
Initialization: Sposprevobser := 0; ¢j :=0
1 procedure FaiIUre—DeteCtion(SPosPrevaseraSPosCurrObseT)
2: Secorrect = SPosCurrObser:

3 for vpj € SPosCurrObser do

4 if (pj € SPosPrevobser) then {robot r; has not moved}
5: cji=cj+1;

6: else

7 cj =0,

8 end if

o if(c; > k)then

10: Scorrect = Secorrect — {pj};
11: end if

12:  end for

13: return (Scorrect)

14: end

4.1.2 Correctness

The proposed failure detection algorithm (Algorithm 1) satisfies the two properties of a perfect failure
detector; strong completeness, and strong accuracy. It also satisfies the eventual agreement property.
These properties are stated respectively in Theorem 1, Theorem 2, and Theorem 3.

Lemma 2 If some robot r; crashes at time ¢, then there is a time ¢,,,,.+ after which every correct
robot detects the crash of robot »;, that is: 3t,,ute, tmute < terash + tmaz, WHEre t,4. 1S the maximum
time required for the slowest robot to detect the crash.

PrROOF. Let r; be a crashed robot. Then, »; will remain at its current position forever.
Let r; be a correct robot which is the fastest robot in the system. By hypothesis on the
system model, the time between two consecutive activations of any robot is finite. Then,
by definition of the k-bounded scheduler, and Assumption 3, robot r; detects that r; has
crashed after (k + 1) activations (activations of ), which takes finite time.

Now, let r, be a correct robot which is the slowest robot in the system. Assume that 7 is
activated the leadt, i.e., 7 is activated only once during the & activations of robot r¢. Then,
robot r, detects that r; has crashed after k(k + 1) activations (activations of ), which is
also done in finite time. As a result, we can deduce that any correct robot 7; in the system
detects the crash of robot r; in finite time by similar arguments.

Assume that r; crashes at time t..qsp, and t,,q, 1S the maximum time required for k(k + 1)
activations of the slowest robot, then we can compute ..., which is the time after which
all correct robot detect the crash of robot r; asfollows. t,,ute < terash + tmaz. SiNce after

time t..qsh, robot r; never moves, then after time ¢,,.,¢¢, 7; Will be permanently suspected by
al correct robots in the system. O emmais
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Asadirect consequence from Lemma 15, we derive the following theorems:

Theorem 1 (Strong completeness): Eventually every robot that crashes is permanently suspected by
every correct robot.

Theorem 2 (Strong accuracy): There is a finite time after which correct robots are not suspected by
any other correct robots.

PrROOF. Let r; and r; be two correct robots. Assume without loss of generality that robot
r; is activated only once during £ activations of robot r;.

If robot r; is correct, then by Assumption 3, and by the definition of k—bounded scheduler,
r; must move by anon-zero distance during the & activations of robot r;. Also, by Lemmal,
r; must have finished its move before the start of the & + 1 activation of 7;. In addition, r;
cannot move to the position that was occupied by 7; by Assumption 3. Since r; is also cor-
rect, it will realize that r; has changed its position at or before the k& + 1 activation of 7;.
Since the time required for the & + 1 activations of r; is also finite, r; will realize that r; is
acorrect robot in finite time. Chheorem 2

From Theorem 1 and Theorem 2, we can conclude that Algorithm 1 has the following property:

Theorem 3 (Eventual agreement): There is a finite time after which, all correct robots agree on the
same set of correct robots in the system.

4.2 Agreed Ranking for Robots

In this section, we provide an algorithm that gives a unique ranking (or identification) to every robot in
the system since we assume that robots are anonymous, and do not have any identifier to allow them to
distinguish each other. The algorithm allows correct robots to compute and agree on the same ranking.
In particular, the ranking mechanism is needed for the election of the leader of the formation. Note that
a deterministic leader election is impossible without a shared y-axis [FPSWO01]. Therefore, we assume
that robots agree on the y-axis.

4.2.1 Algorithm Description

We first assume that robots are not located initially at the same point. That is, robots are not in the
gathering configuration [DGMPO6], because it may become impossible to separate them later. In other
words, consider two robots that happen to have the same coordinate system and that are always activated
together. It is impossible to separate them deterministically. In contrast, it would be trivial to scatter
them at distinct positions using randomization (e.g., [DPQ7]), but thisisruled out in our model.

The ranking assignment is given in Algorithm 2. The algorithm takes as input the set of posi-
tions of correct robots in the system S.,rcc¢, @and returns as output an ordered set of the positions
iN Scorrect, Called RankSequence. This ranking of the positions of robots in S.oqrect QiVES tO ev-
ery robot a unique identification number. The computation of RankSequence is done as follows:
RankSequence = {Scorrect; <}, Where the relation “ < ”is defined by comparing the y coordinates
of the points in S.,-rect, and breaking ties from left to right. In other words, the positions of robots in
Scorrect @€ sorted by decreasing order of y—coordinate, such that the robot with greatest y-coordinate
is the first in RankSequence. When two or more robots share the same y-coordinate, the clockwise
direction (called right hand) is used to determine the sequence; arobot » that has arobot r; on its right
hand, has alower rank than r; in RankSequence.

20



Algorithm 2 Ranking_Correct_Robots (code executed by robot 7;)
1. Input: Scorrect: Set of positions of correct robots;
2. Output: RankSequence: Ordered set of positions of correct robots S.orect;
3. Initialization: counter,.; := aglobal variable recording the number of activations of robot 7;;
4. procedure Ranking_Correct Robots(S.orect)

5  When r; is activated
6. countergq = counterge + 1;
7. Left(r;):=istheray starting at r; and perpendicular to itsy—axisin counter-clockwise direction.
8  Sort the y—coordinates of robots in S.o-cc: iN decreasing order.
9: if (V’f’j, Tk € Scorrect, y(rj) 7é y(rk)) then
10: RankSequence := the set Soect iN Order of decreasing y—coordinate;
11:  eseif y(r;) = y(ry) then
12: if (rj ison Left(ry)) then
13: RankSequence :=r; <1y,
14: else
15: RankSequence := 1, < rj;
16: end if
172 endif
18:  if (counter,e < k) then
19: Lateral_Move_Right();
20. endif
21:  Return(RankSequence);
22: end

Algorithm 3 Procedure Lateral Move Right (code executed by robot 7;).
1. procedure Latera_Move_Right()
Right(r;) =istheray starting at r; and perpendicular to its y—axisin clockwise direction;
3. if (If no other robot on Right(r;)) then
4 r; moves by at most e, /(k + 1)(k + 2) to Right(r;)(see Figure 4.1(a));
5: else {somerobots arein Right(r;) including faulty robots}
6: p = the position of the nearest robot to r; in Right(r;);
7
8
9

r; movesby min(e,/(k+1)(k+2),dist(r;,p)/(k+1)(k+2)) to Right(r;)(see Figure 4.1(b));
end if
end
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2), dist(rs,p)/(k + 1)(k + 2)) to Right(r;).

Figure 4.1: Zone of movement of the |eader.

In order for robots to agree on the same RankSequence initialy, some restrictions on their move-
ment are required during their first & activations. The movement restriction is given by procedure
Lateral_Move_Right(), and it ismade in away that all robots compute the same RankSequence during
their first & activations. In particular, arobot r; that does not have robots on Right(r;) can move by
at most the distance ¢, /(k + 1)(k + 2) aong Right(r;) in order to preserve the same y—coordinate.
Otherwise, r; moves by min(e, /(k + 1)(k + 2), dist(r;,p)/(k + 1)(k + 2)) dong Right(r;), wherep
is the position of the nearest robot to r; in Right(r;).

Note that, the bounded distance min(e./(k + 1)(k + 2), dist(r;,p)/(k + 1)(k + 2)) set on the
movement of robots is conservative, and is sufficient to avoid collisions between robots, and to satisfy
Assumption 3.

In order to understand the working procedure of Algorithm 2, we give an example shown in Fig-
ure 5.1. By using Algorithm 2, RankSequence can be gotten as {a, b, ¢, e, d}.

422 Correctness

From Algorithm 2, we obtain the following lemmas. In particular, Algorithm 2 gives a unique ranking
to every robots in the system, and also ensures no collisions between robots.

Lemma 3 Algorithm 2 gives a unique ranking to every correct robot in the system.

PROOF. The proof is trivial. Since, robots agree on the direction and orientation of the
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Figure 4.2: An example of Ranking_Correct. Robots: a, b, ¢, d, e are the locations of robots in system, e
and d has the same y values.

y—axis, then, by Algorithm 2, all robots with different y—coordinates will have different
ranks. In addition, for robots who have the same y—coordinate, the clockwise direction is
used to determine the sequence. Since, robots agree on the clockwise direction, then two
distinct robots having the same y—coordinate cannot see each other in the same direction.
Thus, a unique ranking is given to each of these robots. O emma3

Lemma4 By Algorithm 2, there is a finite time after which, all correct robots agree on the same initial
sequence of ranking, RankSequence.

ProoOF. Assume without loss of generality that robot r; isthe first robot that was activated

by the scheduler. That is, r; has seen the initial configuration of the robots. Then, the proof

consists of showing that all other robots (correct) compute the same sequence of ranking as
;.

We first show that Algorithm 2 preserves the same sequence of ranking computed by 7.

Assume that robot r; is activated after robot r; has finished one full cycle. Recall that r; has

changed its position based on Assumption 3. Then, we will show that robot 7; will compute

the same rank segquence as r; no matter what the movement taken by 7;:

1. Robot r; movestoward Right(r;): Since such amove does not change the y—coordinate
of r;, and r; executes the same algorithm as r;, then r; will compute the same rank
sequence as ;.

2. Robot r; movestoward the closest robot to Right(r;), say r. by thedistance min (e, / (k+
1)(k+2),dist(r;,r) /(k+1)(k+2)): Since such adistance is less than the distance
dist(r;,rc)/k, then such a move does not change the order of »; and r. with respect
to left and right, and also it preserves the same y—coordinate of 7 and r.. Thus, by
similar arguments as above, r; will compute the same rank sequence as r;.

The same proof applies to the other robots that are activated after 5 and r;, by similar ar-
guments. By Lemma 3, the rank sequence, RankSequence computed by all correct robots
isunique. In addition, by the assumption of the k-bounded scheduler, arobot is activated at
least once during & activations, and its cycle is finite by Assumption 2. Consequently, after
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k activations of the same robot in the system, every other correct robot is activated at least
once, and have computed the same ranking sequence. Such computation is done in finite
time and the lemmafollows. Ol emmasa

Lemma5 Theranking algorithm (Algorithm 2) guarantees no collisions between the robots in the sys-
tem.

PrROOF. The proof is straightforward. The only movement allowed by Algorithm 2 isto
make robots move along the perpendicular of their y—axes, toward their right. Assume that
robot r; is one of the robots in the system. There are two cases to consider, depending on
whether robot r; has robots on Right(r;) or not. First, assume that robot r; has a different
y coordinate from the other robots in the system. Then, it is trivial that 7 will not collide
with any of these robots because they do not belong to its line of movement. In addition,
they will not arrive at its line of movement because they move in parallel to the y-axis of #,
by Algorithm 2.

Now assume that robot r; has the same y coordinate as another robot in the system, say 7;.
Assume without loss of generality that r; is the closest to r; in Right(r;). By Algorithm 2,
r; is alowed to move at each activation cycle by at most min(dist(r;,r;)/(k + 1)(k +
2),¢,/(k+1)(k+2)). Then, even in the worst case when r; is activated each time during &
activations, however r; isnot, wewill not have the situation where r; collides with r; after £
activations of r; because r; will not reach r; since the distance k - dist(r;, ;) /(k+1)(k+2)
is strictly lessthan dist(r;,r;). OLemmas

4.3 Dynamic Fault-tolerant Flocking

In this section, we propose a dynamic fault tolerant flocking algorithm. Using this algorithm, a group
of robots can dynamically generate an approximation of a regular polygon (Definition 15), and main-
tain it while moving. Our flocking algorithm relies on the existence of two devices, namely a perfect
failure detector device and a ranking device, which were represented respectively in Algorithm 1, and
Algorithm 2.

4.3.1 Algorithm Description

The flocking algorithm is depicted in Algorithm 4, and takes as input the desired length of the polygon
edge d, and the history of robot r;, which includes the following variables:

e Sposprevobser - the set of positions of robots in the system during the last observation of robot 7.

e HistoryMove: the set of points on the plane visited by robot r; during its last previous k& + 1
activations.

e nbr,.: acounter recording the last previous k + 1 activations of robot 7.

The overall idea of Algorithm 4 is as follows. First, when robot r; gets activated, it executes the
following steps:

(1) It takes a snapshot of the current positions Spscurrobser Of robots in the system.

(2) Rabot r; calls the failure detection module to get the set of correct robots, S.orrect-
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Figure 4.3: Zone of movement of the |eader.

(3) Robot r; cals the ranking system, and gets a total ordering on the set of correct robots Ko, rects
called RankSequence.

(4) Depending on the rank of robot r; in RankSequence, robot r; executes the procedure described
in Algorithm 5; Flocking_Leader(RankSequence, d, nbr,t, HistoryMove) if it has the first rank in
RankSequence (i.e., the leader). Otherwise, robot r; is afollower, and it executes the procedure
Flocking_Follower(RankSequence, d, nbr,, HistoryMove), described in Algorithm 6.

