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Abstract

In achieving collective robot tasks. it is often required that a group of autonomous
mobile robots maintain a certain formation while moving along a specified path to-
wards a goal position. This is referred to as the formation marching of a malti-robot

group.

Several approaches have been proposed for the formation marching problem. How-
ever. these approaches rely on centralized control or extensive global communications
among robots; as a result. they are unsuitable for large robot groups or robot groups
working in hostile or extreme environments. In this thesis. a decentralized control
approach to the formation marching problem using the neighbor following method is
developed from studying the formation flight of large birds. The feasibility of the

neighbor following have been demonstrated through simulation.
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Chapter 1

Introduction

1.1 Motivation of Work

In recent years, extensive research has been carried out in autonomous mob;le robots.
Traditionally, research in autonomous mobile robots has concentrated on accomplish-
ing tasks with a single robot. However, the creation of highly intelligent robots that
are able to interact with the real world is still out of reach. and the task achieving
abilities of any single robot are limited. Currently, there is an increasing interest in
multi-robot systems. By using cooperative robot groups, it becomes possible to solve
iarge scale problems that require more resource than any single robot can possibly
provide. For tasks that can be achieved by one single robot, it is often faster, more

reliable and more cost-effective to use cooperative robot groups.

Collective behaviors in social insects, bird, fish, and many land animals have been
investigated by researchers in biology and behavior science for decades. Motivated by
the group behaviors in animal societies and advances in related areas such as computer
science, robotics, and complex systems, collective robotics (or cooperative robotics)
tries to develop decentralized control techniques that enable multiple behavior-based

autonomous robots to achieve tasks cooperatively.



In achieving collective tasks using a society of robots, the robots are usually re-
quired to remain in a group. This is achieved by the group behavior of each robot in
the robot society. Normally, the group behavior only .ries to keep each robot within
some distance with respect to other robots, and there is no requirements on the ex-
act geometric relationship between robots. If the robots in a multi-robot group are
required to form and maintain a rigid geometric pattern while performing a collective
task, the control of the robot group is much more complex. Nonetheless, it is useful
in some multi-robot applications such as material transportation and is an interesting

problem to study.

Two related but different research issues that have been considered are the forma-
tion generation problem and the formation marching problem. Formation generation
or pattern formation is concerned with producing a desired spatial formation from
a possibly arbitrary initial configuration. The problem of formation generation has
been investigated using various metheds including cellular automata [Wang1989]. dy-
namic system analysis [Sugiharal990]. potential field [Unsal1993. Genovese1992]. etc.
On the other hand. the formation marching problem, with which this thesis is con-
cerned. assumes that the formation of the robots has already been created and the
objective is for the forination to move through a given trajectorv while maintaining

the desired spatial configuration.

Formation marching is a common group behavior in many kinds of animals. espe-
cially in large bitds. for example, Canada Geese. WWhen migrating. these birds usually
choose to fly in formations such as line or V formations. Researchers have argued
that formation flight may have advantages in aerodynamics or effective use of sensory

systems. but there is still no clear cxplanation on the mechanism of the formation

flight.

Formation marching of multiple vehicles is often seen in military operations; for
example. fleets of battleships or groups of aircrafts often maintain some fixed forma-

tion to use their sensing, attacking and defensing abilities efficiently. Also, in material



handling. sometimes multiple vehicles are required to distribute themselves equally
around or under a load that any single vehicle is unable to handle. Similar potential

applications can also be found in the areas of space and deep-sea exploration.

Formation marching of multiple autonomous mobile robots has similar applica-
tions with manned vehicles. In addition, robot groups can be used in hostile or
extreme environments that are unsuitable for manned vehicles. However, appropriate

methods must be designed to coordinate the motions of the robots.

Various approaches have been proposed to control robots moving in formation
[Wang1991, Parker1993, Chen1994a, Chen1994b, Balch1994a, Brock1992]. These ap-
proaches use centralized or semi-centralized control and rely on inter-robot commu-
nication to achieve the objective. However, centralized control and extensive com-
munication are not suitable for controlling large robot groups because of their high
expenses; they are also not suitable for robot groups working under hostile or ex-
treme conditions where communication is not possible or is not allowed. To overcome
these problems, a decentralized control strategy is needed for formation marching of

multiple robots.

In this thesis. a decentralized control approach - the neighbor following approach
is introduced. Tie neighbor following approach has several distinct advantages com-

pared with various other approaches:

e Satisfactory formation performance can be achieved without centralized control

or extensive world knowledge;

e Inter-robot communication is limited to prevent communication bottleneck.
Also communication between robots can be eliminated provided sensory in-
formation is accurate enough, thus making the neighbor following approach

suitable for controlling large robot groups;

Simulation experiments have shown that robots groups using the neighbor following

strategy can successfully maintain arbitrary formations while moving along a specified



path and avoiding obstacles. Also. neighbor following can be used in large robot

groups and can be implemented in real robot systems easily.

1.2 Structure of the Thesis

The rest of the thesis contains 5 chapters. Chapter 2 discusses topics related to the de-
centralized control of multiple robots moving in formation. First, the behavior-based
approach to build mobile robots is introduced, with emphasis on the subsumption
architecture and reactive control. Second. concepts including collective behavior.
collective robotics and swarm intelligence are introduced. Then. research in decen-
tralized control of multiple cooperative robots and inter-robot communication is dis-
cussed. After introducing self-organization and pattern formation of multiple robots.

previous research for formation marching in both biology and rchotics domains are

presented.

Chapter 3 introduces our decentralized control approach for the formation march-
ing problem. In this chapter. the neighbor following approach including single neigh-
bor following algorithm and multiple neighbor following algorithm is introduced. Er-
ror analysis is conducted to examine the relationship between sensing errors and
formation performance and the effect of local communications. and the performance

improvements using multiple neighbor following and dvnamic prediction are intro-

duced.

Chapter 1 introduces the robot population simulator - RoboSquad designed for
research in formation marching of multiple robots. First. the design objective of
RoboSquad is defined. Secoud. the riodeling of the physical properties, sensory prop-
erties, and motion properties of robots are discussed. Then the implementations of

individual behaviors and their integration are presented. Also, some features of the

user interface of RoboSquad are discussed.

Chapter 5 compares the formation performances of robot groups under different



neighbor following algorithms and different simulation environments. How the ex-
istence of sensory errors, use of local communications, existence of obstacles, and
different following sequences affect the performance of different algorithms is exam-

ined. Also, how multiple neighbor following can improve formation performance is

demonstrated.

Finally. Chapter 6 summarizes our research results and outlines some future re-

search directions.



Chapter 2

Related Topics

2.1 Introduction

Motion coordination of multiple robots moving in formation involves the control of
many autonomous mobile robots. The computation complexity for centralized hier-
archy control will increase exponentially with the increase of the number of robots.
Collective robotics. as a decentralized control approach for multiple rebots. attempts
to achieve tasks collectively by invoking appropriate collective behaviors on the group
of behavior-based robots. In conclusion. to study the formation marching of multiple
robots. many issues such as behavior-based robotics. collective behavior, decentral-
ized control and self-organization behaviors of multiple robots need to be addressed.
Also. previous research in the formation marching problem both in biology domain

and in robotics domain need to be investigated.

In this chapter, topics related to the research in the formation marching of mul-
tiple robots are discussed. In Section 2.2, concepts of behavior-based robotics are
introduced. Emphasis will be put on Brooks’ subsumption architecture and Arkin's
reactive control. In Section 2.3, the notions of collective behavior and swarm intel-
ligence are introduced, and classifications of collective tasks and multi-robot groups
are presented. Section 2.4 discusses previous research in decentralized control of mul-

6



tiple cooperative robots Section 2.5 discusses some advantages and disadvantages of
inter-robot communications. Section 2.6 introduces the self-organization and pattern
formation of multiple robots. Finally, in Section 2.7, biological evidence on the for-
mation flight of birds and previous proposed approaches on the formation marching

of multiple robots are discussed.

2.2 Behavior-based Robotics

The final goal of Artificial Intelligence is the creation of artificial entities that dis-
play human level intelligence. Robotics, originally developed as a subfield of Artifi-
cial Intelligence, shares the common goal. In the past several decades. the field of
robotics has made significant progresses. especially in the theories and applications
in industrial automation. However. the attempt of building intelligent robots that
can successfully interact with the dynamic world has failed to generate satisfactory

results.

In the mid 80’s, many researchers became interested in alternative approaches in
producing intelligence and intelligent robots. They thought tiiat an intelligent robot
should be able to react to the dynamic aspects of the world and generate behaviors
robust to inaccurate sensory data and unpredicted changes in the environment. They
suspected that the symbol system hypothesis upon which classical Al is based is funda-
mentally flawed, and as such imposes severe limitations on its progress [Brooks1990].
Inspired by the advances in computer science, neuroscience, and biology, they pro-

posed the concept of behaviar-based robotics.

In contrast to traditional SMPA ( sense-model-plan-act ) based robots, a behavior-
based mobile robot has a much tighter connection between sensing and actuation. A
behavior-based mobile robot determines its activity by invoking some basic emergent
behaviors like avoid, wander, and explore. Each behavior is a reaction of the robot to

the dynamic world based on simple data inputs.

-7



Many approaches to control behavior-based mobile robots have been proposed
[Brooks1986, Arkin1987, Payton1990, Beer1990, Gat1992]. Among them Brooks’ sub-
sumption architecture and Arkin’s motor schema based reactive control approach are
widely adopted by researchers. A brief review of these two approaches is given in the

following subsections.

2.2.1 Subsumption Architecture

The subsumption architecture for controlling autonomous mobile robots was first in-
troduced in [Brooks1986] and further discussed in [Brooks1999] and [Brooks1991a].
It is probably the most well known behavior-based mobile robot architecture. In
the subsumption architecture. the controller is built as a series of incremental layers,
each layer is composed of a fixed-topology network of simple finite state machines
augmented with timing elements, and this network of asynchronous augmented finite
state machines(AFSMs) produces a simple task achieving behavior. New layers are
added on top of existing layers. Layers communicate over low-bandwidth channels.
and higher layers can “suppress”™ or “inhibit” behaviors produced by lower layers
(subsumption). Since subsumption architecture is based on decomposition of a mo-
bile robot in terms of behaviors rather than functional modules. the controller can
be viewed as a system of separately acting agents, so there is no need for a central

contrel medule or internal representation of the world.

{Connell1990] describes a robot successfully built with the subsumption architec-
ture and shows how seemingly goal-directed behaviors emerge from the interactions of
simpler non goal-directed behaviors. The robot. Herbert. operates in an unmodified
office environment occupied by moving people. Herbert’s controller is composed of
over 40 separate processes that run on a loosely connected network of 24 processors.
Herbert can wander around office areas, go into people’s offices and “steal” empty
soda cans from their desks. Connell also provides several enhancements to Brooks’

original design in the way the control system is layered. Brooks' layers define a total



order on the behaviors of a robot, whereas Connell’s approach only defines a tree-like
partial order. Also. Connell’s approach does not require the priorities of various layers
to follow their evolutionary sequence; even various parts of a layer may have different

priorities relative to other existing layers they interact with.

The subsumption architecture can achieve robust performance for mobile robots
in dynamically changing environments, and its hardware implementation is simple.
However, it has the problem of lacking modularity and is difficult to form long-term
goals because of its pure reactive nature. These problems lead researchers to seek

hybrid control architectures that incorporate both deliberative and reactive behaviors.

2.2.2 Motor Schema Based Reactive Control

Behavicr-based control or reactive control based on task decomposition is charac-
terized by a stimulus-response type of relationship between a mobile robot and the
world. It has been proved to be an effective means for producing robust performance
in complex domains. However, purely reactive systems are incapable of formulat-
ing and following long-term goals because they are always immediately reacting to
the world. [Arkin1990] argues that by incorporating various forms of knowledge us-

ing explicit internal representations, reactive control can be made considerably more

flexible.

