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Abstract

This thesis addresses the hypothesis that a Unified Framework for Mobile Robot Systems
may be implemented irrespective of its vehicle platform. Robatdeadescribed by their

robot architecture. Traditionally, this architecture describes the software aspects that
influence its reaction to stimuli, reime behaviour and deliberative reasoning. This work
concentrates on developing a unified framewdit not only encompasses stateahe-art

robot architectures, but also encompasses the structure of all components within the robot
system, including environments, users and interaction devices. Whereas traditionally, robot
architectures have focused liya on segregating hardware and software elements, the
proposed unified approach does not attempt to impose such boundaries.

The work is driven by two factors. Firstly, the robotics domain is flooded with robot
architectures. This thesis lists 28, afl which express similar functionality and core
components. It is desirable to focus the robotics community by identifying a framework,
which accommodates these core components. Secondly, providing a standard framework
used in a variety of domains increasunderstanding, confidence and componeiisee

This greater confidence can be transferred to systems, which are otherwise difficult to test,

such as spacecraft.

This work focuses on using objemtiented analysis and the Unified Modelling Language

(UML) to define a unified framework.
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INTRODUCTION

BACKGROUND

Mobile robot engineering encompasses techniques fromewaidety of scientific

and engineering domains. Electronics, mechanics, computer science, biology,
chemistry, physics and psychology have all played a significant role in what is now
referred to as robotics. With such a diverse background it is diffzwalefine the

term Orobot 6. The problem is confounde
overl apping of ORoboticsd6 with similarl.\
6Cyberneticsd and O6Arti ficial Intelligen
aredescriptions that immediately confuse not only the engineers of robot systems,

but also the wider public.

Although robot systems rely heavily upon control theory, the problems cannot be
constrained to this domain. Control theories, in general, ensaterdference
signals are achieved and maintained in line with specified performance and
stability requirements, in single or multiple modes of operation. Internally, robot
systems may define reference signals, such as a desired set of waypoints. It is
common for robot systems to rely upon control systems to performldogt

activities (lowlevel referring to the propinquity to the hardware).

Robots have been described as being fimac
tasks in a human sma nin%e®dhachokeaor gedice Gatl | i n
operates aut omati cal | Randanr House¢ Unabedgeunit e co
Dictionary, 2007). These two descriptions are conflicting. The first implies that

the robot may act in a human manner, but the second impliethéhaobot may

also be a machine that is remotely controlled, perhaps by a human. This leads to

the equally ambiguous term commonly wused

One test of whether a system exhibits automatic behaviour is to ask whether it is
possible o fully predict its behaviour once its internal basis of decision making is
known. However, simple control systems that use adaptive rules for altering their
behaviour are not necessarily intelligent, but usedpefened rules to alter the
controller outpit. Such a description creates a problem when considering quality
certification, where it is generally necessary to show a full understanding of a

systemdbs behaviour.

The term automatic refers to a system that has some form etgalétion in its

own environment. However, autonomous systems go beyond simple automaticity.

Pagel
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They can be considered as being capable of performing deliberate actions that
involve intelligence. Autonomous systems are also potentially able to adapt to

their environment anathrn from previous experience.

For the purpose of this thesis it is easiest and most appropriate to conclude that a
robot may exhibit various levels of autonomy; considering an automatic system as
being the lowest form of autonomy and that greater angrie associated with a

higher level of intelligence and/or being capable of more autonomous activities.

SCOPE

This thesis proposes a unified framework and rather than being confused by the
definitions involved, it is most important to understand whis iproposed. All

mobile robots, such as wheeled robots and unmanned underwater vehicles, use a
form of robot architecture. The term 6
describe the software structure and its action selection methods. The robot
archtecture provides the robot command structure and has arangdgng effect on

the robotds ability to perform its desi
systems, a robotbdés architectureetofay be
actions. Traditinally, robot architectures are constrained to cognition and
interaction with the vehicle. However, this thesis will use a unified framework to
describe the overall operation and structure of the robot system, which may include

other robots, users and @mnments and various action selection techniques.

There are no rules governing the type of architecture and, in general, most robot
systems are bespoke designs. It is appealing to provide generic solutions or a
unified approach, but these are inhereritlg least effective/optimal solutions.
However, generic solutions provide a library ofusable components, therefore
promoting rapid research and development. It is fair to say that most robot
researchers spend significant amounts of time solvingrgepeoblems that are
outside their scope of interest, essentiallyinkenting the wheel for each new
robotics project; a unified framework could potentially reduce this repetition,
allowing components to be assessed in a controlled manner, and enabling

researchers to find a niche within the robotics community.

Another, no less important, objective of a generic approach is to improve the
testing and validation of robot systems. Modern systems engineering approaches
employ simulations and emulations &st and validate functionality prior to the
systembébs depl oyment . Realistic simulati

error free implementation. Generic components of a system can be tested on

Page?2
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alternative hardware implementations. Although theradtive hardware may not

be used in the same environment as the target hardware, it is not prone to
simulation errors and assumptions. Testing generic components on an alternative
platform may therefore be used as a replacement or accompaniment tdgigimula
testing. This approach is particularly useful when it is infeasible to test algorithms
in a target environment, such as space missions. Using modular approaches to
design may also ease safety and reliability certification processes, allowingpunits

be tested in isolation before being integrated within a system.

The final objective is to focus thinking within the robot engineering community.

As the literature study in following chapters will show, the robotics community has
produced a vast arraf mobile robot architectures, some with similar objectives to

this work. However, all have failed in focusing this group upon a single
architecture, framework, terminology or standard. Any effort to move towards a

unified framework may incur a substehteffort to either change existing systems

or to change to a new approach. In order to minimise this effort, the framework

should accommodate legacy systems. Although the framework should focus the
communitydéds thinking, it fromspioduairig thewramdt at t e

improved solutions.

The following hypothesis has been formulated to progress these objectives. The
hypothesis is that, 6a unified frameworKk
encompasses stapé-the-art techniques, whitsenabling optimal solutions to be

devel oped, irrespective of their vehicle

APPROACH

A comprehensive literature study has been undertaken into the major components
of a robot architecture, their structure and the frameworks in which they &kist.
literature study analysis has been broken down into two chapters. CRapter
documents Robot Systems Engineering, including common robot and software
architecures. ChapteB analyses the common Robot Components, such as sensors,

actuators and path planning algorithms.

The purpose of this work is to improve, through the objectives listed earlier, the
existing state of robot systems engineering. The work has been approached using a
waterfall systems engineering approach, where a set of requirements are devised
that drivedesign and subsequent testing. The requirements are created using both
the thesis objectives and literature study analysis. The requirements focus on five

main stakeholders and are expanded in Chdpter
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e Customerwho requires the robot to perform a task or obtain information.
e Operator who will interact with the robot.

e Developerwho will use the unified framework to develop hardware and

software components.

e Researcherwho will use and expand the unified framework with new

techniques.

e Financier who will provide the resources necessary to undertake research

and development.

Two approaches to the design have been attempted. Initially, functional
decompositiondgchniques were used in an attempt to identify a generic architecture
containing generic components and interfaces (Goodwin et al, 2003). Generic
interfaces imply a defined level of interaction with the vehicle, using interaction
software such as deviceivbrs. This approach is limiting, as it requires the same
interface layer for a number of vehicles. An efficient interface could not be
identified and the approach was ultimately abandoned.