(5) Raobot r; isaleader. First, r; computes the points of the formation A, ..., P, asin Definition 15,
with its location as the first point P, in the formation. The targets of the followers are the other
points of the formation, and they are assigned to them based on their order in the RankSequence.
After that, the leader will initiate the movement of the formation, while preserving the same rank
sequence, keeping an approximation of the regular polygon, and aso avoiding collisions with
followers.

In order to prevent collisions between robots, the algorithm must guarantee that no two robots
ever move to the same location. Therefore, the algorithm defines a movement zone for each robot,
within which the robot must move. The zone of the leader, referred to as Zone(r;), is defined

depending on the position of the next robot 7; 1 in RankSequence. Lét us denote by proj., .,

the projection of robot 7,1 on the y—axis of r;. The zone of the leader is defined as follows:

e 7; andr;;1 havethesamey coordinate: Zone(r;) isthehaf circlewith radius min(dist(r;, r41)/(k+
1)(k+2),e/(k+1)(k+2)), centered at r; and above r; (refer to Figure 4.3(a)).

e 7; and r;; do not have the same y coordinate: Zone(r;) isthecircle, centered at r;, and with
radius min(dist(r;, projy,,,)/(k + 1)(k + 2), €. /(k + 1)(k + 2)) (refer to Figure 4.3(b)).

After determining its zone of movement Zone(r;), robot r; needs to determine if there are crashed
robotswithin Zone(r;). Let Scrashinzone Dethe set of positions of the crashed robotsin Zone(r;).
If Scrashinzone 1S €qua to the empty set, then robot r; can move to any desired target within
Zone(r;), satisfying Assumption 3. Otherwise, robot 7; can move within Zone(r;) by excluding
the points in Seyashinzone, @Nd satisfying Assumption 3.

(6) Robot r; is afollower. First, r; assigns the points of the formation H, ..., P, to the robots in
RankSequence based on their order in RankSequence. Subsequently, robot r; determines its
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target P, based on the current position of the leader (1), and the polygon angle o given in the
following equation: o = (n — 2)m/n, where n isthe number of robots in the formation.

After that, robot r; must follow the leader. while preserving the rank sequence of robots, keeping
an approximation of the polygon, and also avoiding collisions with the other robots. In order to
ensure no collisions between robots, the algorithm also defines a movement zone for each robot
follower, within which the robot must make its movement. The zone of a follower, referred to as
Zone(r;) is defined depending on the position of the previous robot 7;_; and the next robot r; 1

to ; in RankSequence. Before we proceed, we denote by proy,., ., the projection of robot r;_;

on the y—axis of robot r;. Similarly, we denote by proj;,, ,, the projection of robot ;1 on the
y—axis of r;. The zone of movement of arobot follower is defined depending on the locations of
r;—1 and r; 1 asfollows:

e 7;, 7i—1 and r;; have the same y coordinate, then Zone(r;) is the segment 7;p, with p as
the point at distance min(dist(r;, ri41)/(k + 1)(k + 2), €. /(k + 1)(k + 2)) from r; (see
Figure 4.4(Q)).

e 7;,7;—1 and ;41 do not have the same y coordinate, then Zone(r;) isthe circle centered at 7;,
and with radius min (e, /(k+1)(k+2), dist(r;, progr,_, )/ (k+1)(k+2), dist(r;, projr, ., )/ (k+
1)(k + 2)) (see Figure 4.4(b)).

e 7; and r;11 have the same y coordinate, however r;_; does not, then Zone(r;) is the half
circle centered at r; aboveit, and with radius min (e, /(k+1)(k+2), dist(r;, projr._,)/(k+
)(k + 2),dist(r;, riv1)/(k + 1) (k + 2)).

e 7; and r;_; have the same y coordinate, however r;; does not, then Zone(r;) is the half
circle centered at r; below it, and with radius min(e./(k + 1)(k + 2), dist(r;,mi-1)/(k +
1)(k +2),dist(r;, projr,.,)/(k + 1)(k + 2)) (see Figure 4.4(c)).

As mentioned before, the bounded distance min(e./(k + 1)(k + 2), dist(ri,p)/(k + 1)(k + 2))
set on the movement of robots is conservative, and is sufficient to avoid collisions between robots,
and also to satisfy Assumption 3 (this will be proved later).

For the sake of clarity, we do not describe explicitly in Algorithm 6 the zone of movement of the
last robot in the rank sequence. The computation of its zone of movement is similar to that of the
other robot followers, with the only difference being that it does not have a next neighbor 7. 1.

So, if robot r; has the same y—coordinate as its previous neighbor r;_1, then its zone of movement

Zone(r;) is the half circle with radius min(e./(k + 1)(k + 2), dist(r;,ri—1)/(k + 1)(k + 2)),

centered at r; and below r;. Otherwise, its zone is the circle centered at r;, and with radius
min(e-/(k + 1)(k + 2), dist(r;, projr, ,)/(k+ 1)(k + 2)).

After determining Zone(r;), robot ; needsto determineif it can progress toward itstarget Target(r;).
Note that, Target(r;) may not necessarily belong to Zone(r;). To do so, robot r; computes the in-
tersection of the segment r; Target(r;) and Zone(r;), caled Intersect. If Intersect isequal to the
position of r;, then r; will move toward its right as given by the procedure Lateral Move Right().
Otherwise, r; moves along the segment Intersect as much as possible, while avoiding to reach the
location of a crashed robot in Intersect, if any, and satisfying Assumption 3. In any case, if % is
not able to moveto any point in Intersect, except its current position, it movestoitsright asinthe
procedure Lateral_Move_Right().

Note that the followers can move in any direction by adaptation of their target positions with respect
to the new position of the leader. When the leader is idle, robot followers move within the distance
e /(k + 1)(k + 2) or smaller in order to keep an approximation of the formation with respect to the
position of the leader, and preserve the rank sequence.
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Algorithm 4 Dynamic Fault-tolerant Flocking (code executed by robot 7)

1

N
AW NP O

Input:

M ernory(ri):SPosPrevaser;

HistoryM ovenbrae;

d = the desired distance of the polygon edge;

When r; is activated

r; takes asnapshot of the positions Sposcurrobser Of FODOLS;
Scorrect = Failure_Detection(SposprevObser s SPosCurrObser )
RankSequence = Ranking_Correct_Robots(Scorrect );
leader :=first robot in RankSequence;

if (r; = leader) then {leader}
Flocking_Leader(RankSequence, d, nbr,, HistoryMove);

else {follower}
Flocking_Follower(RankSequence, d, nbr,ct, HistoryMove);

end if

Algorithm 5 Flocking Leader: Code executed by arobot |eader ;.

procedure Flocking_Leader(RankSequence, d, nbrqe:, HistoryM ove)

n := |RankSequence|;

a:=(n—2)/n;

P :=Formation(P,, P, ..., P;) asin Definition 14;

P, := current position of the leader;

r;+1:= next robot to r; in RankSequence;

projr,.,-= the projection of r; .1 on y—axis of r;;

if (projr,., = r;) then {r; has same y—coordinate as ;1 }
Zone(r;):= half circlewith radius min(dist(r;, ri+1)/(k+1)(k+2), €, /(k+1)(k+2)), centered
at r; and above r; (refer to Fig. 4.3(a);

else
Zone(r;):= the circle centered a 1, and with radius min(e. /(K + 1)(k +
2), dist(rs, projr,,,)/(k + 1)(k + 2)) (refer to Fig. 4.3(b));

end if

Scrashinzone := the set of positions of crashed robotsin Zone(r;);

if (SCTashInZone 7é 0) then
leader moves to a desired point Target(r;) within Zone(r;), excluding the points in
ScrashiInzone, and the pointsin HistoryM ove;

else
leader moves to a desired point Target(r;) within Zone(r;), excluding the points in
HistoryM ove,

end if

Curr M ove := the set of points on the segment r; Target(r;);

if (nbrqee < k+ 1) then
HistoryMove := HistoryMove U Curr M ove;

else
HistoryMove := CurrMove;
nbreet .= 1;
end if
end
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4.3.2 Correctness of the Algorithm

In this section, we prove the correctness of our flocking algorithm by first showing that correct robots
agree on the same ranking of robots during the execution of Algorithm 4 (Theorem 4). Second, we prove
that no two correct robots ever move to the same location, and that a correct robot never moves to a
location occupied by afaulty robot (Theorem 5). Then, we show that al correct robots dynamically form
an approximation of aregular polygon in finite time, and keep this formation while moving (Theorem 6).
Finally, we prove that our algorithm tolerates permanent failures of robots (Theorem 7).

Lemma6 Algorithm 4 satisfies Assumption 3.

PrROOF. To prove the lemma, we first show that any robot r; in the system is able to move
to adestination that is different from its current location, and robot 7 never visits a point
location that was within its line of movement for itslast k£ + 1 activations. Then, we show
that a robot r; never visits a location that was visited by another robot »; during the last
previous k + 1 activations of r;.

First, assume that robot r; is the leader. By Algorithm 4, its zone of movement Zone(r;)
is either a circle or a half circle on the plane (centered at r;, and with radius greater than
zero), excluding the points in its history of moves HistoryM ove for the last previous k + 1
activations, and the positions of crashed robots. Since, Zone(r;) is composed of an infinite
number of points, the positions of crashed robots are finite, and HistoryMove is a strict
subset of Zone(r;), then robot r; can always compute and move to a new location that is
different from the locations visited by r; during its k + 1 activations.

Now, assume that robot r; is a follower. Three cases follow depending on the zone of
movement of r;. Let r;_1 and r; 1, be respectively the previous, and next robots to 7; in
RankSequence.

e Consider that r; isthelast inthe RankSequence. Robot r; can moveto afree position
of itsright hand, excluding HistoryM ove.

e Consider that Zone(r;) isthe segment with length min (e, dist(r;,ri+1))/(k+1)(k+
2), excluding r;. Since, such case occurs only when r;_1, r;, and r;+; have the same
y coordinate, and robot ; is only alowed to move to Right(r;). Then, r; can aways
move to a free position in Right(r;), which does not belong to HistoryM ove, and
which aso excludes the positions of crashed robots since they are finite, and there
exists an infinite number of pointsin Zone(r;).

e Consider that Zone(r;) iseither acircle or ahalf circle, centered at 7;, and with aradius
greater than zero, excluding its history of moves HistoryM ove for the last previous
k + 1 activations, and the positions of crashed robots. By similar arguments as above,
we have Zone(r;) is composed of an infinite number of points, HistoryMove is a
strict subset of Zone(r;), and the positions of crashed robots are finite. Thus, robot
r; can always compute and move to a new location that is different from the locations
visited by r; during itslast k& + 1 activations.

We now show that robot r; never visits alocation that was visited by another robot »; during
the last previous £ + 1 activations of ;. Without loss of generality, we consider robot »; and
its next neighbor r;,1. The same proof holds for r; and its previous neighbor r;_;. Observe
that if r; and ;11 are moving away from each other, then neither robots move to alocation
that was occupied by the other one for itslast k£ + 1 activations.

Now assume that both robots r; and r;+; are moving to the same direction, then we will
show that r; never reaches r; ., after k+ 1 activations of r;, 1. Assume the worst case where
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r;+1 1S activated once during each k activations of r;. Then, after k + 1 activations of r;, 1,
r; will move toward ;. ; by adistance of at most min(dist(r;, i 1)(k +1)2/(k +1)(k +
2),er(k+1)2/(k+1)(k +2)). which is strictly lessthan dist(r;, ;11), hence r; is unable
to reach r; 1, and moveto alocation that was occupied by ;.1 for thelast k + 1 activations
of Tit1-

Finally, we assume that both r; and r; ., are moving toward each other. In this case, we as-
sume the worst case when both robots are aways activated together. After k + 1 activations
of either r; or r;,1, each of them will travel toward the other one by at most the distance
dist(ri,riv1)(k+1)/(k+1)(k+2). Consequently, 2dist(r;, ri+1)/(k+2) isalwaysstrictly
less than dist(r;,7;11) because k > 1. Hence, neither r; or r; 1 moves to alocation that
was occupied by the other during itslast k£ + 1 activations, and the lemmaholds. [ emmas

Corollary 1 By Algorithm 4, there is no overlap between the zones of movement of any two correct
robots in the system.

Agreement on Ranking.

In this section, we show that correct robots agree initially on the same ranking sequence, and that the
order of the sequence is preserved always for correct robots even in the presence of failure of robots.

Lemma 7 By Algorithm 4, correct robots always agree on the same RankSequence when there is no
crash. Moreover, if some robot r; crashes, there is a finite time after which, all correct robots exclude 7;
fromthe ordered set RankSequence, and keep the same total order in RankSequence.

PrRoOOF. By Lemma 4, after the first k& activations of any robot in the system, all correct
robots agree on the same sequence of ranking, RankSequence. In the following, we first
show that the RankSequence is preserved during the execution of Algorithm 4 when there
isno crash in the system. Second, we show that if some robot r; has crashed, thereis afinite
time after which correct robots agree on the new sequence of ranking, excluding 7.