In [Arkin1987, Arkin1990], Arkin introduced the motor schema based reactive nav-
igation approach. A motor schema corresponds to a primitive behavior that reacts
to sensory information obtained from the environment, and more complex behaviors
can be obtained by combining multiple simple motor schemas. Some primitive motor
schemas are introduced including Move-ahead, Move-to-goal, Avoid-static-obstacle,
Stay-on-path, Dock, Noise, Move-up, Move-down, and Maintain-altitude. Each prim-
itive motor schema is instantiated as a separate asynchronous computing agent with
parameters reflecting current world knowledge. The output of each individual motor

schema is a velocity vector representing the direction and speed at which the robot is

K]



10
to move given current environmental conditions. Potential field method[Khatib1986]
is used to compute the output of each motor schema. It is worth noticing that the
entire potential field is never computed by the robot, and only the point where the
robot is currently located is computed, so the cost for computing each schema is
small. The output of each primitive motor schema is combined using vector suip-
mation and normalization (keeping the resultant vector within the constraints of the
robot’s capabilities). To overcome possible local minima produced by potential fields,
a Noise schema is used to produce a small vector that has a random direction. Also,
gains (weights) of schema outputs can be changed depending on established real-time

deadlines for goal attainment to allow a blocked robot to bypass obstacles.

In contrast with Brooks’ statement that the world is it’s own best model [Brooks1991a,
Brooks1991b]. Arkin argues that world knowledge plays an important role in a robot’s
interaction with the world. Although it is not a prerequisite for reactive control, it
Is a prerequisite for ¢fficient and flezible. intelligent control techniques. Two types of
world knowledge can be used. Persistent knowledge is the a priori information about
the robot’s environment that can be considered static for the duration of the mission.
and transitory krowledge is dynamically acquired by the robot as it moves in the
world. These two kinds of world knowledge. when combined with reactive control.

will increase the capability of the robot interacting with the dvnamic world.

The feasibility and flexibility of the motor schema based control has been proved
by both simulation and real robot experiments. Also. it has been extended into multi-

robot domain [Arkin1992. Balch1994b], which will be discussed in the next section.

2.3 Collective Robotics

Collective robotics is the research of collective task-achieving behaviors of multiple

robots. Recent interests in collective robotjcs are mainly motivated by the following

reasoiuis:
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o The creation of highly intelligent robots that are able to interact with the real
world is still out of reach, and the tasks that can be achieved by a single robot

are limited because of the primitive intelligence of current autonomous robots;

e Cooperation between multiple robots is essential for the successful completion
of many tasks because these tasks require more resources than a single robot
can possibly provide. By enabling multiple robots to cooperate on a large task,

large-scale tasks that are often infeasible using a single robot can be solved:

e There is an apparent parallel between multiplerobots and multiple insects/animals
working as a group when the animat approach of constructing intelligence is
used. Findings in the collective behaviors in the animal world can easily lead

to control strategies in the robot world.

In this section, the concept of collective behavior is first introduced, followed by the
concepts of collective robotics and swarm intelligence. Finally, taxonomies of eligible

collective tasks and multiple robot systems are described.

2.3.1 Collective Behavior and Swarm Intelligence

A collective behavior, or group behavior, is a task-achieving activity of a group of
agents that emerges from the activities of its individuals, and it consists of a common

set of rules for accomplishing the task.

Social insects such as ants, bees, termites, and many kinds of birds, fish, and land
animals display amazing collective task achieving abilities. As [Franks1989)] pointed

out,

“In colonies of army ants, perhaps to a greater extent than in any other
animal except man, we see the emergence of flexible problem solving far

exceeding the capacity of the individual.”



Through mass sensing, communication, and mass action, social insects and social
animals are able to display a wide range of collective behaviors that are critical in
the survival of their societies. [Kubel992b] pointed out that collective behaviors. just
appear to be some random and often aberrant activities of a non-intelligent agent
reacting to external environment when viewed at individual level. However, when
viewed at the society level, they become an emergent property of a self-organizing
system with a few simple interaction rules between individuals and between an indi-
vidual and the external world. For social insects, mass communication is often used
to incite common behaviors of individuals that result in a collective behavior of the
group as the information propagates throughout the society. Many collective behav-
iors have been investigated by researchers. [Franks1989], for example. investigated
the collective raid behavior of army ants. The formation moving behavior of birds
that serves as one motivation of the study of formation marching of multiple robots

is also investigated by many researchers.

Since the creation of highly autonomous robots that are able to work in real world
is still out of reach, researchers have proposed methods to organize many simpler
robots into task-achieving groups [Dario1991, Arkin1992. Kubel992a]. The use of
multi-robot groups enlarges the robot applications to large-scale tasks that can not
be achieved by individual robots, and improves the reliability of the task-achieving
precess. However. there is one question: how do we develop task-achieving collective

behaviors for a group of simple robots?

Based on the observations from social insects, [Kubel992b] claimed that control
of robot populations can be achieved by invoking collective behaviors using different
mechanisms such as common goal oriented collective task, environmental cues, and
the awareness of other robots in the group. By invoking collective behaviors, groups of
non-intelligent, behavior-based robots may exhibit collectively intelligent behaviors,

thus swarm intelligence [Beni1992], or collective robotic intelligence [Kubel992b] can

be achieved.



2.3.2 Classifications of Collective Tasks and Multi-robot

Systems

Using groups of mobile robots to achieve collective tasks is the objective of collective
robotics. [Kubel994] divided possible multi-robot applications into two categories.
namely. noncooperative tasks and cooperative tasks. Noncooperative tasks can be
achieved by an individual robot but using multiples can accomplish the task faster and
more reliable. Examples of noncooperative tasks include searching [Genovese1992].
foraging [Arkin1992). and cleaning. Cooperative tasks. on the other hand, can only
be achieved by many robots working cooperatively. Examples of cooperative tasks
inciude construction [Ueyamal992], transporting [Stilwell1994. Kubel991]. pattern
generation[Sugiharal990. Wang1989]. and formation marching [Parker1993. Waugl 991

Chen1994a]. which will be further discussed later in the thesis.

[Dudek1993] made a taxonomy for swarm robots (multi-robot groups) to clarifv
the strengths. constraints. and tradeoffs of various multi-robot system designs. and
to highlight various alternatives in designing such systems. The swarms are classified

by

e Swarm size. i.e.. the number of robots in the environment (one robot. a pair of

robots. small group. and large group).

e Communication range (no communication. small-range communication. global

communication).

e Communication topology (broadcast, communication by address or name. trec

hierarchy. graph-like structure);

e Communication bandwidth (free communication, low-cost, high-cost, no com-

munication).

e Swarm reconfigurability, i.e., how easy a robot swarm can spatially re-organize

itself (static arrangement, coordinated rearrangement. dvnamic arrangement ).

1
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e Swarm unit processing ability (non-linear summation unit. finite state machines.

push-down automation, Turing machine equivalent).

e Swarm composition (homogeneous. heterogeneous) .

This permits comparative analysis of different multi-robot systems and provides a
framework for the analysis of the advantages and abilities of different collective robotic
architectures. Resently, researchers have developed tools for the formal specifications

of collective robots societies. For a good overview please see [MacKenziel993]

2.4 Decentralized Control Architectures for Col-

lective F2obots

One important issue in collective robotics is the control strategy for coordinating
multiple robots. Many multi-robot systems use master-slave hierarchies to coordi-
nate the activities of robots [Noreils1990. Fukudal939]. Although the master-slave
hierarchy often allows the robot group to conduct a particular task more efficiently.

the robustness of the group suffered. [Arkinl1992] pointed out that there are three

major drawbacks in the above strategy:

e Communication bottleneck exists when a master is tryving to coordinate the

behavior of a swarm of slave agents:

e Robustness adversely affected because the failure of one (master) robot may

cause the failure of the entire system:

e Tradeoff between reliability in achieving collective tasks and efficient use of

sensing. communication. and computation resource.

In [Arkin1992]. The schema-based navigation is extended to multiple homogeneous

robots working without central coordination and inter-robot communication. Its ef-
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ficiency in retrieving objects in an unstructured environment is proved through sim-

ulation.

[Kubel994] Also investigated decentralized control methods for multiple task-
achieving robots. Motivated by the self-organization abilities of social insects. the
authors proposed control mechanisms that allow the system of robots to perform
tasks without centralized control or explicit communication. Both simulation and
real-robot experiments on box-pushing tasks have shown the feasibility of the ap-

proach.

{Mataric1992] discussed the problem of distributing a task over a collection of
homogeneous mobile robots. Instead of using hierarchical methods, their approach
attempts to detect and use the run-time group dynamic within the robot group. The
authors demonstrated through experiments that interference between robots is an
important factor in multi-robot control, and achieving linear improvement in perfor-
mance is non-trivial. However. super-linear improvement in efficiency can be achieved
not only by attempting to overcome the effects of robot interferences. but also by ex-

plicitly exploiting them to speed up the multi-robot system.

In the next section. another important issue in collective robotics — communica-

tion between robots will be discussed.

2.5 Inter-robot Communications

Communication between multiple cooperating robots can improve their capabilities
and effectiveness in completing collective tasks. Various approaches for coordinat-
ing multiple robots through inter-robot communication have been proposed. For
example, [Asamal991] presented a centralized planner that distributes commands to
all the robots using a communication system, [Ishida1991] devised a communication
protocol for use in robot-to-robot communication system, and [Yin1992] analyzed

the performance of Token Bus LAN in coordinating multiple robots. However, global



communication is not practical in large robot groups due to bandwidth limitations.
The question is: to what extend can inter-robot communication be used without

affecting the overall performance of the entire robot group?

[Balch1994b] investigated the robot system performance of three types of commu-
nications on three different robot tasks. The communication tvpes are No Communi-
cation. State Communication, and Goal Communication. while the three robot tasks
are Forage, Consume, and Graze. The authors argued that the improvement of perfor-
mance though communication depends on the task, and in cases where communication

helps. the lowest level of communication yields the highest relative improvement.

[Yoshida1994] argued that for the cooperation in a large system with many mo-
bile robots. local communication system is considered appropriate in terms of the cost
and capacity of communication. However. the behavior of robots has an important
effect on the efficiency of communication in such a local communication system. The
authors introduced a simple group behavior to improve the communication efficiency.
They analyzed the effect of group behavior on the communication performance. and

presented a self-organization algorithm for group forming designed for local commu-

nication system.

Other researchers. including [Arkin1992] and [Kubel994] proposed decentralized
control strategies without explicit communication between robots. Such a decentral-
ized non-communicating system will scale more easily as more robots are added. Also.
the system will produce more robust performance in hostile environments. However.
the efficiency in achieving collective tasks is often lower in non-communication Sys-
tems. Also. the sensory requirements for non-communication multi-robot systems are

usually higher than that for communication systems.

In the next section the self-organization behavior and formation generating phe-

nomena of multi-robot systems will be discussed.
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2.6 Self-Organization and Formation Generation

In achieving collective tasks, sometimes the robots in the group can form certain
spatial patterns (formations). These patterns usually emerge from the task achieving
behaviors of the individual robots in the group. This property is sometimes called
“spatial self-organization™ [Unsal1993]. Th:: formation generation or pattern genera-
tion phenomenon is related to formation marching problem that wili be discussed in
the rest of this thesis. in that a robot formation must be first form before its maiu-
tenance becomes an issue. A more detailed discussion of existing research results in

formation generation is provided in this section.