A second, successful, attempt has been made using -objutdion and is
described in Chaptes. Object orientation introduces concepts, such as
polymorphism and inheritance, which enable robust and expandable interface
layers to be introduced. Using objemtientation and the UML led away from the
idea of creating a generic architecture, primarily for software, towards a unified
robot system framework, encompassing multiple robots, users, interaction devices

and environmeist

These object orientation concepts also allowed the design to provide a library of
classes, some or all of which may be implemented in a solution. For clarification,

the following terms are used:

e Library : A set of generic and specialised componentsinihe

framework.
e Solution: The selection of components used to solve a specific problem.

It is envisaged that this approach will lead to greater acceptance within the robot
community, as the majority of work has previously focused on providing robot
libraries (with little or no consideration for a unified framework) or architectural

solutions (which tie the developer to specific components).

Our approach provides the developer with a useful framework for visualisation and

design, without imposing hardwaaed software interfaces. However, in order for
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hardware or software components to be effectivelysed, the developer should be
provided with generic interface specifications. These interface specifications,
should however, only be defined once a iadifframework has been adopted.
Forcing interface specifications upon a community that has not adopted the

approach, may be more damaging than progressive.

Annex F assesses the unified framework design, of chaptemgainst the
requirements set out in chapter Chapter6 and Annex G explora number of
worked examples using the unified framework. Chapterovides conclusions to

this work and recommendations for the future.

THESIS STRUCTURE

The thesis structure is illustrated figure 1-1. Although, in reality, the work has
been revisited and revisédroughout, the structure of this thesis roughly follows
the waterfall model of an engineering project. The contents of the thesis are as

follows:

Chapter 1: Introduction

Chapter 2: Robot Systems Engineering
Chapter 3: Robot Components

Chapter 4: User Rpiirements

Chapter 5: Design

Chapter 6Case Study

Chapter 7: Conclusions and Future Work
Chapter 8: References

Chapter 9: Publications

Annex A: Mobile Robot Architectures

Annex B: Miscellaneous Design Tools, Libraries, Techniques, Methodologies,
Middleware and Projects

Annex C: Sensors

Annex D: Human Robot Interaction

Annex E: Controlled Testing Against Performance Metrics
Annex F: Qualitative Design Assessment

Annex G: Examples
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Chapter 1:
Introduction and
Scope
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Conclusions
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Chapter 7:
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Figure 1-1 Thesis Structure

CONTRIBUTIONS TO SCI ENCE AND ENGINEERING

Since the 1950s, three major paradigms for Robot Architectures have been
proposed, referred to as Deliberative, Reactive and Hybrid. It has been
demonstrated, althohglittle commercial evidence exists, that the Deliberative,
Reactive and Hybrid paradigms can meet the industrial requirements of some robot
systems (Gavia, 2006). Although these stdt¢he-art techniques may meet these
requirements, it is difficult foran engineer to identify the most appropriate
techniques and design a robot system as a whole. This thesis does not propose a

paradigm change, but more a change in perspective of these existing paradigms.
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Science and engineering research has historibaén led by the introduction of

new paradigms. The subsequent research to prove or disprove a paradigm will
either lead to its acceptance, or a period of crisis where existing paradigm cannot
explain a phenomenon (Kuhn, 1996). Science is the processdafrstanding
behaviour, whereas engineering is primarily concerned with developing or
replicating behaviour, using scientific principles. Robotics has come to encompass
both science and engineering, due to the development of humanoid robots,
biomimetic ystems and the replication of human intelligence. The Deliberative,
Reactive and Hybrid paradigms are appropriate for behaviour development
(engineering) and also behaviour understanding (science).

After a new paradigm has been proposed, a period déimgntation and research

is undertaken (Kuhn, 1996). It is the contention of this thesis that it is only until
this process has reached a plateau, that it is advisable to propose a unified
approach. Through research into 26 existing architecturesh#sis tsuggests that

the research and development of robot architectures has indeed reached a plateau
and are therefore proposing a period of reflection, culminating in a unified
framework that encompasses existing techniques. Without a period of reflectio
the robotics engineering community runs the risk of repeating existing research and
development.

Figure 1-2 proposes the role of the unified framework. The rdaothe diagram
originates with the conception of 6 Rob¢
6Del i beratived and OReactived paradi gms.
to the devel opment of the O6Hybridd parad
exist. A unification of these existing paradigms and instantiations is intended to
accelerate the processes of engineering practice and research. In engineering this is
appropriate where the current techniques have been shown to meet their
requirements. fAis acceleration may highlight problems or result in the
development of new paradigms, where Deliberative, Reactive or Hybrid paradigms

may no longer appropriately represent the observations of scientists.

The unified framework, described in Chapgeris the main contribution of this
thesis to science and engineering. In order to create a unified framework, this
thesis analyses its requirements. It is this saeqiiirements that describes the
current statef-the-art and other researchers may choose to expand upon these
requirements to either improve upon the unified framework design, or provide

alternatives.

In summary, this thesis makes the following conitidns:
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(a) A single methodologically rigorous framework which describes the totality

of current robot systems, using the UML.

(b) Defining, using the same methodology, a unified rhetal architecture
that encompasses (a).

(c) Reducing systematic confusion betweelay®er and hybrid architectures.

(d) Providing a framework that encompasses simulated as well as real

environments.
(e) Providing robot systems engineering processes.

(f) Providing a framework for the taxonomy and controlled assessment of

robot systems.

(g) Providing an gtensive stat®f-the-art review of robot architectures and

their components.

(h) Bridging the gap between techniques, tools and ideas in academia with

those at the disposal of a robot system developer.

() Providing a set of requirements for a unified framework.
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| 4

Deliberative
Paradigm

Implementation

The role of the Unified
Framework is to unify robot
components exhibited within
reactive, deliberative and
hybrid architectures.

| 4

“& Hybrid Paradigm

Robot Systems
Engineering

A

Implementation

h |

Reactive
Paradigm

Implementation

Unification
(Unified Framework for
Mobile Robot Systems)

hd

Past

New Paradigm

v

1 Implementation

Future

h |

Engineering
Practice

Figure 1-2 Proposed role of unification within Robot Systems Engineering
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ACRONYMS AND ABBREVI ATIONS

3T

4D RCS
ACE
AGV
AIS

API
APS

ARMAX

ATLANTIS

AuRa
AUV

AVATAR

BAUUV
BERRA
BG
BOD

CADCAC

CANBUS
CARMEN
CCD
CCMM
CGAL

CLARAty

Three Tiered

3 Dimensions + Time Redlime Control Architecture
ADAPTIVE Communications Environment
Autonomous Ground Vehicle

Adoptive Information System

Application Program Interface

Active Pixel Sensor

Auto-Regressive Moving Average with Exogenc
Input

A Three LevelledArchitecture for Navigating Throug
Intricate Situations

Autonomous Robot Architecture
Autonomous Underwater Vehicle

Autonomous  Vehicle  Aerial  Tracking ar

Reconnaissance

Battlespace Access Unmanned Underwater Vehicle
Behaviour Based Robot Research Architecture
Behaviour Generation

Behaviour Oriented Design

Computer Aided Detection Computer Aidi

Classification

Controller Area Network Bus

Carnegie Mellon Robot Navigation Toolkit
Charge Coupled Device

Command Control and Mission Management
Complex Geometry Algorithms Library

Coupled Layer Architecture for Robotic Autonomy
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CML Concurrent Mapping and Localisation
CMU Carnegie Mellon University
CODGER Communications Database with geometric reasol

architecture

CORBA Common Object Request Broker Architecture
CoRoBa Controlling Robot with CORBA

DAMN Distributed Architecture for Mobile Navigation
DCA Dynamically Configurable Architecture
DCOM Distributed Component Object Model

DFD Data Flow Diagram

DGPS Differential Global Positioning System

DTF Domain Task Force

DVL Doppler Velocity Log

DVMA Distributed Vehicle Management System
ECDIS Electronic Chart Display Information System
ERSP Robotic Development Platform