(1) First, assume thereis no crash in the system: we consider three consecutive robots 7,
rp and r. in RankSequence, such that r, < rp, < r.. We prove that the movement of
rp, does not alow it to swap ranks with r, or r. in the three different cases that follow:

e 1,, 1, and r. share the same y coordinate. In this case, n, moves by min(e,./(k +
1)(k+2),dist(ry,7c)/(k+1)(k+2)) dong the segment 7,7.. Such amove does
not change the y coordinate of r;,, and it also does not change its rank with respect
to r, and r. because it stays between r, and r., and it never reaches either r, nor
rp, by the restrictions on the algorithm.

e 1., 1 and r. do not share the same y coordinate. In this case, the movement of »,
is restricted within a circle C, centered at n,, and having a very small radius that
does not allow 7, to reach the same y coordinate as either 7, nor r.. In particular,
the radius of C isequal to min(e./(k + 1)(k + 2), dist(ry, proj.,)/(k + 1)(k +
2), dist(ry, projy,)/(k + 1)(k + 2)), which is less than dist(ry, projy,,)/k, and
dist(ry, projr,)/k, where proj,, and proj,, are respectively, the projections of
robot r, and r. on the y—axis of r,. Hence, the restriction on the movement of r,
does not alow it to have ay coordinate greater than or equal to that of 7, and it
also does not allow 1, to have ay coordinate less than or equal to that of 7.. Thus,
r, does not swap its rank with either r, or ry,.
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Algorithm 6 Flocking Follower: Code executed by arobot follower 7;.

procedure Flocking_Follower(RankSequence,d,nbrq.ct,History M ove)
n = |RankSequence|;
a:=(n—2)7/n;
P := Formation(P:, P, ..., P,) asin Definition 14;
P, := current position of the leader;
Vr; € RankSequence, Target(r;) = P; € Formation(Py, Ps, ..., Pp),
if (Vr; € RankSequence, r; iswithin e, of P;) then {Formation = True}

Lateral_Move_Right();

else {Flocking and formation generation}

r;—1:= previous robot to r; in RankSequence;

projr,_, .= the projection of r;_; on y—axis of r;;

rit+1 := next robot to r; in RankSequence;

projr,,, = theprojection of r; 1 ony—axisof r;;

if (projr,_, = ri Aprojr, ., = ri) then {ri has the same y coordinate asits neighbors}
Zone(r;) := segment with length min(e, /(k+1)(k+2), dist(ri, riy1)/(k+1)(k+2)) starting at r; to Right(r;)
(seeFig. 4.4(a));

elseif (proj”‘i,—l # T'»;) A (projri+1 # ri) then
Zone(r;) := circle centered a r;, with radius min(e,/(k + 1)(k + 2),dist(ri,projr,_,)/(k + 1)(k +
2), dist(ri,projr, ., )/ (k + 1)(k +2)) (see Fig. 4.4(b));

eseif (projr,_, # ri Aprojr,,, = i) then
Zone(r;) := haf circle centered at r;, with radius min(e,/(k + 1)(k + 2), dist(ri, projr,_,)/(k + 1)(k +
2),dist(r;,mi+1)/(k + 1)(k + 2)), and above r;;

ese {r; has different y coordinate from next robot}
Zone(r;) := half circle centered at r;, with radius min(e./(k + 1)(k + 2),dist(ri,ri—1)/(k + 1)(k +
2), dist(ri, projr,,,)/(k 4+ 1)(k + 2)), and below r; (see Fig. 4.4(c));

i

end if
Intersect := theintersection of the segment r; Target(r;) with Zone(r;);
if (Intersect # r;) then {ri isableto progress to itstarget}

ScrashinLine ‘= the set of crashed robots that belongs to the segment Intersect;
if (SCra,shInLine - @) then
r; moves linearly to the last point in Intersect, excluding the pointsin HistoryMowe;
ese
r. := the closest crashed robot to r; in Intersect;
r; moves linearly to the last point in the segment 77, excluding the point r., and the pointsin HistoryMowve;
end if
else
Lateral_Move_Right();
end if

end if
Curr Move := the set of points on the segment r; Target(r;);
if (nbrect < k+ 1) then

HistoryM ove := HistoryMove U Curr M ove;

else
HistoryM ove := CurrMove;
nbraet := 1;

end if

end
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e Two consecutive robots have the same y coordinate, (say 7, and ), however
r. does not. This case is aimost similar to the previous one. The movement
of r, is restricted within a half circle, centered at n,, and below it, and with a
very small radius that does not allow 7, to reach the same y coordinate as r,
and also does not alow r, to swap positions with r.. In particular, the radius
of that half circle is equal to min(e./(k + 1)(k + 2),dist(rq,7s)/(k + 1)(k +
2), dist(ry, projr,)/(k+1)(k+2)), whichislessthan dist(r,, ) /k, and also less
than dist(ry, proj,.)/k, where proj,, isthe projection of robot 7. on the y—axis
of r,. Hence, the restriction on the movement of », does not allow it to change its
rank with respect to r,, and also it does not allow it to have a y coordinate less
than or equal to that of r.. Thus, 7, does not swap rank with either r, or ry.

Since, all robots execute the same algorithm, then the proof holds for any two consecu-
tiverobotsin RankSequence. Notethat, we do not distinguish between the algorithm
executed by the leader, and the one executed by the follower, because the restrictions
made on their movements are the same.

(2) Now consider the case where some robot r; crashes. From what we proved above, we
deduce that all robots agree and preserve the same sequence of ranking, RankSequence
in the case of no crash. In other words, by restrictions on the movements of robots, the
total order in RankSequence never changes. Assume now that arobot r; crashes. By
Lemma 15, we know that there is a finite time after which all correct robots detect the
crash of ;. Hence, there is a finite time after which correct robots exclude robot 7;
from the ordered set RankSequence.

In conclusion, we find that the total order in RankSequence is preserved for correct robots
during the entire execution of Algorithm 4. O emma?

Thefollowing Theorem is a direct consequence from Lemma?.

Theorem 4 By Algorithm 4, all robots agree on the total order of ranking during the entire execution of
the algorithm.

Collision-Freedom.

Lemma8 Under Algorithm 4, no two correct robots ever move to the same location. Also, no correct
robot ever moves to a position occupied by a faulty robot.

PrROOF. To prove that no two correct robots ever move to the same location, we show that
any robot r; lways moves to alocation within its own zone Zone(r;), and the rest follows
from the fact that the zones of two robots do not intersect (Corollary 1). By restriction on
the algorithm, ; must move to a location Target(r;), which is within Zone(r;). Since, r;
belongsto Zone(r;), Zone(r;) isaconvex form or aline sesgment, and the movement of 7,
islinear, so al points between r; and Target(r;) must bein Zone(r;).

Now we prove that, no correct robot ever moves to a position occupied by a crashed robot.
By Theorem 1, robot r; can compute the positions of crashed robotsin finitetime. Moreover,
by Lemma 6, robot r; always has free destinations within its zone Z one(r;), which excludes
crashed robots. Finally, Algorithm 4 restricts robots from moving to the locations that are
occupied by crashed robots. Thus, robot »; never moves to alocation that is occupied by a
crashed robot. O emmas
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The following theorem is a direct consequence from Lemma8.

Theorem 5 Algorithm 4 iscollision free.

Fault-tolerant Flocking.

Before we proceed, we state the following lemma, which gives a bound on the number of faulty robots
under which a polygon can be formed.

Lemma 9 Algorithm 4 allows correct robots to form an approximation of a regular polygon in finite
time, and to maintain it in movement.

ProOOF. We first prove that correct robots form an approximation of a regular polygon
in finite time. To do so, we show that each robot can reach within €. of its target in the
formation F'(Py, P, ..., P,) in afinite number of steps. Assume that ; is a correct robot in
the system. If r; isaleader, then P, isits current position, and by Algorithm 4, the target of
r; isapoint within a circle or half circle, centered at r;, and with radius less than or equal
to ¢, satisfying Assumption 3, and excluding the positions of crashed robots. Since, there
exists an infinite number of points within Zone(r;), and by Assumption 2, the cycle of a
robot isfinite, then r; can reach itstarget within Zone(r;) in afinite number of steps.

Now, consider that r; is a robot follower. We also show that 7; can reach within ¢, of its
target P; in afinite number of steps. We consider two cases:

e robot r; can move freely toward itstarget F: every timer; is activated, it can progress
by at most ¢, /(k + 1)(k + 2). Since, the distance dist(r;, F;) isfinite, the bound % of
the scheduler is aso finite, and the cycle of arobot is finite by Assumption 2, then
can be within ¢, of P; in afinite number of steps.

e robot r; cannot move freely toward its target B: first, assume that r; cannot progress

toward its target P, because of the restriction on the rank sequence RankSequence.
Since, there exists at least one robot in RankSequence that can move freely toward
itstarget, and thisis can be done in finite time as proved in the previous item, and aso
because the number of robotsin RankSequence isfinite, and by Lemma6, arobot can
aways move to a new location satisfying Assumption 3, then, eventually each robot
r; in RankSequence can progress toward its target F; and arrive within ¢, of it in a
finite number of steps.
Now, assume that r; cannot progress toward itstarget ;. because it is blocked by some
crashed robots. By Lemma 6, a robot can aways move to a new location satisfying
Assumption 3. Also, the number of crashed robots is finite, so eventually robot » can
progress, and be within e, of itstarget in afinite number of steps, by similar arguments
to those above.

We now show that correct robots maintain an approximation of the formation while moving.
Since, all robots are restricted to move within one cycle by at most ./ (k + 1)(k + 2), then
in every new k activations on the system, each correct robot » cannot go farther away than
e, from its position during k activations. Consequently, »; can always be within ¢, of its
target P, asin Definition 15, and the lemmafollows. Ol emmag

Theorem 6 Algorithm 4 allows correct robots to dynamically form an approximation of a regular poly-
gon, while avoiding collisions.
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PROOF. First, by Theorem 3, there is afinite time after which all correct robots agree on
the same set of correct robots. Second, by Theorem 4, all correct robots agree on the total
order of their ranking RankSequence. Third, By Theorem 5, there is no collision between
any two robots in the system, including crashed and correct robots. Finally, by Lemma9, al
correct robots form an approximation of aregular polygon in finite time. Orheorem 6

From Theorem 6, weinfer the following theorem:

Theorem 7 Algorithm 4 is a fault tolerant dynamic flocking algorithm that tolerates permanent crash
failures of robots.

4.4 Discussion

In this chapter, we have proposed a fault-tolerant flocking algorithm that allows a group of asynchronous
robots to self organize dynamically to form an approximation of a regular polygon, while maintain this
formation in moving. The algorithm relies on the assumption that robots’ activations follow a k-bounded
asynchronous scheduler, and that robots have alimited memory of the past.

Our flocking algorithm allows correct robots to move in any direction, while keeping an approxima-
tion of the polygon. Unlike previous works (e.g., [GP04, CP07]), our algorithm can tolerate permanent
crash failures of robots. The only drawback of our algorithm isthe fact that it does not permit the rotation
of the polygon by the robots, and this is due to the restrictions made on the algorithm in order to ensure
the agreement on the ranking by robots.
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Chapter 5

Fault-tolerant Flocking of M obile Robots
with whole Formation Rotation

In the previous chapter, we proposed an asynchronous fault tolerant flocking algorithm. 1t makes robot
formation move in lateral direction and forward/backward direction freely. However, as we analyzed, it
could not make robot formation freely rotate. To lift such limitation, in this chapter we further explore a
decentralized fault-tolerant flocking algorithm which can make robot formation freely rotation, yet in a
weaker system model-SY m model [Y SD09].

In detail, the proposed flocking algorithm uses the following two modules. a persistent rank assign-
ment module, and a non-faulty robot selection module. Using rank assignment model, a unique rank is
assigned for every robot and then the robots keep their ranks persistently. The failure detector module
provides a method for robots to select the non-faulty robots based on a k-bounded scheduler. Finaly, the
correctness of the proposed algorithm are proved.

Before we introduce the algorithm, we first give the work environment of robots, i.e., system model
as follows: We assume that robots have a partial agreement on the local coordinate system. Specifically,
they agree on the orientation and direction of one axis, say the y axis. Also, they agree on the orientation
clockwise/counterclockwise. All robots share the same unit distance. The origin of the local coordinate
system of arobot isfixed. The robots are not oblivious, that means, they has memory to remember their
past information. Also, in our model, arobot can see all the other robots in the environment since the
local view of robots make robot network disconnected easily.

5.1 Fault tolerant Flocking Algorithm

In this section, we give a decentralized fault tolerant flocking algorithm for robots. It can make sure
al the correct robots form an approximate regular polygon and maintain it during moving. During
the execution of flocking, two modules called failure detector and rank assignment are used. The rank
assignment module is to assign each robot a unique rank to help robot select a unique leader robot during
flocking; the failure detector module it to select the correct robots for flocking agorithm. First, we
introduce the main contribution —flocking a gorithm, where the rank assignment and failure detector are
used as black boxes. Then, the two black boxes are described in the following two subsections.

5.1.1 Flocking Algorithm

Initially, all robots are located on a regular polygon. The goal (requirements) of our algorithm is to
maintain an approximation of aregular polygon, and to reform a new regular polygon with the correct
robots in the absence of crash of robots during flocking. More interesting point of our algorithm is that
it can make robots rotate freely. The main idea of our algorithm is as follows:
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1) Assign aunique persistent rank for each robot by rank assignment module;
2) Select the correct robots by failure detector module;
3) Based on the rank of robots, select a unique leader from the set of correct robots;

4) Based on positions of the leader and the other correct robots, a robot computes the target position
and moves to satisfy the flocking requirements.