[Wang1989] discussed the pattern generation problem in cellular robotic Sy's-
tems{CRS). A CRS employs a large but finite number for robots and operates on
a finite n-dimensional cellular space under distributed control. while the pattern gen-
eration problem is to design a protocol (a distributed algorithm) to be executed by
all robots such that starting from any configuration, the system converges to a given
desired pattern in a finite amount of time by moving the objects around within the
field of operation. The authors presented protocols that generate patterns in 1-d
linear arrangements and protocols that make robots to “seal™ one side or all sides of
2-d grids. However. the CRS model is a much simplified model of general multiple

robotic systems since the robots are confined on a finite cellular space.
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[Sugiharal990] discussed distributed motion coordination of multiple mobile robots.

Three problems of coordinating the motion of a group of mobile robots are investi-

gated:

e Form an approximation of a simple geometric pattern, such as a circle, a simple

polygon or a line segment;
e Distribute the robots nearly uniformly within a circle or a convex polygon;

e Divide the robots into two or more groups of about the same size.



The authiors presented simple and fully distributed solutions for the three problems
stated above, assuming that each robot has a sensory device for determining the
relative positions of other robots. The basic idea is for each robot to execute a simple
algorithm and generate its own schedule adaptively based on the given goal and the
positions of certain other robots without explicit communication among them. It is
worth noticing that in their approach, they assume that the robots can not determine
their absolute positions in the plane. that is, there is no global reference frame for the
robot group. It can be easily seen that in many multi-robet applications. for example.
space exploration, a global reference frame is either impossible of difficult to obtain.
and it would be more reliable for a robot group if the actions of each robot based
only on local interactions. The neighbor following approach to be discussed later in

this thesis also assumes no global reference frame.

[Genovese1992] discussed self organizing behavior in a distributed robotic system.
They tried to interpret the concept of pattern generation as the attainment of a de-
sired equilibrium configuration in proximity of the global goal or. more generally.
when a pattern has been recognized to be the one that fits best with a certain work-
ing condition. However. their method is not aimed at generating patterns. and the
patterns generated by robot units in the group are side effects of the goal-achieving
behavior (attracted by pollutants while keeping distance from it and other robots).

The patterns are not exact. and only some geometric features are given.

[Unsal1993] discussed spatial self-organization of a group of mobile robots. He
proposed distributed algorithms of forming a circle around a goal and uniformly
distributing robots inside the circle. His algorithms are similar to that of Sugihara's.
but he used a goal behavior to avoid detecting the farthest robot in the group. He

alsu extended the method to 3-d space.

The various approaches discussed in this section address the problem of how to
organize multiple robots into a group with certain formations to achieve collective

tasks, however. they do not concern how the robot group maintain those formations

(v 4]



while moving around the environment. In the next section. the formation marching

problem is discussed.

2.7 Previous Research in Decentralized Forma-

tion Marching

In some multi-robot applications such as transporting tasks[Stilwell1994], military
operations[{Noreils1992, Brock1992], and space missions, it is often desirable for the
robots in a group to maintain a pre-specified formation to achieve the collective
tasks efficiently and reliably. In this section, some natural phenomena of formation
marching. especially the formation flight of various kinds of birds are introduced. then

some previous attempts in the formation marching of multiple robots are discussed.

2.7.1 Biological Evidence

Formation marching is a common phenomenon of many kinds of animals, especially
birds. Many birds choose to live in close societies. When observed traveling some
distance. they often choose to fly in aggregations or flocks. In [Heppner1974]. a flight

aggregation is defined as

“a group of flying birds, lacking coordination in turning, spacing. velocity.
flight direction of individual birds and time of takeoff or landing, assem-

bled in a given area,”
where a flight flock

“is a group of flying birds, coordinated in one or more of the following pa-
rameters of flight: turning, spacing, velocity, flight direction of individual

birds, and time of takeoff and landing.”
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Figure 1: Line formations. A: column; B: front; C: echelon.

A B

Figure 2: Line formations. A: J: B: V.

In [Heppner1974]. Heppner described two main types of flight formations. namely.
line formations and cluster formations. Line formations can be further divided into
column. front, echelons (see Figure 1). J and 1 (see Figure2). inverted J and inverted
1" {see Figure 3). closed line. and compound line formations (branched Js and branched
V's) (see Figured4). Cluster formations can be further divided into globular cluster.
front cluster. and ertended cluster. For example. the formation most commonly asso-

ciated with Canada geese ( Branta canadensis) is the V formation.

Why do birds fly in formation? [Heppner1974] analyzed some possible hypotheses
to explain the line formations, especially columns. echelons, and Vs, associated with
large birds. One hypothesis is the possible aerodynamic advantages when flying in
formations. However. as reported in [Gould1974]. the flight formation of birds is not

rigidly maintained and aerodynamic hypothesis can not be fully satisfactory.



Figure 4: Line and compound formations. A: closed line; B: branched V.

Another hypothesis is that flying in formation enables a bird to see both the
individual in front of it and obtain a clear view forward. When [Williams1976) used
radar to measure the angles of Canada goose flight formations, they concluded that
formation flying probably has behavioral advantages rather than simple aerodynamic
ones. [Heppner1985] investigated the relation between of visual angle and formation
flight in Canada geese, and suggested that since many birds have central monofovea,
it would be helpful to align oneself in the formation such that a neighbor ahead would

be positioned on one’s optic axis.

Yet other hypotheses exist. [Ward1979] suggested that formations may serve as
a signal function such that birds can recognize their own species at a distance. This
ability would allow geese to join flocks already in migration. [Pomeroy1992] studied
the turning structure in airborne rock dove (Columba livia) flocks and suggested

formation flight may be used to detect possible predators.

21



It is also found that the individuals in a flight formation reposition themselves
frequently. For example, the leader bird of a goose flock may occasionally give up its
position to another bird. [Heppner1974] suggested that this may be owing to energy

preservation reasons or stimulus fatigue.

In conclusion, it appears that scientists are still searching for the answer to why
some birds fly in formation. However, one characteristic of the formation flight of
large birds can be drawn from the above observations: that is, each follower bird tries
to maintain a fixed distance and angle with one or several of its nearby birds while
flving. The neighbor following approach for formation marching of robots that will be
introduced in the next chapter generally follows this idea. In the next section some

previous approaches to control a group of mobile robots moving in formation will be

examined.

2.7.2 Previous Research

In a formation marching problem. a group of robets are required to move to a certain
goal position while tryving to maintain the formation of the group. So. a formation
marching problem is a formation keeping problem. Because formation marching of
multiple robots has a large variety of applications in military operations. space mis-
sions. and industry automation. it has raised the interests of many researchers. In

this section, several previously proposed approaches towards this problem will be

discussed.

[Wang1991] proposed several distributed navigation strategies for robots moving
in formation. Each robot is treated as a mass point (thus no holonomial constraints)
and all the strategies assume a world coordinate frame (world frame) is known by
all robots in the group (fleet), so each robot knows the absolute coordinates of one
or more nearest neighbors in the group (nearest neighbor tracking and multi-neighbor
tracking. accordingly) and adjusts its movement accordingly. Up to 4 robots moving

in complex trajectories while keeping various formations are shown in simulation.



[Chen1994a, Chen1994b)] also investigated formation generation and formation
marching of a small group of homogeneous mobile robots by imposing constraints.
In pattern generation, a modified version of [Sugihara1990]’s algorithm is presented
to avoid collision and provide better formation. In formation marching, they assume
each robot has the knowledge of its current position and orientation with respect
to the world coordinates. In addition, the leader robot of the group broadcasts its
position and orientation with respect to the world coordinate frame to all other robots
in the group. In [Chen1994b), two types of formation strategies that have different
properties in maintaining the orientation of the overall formations are implemented
using different algorithms, and the alge:ithms are verified by simulation showing the

coordinated motion of robots moving in square and circular formations.

In the above approaches, a substantial amount of global information including
world coordinates are required. There are also formation strategies mainly based on
local interaction of robots in the group. [Parker1993] investigated the performance
of formation marching under a single leader. The robots in the group have the
following behaviors: Move-to-Goal, Keep-Formation, and Avoid-Obstacles. The Keep-
Formation behavior requires a group of robots to stay in formation with one another
(i.e. remain aligned side by side) while the leader of the group follows a prespecified
route. Each robot can sense the location of its neighboring robots relative to itself
(local knowledge) and is physically constrained by the inability to move backwards.
The author discussed how the performance of the robot group is affected by the
different proportion of global and local control information. She argued that to get
satisfactory results, the following robots should have a proper balance between local

and global control.

[Balch1994a] discussed motor schema-based control for multi-agent robot forma-
tions. He considered four formations for a group of four robots: line, column, di-
amond, and wedge. For each formation, each robot has a specific position and is
assigned a unique ID. The maintain-formation motor schema generates a movement

vector toward the desired formatien position by using artificial potential fields. Three
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different formation position references are introduced: Unit-center referenced, Leader-
referenced, and Individual-referenced, However, only the simulation results of the unit-

center reference method is available.

[Brock1992] discussed the coordination and control of multiple autonomous vehi-
cles in the DARPA SIMNET project. The DARPA SIMNET project allows hundreds
of soldiers to train together in a virtual air, land and sea environment through a net-
work of interactive simulators. In addition to the manned simulators, the virtual envi-
ronment also contains a large number of autonomous vehicles called Semi- Automated
Forces (SAF) which are coordinated by an operator at a single workstation. The
SAF vehicles are simulated mobile robots operating in a complex environment with
other autonomous vehicles and manned simulators. The SAF vehicles accept high
level commands from a supervisor and are responsible for lower level control such as

obstacle avoidance, formation keeping. and path planning.

In [Brock1992], a group of SAF vehicles has a leader vehicle that is usually lo-
cated near the head of the group. Each member of the group has the knowledge of
the relative position and heading of the leader and has a station point representing
the desired position of the vehicle relative to the leader. The objective is to stay
in formation while maneuvering among the obstacles and other robots. Formation
motion is obtained by projecting the follower's station point forward in the direction
of the leader’s intended motion. Motion is then allowed only if the follower is ei-
ther a significant distance from the group or its velocity is in the same direction as
the leader’s. By scaling the velocity proportional to the distance from the projected
point, the vehicle will either speed up or slow down to fall in line with the formation.

Simulation shows that this algorithm can achieve satisfactory formation performance.

Obviously there are trade-offs between using centralized and decentralized control
methods. To coordinate multiple robots moving in formation without central coordi-
nation, position information can be acquired by either sensing or explicit inter-robot

communication. However, as we have stated. extensive use of communication leads
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to communication bottlenecks or loss of information, and inter-robot communication
is not always possible or reliable. In contrast, decentralized coordination of a group
of robots moving in formation tends to reduce the need for communication. although

the difficulty now shifts to sensing systems of the robots.

2.8 Summary

In this chapter, the concept of behavior-based robotics is first introduced. Both
Brooks’ subsumption architecture and Arkin’s motor schema based reactive control
are discussed. It has been shown that behavior-based control is a promising way to
design autonomous intelligent robots that are situated in the real world. How mul-
tiple behavior-based mobile robots can be organized into task-achieving groups by
inciting collective behaviors is shown next. By studying the group behaviors of social
insects and other animals, many researchers have proposed different approaches to
the control of robot groups to achieve various tasks. Then two important issues in
controlling collective robots — the control architecture for the robot group and inter-
robot communications — are discussed. It has been argued that decentralized control
approaches are more suitable for large robot groups, and excessive or global explicit
communication should be avoided, especially for large robot groups. Also, pattern for-
mation of multiple robots which is a related topic to the formation marching problem
being investigated in this thesis is discussed. Finally, how birds coordinate their mo-
tion while flying in formation are presented and some previously proposed approach

to the formation marching of multiple robots are investigated.