FBS Fan Beam Sensors

FVMS Flight Vehicle Management System

GIS Graphical Information System

GNC Guidance Navigation and Control

GPP Global Path Planner

GPS Global Positioning System

HCI Human Computer Interface

HLA High Level Architecture

HRI Human Robot Interaction

HYSTE Hybrid System for Thorough Exploration
IAC Intelligent Artificial Crew
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ICE

IMN

INS

ISER

ITOCA

KA

KD

KDL

LAAS

LAN

LIDAR

LPP

LRF

MARIE

MCA

MIRO

MIT

MOAST

MoD

MOP

MRPT

MT

MUSESC
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Internet Communication Engine

Inertial Measurement Unit

Inertial Navigation System

Internet Protocol

Infrared

ISE Research Architecture

Intelligent Task Orientated Control Architecture
Knowledge Areas

Knowledge Database

Kinematics and Dynamics Library

Laboratoire d'Architecture et d'Analyse des Systému
Local Area Netvork

Laser Ranging Altimeter

Local Path Planner

Laser Range Finder

Mobile and Autonomous Robotics Integrati

Environment

Modular Control Architecture
Middleware for Robots

Massachusetts Institute of Technology

Mobility Open Architecture Simulation and To

Framework

UK Ministry of Defence

Moving Obstacle Planner

Mobile Robot Programming Toolkit
Module Task

MU Space Engineering Spacecraft C
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NARMAX

NASREM

NIST
OBS

OCP

OCP

OMG

ONC

OOA
OOCAA/CPCA?
00D

OODA
ORCCAD
OROCOS

OSCAR

OSJTF
PAT
PC
PDCA
PID
PLC
PRM
PRS
PRSA

PWM

Non-linear Auto-RegressiveMoving Average with

Exogenous Input

NASA/NBS Standard Reference Model for Telerol
Control Architecture

National Institute for Standards Technology
Off-board Sensor

Open Control Platform

Open Closed Principle

ObjectManagement Group

Optical Navigation Camera

ObjectOriented Analysis

Object Oriented Control Architecture for Autonomy
ObjectOriented Design

Observe Orient Decide Act

Open Controller Computekided Design
Open Robot Control Software

Operational Software Components for Advanc
Robotics

Open Systems Joint Task Force
Perception Action Teleoperation
Personal Computer
PlanDo-CheckAct

Proportional Integral Derivative
Programmable Logic Controller
Probabilistic Roadmap Method
Procedural Reasoning System
Pragmatic Software Architecture

Pulse Width Modulation
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RBM Rational Behaviour Model

RDS Remotely Deployed Sensors

RG Rate Gyro

RIG Ratelntegrating Gyro

ROV Remotely Operated Vehicle

RRT Rapidly-exploring Random Tree Planner

RT Robot Task

SA SenseAct

SAR Synthetic Aperture Radar

SAUVIM SemiAutonomous Underwater Vehicle fc

intervention missions

SDA SenseDecideAct

SDB SensoData Bus

SEA Systems Engineering & Assessment Ltd.
SLAM Simultaneous.ocalisation And Mapping
SMPA SenseModelPlanAct

SOAP Simple Object Access Protocol

SOC Southampton Oceanography Centre

SP Sensor Processing

SPA SensePlanAct

SRP SolarRadiation Pressure

SS7 Subsea 7

SSS Servo, Subsumption, Symbolic
STESCA StrategieTacticatExecution Software Contrc

Architecture

TBA To Be Ascertained
TCA Task Control Architecture
TCS Teaching Company Scheme
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TLC
TOM
TRL
TV
UAV
uGv
UML
URBI
usv
uuv
UWE
VFH
VHF
VHF
VJ
WARG
WM

WP

GLOSSARY

Act

Action

Action Selection

Adaptive

Task Level Control

Theory OfMind

Technology Readiness Level

Television

Unmanned/Uninhabited Aerial Vehicle
Unmanned/Uninhabited Ground Vehicle
Unified Modelling Language

Universal Robot Behaviour Interface
Unmanned/Uninhabited Surface Vehicle
Unmanned/Uninhabited Underwater Vehicle
The University of the West of England
Vector Field Histogram

Very High Frequency

Vector Field Histogram

Value Judgement

Waterloo Aerial Robotics Group

World Model

Work Package: aubtask of a project

The process of turning an action in

robot motion.

Single element of a plan used |

actuators to produce robot motion.

Determining the most appropriate acti
based upon a number giotentially

conflicting actions.

The ability to adapt an existin

component based upon a change in
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Architecture

Autonomous

Behaviour

Behaviour Based System

Command Arbitration

Command Fusion

Component

performance or environment.

In robotics, architecture is common
used to describe the robot softwe
structure and/or its actiorselection
methods. More generally, architectur
may be referred t
components and the
interrelationship
Architecture may relate to logical ¢
physical components.

The ability to carry out aroperation
without external interaction. Thi
external interaction includes any flow
information or resources between t
system and system in which it exis
This may include, for example, hum:
control, power or a shared perceptic
A fully autononous, and thus closes
system requires no external interacti

to undertake its activities.

A component providing action outpi

from perception input.

The combination of simple behaviou
through  which  complex overa
behaviour may emerge.

Selecting an appropriate action from
number of potentially conflicting

actions.

Fusing a number of potentiall
conflicting actions to provide a

appropriate action.

A module within an echitecture,
framework or system. An applicatic

or process may be built upon one
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many components. A component m
be constructed from one or many cle

instantiations (objects).

Decide Deciding or calculating the outpt

action of a single behaviour.

Deliberation Planning using an interng
representation

environment.

Emergence i A structure (pe
function), not explicitly representect
the level of the individual componen
(lower level), and whicltappearsat the
l evel of t he syst
Marzo Serugendo, et al, 2006)

Evolution The adaptation of  successi

generations of a solution.

Framework A structure in which components exist
AA framework can
developing a broad range of
architectures and provide a basis for
comparing and ana
(Biggs, 2005).

Goal A high level element of a robot ¢

systemds motivat.i

Guidance Determines progress within a plan a
therefore the next plan element/action

undertake.

Hybrid In  robotics, an architecture th
accommodates both reaction a

deliberation.

Intelligence The ability of a robot to reason about
interaction with elements of the rob

system, including its environment al
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Learning

Library

Localisation

Manager

Mission

Model

Motivation

Open Source

other robots.

The act or pocess of acquiring

knowledge or skill.

A set of components within

framework.

The process of determining the curre
location of a robot within the real worl
or its representation of the world.

The process of turnin
components/behaviours  on/off
altering their weightings based upon

state within a mission profile.

The mission covers the desired lifecyt
of the robot system. It may cover tim
when the robots are operational, t
may also include maintenae, storage
or modification. The missiol
requirements upon the robot are defir
by the user. The mission requireme
are converted to robot motivations by
HRI device.

A component used for creatir
egocentric or glo

environment.

A high-level plan provided to the robo
either hardwired or provided external

by a user or other robot.

Open source is used to define softw
that is transparent, accessib
modifiable and in some situationson
proprietary. In order to be effectiv
open source should be supported

appropriate documentation.
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Open System (Engineering)

Open System (Scieaf

Planning

Perception

Pl an (activity,

Pl an (dat a, i . e.

Reactive

Reflexive

Repairbased planning

Robot

Robust system

Schedugr

Sense

In engineering, open systems are th
that are modular, such that compone
may be added or altered.

In science, an open system is one
which matter or energy can [
transferred between a system and

environment.

Creating and optimising a sequence
events in line with performanc

requirements.