The specific algorithm is shown in Algorithm 7. Before we explain the detail of algorithm, the
variables used in Algorithm 7 are shown as follows:

e 7; : therobot with rank number ¢;
e Scurposobser. the set of positions of robots at current activation;
e Spreposobser: the set of observed positions of robots at previous activation;

e HistoryRankPos: the rank and the set of all robot’s positions during arobot’s past & activations
in arobot’s memory, shown as (rank, the latest & positions);

e N,.: the number of activation of some robot;
e d: the expected edge length of the regular polygon, assumed d > ¢&;

e Scorrect . the set of positions of the correct robots;

Thisalgorithm isdecentralized and can be executed by any robot 7. Theinputisd, Nuct, Scur PosObsers
SPrePosObsers HistoryRank Pos. First, by using persist rank model, r; getstheranks of all robots. Then
the set of correct robots S...cc: IS given by failure detector module. The leader is chosen as the robot
with the smallest rank in S...ect- |f the current robot is leader, procedure Leader Move is executed;
otherwise Follower_Move is executed. These two procedures work as follows:

e Leader_MoveA global variable m is used for leader to control its moving speed per activation to
wait for “lazy” follower robots. (Here, if the robots activates |less often then the other robots, we
called “lazy” robots.) The leader first observes the current robots' positions. If the positions satis-
fies Definition3, then the leader moves by not more than min(ﬁ‘ﬂrl), %) to any position p, where

p ¢ HistoryRankPos 1; otherwise, the leader will slow down by using the global variable m,

and move by not more than mi”(m‘iﬂ)v ﬁ) to any position p, wherep ¢ HistoryRankPos.

e Follower_Move First r; computes itstarget position T'arget(r;) based on Function Formation and
the codes in 6-8 in Algorithm 9. Then, it moves to a desired position p, which is not far away
min(Wd_H), %) from the current position and p ¢ HistoryRankPos.

A question may arisethat: why isthe speed of arobot’s movement is not morethan min(2k(lf+1) , %)’?

That isbecause: during arobot’s k activations, the movement distance is not more than mi”(Wdﬂ)’ %)*

k= min(ﬁ, %). Thus, it can satisfy the requirement of Definition 3 and also can avoid collision
among robots.

The reason why the target position is different from the position in HistoryRankPos is to satisfy the need of failure
detector module.
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Algorithm 7 Fault tolerant flocking (code executed by robot ;)

1

N

10

© N TR w

. Variables m: aglobal variable whose initial valueis 1;
2 npUt: SCurPosObserv Nacta HistoryRankPos, da SPrePosObser

: Upon activation {

Call Persist_Rank(Scur posobsers Nact, HistoryRankPos, d);
Scorrect = SeleCt—CorreCt—RObOtS(SPTePosObser7 SCurPosObser)§

n = ‘Scorrect“
leader := Robot with the smallest rank in S.orect;

if r; isleader then

leader_Move(d, &, HistoryRankPos, Scorrect, M);

- dse
11:
12:
13:

Follower_Move(d, ¢, HistoryRankPos, Scorrect, leader);

end if

Algorithm 8 Leader movement (code executed by the leader robot)

1. procedure leader_Move(d, &, HistoryRankPos, Scorrect, M)

2

if Seorrect SAtisfies Definition 3 (see Section ??) then
Move by not more than min( to any position p, where p ¢ HistoryRankPos;
m=1;
else
m=m —+ 1;
Move by not more than min(
end if

d i)
2k(k+1)° nk

TR’ —£ ) to any position p, wherep ¢ HistoryRank Pos;

end

Algorithm 9 Follower movement (code executed by a follower robot r;)

1: procedure Follower_Move(d, &, HistoryRankPos, Scorrect, leader)

2. Variables: Stargetpos: the set of target positions; T'arget(r;): the target position of r;;
3. Function: Formation(d, Scorrect, l€ader, HistoryRankPos):=the function to compute the target
robot positions;
4: STargetPos = FOrmation(d, Scorrect, 1€ader, HistoryRankPos),
5: Sort the positions in Stq,get Pos Starting from the leader’s by increasing order of the i coordinate,
and clockwise direction;
6: Sort robots in Sgprrecr based on the rank from small to large;
7: Assign the j' position of Sty getpos t0 the 7 robot of Seorrect (1 < § < [Seorrect]);
8 if dist(r;, Target(r;)) > min(ﬁ‘ﬂrl), %) then
o Find position p on Segment r; T'arget(r;), which satisfies dist(r;, p) = min(Wﬂrl), %) (see
Figure 5.1);
10 Target(r;) := p;
11: endif
12.  if Target(r;) € HistoryRankPos then
13; Find a position p which satisfies dist(p, Target(r;)) < % and p ¢ HistoryRankPos;
14: Target(r;) := p;
15 endif
16:  Moveto Target(r;);
17. end
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Figure 5.1: Finding a new target position p, where r; is a robot’s current position , T'arget(r;) is the
target position.

5.1.2 Persistent Ranking for Robots

In this part, we provide a simple algorithm that gives a unique identification to each robot in the system,
in order to select aunique leader in robot system. Our main ideais. First, assign ranks to robots based on
their initial locations during itsfirst £ activations; Then, each robot keeps its rank during flocking. The
specific rank assignment algorithm is given in Algorithm 10, where procedure Assign Rank is to assign
rank to robots during arobot’s first & activations and Persist Rank is to keep their rank persistently after
their first k activations during flocking. These two procedures work as follows:

¢ Assign_Rank Once arobot is activated, it will get the set of positions of al robots S, posobser
by sensor. Then, it sorts the positions in Sc.-posobser DY decreasing order of y-coordinates, and
puts the ordered positions into a variable named RankSequence; then it sorts the positions of
robots with the same y-coordinate from right to left in clockwise direction (the robot located on
the right has arank smaller than the one on the left); Finally, the robot saves RankSequence and
their corresponding ranksinto HistoryRankPos.

e Persist_Rank First, by calling the failure detector module, the set of correct robots S, Can be
gotten.

referring to HistoryRankPos and S,.-rect, @robot excludes the positions of crashed robots from
the current position snapshot Sc.r Posobser- Then, for every position p in Soyrposobser, it can find
its last recept positi_on in H ist(_)ryRank_:Pos that is not ft_ar_ away from p by min(%k;‘il), %). This
bound on distance is conservative, and it ensures no collision between robots. Thus, p’s rank can

be found by corresponding to p’slast past position in HistoryRank Pos.

Specidly, during the first k activations, each activation a robot moves to its right hand along the
perpendicular to y axis by % The moving speed is chosen as % per activation, because during this
period, each robot could make sure the positions of robots still maintain an approximate polygon after
moving. Thus, during the first k activations, the relative positions of robots are not changed and finally
al robots get the same initial position configuration. That means, for the same robot its rank is same in
the memory of different robots.

Figure 5.2 and Figure 5.3 as examples illustrate how arobot assigns and tracks the rank of robots in
the system, respectively. In Figure 5.2, there are four robots in the system, which are initially located at
position A, B, C and D respectively. Among these positions, Position B and D have the same y coordinate
value. Based on procedure Assign. Rank in Algorithm 10, the ranks corresponds to the positions of four
robotsare: (1, A), (2, B),(3,D), and (4, C). Theseinformation are recorded in HistoryRankPos, i.e.,
HistoryRankPos = {(rank, position)} = {(1,A), (2, B), (3,D), (4,C)}. In Figure 5.3, al robots
keep their ranks. The ideaisto find the robot’s last position based on the movement rule and the current
position. Consequently, each robot gets its rank based on the information of HistoryRankPos. For
example, a robot finds its last position A which is located in the current position A’s searching disc.
Then, by checking HistoryRankPos, it knows the information (1, A). Therefore, a robot knows its
rank is 1.
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Algorithm 10 Persistent Rank Persisting_Rank (code executed by robot 7;)

1
2
3
4
5:
6
7
8

9
10:
11:

12
13:
14.

15:
16:
17:
18:

19:
20:
21
22:
23
24:

: end if

Input: ScurPosobsers Nact, HistoryRankPos

if (Nget < k) then
Aggn—Rank(SCurPOSObser);
n= ‘SC’U,TPOSObSET“
Move to its right hand by not more than 5k along the perpendicular to its y-axis;

n

: else

Persist_ Rank(Scur Posobser, HistoryRankPos, d);

pr ocedure Assi gn. Rank(SCurPosObser)
RankSequence = the positions in Scy. posobser 1N decreasing order by y-coordinate;
Sort the positions of robots in RankSequence with the same y—coordinate from left to right by
decreasing order
The rank of each robot corresponds to its order in RankSequence;
Save RankSequence and the corresponding rank into HistoryRank Pos;
end

procedure Persi a—Rank(SC'urPosObser7 SPrePosObsera d)
Secorrect = SelectCorrect Robot(HistoryRankPos);

n= |Sco7‘7‘ect
Referring t0 Seorreet @nd HistoryRankPos, exclude the positions of crashed robots from

SCurPosObser;
for vp € SCurPosObser do
Find position ¢ which satisfies ¢ € Spyeposobser ad dist(q, p) < min(s%=, £):
Get p’'srank that corresponds to ¢'s;
Save p'sposition into HistoryRankPos and Spycposobser,
end for
end
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Figure 5.2: Assign_ Rank during the first k activations: Initially, four robots are located at position A, B,
C and D, where B and C has the same y coordinate. By Algorithm 1, their ranks are 1, 3, 2, and 4 which
corresponds to positions A, B, C and D, respectively.
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Figure 5.3: Robots keep their ranks in their searching zones (moving zone), whose radius is

min(%k;‘il), %), excluding positions in HistoryRankPos.

5.1.3 Failuredetector

In this section, we present a failure detector algorithm called SelectCorrect Robot that provides a way
to select the correct robots. Based on the movement rule of arobot in flocking - each time arobot moves
to aposition that is different from before, so arobot can distinguish the other robots have crashed or not
by comparing the position change of robots.

Each robot uses the same algorithm to select the non-faulty robots as shown in Algorithm 11. The
variables used in Algorithm 2 are described as follows:

Counter; : avariable used for recording the times that robot r; did not change its current position;

The input of this algorithm is Scurposobser, S PrePosObser, HistoryRankPos. First, robot r; com-
pares the current position configuration Scu-posobser @Nd the previous one Sp,.cposonser- |f there a
position that in Scurposobser ANA Spreposobser, then Counter; increases by 1; otherwise, Counter;
becomes zero. When Counter; is larger than k, then the robot in that unchanged position will be re-
garded as a crashed robot based on k bounded scheduler and the movement rule in flocking. Finally, by
corresponding the position and rank in HistoryRankPos, robot r; will know the rank of the crashed
robot. In thisway, robot r; can get the set of al correct robots Seorrect-
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Algorithm 11 Selection of Correct Robots
1. procedure Select_Correct_Robot (Scuwr PosObsers S PrePosObser, HistoryRankPos)
2 Stemp = SPrePosObser:

3 Secorrect = ¢;

4 for sz‘ € SCurPosObser do

o if pi € Spreposobser then

6: Counter; = Counter; + 1;
7: else

8 Counter; = 0;

9 end if

10: if Counter; > k then

11 Stemp = Stemp - {pz}1

12: end if

13:  end for

14:  for Vp; € Siemp dO

15: Scorrect = Scorrect U {ri’ri is the rank of pi};
16:  end for

17 return (Scorrect);

18: end

5.2 Correctness

5.2.1 Rank assignment

In the following, we will prove the correctness of Algorithm 10.

Lemma 10 By Algorithm 10, all correct robots agree on the same sequence of ranking, RankSequence
during thefirst k activations.

Proor. Initialy, al robots are located on aregular polygon whose edge length is equal to
d. During the first £ activations of arobot, each activation, a robot moves to the right hand
by not more than % along the perpendicular to the y-axis, which ensures that the y-values
of the robots do not change during this period. Considering the extreme case: the robots
on the right hand activate once during the period the left robots activate k times. At this
time, the maximum distance that the left robots can move is% x k= % < d. Therefore,

these two robots do not swap positions. The same arguments apply to any two robots in the
system. Therefore, after the activation of al robots in the system, they compute the same
RankSequence and agree on the same ranks for every robots.

IjLemma 10

A direct consequence from Lemma 1 can be deduced:
Lemma 11 Algorithm 10 gives a unigue rank to every robot in the system during the first & activations.

Lemma 12 By Algorithm 10 and Algorithm 7, the ranking is persistent during the entire execution of
the algorithm.

ProOOF. Based on the rank persistent function, i.e., Function PersistRank, each robot

matches its last position in the desired disc, which radiusis min(%k;‘il), %) at the center of
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its current position. After that, in each robot’'s memory, all robots find their last position and
then keep their rank.

Therefore, the question is how to make sure arobot finds all robots matching last positions
for any number of activations. The worst case is: only when some robots activate & times,
arobot could activate once. Otherwise, in any other case, a robot activates less and then
the movement distance is less than that during k& activations. Therefore, in the following we
only need to prove if in the worst case all robots could find their matching last positions. |If
yes, then in any cases (in any number of activations) using PersistRank algorithm, all robots
can find their matching last positions, and then keep their ranks.

From Lemma 2, we know that: after thefirst k activations, each robot gets a unique rank.

By Algorithm 3, at each activation the leader moves by not more than min(2k(k+1), fk)
Therefore, during its & activations, the maximum distance that the leader can move is not

more than mm(m, mik) * k= mm(m, nfn) < mm(2<k+1), n) sincem > 1.