In the next chapter, the neighbor following approach towards the decentralized

control of multiple robots moving in formation will be presented.



Chapter 3

The Neighbor Following Approach

3.1 Introduction

Motivated by the formation flight of birds, previous research on formation marching of
multiple robots. and vehicle-following systems [Tsumural992], a decentralized control
strategy for multiple robots moving in formation, namely. the neighbor following

approach, is developed in this thesis and will be discussed starting from this chapter.

This chapter is organized as follows: First, some notions used throughout the
rest of this thesis are introduced. Second, the design considerations and advantages
of the neighbor following approach are presented. Third. the robot model used in
this research is presented. Then, the single neighbor following strategy is introduced,
followed by the multi-neighbor following strategy. Emphasis will be put on the algo-
rithms of how to maintain arbitrary formations, reduction of formation error through
motion prediction, and speed and orientation estimation of a leader robot through po-
sition measurements. Also, the requirements for the order in which the robots follow
each other are discussed. The implementation details will be discussed in Chapter 4.

and simulation results will be presented in Chapter 5.
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3.2 The Neighbor Following Approach to the For-

mation Marching of Multiple Robots

3.2.1 Definitions

Our discussion begins with the definitions of terminologies that will be used in de-

scribing the neighbor following approach:

e Formation: A formation is the pre-defined geometry pattern of a group of mobile

robots to be maintained while doing collective tasks:

e Leader: In this thesis. the concept of leader is relative. A leader robot A of
another robot B means that the motion of B is entirely or partially depends
on the motion of A. A leader robot itself may be a group leader or a follower

sabot.

e Group leader: A group leader is a robot whose motion is independent of the
motions of other robots in the robot group except for collision avoidance pur-
pose. A group leader is responsible for its own path planning. Alternatively. it
may receive navigational commands fiom an external supervisor. and its motion
directly affects the collective motic: of the whole robot group. There can be

one or multiple group leader robots in a robot group:

o Follower: A follower robot is a robot whose motion is dependent of the motions
of one or more other robots (i.e., its leaders). A follower robot itself can be a

leader of other robots.

Figure 5 shews a triangle formation of 6 robots to clarify the above definitions. In
this sample formation. robot 1 is the group leader and is the leader of robot 2 and 3.
Robot 2 and 3 are follower robots of robot 1. but leader robots of robot 4 to 6. Robot
2, 3. 4, and 6 follow only one leader robot each, but robot 5 follows both robot 2 and

robot 3.



Figure 5: A simple formation of 6 robots.

3.2.2 What is Neighbor Following?

In order for a group of mobile robots to move in formation. each robot in the group
must maintain a specified position and orientstivn with respect to one or several
reference points that will deterinine where the robot should be in the formation. As
[Balch1994a] pointed out. this reference point can be either the group center (group
center following). the navigational leader robot(s) of the group (leader following). or
one or several other robots in the group. not necessarily the navigational leader(s)
of the group (necighbor following or individual following). However. group center
following is not suitable for distributed control of large robot groups because if each
robot has to compute the position of the group center. it has to sense and average the
x and y positions for all robots in the group with respect to one particular coordinate
frame. so the computation will be expensive. In addition. due to limited sensing
range and possible occlusion. it will be almost impossible if the number of robots in
the group is large. Leader following approach imposes similar problems. When the
robot group is large. the navigational leader can not always be seen by each follower
robot because of possible occlusions. If the leader is far away from a follower robot.
the position and orientation of the leader may either be inaccessible by the follower

because of limited sensing range or inaccurate because of sensing error.
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In contrast to the group center following and leader following approach discussed
above. the neighbor following approach has several advantages in decentralized control

for large robot groups including

e Each follower robot only needs t«» know the location and direction of several
nearby robots instead of all other robots in the group; hence sensing and com-

putation will not become prohibitively expensive for large robot groups:

e The effective sensing distance can be smaller because a follower robot need not

sense the location and orientation of a far awayv leader robot;

e Occlusion will be less a prchlem because there will be fewer objects between

the following robot and a nearby leader robot.

Neighbor following certainly has some problems such as error propagations caused by
complicated following hierarchy, but by carefully arranging the following sequence,

the effect of error propagation can be minimized.

The concept of using neighbor following to maintain formation of a group of mobile
robots has been proposed by some researchers. For example, [Wang1991] proposed
using nearest neighbor tracking to control a fleet of mobile robots. However, in his
approach, the robots are treated as points, and a world coordinate frame is used. In
the neighbor following approach, there is no world frame for the robot group. and
each robot only reacts to the world using its sensory information. Also, physical con-
straints of the robots are taken into consideration. The individual reference technique
introduced by [Balch1994a] is also similar to our method, but the neighbor follow-
ing approach allows a follower robot to have more than one leader to coordinate its

motion to produce more robust performance.

Before introducing the neighbor following algorithms, the robot model that will

be used throughout this thesis is first described.



3.2.3 The Robot Model

Here we describe the robot model used in our investigation of the neighbor following

approach to control the formation marching of multiple robots:

A. Structural Properties

Robot heading
direction

Figure 6: Physical structure of a mobile robot.

Each robot is equipped with two wheels that are driven separately (see Figure6). It
is circularly shaped with diameter d and mass m. The robot’s two equal-sized wheels
are placed on both sides of the robot. The distance between the two wheels is also
d and the line connecting the two wheels passes through the center of the circle of
the robot. which is also the center of mass of the robot. The robot has two degrees
of freedom. iLe.. it can move along its heading direction and rotate about the axis
normal to the ground but can not move sideways. The speed of the two wheels has
an upper bound which in turn defines upper bounds on both the linear velocity and

angular velocity of the robot. The mass of the robot is considered in the calculation

of robot acceleration.
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B. Perception Abilities

Each robot has many different sensors that enable it to sense the existence of nearby
robots and obstacles. A leader robot of the robot group has goal sensors that enable
it to navigate towards a goal position or move along a specified path while a follower

robot only needs to maintain a pre-defined location with its leader robots.

The sensing abilities of each robot is limited in the sense that:

1. The perception range of the robot has a limit, that is. it can not sense objects

beyond a certain distance;

2. The robot does not have an external coordinate frame. This means that the

robot can only depend on its own current coordinate frame;

3. Sensors are inherently noisy.

In our neighbor following approach, we assume each robot except the group

leader(s) has the following knowledge of any robot it is following (see Figure7):

Leader Robot

Desired position
of R

Follower Robot
Ry

Figure 7: Spatial Information needed for a robot Ry to keep a specific position with
respect to another robot R;.

1. Distance between the two robots d;;



2. Relative angle a of the tracked robot with respect to the following robot’s

reference frame;

3. Relative angle 3 of the heading direction of the tracked robot with respect to

the follower robot’s reference frame;

4. Desired distance with the leader robot ds:

Ut

Desired angle 4 in the frame of the leader robot.

The first two items of information can be obtained by the fo'lower robot via sensor
arrays. The last two items of information are usually built-in knowledge of the follower
robot. The relative heading direction of the leader robot a can be obtained by inter-
robot communication or can be estimated by the measuring the change in position of

the leader robot which will be discussed later.

C. Communication Abilities

The robot only has a limited ability of explicit local communication. The activities of
the robot mainly depend on its perception of the environment. Each robot can obtain
its own orientation using a built-in compass. but it can not determine its location in
any external coordinate frame. Each robot can use local communication to send its
own orientation and speed to nearby robots as well as to receive the orientation and
speed of other nearby robots. Formations can also be maintained without explicit
inter-robot communication. as will be discussed later in this chapter. but it will put

a much higher demand on the sensor system.

D. Computation Abilities

Each robot is driven by the combined effect of several behaviors. The behaviors are
more like Arkin’s motor schema [Arkin1987] than Brooks’ subsumption architecture

[Brooks1986] in the sense that each behavior produces a force vector and the motion
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of the robot is according to the normalized vector summation of all the force vectors
produced by the individual behaviors. Besides the keep formation behavior for the
non-leader robots, each robot has an avoid obstacle behavior, and each group leader

has a goal behavior to navigate it towards a goal position or through a specified path.

3.2.4 Single Neighbor Following Algorithm

Two formation keeping strategies are proposed in this thesis, namely, single neighbor
following and multiple neighbor following. In single neighbor following. there is one
group leader moving on its own and each follower robot tries to keep a pre-specified
position and orientation with respect to its assigned leader robot. Each follower robot
has a leader robot, which is not necessarily the group leader. In multiple neighbor
following. however, there can be more than one group leader navigating on their own.
and each follower robot can follow more than one leader robot. We will first introduce
the formation keeping algorithm for single neighbor following. and then extend the

algorithm to multiple neighbor following.

Saturated area

Figure 8: Calculate follow behavior of a follower robot

The force vector produced by the keep-formation behavior of each follower robot
comes from an artificial potential field. Specifically, any robot Ry in the group that is

not the group leader calculates the position and heading of its leading robot R; with



respect to R;’s reference frame. It then generates an artificial potential field around
the desired formation position of R; with respect to R;. The attractive potential in
turn guides H; to move to its desired position in the formation. subject to kinematic

and dynamic constraints defined in the previous section.

Figure 8 illustrates how the keep formation behavior for one leader robot in 2-D
space is calculated. At a given instant, R; determines from the sensor information its
reference robot 1 to be at a distance d; and a relative angle a. In addition, assume
th:+ angle between the moving direction of R, and that of Ry tobe 3. According to the
reference information known by the foliower robot through communication or sensor
measurements . the follower robot should be at point P of distance d, at an angle ~
with respect to R;. In order for R; to reach P. the keeping formation algorithm needs
to know the distance ds between the current position of R; and P. and the angle v

between the current direction of Ry and the vector ¢ from Ry to P.

Using simple transformation matrix calculation. we can obtain the position of

P(r.y) in the follower robot frame as follows:

r = c¢cos.3 —dsind+a (3.1)
y = csinJd+dcos.3+b (3.2)
where
a = dycosa (3.3)
b = d;sina (3.1)
¢ = djcosy (3.3)
d = d;sin~. (3.6)

The above equations can be simplified as:

r = dycos(3+1)+d;cosa (3.7)

y = dzsin(3+9)+d;sina (3.8)



d3 and " cau then be defined in terms of x and y as follows:

d3s = \Ja2+4 y2 (3.9)

Y = arctan < (3.10)
s

Once d3 and ¥ are known. the keep formation behavior gencrates a force vector f;,
towards P. The magnitude of Fj depends on d3. As the velocities and accelerations of
the robot have upper limits, the force vector F, must also have an upper limit. This
upper limit is defined as F,,,,.. We define an area within radius r of the desired position
P as the controlled area, and the area outside this area salurated area. When robot
Ry is in the controlled area, the magnitude of I?'b is proportional to d;. Otherwise.

the magnitude of F-:b is equal to Fj,,r. The force function we use thus has the form

=3 élF;na.r 0 ..<_ d3 <r
HFell =4 7 (3.11)
F:ma:r d3 2 r

3.2.5 Eliminate Static Formation Error by Dynamic Pre-

diction

When using the single neighbor following algorithm discussed in the previous section.
static position errors in the formation will exist in order to activate the force function
to move the robots in the formation. In a decentralized control scheme, if they are
left uncompensated, these errors will propagate through the formation and degrade
the formation quality. a phenomenon that is particularly pronounced in large robot
groups. Fortunately, this problem can be overcome by moving the following robot at
the same speed and direction as its leader, even in the absence of position errors. If
a following robot knows the accurate relative position and orientation of its leading
robot all the time, elimination of the static errors can be achieved by putting the
attractive center of the force function somewhere ahead of its desired position. The
new attractive center must be chosen so that even if the following robot is in its

required position, it still keeps the same direction and speed as its leading robot.