The robot 6s uselfl amnd

its environment.
A component used for creating a Plan
Set of actions or goals.

Providing an output within redime

constraints.

Providing an instantaneous outjatsed
upon a sensory trigger.

A method where an initial plan i
modified to accommodate ne

constraints.

A robot consists of zero or one vehicle
associated with zero or more cogniti
components. It must consist at lease
vehicle or cognitive component. S

Section5.3.6for a detailed explanation

A system designed within specifie

limits of uncertainty.

Determines an appropriate  tin
constraint in  which to undertak

activities.

A component used for acquirin
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SenseAct (SA)

SenseDecideAct (SDA)

SensePlanAct (SPA)

Sensor Fusion

Sequencer

Simultaneous Localisation and Mappi
(SLAM) / Concurrent Mapping an
Localisation (CML)

Solution

Subsumption

System

Systems Engineering

processing and building egocent

maps from sensor data.

The process of directly linking sens

input to actuatocommand.

The process of calculating or selecti
and undertaking an appropriate acti
based upon sensor input.

The process of calculating or selecti
and undertaking an appropriate pl
based upon sensor irpu

Fusing sensor information to impro\

accuracy or depth of information.

Determines an appropriate or optirr

action order.

The simultaneous/concurrent process
building world maps, whilst performin
localisation using localisation sensc

and the world map itself.

A set of components selected frc
within a framework to meet a specif

requirement.

A method of action selection, whicl
when triggered, allows a behaviour
override the output of another, with i

own.

A holistic view of a number o

interrelated components.

iSystems engineer
interdisciplinary, collabrative approact
to the engineering of systems (of any
type) which aims to capture stakehold
needs and objectives, and to transforr

these into to a description of a holistic

Page 20



Unification

A Unified Framework for Mobile Robot Systems, James Goodwin, 2008

life-cycle balanced system solution
which both satisfies the minimum
requiremets, and optimises overall
system effectiveness according to the
val ues of the sta
2005)

The synthesis of statf-theart

techniques.
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ROBOT SYSTEMS ENGINE ERING

When designing a robot, the whole system should be considered. This allows the
designer to take into account all the factors that influence the robot itself. This
robot system can include multiple homogenous or heterogeneous robots, users and
the enviroments (real and simulated). Initially, the designer should be concerned
with the functionality that the system should exhibit, not necessarily if it is located

in hardware or software. A robot framework should therefore encompass-a meta
model for the eiite system, rather than simply encompassing the software aspects
within the robot.

This chapter considers the main design principles and factors that influence robot

system engineering. It contains the following sections:
e Robot Architectures (Sectidhl)
e Classical Control Systems Design (Secto?)
e Self Invariance (&ction2.3
e Learning (Sectior2.4)
e Centralised and Distributed Procegs{Sectior2.5)
e Multi-threading (Sectiof.6)
e Shared Resources (Sectidn)
e Robustness and Reliability (Sectidr®)
e System Decomposition (Secti@m)
e Top-Down and Bottorrup design (Sectiof.10
e Component raise (Sectior2.11)
e Open and Closed Systems (Sectzoh?)
e Robot Software Development Tools (Sectibh3
e Summary (Sectiod.14)

Chapter3 will examine the common components of a robot system. The issues

describedn this chapter may influence one or more of these components.

ROBOT ARCHITECTURES

The term Orobot architecturedé commonly
and/or its action selection methods. The choice of robot architecture is crucial and
will have long lasting implications for the design and implementation of every

component within the system. The architecture must be carefully designed as it has
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been shown to impact heavily on the overall system performance (Gat, 1997).
Unl i ke t he canpondnts,titean beudiffieult 0 make alterations to the
architecture design after its initial selection, without edesign of the entire

system.

Robot architecture design is not a wadifined engineering practice. The initial

view of the Al commuri vy prior to the mid PB806s,
Act (SPA) or SensdlodelPlanAct (SMPA) approach to carry out actions in a
sequential manner. The SPA approach has been implemented on the LinuxBot
robot using a monochrome camera with patterrogeition to identify a goal

(Goodwin, 2004) Simple experiments resulted in the following observations:

e The vehicle was unable to carry out activities while it was observing its
environment and planning its next manoeuvre. This led to long periods of
time where the vehicle was stationary. This stationary period was not only
undesirable from a performance point of view, but could also lead to a

change in the sensed environment before an action was taken.

e Inaccuracies in sensor information and in buildimigrnal maps led to an

unreliable source of information on which to develop a plan.
e The actions undertaken were not interruptible and could lead to collisions.

e Processing each step could take considerable time (up to 30s), due to
limited CPU power.

Various conclusions can be drawn from these observations, some of which are:

e The SPA/SMPA architecture should be modularised/distributed. This
allows the sense, model, plan and act operations to act concurrently and
should therefore eliminate the problem of trehicle remaining still for

any period of time.

e Emergency operations should be accommodated to stop the vehicle or to
manoeuvre it out of danger, should it be threatened by an imminent

collision.

The SPA approach is analogous to a number of decisiaegses developed for
business, civil and military decision making strategies. These include Observe
OrientDecideAct (OODA) developed for military applications by John Boyd
(Ullman, 2007), described in Secti@®13, and PlarDo-CheckAct (PDCA) for
quality control (Shewhart, 1939).
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In an attempt to resolve some of the issues with the SPA approach, architectures
were decomposed into distributed systems and referred as

Deliberative/Hierarchical Architectures.

In the 198006s, a reactive paradigm star
proposed a series of simple vehicles, which directly connected sensory stimulus

with actuators, Senskct (SA) (Braitenberg, 1986). This is similar in some
respects to the work undertaken by W. G
Limitations of the SPA approach and new ideas of providing direct connections
between sensors and actuators led to the development of the Subsumption

architecture.

The Deliberative/Hierarchical and Behavidgdased/Reactive paradigms continued

to coexist in research and development. More recently (around the 1990s),
attempts have been made to combine both Deliberative and Reactive Architectures
to forma Hybrid paradigm.

Annex A analyses a number of Deliberative, Reactive and Hybrid architecture
instantiations. The summaries in the following-selotions 2.1.1to 0) rely upon
the analysis oAnnex A

2.1.1 Deliberative Architectures

Deliberative architectures are generally organised by decomposing the required
system functionality into concurrent modules or components. Such components

include magbuilding, path planning or navigation.
With a modular deliberative architecture the overall complexity of the system may
grow to what eventually becomes a cumbersome and slow device. This level of
complication and slow processing has partly led toitlceease in research into
behaviourbased systems.
In summary, the deliberative paradigm is shown to have the following
characteristics:

e Requires an internal map

e Attempts to optimise a route through path planning

e Hierarchical distribution leads to vehicéstraction

e Slow (high level of processingnd unreactive (no direct link between
stimulus and action). With increased processing power, this disadvantage

over reactive techniques widiminish

e Reliant upon accurate mapping techniques
Page 24
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¢ Vehicle dynamis may not be considered in path planning, creating a layer

of abstraction between software and hardware.

e For well defined deterministic environments.

2.1.2 Hierarchical /Three -layered Architectures

The deliberative components lend themselves to a hierarctricetuse. The most
common approach used by many designers is to use multiple levels of control, the
high levels generally relating to long tirseale, discrete events and low levels
relating to short time, continuous events (Gat, 1997). Each layer rsay al
represent a level of abstraction from the hardware. Many approaches have been
used to allocate tasks to each level within a Hierarchical Architecture. Section

2.1.8provides a review of the approaches describeshimex A

In a typical distributed, parallel SMPA system, information flows from a sensor
information laye to a mapping layer, then onto planning layer; a plan will then be
passed to a manager, which allocates controllers with reference signals. This
information flow forms the basis of many 3 level architectures, which are

segregated according to their riiate constraints.