Similarly for thefollowers, at each activation afollower movesby min(d, min(%(g_i_l) , %)) <

min(m, £). Therefore, during k activations, the maximum distance that a follower

can move is also not more than mm(Q(kH), fl)

Therefore, since k > 1, mzn(z(kil), f;) < % < 4. By excluding the crashed robots,

each robot can track robots past positions and keep their rank persistent during flocking.

In PersistRank function, a robot first finds the robots in the last activation who are within
a distance of min(Q(kCil), n) from the current position, call that area D, (see line 23 in
Rank assignment module). In the set of robots that can satisfy the above condition, there
are two categories: crashed robots and one single alive robot (if the current robot does not
crash). That is because: (1) Initialy the distance between any two robots is equal to d. (2)
When there is no robot crashed, every follower tries to move to its target position to form a
desired regular polygon, i.e., tries to keep distance d with its neighbors. Between any two
consecutive activations of arobot, the other robots can not be activated more than k times.

That means, the maximal distance that a robot can move is not more than min (577 (k )L f; ).

Therefore, for any two correct robots, it is impossible to be closer than mm(2(k g £y <
mm( 5) < % sincen > 3, k > 2, £ < d, unless arobots has crashed.

IjLemma 12

From lemma 10 to lemma 12, we drive the following theorem.

Theorem 8 Algorithm 1 gives a unique persistent rank for every robot in the system.

5.2.2 Coallision among robots

Lemma 13 By Algorithm 10, there is no collision between any two robots in the system during their first
k activations.

PrROOF. From the assumption, we know: The initia distance between any two robots is
equal to d During the first k activations, al robots just move to the right along y-axis by
less than - €ach activation. Even if one robot is very active, the furthest distance that a
robot can move is not more than x k= 5 < d. Therefore, there is no collision between
any two robots during thefirst k actlvatlons by Algorithm 1, and the lemmaholds. [] emma13
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Lemma 14 Thereis no collision among robots after the first k& activations by Algorithm 7.
PROOF. We prove thislemmain the following two cases.

- Case 1. no new robots crashed during flocking.
In this case, we prove the lemmain two steps. no collision between the leader and the
followers and no collision among followers.

¢ No collision between the leader and the followers: Initialy the input of flocking
algorithm is a regular polygon whose edge length is equal to d. If a follower
and the leader are correct, the follower will follow the leader, trying to keep an
approximate regular polygon, that is, a follower tries to keep distance d with its
neighbors. Furthermore, during & activations, their movement distance islessthan

min(dl,min(W‘ﬁrl), %) x k< min(ﬁ‘ﬂrl), %) x k= min(#‘il), %) < %.
Therefore, it is impossible for the leader and the followers to coilide with each

other.

¢ No callision among followers: In the initial position configuration, the distance
between neighbor followers is equa to d. Based on the target position computa-
tion method (see code in lines 12-14 in Follower Move function), each follower
moves to its matched target position, and no two followers' movement paths cross
each other. Therefore, for any two correct followers, there is no collision between
them.

- Case 2: some robots crashed during flocking.

In this case, we will prove that there is no collision between crashed robots and correct
robots, and no collision occurs among correct robots. For correct robots, the proof
is the same as in Case 1. When there are robots crashed (leader or follower), the
crashed robots cannot move any more, and their positions are saved in History. By
the algorithm, we know that the target positions of correct robots are different from
the positions in History. Obvioudly, their target positions are different from those of
the crashed robots. Therefore, it isimpossible for the correct robots to collide with the
crashed ones.

In the above two cases, there is no collision among robots, then we conclude that thereis no
collision after the first k activations based on our algorithm. O emma 14

5.2.3 Failuredetector

The proposed non-faulty robot selection algorithm (Algorithm 11) satisfies the following properties of
perfect failure detector [CT96]: strong completeness, strong accuracy. Furthermore, we get an additional
property eventual agreement.

These properties are proved respectively, in Theorem 9, Theorem 10, and Theorem 11.

Theorem 9 (Strong completeness): eventually every robot that crashes is permanently suspected by
every correct robot.

Lemma 15 If some robot r; crashes at some time, then there is a time after which any correct robot
detects the crash of robot 7;.

PROOF. Let r; be acrashed robot. Then, r; will remain at its current position forever. Let
¢ be acorrect robot in the system. Robot r; detects that r; has crashed after its (k + 1)
activations (activation of 7). OLemmais
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Theorem 10 (Strong accuracy): No robot is suspected before it crashes.

Lemma 16 By Algorithm 11, a faulty robot is never suspected by any other correct robot before it
crashes.

PrROOF. This lemma is verified if Algorithm 11 can avoid the situation where robot 7;
wrongly suspects robot 7;.

Take two robots r; and ;. Let r; observe r;. Robot r; is activated at least once when r;
has been activated & times. From the FaultTolerantFlocking Algorithm, we know: when
robot r; is activated, it will move forward, and never go back to its and the other robots
past positions during its (k + 1) activations. We can determine that the position of 5 must
change unless r; has crashed. Thus, every faulty robot will not be suspected wrongly before
it crashes by any other correct robots. O emmai6

From Theorem 9 and Theorem 10, we can conclude that Algorithm 11 satisfies the property of perfect
failure detector [CT96] and also has the following property:

Theorem 11 (Eventual agreement) Eventually all correct robots will have the same set of correct
robots.

5.2.4 Fault tolerant flocking
The following proof isfor Algorithm 7.

Lemma 17 Algorithm 7 allows the correct robots to correctly keep an approximation of a regular poly-
gon when no new robots crash during flocking.

PROOF. To prove the lemma, we use mathematical induction.

¢ Induction basis: Initially, aregular polygon with »n robots is the input of flocking al-
gorithm. When an activation number N, < k, every robot just adjusts its movement
based on code in line 7 of Algorithm 7. It is not hard to see that during this period,
D(EaTP,E) < 5

e Induction step: Assume that before an activation N, (Vg > k) of arobot, an
approximate regular polygon is preserved. For any robot (0 < i < n), let PZ.N“’“
denote the current position of r; and TZ.N ek denote the target position of r; at activation
Ny Then, D(E, Tpg) = S, dist(P\eek — TNeet) < ¢. For arobot r;, we
assume it is activated x; times during this period. Then, it will move toward its target
T;Neek 74 whichisat adistance of d; from TVe*, That is, dist(T;*k — TNaek T4y =
d.

— Leader. During next k activations of a robot, the leader moves forward by d,

where d' < min(%, %). During the period of two consecutive £ activa-

tions, the leader moves forward by less than d. Obvioudly, for a leader robot,
D(E,Tpg) = 0.

— Follower. If r; is afollower, then it will move based on the change of the po-
sition of the leader. If the leader don’'t move, the follower will find another po-
sition that is different from those in HistoryRankPos, but till keep the cur-
rent formation. Once r; finds the change of the leader’s position, it will compute
its new target position based on the leader’s position. Then, it moves toward
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its target TZ.N“’“”Z', where z; is the activation number of r; after N,... Based
on the code in lines 11-15 in Follower Movement algorithm, after ; moves,
the distance between its actual position and its target position is not more than
Losk = £ Thatis, dist(P ek —Noek ™51y < £ Thus weget D(E, Tpp) =
Z?:l dist(Pik—’—Na"k _ TiNack-i-CCi) <0+ anl £ _ &n-1) <&

i=1 n n
Here, because N,.; can be any natural number, a conclusion can be drawn that: all
robots can keep an approximate regular polygon when no robots crash during flocking.

IjLemma 17

From Lemma 17, we derive the following lemma.

Lemma 18 The flocking algorithm allows robots to make the formation move to any direction including
rotation of the formation.

Lemma 19 When there are crashed robots during flocking, the remaining correct robots can be reformed
into aregular polygon dynamically in finite time.

ProoF. If the leader has crashed, then based on the code in line 6 of flocking module, a
new leader is elected dynamically. Once afollower finds that the leader has crashed, afol-
lower will follow anew leader. At the sametime, if the leader finds the current correct robots
can not form an approximate regular polygon, it will slow down based on the code in lines
8-9 in leader movement algorithm. For the correct followers, they will compute their tar-
get positions based on function Target. These followers will approach their target positions
gradually in finite time since the followers have higher speed than the leader dueto m > 1.
Therefore anew approximate regular polygon can be reformed using this method. [ emma 19

5.3 Maneuverability and Bound Analysis

Based on the agorithm description and the correctness proof, we know the proposed algorithm lifts
the limitation of formation rotation existed in the algorithm of the previous chapter. The reason why
the proposed algorithm in this chapter can make formation rotation freely is that: in this algorithm, the
robots are to keep their rank instead of keeping the relative positions among robots always.

To show the maneuverability of Algorithm 7 straightly, in this part we analyze the movement of
the robots (formation) in detail. Also, we further explore the bound of robots movement to keep the
formation, i.e., line speed per activation and angular speed per activation.

5.3.1 Maneuverability

From Algorithm 7, we know that: once the leader moves, the follower robots will follow the leader to
move. Thus, finaly the whole formation formed by all robots will change. In the following, we will
analyze how the leader's movement affects the whole formation movement.

The set of all possible leader movement is shown in Figure 5.4: rotation, move forward, move
backward, lateral movement (left, right), and random move.

In the following, we give how formation changes due to the leader’s movement. The formation
changes as follows:. rotation of formation (see Figure 5.5), formation move forward (see Figure 5.6),
move in lateral direction and move in arbitrary direction. From Figure 5.5, we see: when the leader
moves around a circle by clockwise, the followers compute their target position based on procedure
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Forward movement

Backward movement

Figure 5.4: The possible leader movements: rotation, move forward, move backward, lateral movement (left,
right) and random move.

Follower_Move. All followers rotate in the same way with the leader. At the same time, they can form
an approximate regular polygon. For moving backward and forward, two cases are similar, so it is
not necessary to give the formation backward movement. Same with lateral case, here we only show
the formation changes when the leader moves to right. There is another intrusting movement—arbitrary
move in the moving zone (searching zone). The arbitrary movement actually is a combination of line
movement (formation move forward (backward) and lateral move) and rotation movement.

Remark: The difference between trandation and rotation isthat the formation of robots are moving
along different routes. For the rotation, all robots move along a circle; but trandation means all robots
only move along y-axis and the perpendicular to y-axis.

5.3.2 Bound Analysis

In the following, we analyze the formation rotation of robots from the speed per activation and angular
velacity per activation. From Algorithm 7, we can get the following properties. the maximum speed per

activation of formation rotation is min(ﬁ‘ﬂrl), %) and the maximum angular velocity per activation

is mz’n(m, %), where n is the number of correct robots, % is from k& bounded scheduler, d is
the desired distance between neighbor robots, and £ is from the Definition 3. That is because: when
the distance per activation is equal to d, the angle that passes is%7r based on the definition of a regular

polygon). When the distance that a robot passes per activation is min(W‘l_H), %), SO we can get the
in( gy g ) - o

angular velocity per activation by using - = = min(nk(kJrl), ). Thus, we get the
following theorem:

Theorem 12 When the robots flock, they satisfy the following conditions:
e Theline speed per activation V., < min(W‘lﬂ), £;
e The angular velocity per activation 6,.; < min(m, %fd).

From the analysis and the figures, we know the proposed flocking algorithm has good maneuverabil-
ity. The limitation of formation movement in [DISCO8] are lifted in this algorithm by keeping ranks of
robots instead of keeping the relative positions among rabots.
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Figure 5.5: The formation rotates by clockwise: the circles with the broken line are the past positions of robots,
and the circles with the solid line are the current (target) positions of robots.

5.4 Discussion

In this chapter, we proposed a decentralized fault-tolerant flocking algorithm for a group of identically-
programmed mobile robots based on k-bounded scheduler in the semi-synchronous model. Different
from the work in previous chapter, the flocking algorithm in this chapter can make the shape rotate
freely. Nevertheless, the maximal “speed” ( expressed by distance per activation), and the rotation of the
shape depend on the following parameters. the number of correct robots, the value of k& in the bounded
schedule, the desired edge length of the shape and the parameter in approximate shape £. In future work,
we would like to investigate the speed (distance/activation) of the formation based on these different
parameters.

One interesting question is. does the proposed flocking algorithm work correctly in CORDA if we
don't consider the rotation? Aswe know, CORDA is totally asynchronous model; the robots can see the
others that are moving. So, it makes the observation of robots are not accurate. Based on the inaccurate
positions of the robots, the movement restriction should be more strict to make all robots keep the desired
formation than that in this section. By comparing the movement restriction in these two models, you may
find the difference.
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Figure 5.6: The formation moves forward: the circles with the broken line are the past positions of robots, and
the circles with the solid line are the current (target) positions of robots.
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Chapter 6

Flocking under Memory Corruption

In the previous two chapters (Chapter 4 and 5), we explored the fault tolerant flocking algorithms for a
group of mobile robots in presence of faulty robots. In this chapter, we will discuss the same problem
when robots memory can become corrupted any time.

In the previous research, once the robots are faulty, they will stop moving and never recover. How-
ever, in practical applications, compared with the whole robot crash, some parts of arobot, like sensor,
moving actuator, or memory etc., also have a high probability to fail. Thus, it becomes interesting to
explore such kind of components failure or corruption. In particular, components such as memory, may
be experienced bit flips due to external conditions. For example, memory may be influenced by some
magnetic field, solar wind or some other kind of interferences. As a result, some data in memory may
randomly change, e.g., the binary data “1” may become “0”, or “0” may become “1”. Thus, the data
may be changed partly or totally. After the robots move away from the specia place, the memory are not
influenced any more.