Define d. as the amount by which the new desired position i~ ahead of the robot's
required position in the formation. Apparently, d. can not be a constant because
any robot in a formation might move at any possible speed. Rather than invoking
elaborate dvnamics-based modeling, the computation of d. has been based on empir-
ical observations. First, since the following robot must maintain the same speed and
direction as its leading robot while in the required position, d. must be proportional
to the speed of its leading robot v;. Second, it must also be proportional to the mass
of the following robot my, and inversely proportional to the interval between two con-
secutive positions At. Finally. we should also take into account the maximum force
produced by the formation keeping algorithm Fl..,. and the maximum controlled

distance d,,,r. Incorporating all the above considerations. we calculate d. by

d. = K.v; (3.12)
where
K, = ;1_:% (3.13)
The x- and y-coordinates of the new attraction center will then be:
r = dycos(.3+ 1)+ d;cosa +d.cos.3 (3.14)
y = dysin(3+1)+d;sina + d.sin 3 (3.15)

We call this method dynamie prediction. When the neighbor following algorithm is
viewed as a control system that controls the robot to its desired formation position. it
can be seen that using dynamic prediction is equivalent to add an integral component
to the proportional feedback control loop. With dynamic prediction. we have been
able to reduce the static tracking errors between robots substantially. The position
error in the formation is therefore by and large contained. This enables our formation

keeping algorithm to work well for large robot groups performing complex formatio:

Figure 9 and Figure 10 are simulation snapshots of a group of 3 robots moving in a

column formation '. The following sequences of the robot groups in the two simulation

YThe simulations are performed using RoboSquad V2.0 which will be introduced in detail in
chapter 4.
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Figure 9: Simulation snapshots of 3 robots moving in a column formation without
using dynamic prediction. Upper left: step 0; Upper right: step 172; Lower left: step
351; Lower right: step 598.

experiments are the same (robot 0 is the group leader, and robot 1 and robot 2 follow
robot 0) and the robot group moves along the same path (robot 0 makes a left turn
of 90 degree). However, in Figure 10, the follower robots use dynamic prediction to
overcome static formation error while in Figure9 the follower robots do not. We can
see that, without dynamic prediction, the follower robots will fall behind its desired
formation position with respect to its leader robot once the group begin to move and
stablize at a distance that is proportional to the leader’s speed. On the other hand, if
dynamic prediction is used, the static formation errors are eliminated when the leader

robot moves in a straight line. In cases where the trajectory of tke leader robot is not
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Figure 10: Simulation snapshots of 3 robots moving in a column formation using
dynamic prediction. Upper left: step 0: Upper right: step 172; Lower left: step 351;
Lower right: step 598.

abrupt, dynamic prediction can effectively reduce static formation error. However,
dynamic prediction requires the speed of the leader robot v; to be accurately known

because the seed error in v; will be enlarged K. times, and a large seed error causes

larges in the formation.
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Figure 11: Direction and speed estimation using two position measurements

3.2.6 Leader Direction and Speed Estimation Using Posi-

tion Measurements

In the neighbor following algorithm, each follower robot must know not only the
relative position but also the relative orientation and moving speed of the robot
being followed. The latter can be obtained by sensing the heading directly or explicit
inter-robot communication. However, the approximate heading and speed of a robot
can also be estimated from two or more consecutive measurements of jts position,
provided the sensors for detecting robots are accurate enough, thus eliminating the
need for inter-robot communication and that for additional sensors of instantaneous

heading.

Figure 11 shows how the moving direction and speed of a leader robot is measured
using two consecutive position measurements. From Figure 11 we can see that at time
t1, the ieader robot R; is at point A(z1,y1) with respect to the follower robot R;’s
current coordinate frame {1}. At t; = t; + At, robot R; moves to position P(a,b)
with an orientation change 8 with respect to {1}, and R, is now at point B(z3,y2)
with respect to R;’s current coordinate frame {2}. Assuming robot R;’s trajectory
is a straight line from A to B, to calculate the relative direction 8 of vector AB with

respect to {2}, we need to know the position change (a,b) and orientation change
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a of robot R; between t; and t,. This can be obtained by dead-reckoning. If At is

small, we can assume the trajectory of R; to be either a straight line or an arc, so

that (a,b) and a can be estimated by how much the driving wheels of the robot have

traveled.

Now we need to represent point A in coordinate frame {2}. We define, in frame

{2}, point A to be A(z},y!). Using transformation, we have

x o1
vy | = Rot(—0)Trans(—a,—b)| y,
] 1
where:
[ cost —sind 0
Rot(0) = sinf cos® O
00
( 1 0 a
Trans(a,b) = 01 %
\ 0 0 1

Solving the above equaiions, we can get:

xy = Z1c0s0+ y;sind — (acosb + bceos b)

Yi = —x1sinf +y;cosf + (asinh — bcos8)

Thus, the relative direction 8 of vector AB with respect to {2} is:

’

Y2 — Y,

B3 = arctan ;
.'L‘g - :L‘]

and the moving speed of R; is:

vy = /(z2 — 24)% + (32 — ¥})?

(3.16)

(3.17)

(3.18)

(3.19)
(3.20)

(3.21)

(3.22)

Note that the above equation may not be accurate when both y2 —y; and 5 — xy

are small. In such cases we assume that robot R, is not moving at all, so the relative
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R),

Figure 12: A follower robot R; decides its motion based on the motions of its two
leaders R;; and R;;. F; and F; are the formation forces produced by formation keeping
algorithms associated with F; and F3, respectively, and Fy is the resultant formation
force.

orientation of R; between #; and i, is considered to be unchanged. When using this

strategy, although robot R; can not detect the relative orientation 3 of robot R;if R;

is rotating without position change, it can get correct 3 as soon as R; starts moving.

3.3 Multiple Neighbor Following

The principle of multiple neighbor following method is straightforward: instead of
using just one robot as its leader, each follower robot uses more than one robot to
determine its motion. The aim of using multiple leaders is to try to cancel or reduce
possible undesired motion errors of the formation produced by random Sensory errors

and other behaviors such as obstacle avoidance.

Assume Ry is a follower robot, and R;,..., R, are its leader robots. We apply the
single neighbor following algorithm on each of the n leaders, where each leader robot
Ri(i = 1---n) produces a formation force Fy(i = 1--- n), with a weight of W;;, and

compute the total formation force F’ t by:
Fy= =3 WpF;
n
In other words, the formation force of a follower robot is the weighted average of

the formation forces produced by each of its leader robots. Figure 12 shows how a

robot with two leader robots decides its motion. It is worth noticing that if the error



representation of the formation force vector produced by each individual leader robot
can be known in advance, then some “optimal” fusion methods such as mazimum
likelikood estimation can be used to provide better error elimination. However, since
error in force vector can be caused by many factors, a constant error co-variance
matrix for each force vector is difficult to obtain. Fortunately, the weighted average
method which is used here can also improve formation performance in simulation

experiments as will be shown in Chapter 5.

Multiple neighbor following can also produce more natural and coordinated motion
formation for robot groups moving through various obstacles. Since many follower
robots now determine their motions from more than one leader robots, occlusion and
obstacle avoidance actions of any of their leaders will have less effect on the motion
of the follower robot. However, the weighted average method is not suitable for the
performance measurement of the robot group here, and a proper performance criterion

is vet to be defined as will be further discussed in Chapter 5.

3.4 Neighbor Following Sequence

When neighbor following approach is used to contro! a group of mobile robots moving
in formation, the neighbor following of a group must have a partial order; that is, if a
robot Ry is followed by a robot Ry. it can not follow R either directly or indirectly.
So, in single neighbor following, the overall following architecture should be a tree,
while in multiple neighbor following, the following architecture is a partially ordered
network. The reason for this partial order is to minimize the disturbance of the whole
formation caused by the formation error or undesired motion of each individual robot
in the group. Figure 13 gives two examples corresponding to single neighbor following

and multiple neighbor following, respectively.

It is worth noticing that to achieve better formation performance, the depth of

the following architecture, i.e., the depth of the tree in single neighbor following and



Figure 13: Different Neighbor following architectures. Each numbered circle in the
figure represents a robot with a different ID, and each arrow represents a follow
relationship from a robot to another robot. A: single neighbor following; B: multiple
neighbor following

the depth of the network in multiple neighbor following should be as small as possible
to reduce the effect of error propagation. However, the distance between a follower
robot and its leader robot should also be as small as possible because the sensed leader
position error produced by sensor angle error is proportional to the distance between
the two robots. When there exists conflict between the above two requirements, a

trade-off must be made.

3.5 Summary

In this chapter, the decentralized control for multiple robots moving in formation -
the formation marching problem is presented. Two types of neighbor following are
covered, namely, single neighbor following and multiple neighbor following. Methods
to enhance the neighbor following algorithms, i.e., how to estimate another robot’s
heading direction by position measurements, and how to minimize formation error
by using dynamic prediction are also discussed. Finally, the requirements of how

the robots follow each other in implementing the neighbor following algorithms are

described.

In the next chapter, the robot population simulator for the formation marching
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problem - RoboSquad will be introduced. Its architecture including models for sensors
behaviors, behavior integration, and actuators is discussed. Facilities for testing the

neighbor following algorithms are explained.



Chapter 4

Implementation

4.1 Introduction

The final goal of this work is to design and build physical robots capable of maintain-
ing pre-defined geometric patterns while moving around the environment. However,
when developing control model for multi-robot systems, simulation is usually first
used to test various protocols until a control model that seems feasible in physical
robots is developed. As [Kubel992b] poiuted out, computer simulation as a powerful
tool in the early developing stages of a multi-robot system has several advantages
such as easy to build, change, and reconfigure both the test environment and the
control models. Simulation is also more cost effective since less early investments are
required in the development process. However, in simulation, unrealistic simplifica-
tions and assumptions made in modeling the robot system or the environment may
cause the control model unusable in real robots later on. Fortunately, this problem
can be minimized if we avoid unrealistic assumptions, treat simulation just as a tool
for testing the feasibility of our control theory, and test the theory in real robots

eventually.

In this chapter, the robot population simulator RoboSquad which is used in the
study of formation marching of multiple robots is presented. First, the architecture
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of RoboSquad is introduced, Second, the models for sensors, behaviors, behavior in-
tegration, and actuators are discussed. Finally the features provided by user interface

of RoboSquad are briefly presented.

4.2 The Architecture of RobeSquad

The RoboSquad simulator consists of three parts, namely, robot, environment, and
user interface. The environment part of the simulator is responsible for creating the
simulated environment with various obstacles in which the robot group navigates.
The robot part is responsible for controlling the robots to move around the simulated
environment, and the user interface part is responsible for the graphic display of the
simulated environment with multiple robots moving around. The user interface also
provides a means for the user to issue control commands and gather test results.
The structure of the simulator and the interaction between its three components are

shown in Figure 14.
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Figure 14: Structure of RoboSquad

The concept of object oriented design is extensively used in designing RoboSquad.
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For example, the environment part consists of two types of objects:

e 2-dimensional Cartesian coordinate system;

e Obstacles that can be distinguished by their different properties such as their

position in the coordinate frame, and the number of sides.

In addition, the initial positions and status of robots, the path for group leaders, the
locations of obstacles, and the appearance of the user interface are all reconfigurable

by using configuration files.