Various labels have been associated with each of these layers. In the space domain,
these layers are primarily referred to as Guidance, Navigation and Control
(GN&C). Some further examples are as follows, some of which will be further

examined inAnnex A

e Guidance, Navigation and Control (GN&C) (Tamblyn et al, 2007)
described in Sectio6.2.2

e Controller, Sequencer, Deliberator (Gat, 1997).

e Reflexive, ShoHTerm Behaviours, Lond erm Behaviours of the
AVATAR architecture (Fagg et al, 1993) described in Sechdh

e Regulation Layer, Trajectory and Tactical Planning Layer, Strategic
Planning Layer of the Flight Vehicle Management System (FVMS) (Koo et
al, 1998) described in Sectiénl3.

e Low-Level Controllers, Miel.evel Controllers, HigH_evel Controllers of
the Open Control Platform (OCP) (Wills et al, 2000) described in Section
A.19.

e Execution Level, Tactical Level, Strategic Level of the Strat@égicticat

Execution Software Control Architecture (STESCA), described in Section
A.26 (Nelson et al, 1999).
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e Execution Layer, Control Layer, Planning Layer of the Intelligent Task
Oriented Control Architecture (ITOCA), described in Sec#ob6 (Ridao
et al, 1999).

e Stabilising Layer, Path Layer, Navigation Layer of the WARG Helicopter
architecture, described in Sectidr28 (Lai et al, 2000).

The main difference between these systems is in the high levelplpatting

layer. Path planning impacts upon the choice of low level control systems.
Managerial style planners activate andagdévatebehaviours in the low levels in
order to carry out a sequence of activities. For example, a planned path may
contain a combination of controllers, such as go forward 1m, turn left 1m.
Trajectory style planners simply pass in a desired trajectory oeneferwhich is

then followed by a trajectory following controller.

The upper layers are abstracted from the vehicle dynamics and can, if not provided
with sufficient information, lead to nemptimal planning solutions. Such
abstraction and resulting penflance degradation is a valid argument against using

generic planning components for a wide range of vehicle types.

2.1.3 Subsumption Architecture

The Subsumption architecture, developed by Brooks (1985) is seen as the first
major move away from the SPApproach. The Subsumption architecture is

formed using a collection of concurrent behaviours placed in layers. In
Subsumption, the highéevel behaviours always, if triggered, subsume the output

of lower behaviours and therefore have overall control. I n Brookso
implementation, owing to its simple behaviours, the Subsumption architecture also
provided a departure from the use of world models as it required no internal map of

the environment. Researchers had noticed that the inaccuracy relating to these
internal model s had in some cases |l ed t
2000). At higher levels, however, the Subsumption architecture may still employ

methods of world modelling and planning.

Although Subsumption is referred to as an architectit may be more intuitive to

| abel 6Subsumptiond as an action select
met hods used to decompose | ayers within
treated as a behavioural and hierarchical decomposition. Ah2&explores the
Subsumption architecture in more detail. Sect®8 analyss decomposition

techniques.
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The Subsumption Architecture is sometimes perceived as a biological metaphor
and there is some evidence to suggest that the vertebrate brain is arranged as a
layered architecture with behaviours coordinated by the basal géRghscott et

al, 1999). When implemented with goal seeking and obstacle avoidance
behaviours, the Subsumption Architecture can be used to navigate a scene with a
certain degree of success (Gat, 1997). The advantages and drawbacks of the
Subsumption appezh are listed as follows:

e The decomposition of behaviours rather than functional components is
perhaps more intuitive, although this depends on the perspective of the

designer.

e Complex navigation tasks observed from a global perspective can be
achieved rhatively simply by performing navigation tasks on a local

perspective through simple behaviours.

e Working from a local perspective can lead to solutions that fall into areas

of local minima.

e The resulting path of a vehicle controlled under the Subsumption

Architecture is unlikely to be optimal from a time and energy perspective.

e Switching between behaviours can lead to erratic movements. From a
control point of view these movements are undesirable as efficiency
deteriorates and may put significant straintioa vehicle. In competitive
reactive command arbitration, such as Subsumption, performance criteria
are only considered in the behaviours themselves and not in their
combination. In experimentation the Subsumption architecture has clear
advantages in sd over the SPA approach (Gat, 1997). However, its
outputs are not always reliable or smooth as control may quickly and
erratically pass from one behaviour to another. The reliability of
Subsumption can be poor in experimentation; in some cases the robo

system will not complete its task effectively (Gat, 1997).

The Subsumption approach has since been expanded using a variety of action
selection methods and behaviour networks (Mataric, 1999). These fundamental

techniques have been combined to form iblel of Behaviour Based Robotics.
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2.1.4 Behaviour -Based Robotics/Reactive Paradigm

BehaviourBased architectures fAconsist of a c¢
and/ or mai ntain goalso (Mataric, 1999) .
inspired or derivedising simple principles.

A behaviour is the ability to form a reaction to a given scenario. Behaviours are
generally described by the link between their input and output, rather than their
internal workings. A behaviour may therefore consist of a numbeomponents,

which when combined produce the desired behaviour. A behavémad system

is a network of behaviours, each capable of obtaining signals from sensors and
outputting signals to actuators or other behaviours. Behaviour based systems may
comprise of SA, SDA and SPA behaviours. SA, SDA and SPA behaviours are
described in more detail in Sectibr2

Although Subsumption may accommodate map buildind path planning at

higher levels, Brooks in later work advocates the use of simple behaviours through
which complex behaviour may emerge. Br o
is its own best model 0, upon which the
However, such an approach may not yield optimal results. The world for an
individual s viewpoint is only based wupo
myopic. Long term, efficient navigation systems, used by humans, operate on the

basis of knowledge ut si de t he individual 6s field o
requires a form of map, the objective being that details within a map or model are

easily accessible in the form required by its user, which is not the case where the

world itself is used ahe model.

The concept of creating complex behaviour from simple behaviours and
sensorimotor pairings forms the drive behind the reactive paradigm and behaviour
based robotics. In summary, the behaviobased/reactive architectures have the

following characteristics:
e Reflexive or Reactive (direct link between stimulus and action)
e Do not require an internal map
e No techniques to optimise the overall mission

e Poor action selection techniques (command arbitration and command
fusion) leading to instabilitygfratic control action) and areas of local
minima.

e For simple tasks in an uncertain environment combining reactive {event
driven) and proactive (godlriven) behaviours.
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¢ In areactive system, behaviours can be comprised of SA and SDA
behaviours. SPA andVB?A behaviours can be used to accommodate
planning activities, usually, as Brooks (1985) suggests in the higher levels.

2.1.5 Hybrid Architectures

The characteristics of deliberative and reactive paradigms are highlighterine
2-1, an adaptation from Arkin (1998).

DELIBERATIVE REACTIVE
] -
-
SPEED OF RESPONSE
-
PREDICTIVE CAPABILITIES
-

DEPENDANCE ON ACCURATE, COMPLETE WORLD MODELS

Representation-free
Real-time response
Low-Level intelligence
Simple computation

Representative-dependent
Slower response
High-Level intelligence

Figure 2-1Deliberative and Reactive Systems, adaptation from Arkin (1998)

Combinirg the beneficial attributes of deliberative and behaviour based systems
has led to the development of Hybrid Architectures. Such an architecture combines
the ability to optimally plan actions, as in a deliberative system and also react

quickly to a scenaw, as in a reactive behaviour based system.