To the best of our knowledge, few work that addressed on this issue in non-oblivious robots, espe-
cialy for dynamic flocking. Therefore, in this chapter we discuss the memory corruption in the robots,
and also address on the permanent faulty of the robots. The memory corruption is that the data in the
memory may be changed partly or totally during unknown bounded period and after that the datais not
changed by the environment.

The organization of this chapter is as follows: First, we analyze under which kind of system model
(FSYNC, SYm and CORDA) the flocking algorithms in chapter 4 and 5 can work respectively; If the
flocking algorithm cannot work in such model, we further discuss the reason why they cannot with
memory corruption. If such algorithm cannot work in any system model, then we attempt to revise the
flocking algorithm and make it work. In al, we try to find the weakest system model that a group of
robot need to flock together with transient memory corruption.

6.1 System Model with Memory Corruption

In Chapter 2, we have presented the model of robots. Now we extend this model by allowing memory
corruption of the robots. In our research, the robots are not oblivious, that is, they can remember their
past position configuration in their memory. By this, they can distinguish if the other robots crash or not.
In this work, we still consider the crash of robots are crashed and stop permanently. We don’t consider
the Byzantine behavior of robots, because the behavior of the robots are crazy.

The data in the memory may change randomly, for instance, past position of some robot changes to
another location or nothing. Here, we assume that memory corruption only happened in “wait” state.
In other words, during the period “look-compute-move’, there is no corruption in memory. As a result,
the observed position configuration each activation is correct. Only the data in memory may experience
corrupt.
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6.2 Problem Statement: Flocking in spite of crashesand memory corrup-
tion

From Chapter 2, we know the definition of position configuration. In this Chapter, we consider the
memory corruption, as a result, the past position configuration will have the following two kinds of
configuration: “clean configuration” and “dirty configuration”.

Here, we assume there is atime tg g7 called Global Stabilized Time (GST) after which the memory
corruption stops forever. For instance, the robots move out of the magnetic field. After s, the current
position configuration observing by arobot is put into the memory and will not be changed by the outside
environment. Recalling Chapter 2, robots may crash permanently.

Definition 17 (Clean configuration) If all the data in the memory are correct, i.e., the data is not
changed by outside environment, then we called such position configuration as clean configuration.

Definition 18 (Dirty configuration) If some of data in the memory are changed and different from the
observed ones, then we called such position configuration as clean configuration.

A distributed system that is self-stabilizing will end up in a correct state no matter what state it is
initialized with, and no matter what execution steps it will take. This property guarantees that the system
will end in a correct state after a finite number of execution steps. Thisis in contrast to typical fault-
tolerance algorithms that guarantee that under all state transitions, the system will never deviate from
a correct state. The ability to recover without external intervention is very desirable in robots system,
since it would enable them to repair errors and return to normal operations on their own. The specific
definition of self stabilization is asfollows:

Definition 19 (Self-stabilization) Starting fromany arbitrary initial position configuration with n robots,
any computation eventually reaches a legitimate configuration in finite activations after a finite time.

Definition 20 (L egitimate configuration) If a position configuration can satisfies the following proper-
ties, we called it legitimate configuration: (1) one unique leader (2) a consistent set of correct robots (3)
all robots can re-form a desired formation in finite time.

When memory is corrupted by the influence of outside environment temporarily, the robust flocking
algorithm should satisfy the requirements of self-stabilizing into a legitimate position configuration in
finite time.

Definition 21 (Self-stabilizing Flocking) Let S a system of robots and P the flocking pattern. S verifies
the flocking specification if and only if the robots satisfy the flocking pattern infinitely often.

In detail, we need to find out if it is possible that a flocking algorithm self-stabilize to a legitimate
state after tqg7; if it ispossible, we further explore in what models; otherwise, we find out why it is not
possible.

For any robot, in its memory, there are the history positions of all robots at least in the latest past &
activations. The failure detector can use arobot’s past positions to determine if it is crashed or not. For
arobot r;, we assume the set of al its past past positions in the memory be S;;OS. After the memory get
corrupted, the data in the memory has the following possibilities:

- Case 1: the values of data just exchange among them, but .S, don’t change;

pos

0S1

- Case 2: the values of data becomes other values which are different from the data in S;

- Case 3: the values of data become same.
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Figure 6.1: The modules in asynchronous flocking algorithm

- Case 4: part or total of the values are missing.

For Case 1 and Case 2, it is difficult to know if the memory has crashed, but the results in these
two cases do not influence the output of failure detector. Therefore, we do not need to consider such
corruption of memory.

For Case 3 and Case 4, it is very easy to detect the corruption of memory by comparing the data
in the memory. Furthermore, in these two cases, the corrupted memory results in the wrong outputs of
failure detectors. Consequently, the robots may not flock together.

6.3 JFr with Memory Corruption

6.3.1 Algorithm Fr

Reminding the flocking algorithm Fr in Chapter 4, there are three modules, failure detector module,
rank assignment module and flocking module shown in Figure 6.1.

The basic idea is: for every robot, first it calls Failure detector module to get the set of positions
of correct robots, then it calls Ranking algorithm to re-assign rank for the correct robots based on y-
value and clock/wiseclock direction. Finally, based on the positions of correct robots, it uses Flocking
algorithm to achieve formation flock.

6.32 FMC Sef-stabilizesunder the SYm Model

In the SYm model, we know the robots execute their activities of observation, computation, and move-
ment in instantaneous (atomic) fashion and thus a robot observes other robots only when a cycle begins
(i.e., when they are stationary.) Thus, once arobot activates, it can observe all the other robots correctly.
Therefore, each activation the position configuration that a robot put into the memory is correct.

When the memory get corrupted, the data in Case 4, or Case 5 in section 6.2, the output of failure
detector may be incorrect. Thus, a perfect failure detector becomes an unreliable one. (The failure
detector may consider a correct robot as a fault one, or consider a fault robot as correct one.) Thus, the
robots can not have the consistent position configuration about correct robots. Therefore, in flocking
algorithm, more than one leader robot could coexist. Therefore, for 7 in Chapter 4, it is impossible
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Figure 6.2: How the position configuration becomes clean for arobot? Where, n isthe number of robots
in the system.

for al the robots to achieve eventual agreement (See Theorem 3) and then to form a desired formation.
Also, all robots can not flock together.

Even after to g7, there are situations when the system never recovers. The data in memories of the
robots will not be influenced any more. Each activation, arobot will get a new clean position configura-
tion, and the dirty configuration will be removed from the memory gradually. Eventually al configura-
tions in the memory will become clean. In other words, al the data are correct in the memory.

The failure detector can use these clean position configurations in the memory to select the set of
positions of correct robots. Because the failure detector is perfect, all robots can get the same number
of correct robots and the same set of positions of correct robots. After that, the rank assignment can
re-assign rank for these correct robots. Using the rank of correct robots, the flocking module in Chapter
4,i.e., Fr can elect aunigue leader and then flock together.

From the above analysis, we know the point is to make sure all the robots have the same position
configurations and then have the consistent ranks; Thus, it makes possible to select a unique leader in
flocking module.

Lemma20 Fr is self-stabilizing with respect to memory corruption and robot crash under the SYm
model.

PRrROOF.

For robot r;, after time instant tgs7, When robot r; activates once, one clean configuration
is put into HistoryMove, and at the same time, a dirty configuration is pushed out of
the dide window HistoryMove. Thus, for each robot, after at least m activations (m is
the maximum length of the slide window HistoryM ove), dl the dirty configurations are
cleaned. In our flocking algorithms of , we used & bounded scheduler, so the length of the
slide window used can be equal to k.

Consider some arbitrary time interval k - n of consecutive activations. Let r, denote the
slowest robot in the sense that it is the robot that has the least number of activations during
theinterval. Let also r; denote the fastest robot (i.e., with most activations).

Based on k-bounded scheduler, r, will activate at least once when r; activates & times.
Thus, for all robots, after at most k& * n activations, all the position configurations in the
memory become clean configurations. Here, we denote the time that all robots need to take
to get stabilized be tsiapitiizacd-

Then, the perfect failure detector module uses these clean configurations in the memory to
select the set of positions of the correct robots. Since all the positions are correct, the output
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of failure detector will always be correct using perfect failure detector. Thus, all the robots
get the same set of the positions of the correct robots after tosr + tstapitized-

So, in rank assignment module, all robots can be re-assigned their ranks, and the ranks are
consistent for the different robots. Because: (1) in SYm model, which is different from
CORDA model, the moving of robots are instantaneous. That makes the observed positions
of the rabots are same for all the robots; (2) in Fr each activation the ranks of the robots are
re-assigned based on y-value of robots and clockwise direction;

Thus, in flocking module, the unique leader can be chosen, as aresult, the remaining robots
can follow this leader to flock based on Fr.

In al, under the SYm model, Fr can make robot system self-stabilizing to a legitimate
configuration with respect to memory corruption and robot crash.

DLemma 20

6.3.3 About F}¢in CORDA Mode

From F in Chapter 4, we know: The robots need to control their movement and to make sure all robots
have the same position configuration during their first k£ activations. That is, the relative position of
robots can not be changed. After that, the relative position of robots are strictly controlled to make sure
al robots have the same relative position configuration. Only by this way, flocking of a group of robots
can be possible.

However, when the memory of robots are influenced, the output of failure detector may be not correct
because failure detector seriously depends on the data in the memory. Also, for the different robots, they
have different outputs. Thus, at thistime, several leader robot may exist at the same time. Consequently,
the relative positions of robots are broken and goes into a chaos state.

After tasr, the memory will becomes clean, after each robot activates at least & times, where & is
the value of & bounded scheduler. That means, that will need (O(leQ)) activations after all robots have
been activated at least & times, and thus all the positions in memory are clean position configurations.
Here, n isthe number of robots in system.

Different from SY m model, CORDA model istotally asynchronous. A robot can observe the moving
robot, which makes the observation of the positions of robots is not accurate. Thus, the relative positions
of robots for different robots are different. Thus, the rank of robots are non-consistent. As aresult, the
leader is not unique. It becomes impossible too organize the robots to flock together. Therefore, B/ Cis
impossible to self-stabilize in CORDA model even after tzg.

6.4 Fr with Memory Corruption

Differently from the modulesin Fr(CORDA), the modulesin Fr r(SY m) are shown in Figure 6.3.
First, all robots assign the consistent rank in the first & activations. After that, all robots persist their
ranks by searching its past position based on the searching disc.

When the memory becomes corrupted, the past positions in the memory will become random, for
example, Case 3 or 4 in Section 6.1. In Case 3, the robot may wrongly think a correct robot as crashed
one; in Case 4, the robots may take mistake thinking a crashed robot as correct one. Thus, for different
robots, they have different opinion and as aresult they will move based on their own decision. Thus, the
positions of the robots may become in disorder or they may collide each other.

Even after to g, Using the searching method to find its past position till is unpractical, since there
may exist more than one position in the searching disc. For example, after finite time, al the configu-
rations in the memory become clean. But the current positions of robots still exist several positions in
robot r; searching area. Thus, r; can not find which one isits past position and as a result it can not find
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Figure 6.3: The modules of the flocking algorithm in SYM model.

its corresponding rank. Only in one case, the situation can be recovered that: in every robot’s searching
area, only one past position exists. Therefore, this dangerous situation are not always recoverable.

That is, Ir;,7j, dist(ri,7;) < Rsearch» Where Req,cp i the searching radius of arobot. From the
method in Chapter 5, we Know Rg.prcn < mm(%;il), %). In this case, the robots need to reset to an
initial state and thus to satisfy the requirement that the relative positions of robots can not be changed.
If they can not reset, the flocking algorithm becomes impossible under any system model, whatever
CORDA, SYmor FSYNC.

Here, we attempt to revise the rank assignment algorithm shown in Algorithm 12. The procedure
Reset() can make sure that (1) the distance between any two robots be more than Ricurcn; (2) the
relative positions of robots are not changed. A question may arise that: why Ricqc;? 1t iSt0o make sure
no collision among robotsin their next activation. Obviously, the expected edge length d should be larger
than Rsearch-

Algorithm 12 Persistent Rank Persisting Rank for memory corruption(code executed by robot 1)

if (Nget < k)then
First_Assi gnRank(SCurPosObser);

n= ‘SCurPosObser
Moveto its right hand by not more than % aong the perpendicular to its y-axis;
else
Persist_Rank(ScurPosObser, HistoryRankPos, d);
end if

8 if (Iry, 7;,dist(rs,rj) < Rgearch, 7 @d r; are neighbors) —— (formation don't satisfy an approx-
imate formation) then

9 Reset();

10: ASSign—Rank(SCurPosObser);

11: else

12 Persist Rank(Scwrposobser, HistoryRankPos, d);

13: end if




The requirement of Procedure Reset isasfollows: After resetting, the positions of the robots should
satisfy: (1) the y-values of the robots are not changed; (2) the distance between any two robots is larger
than Rsearch-

6.4.1 FMC using Algorithm 12 worksin FSYNC model

It is easy to prove that Algorithm 12 works under the FSYNC model. The function of procedure Reset()
isto ensure that the distance among robots is larger than Rieqch-

Lemma 21 Fp using Algorithm 12 can self-stabilize in fully synchronous model when memory get cor-
rupted.