4.3 Robot Modeling and Implementation

The robot part of RoboSquad consists of a group of simulated mobile robots. Each
robot object is assigned an unique identification number (ID). A robot’s position in
formation depends on its ID. Each robot can either be a group leader or a follower
robot. Each robot has several sensors, a controller and a pair of actuators. Also, each
robot has a small memory system that enables it to keep track of its own position
and direction changes and the position changes of its leader robots. The structure of

a robot is shown in Figure 15.
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Figure 15: Structure of the robot part of RoboSquad
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4.3.1 Sensors

There are two types of sensors in each follower robot — obstacle sensors and robot
sensors. The obstacle sensors are responsible for detecting nearby obstacles (including
other robots), and robot sensors are responsible for detecting the robots it is following.
Since in the current version of RoboSquad, the navigation information of each group

leader is given through a configuration file, a group leader robot only has obstacle

SEnsors.

Each follower robot has one or several robot sensors, and each robot sensor is
responsible for detecting the disiance and relative angle of a leader robot. If the
robot is within a certain distance, the robot sensor is activated and generates distance
and relative angle values: otherwise. it is deactivated. The output values of the
robot sensor may have normal distributed distance error and angle error with given

variances. The data structure of a robot sensor is shown below:

struct RobotSensor {

int activated; /™ Set to 1 if sensor is activated */
int robot _id; /™ ID of the robot */

float distance: /™ Distance of the robot */

float angle; /™ Relative angle of the robot ~/
float disterror: /™ Variance of distance error */
float anglerror; /™ Variance of angle error */

|5

Each robot also has a number of obstacle sensors that enable the robot to detect
the existence of nearby obstacles. Only objects that fall in a certain distance will be
detected. The obstacle sensors do not discern real obstacles with other robots in the
group. When activated, the obstacle sensor gives out values of distance and relative
angle of the nearest point of an obstacle. The output values of the obstacle sensor

may also have normal distributed distance and angle error with given variances. The
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obstacle sensor model is as follows:

struct ObstacleSensor {
int activated;
int obstacle_id;
float distance;
float angle;
float disterror;

float anglerror;

4.3.2 Behaviors

49

/* Set to 1 if the sensor is activated */
/* Assign an ID to the obstacle */

/* Distance of the obstacle */

/* Relative angle of the obstacle */

/* Variance of distance error */

/* Variance of angle error */

In the current version of RoboSquad (Version 2.00), each behavior accepts data from

sensors and produces a force vector to guide the motion of the robot. Also, each

behavior is assigned a weight to represent its effect on the resultant motion of the

robot. The behavior model is as follows:

struct Behavior {
float weight;
float output_force;

float direction;

b

Three behaviors are implemented, namely, goal behavior for group leaders, formation

keeping behavior for follower robots, and obstacle avoidance behavior for all robots.

These behaviors enable the robot group to navigate in formation through an environ-

ment possibly with obstacles existing.



A. Goal Behavior

The goal behavior of a group leader robot is responsible for navigating the robot to
one or several goal positions or along a pre-specified path. Currently, three control
strategies are implemented, namely, speed-time, position-time, and position—speed.
The speed-time method guides the robot to move at a constant velocity (both linear
and angular) for some time, before the robot accepts a new velocity and time. This
method is ideal for testing the formation keeping behavior in obstacle-free environ-
ment without using the obstacle avoidance behavior since the trajectory of the group
leader robot can be precisely defined. However, when obstacle avoidance behavior is
activated, the leader robot may deviate from its pre-assigned path. The position-time
method guides the group leader to move to a pre-defined position in a given time,
when this position is reached, a new position and time can be given. The position-
speed method guides the group leader robot to move to a pre-defined position at a
nearly constant velocity. When the robot reached the position, a new position and
velocity can be given. The latter two methods can be used in environments with

obstacles, but the trajectory is more difficult to control.

B. Formation Keeping Behavior

To implement the neighbor following strategies described in the previous chapter, each
robot must have the knowledge of where each of its leaders should be. The knowledge
of formation positions is defined for each follower robot through a configuration file

and stored in an array in which each element has 4 types of information which are

shown below:

struct Follow {
int robotlID;
float distance;

float angle;
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float weight;

};

The first item, robotID, is the ID of robot being followed. Item distance is the distance
between the mass center of the robot being followed and the point where the follower
robot should be located to maintain formation. Item angle is the relative angle of
the desired formation point of the follower robot with respect to its leader robot
in the leader’s coordinate frame. The last item, weight, is used to assign different
weights to each of the leader robots when multiple neighbor following is used. This
way, the follower robot can have preference for some of the robots it is following.
Unfortunately, the weighted average method is not used in the simulation since an

appropriate method to assign weight to each leader robot is yet to be found.

In implementing the formation keeping algorithm, different strategies such as di-
rection and speed estimation and dynamic prediction can be toggled by setting cor-
responding switches. For example, if direction and speed estimation is activated, the
current moving direction of a leader robot is calculated by using consecutive position
measurements; otherwise, inter-robet communication is assumed and the follower

robot obtains the correct orientation value through communication.

In formation marching, sometimes a follower robot may find that some or all its
leaders are invisible because of occlusion. If only some of its leader robots are not
visible, the follower robot simply follows the remaining visible ones; otherwise the
output force vector produced by the formation keeping behavior will remain the same
till the last possible moment hoping its leader robots will reappear at a later time.
it is worth mentioning that each robot sensor also has a maximum sensor range. If
a obstacle is very large, it may happen that a robot can never sense its leader once

they are separated by the obstacle. In this case formation marching fails.
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C. Obstacle Avoidance Behavior

The obstacle avoidance behavior steers the robot away from nearby objects. If an
obstacle sensor is activated, the obstacle avoidance behavior generates a repulsive
force vector that pushes the robot away from the obstacle. Potential field method
[Khatib1986, Latombel991] is used in producing the force vector. However, as in
Arkin’s reactive navigation approach, the entire potential field is never computed,
and only the point where the robot currently is located is calculated. If several
different obstacles are detected at the same time, the total force is the vector sum of

all the repulsive forces produced by individual obstacles.

D. Behavior Integration

As in Arkin’s reactive navigation approach, the output of each behavior is a force
vector, and the total force of the controller is the weighted sum of all the forces
produced by individual behaviors. i.e.,

Soutput = z"; W, f; (4.1)

i=

where f; is the force vector produced by the ith behavior and W; is the weight as-
signed to f: Note that the weight of the formation keeping behavior is always set
to 1 because the force produced by the formation-keeping behavior needs to be pre-
served so that there is always enough force to keep the follower robot in formation.
On the other hand, the weights of other behaviors can be altered and are decided
heuristics. By giving different weights to different behaviors, the motion of a robot
can change significantly. For example, if the weight assigned to the avoid-obstacle

behavior becomes larger, the robot will become more sensitive to the existence of

obstacles.

One problem of potential field based behavior integration is that of the local
minimum which is displayed as the lack of progress in achieving a task. For example,

when a follower robot meets an obstacle, the obstacle avoidance behavior produces a



repulsive force vector while the keep formation behavior produces an attractive force
vector. It may happen that the two force vectors just have opposite directions so
they will cancel each other and the robot will stagnate. There are several methods to
overcome this problem. One possible solution used by [Arkin1987] is to inject a force
vector with random direction to the total force to move the robot out of stagnation.
In our implementation, a heuristic is used to deermine to which direction the robot
should turn and inject a force vector perpendicular to the total force for the robot to
overcome the local minima until the heading of the robot is no longer pointed to the

obstacle.

4.3.3 Actuators

The actuator of the robot is defined as two separate driven wheels. The actuator
receives the force vector produced by the controller and the output is the linear
speeds of both left wheel and right wheel. Still, an equally distributed error within

pre-specified range may exist.

struct Actuator {
float leftspeed;
float rightspeed;

float motionerror;

4.4 User Interface

RoboSquad V2.0 runs on a Sun Sparc Workstation under SunOS and X11 graphical
window system. The software is written in C. Graphic user interface is written using
the Motif library from the Open Software Foundation (Two excellent introductory

book on the Motif toolkit are [Heller1994] and [Brain1992]) and VOGL 3-D graphics
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Figure 16: Graphical user interface of RoboSquad

library from University of Melbourne which is a SGI GL implementation in X-Window

systems. Figure 16 shows the graphical user interface of RoboSquad V2.0.

The design principle of RoboSquad’s user interface is to allow the users to test
the algorithm under different settings and gather experiment data easily. Features of

RoboSquad include:

e Complete command sets are available through pulldown menus while the fre-
quently used commands such as start, stop and reset simulation, single step,

enlarge and shrink display area can be directly accessed through buttons;

¢ Each individual behavior of the robots in the group (goal, follow, avoid) can
be turned on or turned off to examine the motion of the robots under different

behavior combinations;

e The debugging and show path options can be turned on to provide more infor-
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Figure 17: Simulation snapshots showing a group of 3 robots make a right turn in an
obstacle-free environment

mation of the simulation process and turned off to speed up the simulation;

e The colors of different display elements (background, robots, obstacles, and
robot trajectory) can be user reconfigured for both color and monochrome moni-
tors. Also, the parameters for controlling the drawing area (enlarge/shrink scale

and pan distances) can be user configured;

e On-line help is available to provide fast and convenient reference.

Figure 17 is a typical simulation snapshot showing 3 robots making a right turn in
an obstacle-less environment. Robot 0 is the group leader while robot 1 and robot 2
are two follower robots trying to stay in a row with robot 0. Figure 18 is the same
robot group traveling along the same path through an environment with various
objects. We can see disturbance in the formation because each robot needs to avoid
obstacles. However, once there are fewer obstacles near the robot group, the group
resumes its assigned formation while moving along the path. A non-interactive
version of RoboSquad is also developed to generate experimental data for analyzing

the algorithms.
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Figure 18: Simulation snapshots showing a group of 3 robots make a right turn
through various obstacles
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4.5 Summary

In this chapter, the simulation implementation of the neighbor following algorithm
and the RoboSquad V2.0 robot population simulator are discussed. Through simula-
tion, the performance of various neighbor following strategies under various different

environme~i- ~an be tested efficiently.

In #w v -t chapter, the experimental results of the neighbor following algorithms
under different test conditions are discussed to show the feasibility of the neighbor

following approach.
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Chapter 5

Simulation Results

5.1 Introduction

In the previous two chapters. the neighbor following approach to deceniralized mo-
tion coordination of multiple robots moving in formation is discussed and the robot
population simulator RoboSquad is presented. Methods to reduce static formation er-
rors and eliminate inter-robot communications are also discussed. Multiple neighbor
following method is also introduced as a means to produce more robus: performance
under erroneous sensor inputs. However, the methods and arguments proposed pre-
viously must be tested to see if they are valid. In this chapter, a series of simulation

experiments are conducted to test both the simulator and the algorithms.

In this chapter, the concept and measurement of formation error is first introduced,
then vastous sources of error in implementing the neighbor following approach to
physical robots are analyzed, empbhasis is put on sensor and sensor errors. Finally,

simulation experiments are conducted to examine:

1. The effects of sensor errors on the formation performance of single and multiple

neighbor following methods;

2. The effects of inter-robot communication (i.e., the true value obtained through
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Figure 19: Three different robot formats. A: Line formation with 3 robots; B: Grid
formation with 6 robots; C: Pyramid formation with 10 robots.
inter-robot communication vs. the measured value of the relative orientation
and distance of a leader robot) on the formation performance of single and

multiple neighbor following methods;

3. The effects of following sequence on the formation performance of single and

multiple neighbor following methods.

4. The effect of obstacles on the formation performance of different formation

methods.

Figure19 illustrates three different robot group configurations, and Figure 20 illus-
trates three different moving trajectories of the group used in the simulation exper-
iments. The purpose is to examine the validity of the neighbor following approach

when it is applied to different robot formations and group motion trajectories.
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Figure 20: Three different robot group moving trajectories. A: Straight line (“17)
trajectory; B: “L” trajectory; C: “8” trajectory.