The traditional three level architecture is sometimes confused with a hybrid design
as it combines lovievel controllers with high level planning. However, the
significant difference between these approaches lies in the flow of sensory triggers.
Reactivity requires the ability for sensors to directly trigger a behaviour, which a
standard three level architecture is incapable of performing. Traditionally, the
threelevel architecture relies upon the modification of high level plans and the

feeding of thismew plan to the lovlevel reactive components.

There are a variety of hybrid architecture designs, some of which are examined in
the case studies ghnnex A Murphy (2000) outlines some of the necessary
characteristics for a hybrid robot architecture. Some of these characteristics have
been combined with those proposed by Arkin (1988)reate the following list of

hybrid architecture requirements:
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e Support for parallelism. Reactive and deliberative architectures both
require some form of parallel behaviour, where a number of processes must

be performed simultaneously or at least within their-tiea¢ constraints.

e Hardware Targetability. How can the architeate be implemented on

the robot hardware?

e Modularity. Does it show good software engineering principles?

Modularity supports software ##se and abstraction from errors.
¢ Niche Targetability. How well does it work for the intended application?

e Portability. How well would it work for other applications or other

robots?

¢ Robustness. What mechanisms does the architecture provide for fault

tolerance?
e Run-Time Flexibility. How can the system be adjusted during operation?

e Performance Effectives.How well does the robot perform its intended
tasks(s)? Measures such as completion time, energy use and minimum

distance travelled are all appropriate measures.

Fundamentally both deliberative and reactive architectures use a form of plan. In
the case of a reactivsystem a prdefined or harewired plan is provided as a
reaction to stimulus. Deliberative architectures tend to create new, long term plans,
which may require significant processor time and may therefore not allow it to
react to sudden changes inetsvironment. With increased processing and sensing
speeds the differences between the two architecture types will become less
apparent and may give deliberative architectures the advantage as they are able to
perform optimal planning from a global perspee.

To review, in order to classify as a hybrid, the architecture should exhibit the

following characteristics:

e Reactivity. The architecture is able to act quickly to changes in its
environment. This is usually achieved by allowing for a direct link

between sensor and action.

e Deliberation. Longterm plans are created in the form of a sequence of

actions and/or desired trajectories.

e Egocentric and world map building or storage A map facilitates

deliberation. Maps may also be used in a reactaener, i.e. a reaction is
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formed based upon internal knowledge of its environment rather than

recent sensor data.
e Coordination of activities:

0 Sequencingof activities according to predecessors and followers,
such as tasks or waypoints

0 Schedulingof activities according to resource availability

0 Action selection (Command Fusion, Command Arbitration)
allows for the coordination of unplanned activities, such as reactive

components.

2.1.6 Top-Down and Bottom -Up Control

Top-down and bottorup control referdo the passing of control reference signals,
triggers or messages. Deliberative and Behawased/Reactive architectures
may be categorised as tdpwn control and bottorap control respectively.

In top-down control, sensory information is passed upugh the architecture to
develop system maps and future plans. The plans are then passed down through
the system and executed. In this style of architecture there is no direct link between
sensors and actuators. In comparison botipntontrol is wheresensors may

have a direct link to actuator commands, hence enabling them to react quickly.
Top-down
o Hierarchical levels selectively enabling, disabling modules at lower levels
or by passing reference signals.
e Each level controls the level beneath it assuanes that its commands will
be executed as anticipated.
Bottom-up

e All behaviours are active and decide for themsellased upon sensor

triggers,whether they are relevant to the current situation.

Top-down and bottorup control should not be confused with {@vn and
bottomup design introduced in Secti@mlQ

2.1.7 Cognitive Architectures

Robot architectures arinextricably linked to cognitive architectures. Cognitive
architectures primarily focus on a syst
performing reasoning and learning when interacting with their environment.

Where a cognitive architecture has a igkh with which to perform these
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operations, it is known as a robot, or embodied intelligence. BDI (Beliefs, Desires,
Intentions) is a typical example of a cognitive architecture model (Bratman, 1999).
BDI architectures are ones in which the Beliefs, ifeéssand Intentions of a robot

are explicitly defined within the architecture:

e fiBelcicerfrsespond to information the ager
(Bratman, 1999)

e i D e s lepresent states of affairs that the agent would (in an ideal world)
wish to bebrought  a b(Bratrhan, 1999)

e filnteneporsent desires that it has co
(Bratman, 1999)

The review of architectures iinnex A primarily focuseson robot architectures.
Where cognitive architectures are associated with a vehicle, they are also included
in this annex. Subsumption, for example, may be classed as both a robot and
cognitive architecture, as it may be described with or without artiased vehicle.
CogArch (2007) provides a cognitive architecture review. Deliberative, hybrid and
reactive architectures may be classified as cognitive architectures, or robot

architectures when associated with a vehicle.

Cognitive architectures may alsbe based upon connectionist theories and
implemented using artificial neural networks. Although connectionism theories
and neural networks rely upon learning techniques, such as back propagation
(Beale, 1997), there is evidence in nature that connestisyétems are organized
within a framework, separated into areas such as the cerebrum, brainstem, basal
ganglia, thalamus and hypothalamus and each responsible for different processing
requirements (Bryson et al, 2001).

2.1.8 Review

Table 2-1 provides a review of the robot architectures exploredAmmex A

Although not upto-date, Ridao et al (1999) also provides a review of architectures.

Architecture | Decomposition Deliberative Reactive
Mechanisms mechanisms
3T Behavioural, Planning based upor A skills manager to
Functional, goals, resources ang coordinate
Hierarchical time constraints. behaviours.
4D RCS Functional, Self Accepts task inputs | None
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Architecture | Decomposition Deliberative Reactive
Mechanisms mechanisms
invariant from a supervisor
NASREM Functional, Common memory | Unknown
Hierarchical used for task
decomposition
AIS Functional Based upon BDI None
model
Asterx Behavioural, Unknown Unknown
Functiona
ATLANTIS Behavioural, Plans sequences of | Use of classical
Functional, behaviour and control systems ang
Hierarchical controller activation.| behaviours.
Behaviours
managed using a
sequencer.
Aura Hierarchical, Hierarchical Schema controller
Reactive planning
compromising
mission planner
(goal based), spatial
reasoner (waypoint
planning), plan
sequencer
(converting
waypoints into
schemas)
AVATAR Behavioural, Sequencer Low level controller
Hierarchical responsible for attaining and
producing a set of | maintaining
appropriate heading, thrust and
behaviours. attitude.
BAUUV Behavioural, Hierarchical Low level
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Architecture | Decomposition Deliberative Reactive
Mechanisms mechanisms
Functional, planning. Goal controllers for
Hierarchical based distribution attaining and
amongst multiple maintaining
AUVs. Goal based | waypoints.
sequencing. Transit
planning for goals
and between goals.
Obstacle avoidance
based upon repair
based planning
(waypoint insertion).
BERRA Behavioural, Planning ObjectOriented
Functional, mechanisms linked | behaviours,
Hierarchical, to human interface. | providing
ObjectOriented abstraction to
hardware.
CLARAty Functional, Goal based tree Objectoriented
Hierarchical, planning. hardware
ObjectOriented abstraction for
sensors, actuators
and manipulators.
DAMN Behavioural Mission planner Active behaviour
coordinates the output arbitration
activation of performed by voting
behaviours. or fuzzy voting.
FVMS Functional, Trajectory planner | Feedback control tg
Hierarchical creates a sequence | attain and maintain
manoeuvres. reference signals
provided to
accomplish
manoeuvres.
GAVIA Human Analogous| Unknown Unknown

Page 34



A Unified Framework for Mobile Robot Systems, James Goodwin, 2008

Architecture | Decomposition Deliberative Reactive
Mechanisms mechanisms
Functional

HYSTE Behavioural, Unknown Schemas
Functional,

Hierarchical

ITOCA Functional, Unknown Unknown
Hierarchical

LAAS Functional, Unknown Unknown
Hierarchical

MIT Functional, Sequencing of low | Low level

Aggressive | Traditional control | level controllers. controllers to attain

control system and maintain

system trajectories.