PrOOF. In FSYNC modé, al robots activates smultaneously. Thus, each activation all
robots get the same position configuration.

Based on Algorithm Fg, first arobot assigns their ranks using Algorithm 12. There are two
procedures in Algorithm 12: Assign. Rank and Persist. Rank, which are same with the rank
assignment module in Fg.

If there are neighbor robots whose distance are smaller than Ri.q-cn, OF the formation of
robots don’t satisfy an approximate formation, then the robots will reset the positions of
robots using the codes in line 9-10 in Algorithm 12. Then, a robot re-assign the ranks of
robots. Now they all get the consistent ranks.

After togr, each robot needs at least & activations to make the position configurations in
memory to be clean. Then, using the perfect failure detector, all robots get the same set of
positions of correct robots. The following execution is same with that in 7.

In al, Fr using Algorithm 12 can self-stabilize in fully synchronous model even memory
may get corrupted.

Uempty

6.4.2 FMC using Algorithm 12 cannot self-stabilize in the SYm model

When Fp uses Algorithm 12, we know that Reset() isa very important procedure. But in SYm model,
differently from FSY NC model, not all the robots activate at the sametime. Thus, thereisone case: when
afast robot executes Reset (), but a slow robot doesn't find any robot 7, r; who satisfy dist(r;,r;) <
Rearen, Where 7; and r; are the positions of two robots in the system. Therefore, the slow robot still
executes Persist Rank procedure to keep their ranks, while the fast robot has executed Assign Rank to
re-assign the ranks of the robots. Obviously, the ranks for the same robot may be different in eyes of
these two robots. Thus, they may not get the same leader using the same flocking algorithm, and also can
not flock together. Therefore, in the SYm model, 75 uses Algorithm 12 can not work when the memory
of robots may corrupt.

One may ask: Isthere other modified algorithms that can work in SYm model? For the question, we
will leave it as an open question for our future work.

6.5 Discussion
In this chapter, we discuss the (im)possibility of self-stabilization of our fault tolerant flocking algorithms

with memory corruption. In our fault tolerant flocking algorithms, the robots are non-oblivious. So, when
the robots moves to some special environment, the memory of the robots may get corrupted temporarily.
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From our analysis, we get the following conclusion that: for the transient failure occurred in robots,
self-stabilization of robot flocking depends on the system model and design of algorithm .

Here, we only analyze the self-stabilization of our fault tolerant flocking algorithms. If our flocking
algorithm can not work in some model, we analyze why it can not. However, we don’'t address if thereis
other algorithms that can work in such model. Because as we said before, it will open a new the design
of flocking algorithm.

It would be interesting to apply into the system model with crash and recovery of memory if the
appropriate change is made for the current flocking algorithms. Here, the crash and recovery of memory
means that, in the sense, the memory is crashed and the data in the memory are totally lost; but after a
finite time, it will get recovered and the new data can be saved into it.

In al, our analysis on memory corruption will inspire to consider the other transient failure of robot
components and Byzantine failure model. Also, the self-stabilization of non-oblivious of robots also
could apply to other robot applications, like gathering, or formation control.
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Chapter 7

Adaptive Flocking Algorithm

In the previous chapters, we mainly focused on the fault tolerance of flocking, whatever robot crash or
memory corruption. Also, wetry to find as weak as possible capacity of arobot must have and the weak-
est model they could work. However, in previous chapters, there are no obstacles in the environment, so
only the collision among robots is discussed. Differently from the previous work, here we mainly work
on the collision avoidance between robots and between robots and obstacles in the environment.

The interesting is that: this proposed algorithm can achieve and maintain the desired distance from
neighbors in absence of obstacles in the environments; in presence of obstacles, each robot uses the
same agorithm to avoid the obstacles, also to avoid the other robots. Then, we made two simulations
to evaluate the effectiveness of the proposed agorithm. The simulation results demonstrate that the
proposed flocking agorithm can make a group of robots effectively adapt to a complex environment
during flocking.

Specialy, we consider the problem with the following system model: a system of anonymous mobile
robots, which cannot be distinguished by appearance. Now there are assumptions that need to be made:
All the robots can get information about their neighbors by local sensor capability, and they cannot
communicate explicitly. Every robot is oblivious, that is, it can not remember its past information. The
robots share the same coordinate system and unit distance. They execute the same algorithm, which
takes the observed positions of the robots as input, and returns a destination for next step. The main
assumption about the obstacles is that they are convex and compact sets.

7.1 Adaptive Flocking Algorithm

In this section, we introduce a novel and simple flocking algorithm, which can keep desired distance
from neighbors when there are no obstacles, and also can avoid collisions between robots and (dynamic
or static) obstacles when there are obstacles. Here, we assume the sense range of rabots is larger than
the desired distance d between neighbor robots, in other words, that arobot can use its sense ability, not
communication ability, to achieve the desired distance from its neighbors. For simplicity, we assume all
obstacles are closed discs, and the point of an obstacle that arobot can see and which is nearest to a robot
is denoted by Oy, where k& is aunique identity number of an obstacle. Let F* denote the flocki ng vector,
which is shared among robots.

In order to describe the proposed algorithm, the following notation is defined in Table 7.1:

Therefore, the set of neighbors for Robot i can be described as:

NBi:{RjHQi_Qj|<T7i7j:172737"'}7 (1)

where |¢; — ¢;| means the distance between ¢; and ¢;. Equation (1) means if robot R; isin the sensor
range of R;, then R; isaneighbor of R;.

—
For Robot 4, the movement vector from its neighborsV?, - can be computed as follows:
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Table 7.1: Notation of parameters

Notation Description

R; the ID number of robot i;
N; the number of neighbors of Robot 7;
!
Vi the movement vector of Robot ;
—_—

1

the sum of movement vectors for all the neighbors of Robot i;

hstacles  thesum of repulsive vectors from the obstacles of Robot i
desired distance between robot neighbors;
O the position in obstacle k that a robot can see, and which is nearest to a robot;
Oy, the position of obstacles;
l safety margin of obstacles;
di .. the minimum distance between robot R; and nearby obstacles;
N,0ps the set of obstacles of Robot 7 in its sensing range, i.e., Nops = {Obsj]@ — 5;-] <r}
where 5; denotes the position of the obstacle Obs;;
q; the position of Robot ¢;
— — — —
6(Vi,V;) theangle between the vectors V; and Vj;
r the interaction range for every robot, here d < r;
N B; the set of robot R;’s neighbors;
= Y ‘QJ 4 (95 = a4l —d) @)

jeng, 'Y gl Ni+l
Equation (2) describes a robot trying to achieve the desired distance from its neighbors. In this
equation, @j:Z' shows the unit vector whose direction is from ¢ to ¢, }TR; And (|g; — gi| — d) is
the distance deviation between the actual distance and the desired distance between two robots. Here,
it is interesting to explain why the distance deviation is divided by 2 in Equation (2), i.e, (2=21=%
as arobot’s desired movement distance. That is because the algorithm is distributed, and every robot
moves to the target using the same algorithm. For example, if the desired distance between two robots
is2m, and now the actual distance between them is4m, in order to achieve the desired distance between
them, a robot only needs to move towards the other by 1 m, i.e., “‘%_qﬂf 4 _ am jjm = 1 m. When
the number of arobot’s neighbors is larger than one, the sum of movement vectors between the robot
and its neighbors will be computed. Obviously, when the distance between two robots is larger than the
desired distance d, the robots will move toward each other; otherwise, when the distance between them
issmaller than d, they will move away from each other until they achieve the desired distance.

When there is no obstacle in the sensor range of arobot, arobot first computes the movement vector
— —_
Vi= Vi,

. _> . —)
range of a robot, the size of vector V; can not be larger than the sensor range r, i.e., when |V;| > r,
— - =
Vi =V, /|Vi| xr.

When there are obstacles in the environment, in order to avoid the obstacles, arobot will adjust the
movement vector based on Equation (2). We assume obstacles have the safety margin [, if the distance
between arobot and obstacles is larger than [, then there is no force on arobot; otherwise there will be a
repulsive force on arobot in order to avoid collision between robots and obstacles.

+ I_?) Also, in order to avoid collision with obstacles or robots which are beyond the sensor

- O — qi
b= > AT Gat{l 10y - ail), 3
obs o ‘Ok _Qi’ { ‘ k=4 ’} ( )
1Obs
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where
Sat{z} = max(0,x). (4)
Furthermore, we can find that: the closer arobot isto an obstacle (i.e.,|0; — ¢;| issmaller), the larger
the repulsive force will become (I — |0 — ¢;| becomes larger). Therefore, it is an effective method
to protect the robot itself from coII|d|ng with an obstacle. In addition, when [V}, | < |V;|, the
coefficient o is computed by |V |/|Vi stacre| iN Order to make sure there is no collision between robots
and obstacles; otherW|se when [V, . | > |V;], thevalueof isl If there is no parameter « to balance
the vectors of V; and Vi the collision may happen when ]V\ > |V aee] When the direction of

obstacle?
V and ‘g’f 4 | are opposite. Therefore, the parameter « is a very important factor, and it can make the
algorithm more robust.
The specific algorithm for obstacle avoidance flocking is described in Algorithm 13. When the size
of V; i.e., |V; | islarger than the sensor range of arobot, the vectorV; needs to be adjusted using Equation
(5) in order to avoid any coallision with anything that is beyond a robot’s sensor range.

Vi = Vi /|Vi| s (5)

When there are obstacles and neighbors in a robot’s sense range simultaneously, the movement for

arobot is determined by three factors. the positions of its neighbors, the positions of obstacles, and the
—
size of the flocking vector F'. First, arobot computes the movement vector V7 . using Equation (4).

Also, it computesthe nearest distance &,,;,, from the nearby obstacles. And then, the smaller one between

\V; +V ] and d;,,,, is chosen as the value of d;. Finally, the target movement vector is computed by

obs

V.= (Vi +Vbs)*dt7 (6)

Thus, in order to avoid the obstacles, the distance that a robot moves is not more than dm That

is why a robot chooses the smaller one between &, and \7 + —>| as the movement distance. The
direction of thefinal movement vector is same as that of the vector V; + VO’bS and the distance that R; can
moveis not morethan d¢ . . Therefore, our contribution is that we not only consider collision avoidance

min*

among robots, but also consider collision avoidance between robots and (static or dynamic) obstacles at
the same time.

Algorithm 13 Adaptive Flocking for every robot.

—

L1 ¢i—q; (lgi—gj|=d) ;
L Vobs = Z]e NB; Jgi—q;] . N+l - {Compute the movement vector from neighbors}
— —_— _>
2V, =V

nbs

{Compute the sum of two movement vectors, V., and flocking vector F}

. -
3 if |[V;| > r then
— — =
4 Vi =V /|Vi| xr;
5. end if
6: if there exist obstacles then
& d;mn - mln(‘% - Ol‘v ‘Qz - Ok’)v where k € NiObs;
{Compute the minimum distance between robot R; and the obstacles around it}
0,z <0
8 Vi =D keNion. To = Oleat{l lgi — Ok|}, where Sat{z} = { v.x >0,
9. dt mzn(|V + obstacle‘?dmzn)
10: V (V + Vbs)/’V + obstaces‘ * dt;

11: end if
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7.2 Correctness Analysis

Lemma 22 If there are no obstacles at the current time, Equation (2),

i ¢ —¢q; (|4 — @l —d)
I I s
jeng, 11T i
ensures that robots achieve the desired distance d from their neighbors.

PROOF.

(1) NB; = 0. A rabot has no neighbor in its sense range, it just moves with movement
—
vector F'.

(20 NB; = 1. Robot R; has one neighbor, and we assume that neighbor isrobot R;. The
—
vector V7, - for Robot ¢ can be computed as follows:
i 4G9 G —al—d
nbs — ] ] ( )
95 — ail 2

Because the algorithm is distributed and robots are synchronous,the movement vector

V. ighbors fO robot R; is
j 4~ e — gl —d
Vneighbors - ‘Qi _ Qj‘ ( 2 )

If the current positions of Robot ¢ and Robot j are described as g (x;, v;) and ¢; (x5, y;),
the current actual distance d,.; between two robots can be described as | — ¢;| when
R

the robots can see each other. After Robot R; moves with V!, ., the new position of
Robot R; will become
-Tj_xidact_d yj_yidact_d

it (g Yit =) 7
dh ¢ LTy W W St 2 (7

The new position of Robot R; is

xid_ ZLj dact2_ d i+ yid_ Y dact2_ d
act act

gj : (z; + )- (8)

Therefore, the new distance between the new positions of Robot ¢ and Robot j is:
i — ¢} =

Yl =y ¢ Gomzdloce )y ) e = s ),

d? d?
=/l -+ - )
= g/ (@i —25)7 + (i — y))?

- dact

- E - dact

=d.

Therefore, from the above analysis, we can see that two robots can achieve the desired
distance based on Equation (3).
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(3) NB; > 1. Therobot R; has more than one neighbor in its sensor range. At thistime,
the movement of robot R; for the next step will consider al its neighbors, and move
with the sum of the vectors between neighbors. In other words, robot R, will move
to the average position of its neighbors and try to keep the desired distance with its
neighbors. Eventualy, the target of the desired distance from its neighbors will be
achieved in finite time.