5.2 Formation Error

To test the performance of the decentralized control strategies for multiple robots
moving in formation, a metric is needed to compare experiment results using different
methods and under different environments. [Parker1993] defined formation error as
the distance between the actual position of a follower robot and its required position
with respect to the group leader, and use the cumulative formation error as the
measurement of formation performance. This method is straightforward and easy to
implement in simulation, but it highly depends on the motion of the group leader.
For example, if there exist obstacles in the environment and the group leader invokes
the obstacle-avoidance behavior to keep away from them, the robots in the group may
need to move abruptly to keep the formation error minimal, and a smooth motion
of the group which is normally regarded as a good formation may appear worse
if the above measurement is used. A good formation error measurement should be
independent of the formation of the robot group, the method of keeping the formation,
the path along with the robot group is moving, and the existence of obstacles in the
environment. Also, a good formation error measurement should put emphasis on the
overall motion of the robot group and should be in favor of more synchronized motions

of the robots in the group. Parker’s method lacks the above properties, especially the

latter.

60



In error analysis of this thesis, we treat a required or desired robot formation as
a frame. In a frame, the frame center is the center of the robot group, which in
turn is the average of the x- and y-coordinates of all the robots in the group. The
directicn is the intended moving direction of the robot group. This way, each robot
in the group can be assigned its position in the frame, and a perfect formation means
the position of each robot in the group always matches that in the frame. In real
formation marching applications, the robots in the group often caw not maintain their

desired positions for some of the following reasons:

e When decentralized control is used, each robot decides its raotion based on its
sensor inputs and local communications; in this case the motions of the robots

may not be highly synchronized;
e Error in sensing and actuation may cause some undesired motions of a robot;

e When the path of the group is not a straight line, the robot formation may
have distortions due to the delay in the robots’ reaction to the motion change

of other robots;

e When multiple behaviors are activated. they may interfere with each other and

may prevent a robot from keeping its desired formation position.

To measure the formation performance of a robot group moving along a certain path,
we calculate the position of the group center and the moving direction of the group
which is approximately the moving direction of the group center in two consecutjve
measurements. Then the standard frame is overlaped to the robot group by aligning
the center and direction. We define, for each robot, its instantaneous Jormation error
as the distance between the actual position and that in the frame, and the average
formation error is the average of the cumulative instan taneous formation errors of
all the robots in the group during the entire mission. Formally speaking, assuming

in step {(t = 1---n), robot R;(i = 1--<m) has an instantaneous formation error E;,
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then the average formation error E,,. is:
1 n m
Eave = - Z Z Eit (5'1)

nm -1 i=a1

where m is the total number of robots, and n is the total number of steps.

5.3 Error Sources in Physical Implementation

It has been shown that the single neighbor following strategy can achieve satisfactory
formation performance when sensory inputs and actuation are accurate, and inter-
robot communications are reliable. However, in real world, both sensors and actuators
have errors, and communication between robots are not always available or reliable.
Both the errors in sensing and actuation and the errors in inter-robot communication
can result in the degradation or failure of the robot formation. To build a group of
physical robots that can successfully move in formation in the real world, the above
factors must be considered. In this thesis, we assume that communications between
robots are reliable, and there is no actuation error. By using appropriate communica-
tion protocols and using feedback control in the actuation motors, those requirements
are not difficult to achieve. However, sensor errors are not easy to eliminate and may

greatly affect the neighbor following performance as will be discussed in the following

sections.

5.3.1 Robot Sensors

Several types of robot sensors can be used to detect the relative position between a
mobile robot and its leader robot. The first method is to install Global Positioning
Systems (GPSs) on the robots to obtain the absolute position of each robot. Then the
robots exchange through communication to obtain relative positions. GPS is usually
used in outdoor applications, but the recent developments in Pseudolites (Pseudo

Satellites) enables GPS technology to be used in indoor and urban environments



[Dowling1994]. Recent developments in differential systems and tracking techniques
can achieve a real-time accuracy of millimeter range despite the precision limitation
intentionally imposed by US Military. However, GPS products are expensive, espe-
cially in multi-robot applications, and the use of GPS provides extra communication

overloads, thus making it unsuitable for our application.

The second method is to use optical position sensors. This type of sensors use cam-
eras or laser scanners, to track reference targets, either actively or passively, mounted
in other objects to detect the position and heading relative to the known targets.
For example, [Tsumura1992] described an on-board laser scanner that measures the
relative position of a leader robot from a follower robot. A laser scanner is installed
on the follower robot while a cylinder covered by retro-reflecting tape is installed on
the leader robot. The laser scanner rotates at a constant speed. When the laser
illuminates the retro-reflecting cylinder, the photo sensor in the scanner detects the
reflecting light, and the relative direction and angle of the leader robot can be cal-
culated. If laser scanners are used in this type of sensors, the direction accuracy can
reach centimeter or millimeter range in 10-meter-scale areas [Dowling1994]. However,

this type of sensors are also expensive.

The third method is to use arrays of ultrasonic sensors. [McKerrow1990] described
a Denning sonar ring used in the Neptune mobile robot in Carnegie-Mellon University.
A ring of 24 sonar sensors are placed around the robot to measure objects in all
directions. This kind of sensor arrangement is cheap to obtain and can get ." stance
readings with accuracy up to 1% over its entire range, but the angular precision is

limited due to the number of sensors allowed in the ring.

The fourth method is to place ultrasonic beacons on each robot and use rotational
pairs of beacon receivers to detect the relative direction of another robot, the distance
to the robot being measured is obtained using another range-finder or sonar sensor also
connected to the rotational device. This method may achieve satisfactory accuracies

in both direction and angle measurements. However, the ultrasonic beacons and
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Figure 21: Sensor errors in measuring the relative distance and angle of a leader
robot.

receivers need to be fine-tuned to discern different robots.

5.3.2 Sensor Errors

There are two types of sensor errors, namely, static error and random error. Static
error is usually a constant value and can be eliminated by sensor calibration. Ran-
dom error, however, can not be easily neutralized, and its negative effect on the

performance of a robot system must be considered.

In the study of how sensory error can affect the performance of formation march-
iug, only the errors of robot sensors are considered. Each proximity sensor reading
contains errors along both the radial and angular directions. The error along the
radial direction or the distance error Ad is the random error in measuring the dis-
tance d between the follower robot A and its specified leader robot B, and the error
along the angular direction or the angle error Aa is the random error in measuring
the angle o between the heading direction of the follower robot A and the straight
line connecting the follower robot and its specified leader B. Both distance and angle
errors are normally distributed random errors centered at the true values. Figure 21
illustrates how the distance and angle errors produce the resultant position error.
From the figure, we can see because of Ad and Aaq, the exact position B of an object

can not be obtained. One can only confine that the object to be inside the area

64



around B enclosed by dashes.

5.4 The Effects of Sensor Errors on the Perfor-

mance of Robot Formation

In neighbor following, when the true values of the speed and relative heading of a
leader robot are known through communication, the formation error of a follower
robot is depend the errors in sensing the distance and angle error of the leader robot.
If the sensing errors of each follower robot in a group are in the same level, it can be
expected that the average formation error E,,. to be of polynomial relationship to the
errors in sensing the distance and relative angles of the leader robots (not necessarily

the group leader).

Experiments have been conducted on three different robot formations (see Fig-

ure 19) moving in three different trajectories (see Figure 20). They are:

1. Line formation of 3 robots moving in a “L” trajectory;
2. Grid formation of 6 robots moving in a “8” trajectory;

3. Pyramid formation of 10 robots moving in a straight line formation.

The following sequences are shown in Figure 22. Dynamic prediction is used to elim-
inate static position error. Since the true values of the speed and relative heading
of each leader robot are known through communication, dynamic prediction will not

€

cause formation error.

Figure 23 shows the average formation errors for different formations and trajec-
tories with respect to different values of the variances of sensor distance errors and
angle errors. The variances of sensor distance error are chosen from 0 to 0.1 square
meter, while angle errors are chosen from 0 to 0.1 square radian (i.e., 0 to 328.3

square degrees). From Figure 23 we can see that the average formation error in each
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Figure 22: Three different robot groups and their neighbor following sequences. A:
Three robots in a line formation; B: Six robots in a grid formation; C: Ten robots in
a pyramid formation.

experiment increases near proportionally with the increase of both variance of sensor
distance error and angle error. This shows that the robustness of the single neighbor
following approach is good even when farge sensor errors exist if moderate commu-
nication is used to provide each follower robot with necessary information about its
leader’s speed and relative heading. Note that the formation performance shown in
Figure23 is not comparable between each other because of the differences ijn group
configurations and motion trajectories. Simulation experiments have also been con-

ducted for other robot group configurations, and they all produce similar results.

5.5 The Effects of Local Communication on the

Performance of Robot Formation

In chapter 3, we argued that by using leader speed and direction estimation, explicit
communication between robots can be eliminated, and fully decentralized control of
multiple robots moving in formation can be achieved. We also argued that using
leader speed and direction puts much higher requirements on the robots’ sensory
systems. When the sensed position error of a leader robot becomes comparable with

its location change in two consecutive position measurements, the speed and heading
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Figure 23: Average formation errors in three different robot group moving in three
different trajectories. Upper: Line formation of 3 robots moving in a “L” trajectory;
Bottom Left: Grid formation of 6 robots moving in a “8” trajectory; Bottom right:
Pyramid formation of 10 robots moving in a straight line formation.

direction of the robot will become unpredictable, thus the formation can not be
preserved. However, when the sensed leader position error is small compared with its
location change in two consecutive position measurements, the formation error of the
follower robot with respect to its leader robot is proportional to the sensor distance
and angle errors since the speed and heading of the follower robot are calculated from

the sensed distance and angle of its leader robot.

Experiments have been conducted on the same three robot group configurations
and trajectories as in the previous section (see Figure 22) with the following differ-

ences:

1. Direction and speed estimations are used to get the heading direction and mov-

ing speed of each leader robot through sensing instead of using the accurate
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Figure 24: Average formation errors in three different robot group moving in three
different trajectories (with direction and speed estimation). Upper: Line formation
of 3 robots moving in a “L” trajectory; Bottom Left: Grid formation of 6 robots
moving in a “8” trajectory; Bottom right: Pyramid formation of 10 robots moving in
a straight line formation.

value;

2. The variances of sensor errors (distance error and angle error) are smaller than
that in the previous section. For the line and grid formations, the variance of
distance error is now from 0 to 0.01 square meter, while the variance of angle
error is now from 0 to 0.01 square radian (0 to 32.8 square degrees). For the
pyramid formation of 10 robots, the variance of distance error is now from 0
to 0.001 square meter, while the variance of angle error is now from 0 to 0.001

square radian (0 to 3.28 square degrees).

Figure24 shows the average formation errors of the above experiments. Several

observations can be drawn from the figure:
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e Although sensor errors are much smaller than in the experiments using accu-
rate leader directions and speeds, the average formation errors of all 3 cases
are comparable with the formation errors of the corresponding cases shown in

Figure23,;

e Because more factors can affect the formation error of the robot group when
direction and speed estimation is used other than the accurate values of the
heading and speed of each leader robot, the average formation error of a robot

group usually grows worse than linearly with respect to sensor errors.

The above observations confirm our argument in Chapter 3 that although fully de-
centralized control without inter-robot communications can be achieved by using
leader direction and speed estimations in neighbor following, the much higher pre-
cision requirements for the sensor system often make it impractical for many appli-
cations. Moderate inter-robot communications can greatly improve the formation
performances of the groups without putting heavy communication overload on the
multi-robot system a conciusion, one must deiermine the trade-off between sensing

and communication, depending on the application ané available resources.