OCP Functional, Unknown Low level
Traditional control controllers to attain
system, and maintain
Hierarchical trajectories

OOCAA Behavioural, Hierarchical Low level
Functional, planning controllers and
Hierarchical, reactive
ObjectOriented components for

obstacle avoidance
PAT Hierarchical Inner and outer Low level
control loops for controllers and
passing command | reactive
signals. Allows for | components for
seamless integration obstacle avoidance
with a human
operator.

RBM Hierarchical Provides a mission | Contains Sense

Human Analogous

script for execution.

DecideAct

behaviours.
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Architecture | Decomposition Deliberative Reactive
Mechanisms mechanisms
Saphira Behavioural, Built upon Reactive behaviour,
Functional Procedural based upor
Reasoning System | information stored
(PRS) and basis of | in Local Perceptua
multiple information | Space.
representation in
Local Perceptual
Space (gridbased,
linear surfaces and
semantic
descriptions)
SPOTT Behavioural, Global planning Behaviour defined
Functional, (Dijkstra algorithm) | using a rule based
Hierarchical Local planning base( language TR+.
on potential fields
SSS Behavioural, Combination of Subsumption
Functional, servo layer, a behaviours
Hierarchical Subsumption layer
and a symbolic layer
STESCA Functional, Unknown Unknown
Hierarchical
Subsumption| Behavioural, Subsumption may | Low level
Hierarchical accommodate map | behaviours providec

building and path
planning at high
levels within the

architecture.

for vehicle safety.
High level
behaviours providec
for observation,
map building and
planning.
Arbitration using

Subsumption.
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Architecture | Decomposition Deliberative Reactive
Mechanisms mechanisms
WARG Functional, Navigation manager| Low level height
Hierarchical for determining and attitude
flight path. controllers

Table 2-1 Robot Control Architecture Review

CLASSICAL CONTROL SYSTEM DESIGN

The majority of robot architectures rely upon classic control systems for low level
feedback, such as trajectory following, or the maintaining of actuator values.
These activities may be accomplished using feedback control loogs, asuc
Proportional Integral Derivative (PID) controllers. The MIT helicopter described
in Annex A.18 uses inner and outer feedback loops to undertake aggressive

manauvres, such as barrel rolls.

Significant difficulties may be encountered when combining and switching
between controllers. Oscillations, instability and erratic motion during mode
switching may be observed in both control systems and behaviour sz,
Classical control systems normally utilise switching for the following reasons
(Leith et al, 2003):

e Plant Dynamics Switching or interpolating between locally valid models.

e Performance Switching between a number of control structures
automaticdy results in control systems that are no longer constrained by
the limitations of linear design. Switching based control systems may

therefore result in performance improvements.
e Robustness Robust performance in the event of component failure.

e Adaptive Control: Switching between multiple adaptively tuned
controllers may be constructed to be capable of coping with both unknown

and timevarying parametric uncertainties.

e Decentralised DesignEach component sedystem is usually designed in
relative isoation, and the overall system is constructed by combining each

subsystem by means of some appropriate supervisory logic.

Within behaviouwbased control, switches occur when a new behaviour is triggered,
with similar results to those of a decentralisedign. The Lyapunov stability of

such systems in control theory is formalised using Passivity theory (Slotine and Li,
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1991). The stability of behaviotmased systems may be proved using the second
order Lyapunov stability theorem (Harper and WinfieldD20 An alternative
approach is to fuse the outputs of each controller. In behaviour based systems this

is known as command fusion, which will be described in the Se8tbn

Coupled/De -coupled control
In navigation systems, attaining a waypoint, described by a position and attitude,

may necessitate the control of multiple actuators. These actuators may, for
example, control speed, heading and depth. kow@pled system, altering an
actuator to control a depth, may impact upon speed or heading. A control surface
of a submarine is a typical example. In such cases, the control system may need to
be considered as a whole. This may be achieved by providitigla levels of

control, commonly known as inner or outer feedback loops

Where possible, the design of a vehicle should attempt 4wodigle actuation

mechanisms to reduce the control system complexity.

SELF INVARIANCE OR S ELF-SIMILARITY

In the naturalworld, examples exist, which exhibit sslimilarity or scaling
invariance. Essentially the same basic structure is repeated on different scales.
The fern leaf is a classic example; the pinnation consists of many leaflets, which
are identical in structerto the main leaf. The principle may also be applied to
organisational management where each manager is responsible for a set of team
members and they in turn may be responsible for their own team members. In
mathematics, seimilarity forms the basisf a fractal, such as the Mandlebrot set
(Mandlebrot, 1982).

Self-similarity may be used to develop hierarchical architectures to control both
single and multiple robot systems. This style of architecture is exhibited in military
organisations and is thieasis for the 4D RCS NIST architecture, described in
Annex A.2. Using the principles of se#fimilarity can help reduce the system
complexity by providing standd units. MCA also uses standardised units to form

an architecture, as describeddri4.

LEARNING AND ADAPTAT ION

Learning and adaptation should in some way wmw i mpr ovi ng a
knowledge or ability to complete its prescribed tasks. In a modular approach,
learning and adaptation should therefore involve modifying or adding existing

components within one or more robots. Learning may also involve building a
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perception of the environment, where the perception includes itself, other robots,

processed sensor data and the environment in which it operates.

The learning process to build a perception of the environment will involve the
robot 6s s ens oleaning protkeswray adso be perfarmed using the
robotds internal perception of the envir
may, therefore, use its internal perception of the environment to run simulations for

the purposes of path planning. Tldot may also use its internal perception of the
environment to perform learning activities. For example, the robot may, through
simulation, use its internal perception to tune control parametdltanately, any

l earning activitisisternhl percemtion wii benlimitedhley r o b o |

accuracy, as discussed in Section 3.1.6.
Learning and adaptation can also be observed in the following situations:

e Adaptive control ensures that performance is maintained or improved by

tuning controller parameters

e Adaptive switching mechanismsmprove controller switching and action

selection.

e Learning how to interact effectively with the robotand its interfaces.
Learning may therefore lead to altering/sliding levels of autonomy and user
interaction, dependingnathe skills and requirements of the operator
(Sellner et al, 2006).

e Learning an appropriate or optimal sequence or schedulef
behaviours/activities in order to accomplish a goal. This stored sequence
or schedule may then be used at a later date. &dnisihg may occur by
physical experimentation with the vehicle, or by using an internal
perception of itself (i.e. carrying out internal simulations using its
dynamics model). Reinforcement, where the robot learns through reward
mechanisms (Kaelbling et,d996) or Hierarchical Learning methods, are
appropriate in these cases. This process could be considered as planning,
expect here a plan is formulated before a requirement to undertake the
activity.

e Learning and adapting a perception of itself(i.e. creating a dynamics
model). This dynamics model may be used for path planning or fault
detection. System identification methods, sucAwas-Regressive
Moving Average with Exogenous Inp(ARMAX) (Juang, 1994) and Nen
linear Auto-Regressive Moving Averageith Exogenous InpulARMAX
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(Chen and Billings, 1989) modelling may be used, as well as artificial

neural network training methods (Beale, 1997).

e Learning about the robots environmentby creating world maps, using
techniques, such as Simultaneous Locttiseand Mapping (SLAM)
(Leonard et al, 1991).

e Adapting the r ob o treemfiguation)f, forgxampdet i on (s
altering sensor or actuator positions on the vehicle to more effectively
perform behaviours.

e Learning new behavioursor disregarding oldniappropriate behaviours
(Kira et al, 2004).

e Learning through education, where education consists of examples or
processes, which are intended to enha

to create new behaviours.