DLemma 22

Lemma 23 This flocking algorithm can enable robots to avoid collision with obstacles in the environ-
ment.

PRrROOF.

When there are neighbors and obstacles in the interaction range of robot R, thefi naL move-
ment vector is determined by Equations (2), (3), (5) and the size of flocking vector F'.

. . . = . - . . .
First, if thesizeof V;,i.e, | F +V!, | islarger than the sensor ranger of arobot, the direction

is not changed but ]V;] is adjusted to be equal |r|. Thus, the robot avoids the objects beyond
its sensor range.

Second, the minimum distance d. . between the robot and the nearby obstacles is com-
puted. And then, if there are many obstacles around R;, Equation (3) is U%d to compute the

sum of the repulsive force for R;. The direction isalong that of the vector V + VZ and the
distance that R; can moveis not morethan ', .. Thereisacritical case may happen if the

robot R; is close to its nearest obstacles but doesn’t collide with it. Thus, R, cannot collide
with any obstacles.

IjLemma 23

7.3 Performancelllustration

In this section, wewould like to illustrate the a gorithm execution by considering afew examples. During
this illustration, we would like to know how a group of robots move together to avoid the collision
between them, and between robots and obstacles. All the robots coordinate in distributed way.

There are two kinds of situations that need to illustrate: (1) when the obstacles are absent in the
environment, how robots flock to avoid collision between robots? (2) when obstacles are present in the
environments, how robots flock to avoid the collision between robots and between robots and obstacles.

7.3.1 Simulation Setting

The specific simulation settings for the simulations are as follows: the number of robots is 20. The
sensor range of every robot is 2.0m. Initialy, the robots are randomly positioned in different places.
The flocking movement vector Fis [0.1; O], which means, the direction of the whole flock is along the
z-axis. The desired distance between robotsis 1.5m.

In the following, we run two simulations to eval uate the performance of the proposed algorithm: one
is without obstacles and another one with obstacles in the environment. For the first case, we mainly
consider the desired distance between robots; for the second case, we mainly evaluate two aspects of this
algorithm:; collision between robots and collision between robots and obstacles.
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(c) Neighbor network at 0.03 s. (d) Neighbor network at 0.05 s.

Figure 7.1: Dynamic change of the robot neighbor network without obstacles using the proposed algo-
rithm; each of them keep the desired distance with their neighbors.

7.3.2 Simulation 1: without obstaclesin the environment

In this simulation, there is no obstacle in the environment. The specific results are shown in Figure 7.1.
In this figure, the triangles are robots, and the line between robots means robots are neighbors of each
other, that is, two robots are neighbors if they can see each other. There are four sub-figuresin Figure 7.1.
The sub-figure 7.1(a) shows the initial positions and neighboring relationships of al robots. Aswe seen,
the neighbor network is very dense. A robot may has many neighbors in its sensor range. Using the
proposed algorithm, the distance between robots is adjusted and the neighborhood network becomes
sparser after 0.01 s (see sub-figure 7.1(b)). With time passing, at time slot 0.03 s, the distances between
robots are mostly close to the desired distance shown in sub-figure 7.1(c). Finaly, about at 0.05 s, all
robots achieve the desired distance from their neighbors.

From the results shown in Figure 7.1, we can see: when there are no obstacles in the environment and
each robot has at least one neighbor, all robots achieve the desired distance with their neighbors during
flocking.

7.3.3 Simulation 2: with obstaclesin the environment

Unlike Simulation 1, in this simulation there are 3 obstacles in the environment. Therefore, the movement
of arobot is determined by three forces, from its neighbors, from obstacles (if there is an obstacle), and
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from the flocking vector. The simulation results are shown in Figure 7.2. Here, every sub-figure in
Figure 7.2 is a snapshot of 20 robots at a specific time. The sub-figure 7.2(a) is the initial position of
robots. And at time 0.03t, all robots try to achieve the desired distance from their neighbors and move
forward. With time passing, the robots adjust their movement vectors to avoid collision with neighbors
and with obstacles. Finally, al robots avoid collision.

The detailed information about how a flock of robots move during flocking is shown in Figure 7.3.
Specidly, we anayze the following four typical track lines: Line 1, Line 2, Line 3 and Line 4. The
robot that moved along Line 1 avoided collision with abig obstacle. The robot that moved along Line 2
simultaneously avoided two obstacles, the bigger one and the smaller one. The robot with the movement
track of Line 3 adapted to avoid the second-biggest obstacle and the smallest one. The fourth case, the
robot with the track of Line 4 avoided the second-biggest obstacles. In all, despite the fact that different
robots may choose different routes to flock, they all can effectively avoid collision with obstacles.
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Figure 7.2: Robots move together to avoid obstacles between robots and between robots and obstacles.
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Figure 7.3: The movement tracks of al robots during flocking.

7.4 Discussion

This paper proposed a novel and simple flocking algorithm, which can make robots achieve and keep
desired distance from neighbors when there are no obstacles, also can avoid collisions between robots
and their neighbors and between robots and obstacles when there are obstacles in the environment. By
algorithm correctness analysis and simulation results, we find this algorithm is effective and correct, and
it would be very useful in practical applications, like rescue after earthquake, and space exploration etc.

Due to the different choice of routes and araobot’s local sensor capahility, the times that robots spent
to pass by these obstacles are different. Eventually, agroup of robots may be split into several groups. It
is necessary to address this problem in future work, for example, to design a flexible flocking movement
vector, or add some robots who have longer sensor capability into a flock of robots, to make al robots
move together.

From the above analysis, we know due to the robot’s limited sensor capability, the connection be-
tween robots becomes very weak. To find an appropriate distance between robot neighbors becomes
important relatively. The distance between robot neighbors can not be too near to avoid collision, and
also can not be too large to avoid losing connection. That is why in formation flocking part, we assume
the robots has unlimited sensor ability. In future, we will further explore the fault tolerance of flocking
of the robots with limited sensor ability.
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Chapter 8

Conclusion

8.1 Research Assessment

In this research, we work on the flocking problems of a group of mobile robots. During flocking, all
robots use the same agorithm to coordinate each other, for instance, formation maintenance, collision
avoidance. Contrary to the existed work, our flocking algorithms could work in presence of robot failure;
aso in transient failure of some component, they could self-stabilize under appropriate system model.

The main originality is that we build bridge gap between several communities—distributed systems
(fault tolerant algorithms), self-stabilization and mobile robotics. In fault tolerant distributed systems,
all processes use the same algorithm to cooperate each other and they ensure the whole system reliable
and dependable. That means, even in presence of process failure the remaining correct processes still
can make sure the whole system work well. Self-Stabilization is the property of an autonomous process
to obtain correct behavior no matter what initial state is given. Thus, self-stabilization automatically
corrects following arbitrary transient faults that corrupt the state (so long as the program’s code is still
intact). In mobile robotics, the effective cooperation between robots is the focus. The similarity between
distributed systems and mobile robotics is that they both address a group of processes (robots) which
work in distributed way. The similarity of fault tolerant algorithms and self-stabilization is that they
both can make sure the whole system dependable, but the difference is that self-stabilization focuses on
transient failure but in distributed systems the failure can be transient or permanent.

In all, this research has led to four major contributions. The first major contribution is fault tolerant
flocking in a k-bounded asynchronous robot system. All robots can form aregular polygon and keep it
while moving, but the formation generated by the robots can not freely rotate. In the second important
contribution, welift such limitation yet in aweaker system model. Thethird contribution isthe discussion
about self-stabilization of robot system when memory may corrupt. The last major contribution is the
distributed flocking algorithm to avoid collision among robots and obstacles.

Fault-tolerant flocking in a k-bounded asynchronous system Thisdissertation formally presents
the definition of fault tolerant flocking, which builds a bridge between robots application (flocking) and
dependable distributed system. After formally specifying flocking problems and developing an adequate
computational model, we find the appropriate and as weak as possible conditions under which flocking
can be achieved.

The main contribution of fault tolerant flocking in k-bounded robot system is to show that the ge-
ometric formation agreement during dynamic flocking. Specially, all robots can coordinate effectively
each other to generate a desired formation even in presence of failure of robots.

Other contributions can be mentioned. First, we propose the algorithm modules, which is convenient
for hardware design and using in practical applications. Second, we propose amethod how to distinguish
the crashed robots from the correct ones. Using this method, the robot system can break the deadlock
that the correct robots wait for the crashed robots for ever and don’t move any more. In al, they provide

65



a dependable platform for dynamic flocking of robots.

Fault-tolerant Flocking with whole Formation Rotation  Despite the above flocking algorithm
works well in asynchronous model, it does not allow the rotation of formation by the robots freely. To
lift such movement limitation, we solve this problem yet in weaker (semi-synchronous) model.

Concretely, the main contribution is that the proposed flocking algorithm has good maneuverability.
Also it can tolerate the permanent crash of the robots and can maintain the desired formation by the
robots when there is no new crash.

Remark: In the proposed fault tolerant flocking algorithms, some modules like rank assignment and
failure detector can be used in other robot coordination, such as gathering.

Flocking with memory corruption In practical applications, some parts of arobot, like sensor,
moving actuator, or memory etc., is prone to crash due to the influence of complex environment. It is
interesting that sometimes part of components, like memory of robots, may corrupt during some special
area (e.g., magnetic field). After the robots move away from such specia area, the memory is not
influenced any more.

The main contribution is the discussion of the (im)possibility of self-stabilization of flocking algo-
rithms with memory corruption. From the analysis result, we find: for the transient failure occurred in
robots, the self-stabilization of robot flocking depends on the system model and algorithm design.

Decentralized Adaptive Flocking Algorithm  There are many engineering points to solve flocking
issue. In order to actually use the solutions, we present a distributed flocking algorithm to effectively
avoid collision between robots, as well as the collision between robots and obstacles in presence of
obstacles in the environment. More interesting is that in absence of obstacles, a robot can keep the
desired distance with al its neighbors.

In thisflocking agorithm, we mainly focus on the collision avoidance, not on fault tolerance. Putting
it into this thesisis to compare the non-fault-tolerant flocking with fault-tolerant flocking.

8.2 Open Questions & Future Research Directions

“Research”, asits names means, “re-search”. It is aprocedure to re-search interesting questions and
the corresponding solutions. As mentioned in the literature, finding the answers to important questions
usualy leads to asking further questions. Now, our work also opens several new interesting questions
and we present some of the related open questions and future directions.

Possibility of shape rotation in other models A shape rotation flocking presented in Chapter 5
considers a semi-synchronous model called SYm [SY 99] with crash failure of robots, in which robots
can crash but never recover. We know the SYm is an semi-synchronous model, in which robots execute
their activations in atomic way.

An interesting question is whether it is possible to find shape rotation solution in more complex
models: CORDA [GPREO1b] model where robots are totally asynchronous, systems where robots can
crash and recover, or systems with Byzantine robots. In detail, Byzantine failure is more general but
more complex than crash stop failure. In such case, when robots experience Byzantine failure, al robots
may get crazy and move to wherever it wants. The other correct robots may get crash by colliding with
such crashed robots. Therefore, it would be a big challenge to make al robots work coordinately with
Byzantine failure.

The CORDA model is weaker than SYm, that means, if one flocking algorithm can in CORDA
model, it implies that it also can work in SYm model. That makes the algorithm more general and have
wider applications.
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Flocking with other schedulers  In our work, the & bounded scheduler isused in the fault tolerant
flocking algorithms to make sure the fairness of the activations between robots in Chapter 4 and 5. The
value of k is known for every robot. One question may arise that: What if the robots don’t know the
valueof k ?

Therefore, infuture, it isinteresting to consider the fair version of the following schedulersin flocking
application of robots. unbounded scheduler, bounded regular scheduler, centralized scheduler, arbitrary
scheduler [DGMPO6], etc.. Except centralized scheduler, the other schedulers are weak than & bounded
scheduler. 1t would be interesting to discuss the (im)possibility using such scheduler and thus to find the
weakest scheduler that robots coordination needs. It provides the way to find the weakest model that the
robots need to coordinate each other.

Flocking with other failure detectors To design a fault tolerant algorithm, one important (core)
guestion is to find a failure detect to distinguish the crashed processes and the correct ones. The fault
tolerant robot research is no exception. In the presented fault tolerant flocking algorithms, a perfect
failure detector is used by managing the moving of robots strictly.

As we know, the perfect failure detector is very strongest among eight failure detectors. We could
call perfect failure detector be reliable failure detector, since it aways provides the correct results. One
interesting questions is: what if using the unreliable failure detector, like S failure detector or S failure
detector [CT96].

Also, in our work, the robot needs very strict movement restriction to make sure the perfect failure
detector work well. To loose such movement restriction and at the same time to make sure the effective
coordination of robots, an adaptive failure detector would be agood choice and could bring more effective
coordination.

Self-stabilization of robot system The property of self-stabilization is very important for depend-
able distributed system. In this dissertation, we analyzed the self-stabilization of flocking of a group of
non-oblivious robots in detail in Chapter 6.

As we know, memory corruption is one kind of transient failures in robot system. In practical robot
applications, like gathering, flocking, or formation control, there are many other kinds of transient fail-
ures, such as sensor is crashed or communication between robots is disconnected temporarily. Therefore,
in future work, the deeper analysis of the self-stabilization of robot system, combined with the results
obtained through our analysis of flocking with memory corruption, could provide more dependable and
flexible robot systems.
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