It is worth mentioning that in the above discussions, we treat the orientation of
a leader robot obtained through communication is the true value. This is often not
true. In physical implementation, each robot has to sense its heading. Depending
upon the technology used, this heading may or may not be accurate. Often the
accuracy of the direction is restricted by the precision of the sensing system, in this
czse, the average direction error Ey, is Eg;r = 0.5%(360/n) where n is the number of
different directions the direction seusor can discern. For example, a cheap compass
may only have 3 bits precision, that is, it can only point out 8 directions. so E,;,
is about 22.5 degrees. Since both a follower robot. and its leader robot has direction
measurement error, their relative orientation wiil also have error. and this error in

relative orientation will affect the formation perfermance of a rebot group.

Experiments have been conducted on the same three robot group configurations
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Figure 25: Average formation errors in three different robot group moving in three
different trajectories. Cominunication is used but error in leader directions exist.
Upper: Line formation of 3 robots moving in 2 “L” trajectory: Bottom Left: Grid
formation of 6 robots moving in a “8” trajectory; Bottom right: Pyramid formation
of 10 robots moving in a straight line formation.

and trajectories as in the previous section (see Figure22). Communication is used
to send the necessary orientation information. The onlyv difference is now there is a
equally distributed random angle error in the relative orientations used in calculating
following behavior for each follower robot. The error range is between -0.05 radian to
0.05 radian ( about -3 degree to 3 degree). Figure25 shows the formation perfermance
of the three robot groups. When compared with Figure23, we can see the formation
performance of all three robot groups are worse when errors in relative orientation
exist. However, they are still much better when compared with experiments without
local commiunications. These results alsn skow that local communication can greatly

increase the robustness of the robot formations.
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5.6 Single Neighbor Following vs. Multi-Neighbor

Following

5.6.1 Formation Performances under Noisy Sensor Inputs

One objective of multiple neighbor following is to provide better formation perfor-
mance of a robot group than single neighbor following under noisy sensor inputs. In
Chapter 3, we argued that multiple neighbor following is superior to single neighbor
following because of its “sensor fusion” or “sensor integration” effect. One interesting
question is: to what extent can multiple neighbor following improve the formation

performance of a robot group?
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Figure 26: Different following sequences of a group of 6 robots with 1 group leader

To compare the formation performance of different neighbor following strategies
with different numbers of leader robots for each follower robot. We select 3 different
formation configurations which are shown in Figure 26 for the group of 6 robots in a

rid formation moving along the “8” trajectory shown in Figure 22:
g g g g

1. Single neighbor following: Robot 0 is the group leader, robot 1 and robot 2
follow robot 0, robot 3 and robot 4 follow robot 2, and robot 5 follows robot 4;

2. Multiple neighbor following with a mazimum of two leaders: The following se-

quence is the same as in the single neighbor following case except that now
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robot 3 also follows robot 1 and robot 5 also follows robot 4;

3. Complete neighbor following: Robot 0 is the group leader, each follower robot
follows all its preceding robots. That is, robot 1 follows robot 0, robot 2 follows
robots 0 and 1, robot 3 follows robots 0, 1, and 2, robot 4 follows robots 0
through 3, and robot 5 follows robot 0 through 4.

The average formation errors for the above three different group configurations under
the same distance and angle error ranges (0 to 0.1 square meter for distance error
variance, and 0 to 0.1 square radian for angle error variance) are shown in Figure 27.
Experimental results show that by allowing two robots to follow two robots instead
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Figure 27: Average formation errors in 3 different neighbor following sequences: top

left: single neighbor following; top right: multiple neighbor following; bottom: com-
plete neighbor following.

of just one robot, the formation performance improved significantly. The average
formation error decreased almost an average of 25% in configuration two when com-

pared with configuration one. However, increasing the number of leader robots for



each follower robot does not necessarily produce significant further performance im-
provements. For example, the average formation error decreased only an average of
4% iu configuration three when compared with configuration two. The reason for
this is that far-away leader robots often do not provide information useful enough to
reduce measure errors. Also, occlusions occur more for far-away leader robots that
make them less useful in decreasing formation error for the follower robot. When
different robot formations and different trajectories are examined, the ;:c:<entages

P ]

may change, but the trend remains the same.

Experiments have also been conducted for robot groups using leader direction and
speed estimation. When sensor errors are small enough, multiple neighbor following
can also improve the formation performance of the robot group. However, as in the
single neighbor following cases, when the value of senscr errors becomes comparable
with the position change of the group leaders between two consecutive measurements,

the formation of the robot group can not be maintained, and the average formation

error becemes meaningless.

5.6.2 Formation Performances in Obstacle Filled Environ-

ment

Another objective of using multiple neighbor following is to provide more natural
and coordinated group motion when obstacles exist. For a group of more than a
few robots, if single neighbor following is used, it may happen that two nearby rokLots
have vary different following sequences, thus their motion may be completely different
when they or their leader robots avoid obstacles. Also, when obstacles exist, a follower
robot is more likely to lost its leader because of occlusion if cingle neighbor following

1s used.

We conducted experiments on a group of 6 robots moving through an obstacle-
filled area in a grid formation. Two different following sequences shown in ** igure 28

are investigated, and the moving trajectory of the group is a straight line. Figure 29
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Figure 28: Two neighbor following sequences of a group of 6 robots. Left: single
neighbor following: Right: :aultiple neighbor following.

shows the trajectories of the group of 6 robots moving through some obstacles in
grid fo::ation using the different following sequences shown in Figure 28. Although
the two trajectories are similar, we can see that the motions of the robots tend to
be smoother when multiple neighbor following is used (bottom figure). However,
“smooth™ is a rather subjective csiterion 1o measure the forination performance of a

robot group. and an objective method should be developed in future research.

5.7 The Effects of Different Following Sequences

on the Performance of Robot Formation

To use the neighbor following approach on a large group of robots, the following
sequence of the robots is important. As we discussed in Chapter 3, the depth of
the following architecture should be as small as possible to avoid error propagation.
However, the distance between a follower robot and its leaders should also be as small
as possible. When designing the following sequence for a group of robots, sometimes
the previous two requirements will conflict with each other. A proper balance between

them must be maintained to achieve an overall optimal following sequence.



We conducted experiments on a grcup of 6 simulated robots moving in a grid
formation along a path of shape “8”. There is one group leader robot and the rest
five robots are followers. In the following tests, the accurate relative orientation and

velocity of each leader robot are given through communication.

Four different single neighbor fcllowing sequences as shown in Figure 30 produce
different levels of formation errors, which are shown in Figure31. It can be seen
that the average formation errors of all four sequences are in linear relationship with
both sensor distance error and sensor angle error. This confirms the error analysis in
Chapter 3. The average formation error in the worst sequence (sequence B) is about
70% larger than that in the best sequence (sequence A) in the whole range of sensor
errors tested because the former has much longer following sequence than the latter.
Also, the funitrer the risiance between the leader robot and a following robot, the
more sensis:y! itor the follower will get because the result position error in tangent
direction is prapuriional to the distance under a given angular error, and occlusion
may decrease the accuracy of formation. That is why although sequence D has the
shortest following sequence, its formation performance is only about the same with

sequence C and even worse than sequence A.

5.8 Summary

In tiis chapter, simulation experiments are conducted on various robot groups mov-
ing aiong different trajectories to show the validiv; of the neighbor following approach
under different test environments, especially when sensory errors exist. Experimen-
tal results show that with moderate inter-robot communication about each leader
robot’s speed and relative heading, satisfactcry formation performance of the robot
group can be achieved even with relative large random sensory errors for each robot.
When sensing is used to determine each leader’s speed and heading, the require-
ments for the sensor system of each robot become much higher and the formation

performance of the robot group degrades much faster than that with moderate com-



raunications. Experiment results also show that multi-neighbor following can produce
better formation performance than single neighbor following under similar test con-
ditions owing to the additional information provided by the additional leader robots.
Finally, experiment results show that the following sequence of a robot group also
plays an important role in the formation performance of the group, and a balance

between various factors must be maintained to achieve optimal performance.

After showing the feasibility of the neighbor following approach of controlling
multiple robots moving in formation, . brief summary of this thesis will be presented

in the next chapter. Also, some future research topics will also be discussed.
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Figure 29: Simulation snapshots of a group of 6 robots moving through obstacles using
two different multiple neighbor following sequences: Top: single neighbor following;
Bottom: multiple (two) neighbor following.
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Figure 30: Different single neighbor following sequences of a group of 6 robots witk
1 group leader
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Figure 31: Average formation errors in 4 different single neighbor following sequences.



Chapter 6

Conclusion

6.1 Summary of Thesis

In this thesis, existing approaches to control multiple mobile robots moving in for-
mation were discussed. Then the neighbor following approach is introduced. Our
neighbor following approach has several unique properties when compared with vari-

ous previous approaches:

e When consecutive position measurements are used to get the heading directions
and velocities of leader robots (direction estimation and dynamic prediction),
our neighbor following approach becomes a fully decentralized control approach
that enables a robot group movingin formation without central controller, world
coordinates, or explicit inter-robot communications. Simulation experiments
have shown that arbitrary formations can be achieved provided sensor inputs

are accurate enough;

e Each follower robot can either follow one other robot (single neighbor follow-
ing) or foilow several other robots (multiple neighbor following). When sensory
errors exist, the use of multiple robots as reference can effectively reduce for-

mation errors. Also, the use multiple group leaders can reduce formation error.
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Further more, when obstacles exist, multiple neighbor following can reduce the

disturbance of formations;

In this thesis, the robot population simulator developed in this research, RoboSquad,
is Introduced. Experiments on the neighbor following strategies on groups of simu-
lated robots are conducted for various neighbor following strategies under different
sensory errors, different following sequences, different communication requirements
(with or without local communications), and different environments (obstacle clus-
tered environments vs. obstacle-free environment). Several conclusions have been

reached:

» Inter-robot communications can greatly reduce the requirement for Sensory sys-

tems;

e The following sequence of the robot group can greatly affect the formation

performance of a robot group;

e Multip'~ - ‘~bhor following offers better formation performance than single

neighbc ~ ing. However, the performance is sub-linear;

e Multiple neighbor following offers robust behavior in obstacle clustered envi-

ronment;

In conclusion, our neighbor following is a feasible approach towards the decentralized

motion coordination of multiple mobile robots moving in formation.

6.2 Future Works

There are several topics that deserve further research:

e Implementation of the neighbor following strategies in physical robot systems.

Currently, a group of 10 identical small mobile robots are being constructed in
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the Department of Computing Science at the University of Alberta for research
in collective robotics. It is hoped that the neighbor following algorithms will be

tested on these robots.

e Integration of more useful behaviors for each robot. Currently, only formation
keeping behavior and avoiding behavior are implemented in each follower robots,
and the control of group leader is acuieved by the explicit specification through
path control files. Future research should be pursued in developing more useful

goal-oriented navigational behaviors for both group leaders and follower robots.

® Research in other decentralized motion coordination strategies for the formation
marching problem. The group-center tracking strategy mentioned in [Balch1994a)
can achieve more stable formation performance, but the center of the whole
group has to be calculated for each robui. A possible approach is to devise a
“local center following” approach that blends the advantages of both neighbor
following and group center tracking approaches. In the local ceuter following
approach, each robot calculates the local group center of severa! riearby robots
and tries to keep a prespecified position with the lecal center. However, the

validity of local center following is yet i be verified.

e In the curi.-~t im:plementation, the parameters for various behavior algorithm
are given as-is, with some values even chosen arbitrarily. Future research may
involve using artificial neural networks to learn various values. Also fuzzy logic

may be used to produce more robust behaviors.

This thesis only serves as one attempt to develop a decentralized control strategy for
task-achieving multiple mobile robots. More useful tasks and control strategies need

to be investigated to further explare the application of collective robots.
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