Learning and adaptation should lsensidered as both parallel and separate
activities. A robot may therefore learn whilst performing an activity; for example,
tuning control parameters whilst the robot is following a trajectory. Alternatively,
the robot may perform learning as a spectésk; for example, exploring its

environment to build a map.

Systems (biological or manmade) can also improve or alter the way they interact
with their environment through evolution. Evolution may be observed in
successive generations of a biologicaltsys  Evolution in manmade systems
can be replicated using Evolutionary Algorithms, such as Genetic Algorithms
(GA). A GA is a search technique that directs successive epochs towards a desired
performance. GAs may therefore be used to find a near apsoiution to a
specific problem. At a sufystem level, for example, GAs can be used to
determine an optimal solution to a control problem by providing PID coefficients.
Unlike adaptive control systems these algorithms are usually run offline using
simulated results. At a higher level, GAs could be used to determine the optimal
configuration and design of a robot system.

CENTRALISED AND DIST RIBUTED PROCESSING A ND CONTROL

Distributed control refers to a system design where control elements are organised
and distributed into processing ssystems. Although centralised control systems

may contain control multiple control systems, they are organised within one
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processing unit (Coulouris et al, 1994). Distributed control is used where it is

advantageoust

e Physically locate the processing closer to the system it is controlling,

therefore reducing communications overheads.

e Separate processing into smaller, more manageable portions. These units
may ease the process of safety and reliability certificasilbowing unit

testing to be undertaken on each-sybtem.
e Provide redundant processing units.

e Perform activities concurrently, described in Secfdh
In roboics, distributed control can be used where:
e A single robot uses multiple sensor systems, which incur a processing
overhead. Providing multiple sensor processing centres reduces the

processing load of the centralised controller.

e A single robot uses multiplactuators, which themselves may have a level
of autonomy. For example, each leg of a reljiged robot may be
controlled by a sulsystem controller, providing simple feedback loops.

e A swarm of robots are each controlled by their own processing sub
sysems.

When compared with centralised control, distributed control may either increase or
decrease the level of communications required. When designing a distributed
system, a tradeff must be made between ssfstem autonomy and
communications ovelnead. When designing a distributed system it is necessary to
break the problem into smaller sections. System decomposition techniques, such as

those described in Secti@®, are applicable for this task.

A number of tools are available to support communication between software
components or applications, otherwise known as middleware. These middleware
tools provide a level of abstraction between the operating systensaftware
application. This thesis will not explore these middleware tools in detail.
However, examples of generic or enterprise middleware tools/specifications

include:

e CORBA (Common Object Request Broker Architecture) is an open

communication specifation (OMG, 2008)

e ACE (ADAPTIVE Communications Environment) is an opswurce
implementation of CORBA with C++ wrappers (Schmidt et al, 2008).
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e SOAP (Simple Object Access Protocol) primarily for communication via
HTTP and is naturally divorced from opersgisystem or language (W3,
2004).

e DCOM (Distributed Component Object Model) is an extension to COM
(Component Object Model) and allows processes to communicate across
distributed computers. DCOM is now largely superseded by COM+.

e HLA (High Level Architecture) is primarily used for distributed
simulations and used by Flickiger et al (2002) as a basis for a Martian
rover simulation.

In robotics, specialist middleware tools are available, which combine middleware
messaging frameworks hita robot specific Application Programming Interface
(API1) and in some cases raahe controls. The following examples are expanded
in Annex B

e TCA (Task ControlArchitecture) (TCA, 2007). Superseded BC (Inter

Process Communication) afm®L (Task Description Language),
e URBI (Universal Robot Behaviour Interface),
e Player (Gerkey et al, 2005),
e MIRO (Middleware for Robots),
¢ MARIE (Mobile and Autonomous Robotics Integration Environment),
e CoRoBa(Controlling Robot with CORBA),
e ORCA (ORCA, 2008).
RobotStandards (2008), Colon (2006) and Oreback (2004) provide reviews and

comparisons of generic and robot specific middleware. In ofdstese examples

the middleware is described as a framework and is used to represent both a
communi cation protocol and robot API
represent the entire robot system; communication and robot hardware API being a
potential component of the overall structure and not its core. This is explored in

more detail within Chaptes.

MULTI -THREADING/CONCURRENT PROGRAMMING

Where multipg, synchronous or asynchronous processes are implemented using
concurrent programming, it is commonly referred to as ntlutdading.  Multi
threading is generally achieved through tisieing, where each thread is allocated

a time to perform its activiés on a single processor, providing the appearance of

Page 42



2.7

A Unified Framework for Mobile Robot Systems, James Goodwin, 2008

parallel processingTrue parallel processing requires multiple proces@raunl,
1993).

Multi-threading therefore allows the developer to design systems, using multiple
threads, without being reged to develop the underlying process scheduling of the
operating system. This allows the developer to use common system decomposition
techniques, which are explored in the following sections. Where the threads are
guaranteed to meet the developers sicg time constraints, they are referred to

as hard realime systems. Soft retime systems can operate in situations where
degraded performance is accepted. Non-tiga systems are appropriate for
situations where there are no processing or tinmstcaints on operation. Multi
threading is therefore an enabler for implementing a behaviour based system using

a single processor.

Examples of common multhreading standards and implementations include
BOOST (described iB.8), POSIX Pthreads (Nichols, 1996) and the Windows API
(MSDN, 2008). Where hard retiilne constraints are required it may be necessary

to use scheduling systems that guarantee a regulasltitnen a processor.

SHARED RESOURCES

Although not exhaustive, resources may include, sensor information, actuator
controllers, world maps or energy sources. Resources may be shared amongst
multiple processes within the same robot, or amongst multiph®ts. For
example, two threads within the same robot may require the same sensor
information, and at the same time the sensor information may be updated by
another processing activity. Shared resources must therefore be managed, perhaps
using messagesutexes (mutual exclusion of resources) or memory management
within the same PC or over multiple distributed processes. Such synchronisation
may ultimately lead to times where each process waits for another to release the
shared resource. Although shdreesource management techniques exist, their
implementation may be a significant burden to the developer. Poor implementation

may lead to deadlock.
In robotics, common examples of shared resources include:
e A sensor processing thread and a behaviourdogiires its output.

e Multiple distributed processing robots building a single world map.
(Collaborative/Decentralised/Distributed SLAM, (Burgard et al, 2000),
(Yilmaz et al, 2004).
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ROBUSTNESS AND RELIA BILITY

A system is robust when it is capable of perfioigrits activities in the presence of
uncertainties be it environmental, sensor or actuatmrcertainty A system is
reliable when its failure is minimised and, when a failure is present, it is capable of
performing activities by utilising redundancy ameconfiguration

A robust design refers to a system that is designed within the limits of uncertainty
(i.e. error tolerance) Uncertainty may occur anywhere within the system, such as
the robotds perception of i1 ts environmend
In cases where high ralbility is required, redundancy along with the minimisation

of single point failures should be considered. A robust design may necessitate
sensor fusion in order to increase its level of certainty. In which case, if a sensor
fails, the solution may beapable of continuing its operation, therefore meeting
reliability constraints, but not ensuring robust operation. Similarly if a method of
control fails, the robot may be lelto reconfigure its actuator control methods in

order to continue its mission.

SYSTEM DECOMPOSITION (MODULARITY)

The majority of systems, software and robot engineering problems are best solved
by decomposing the problem into smaller, more manageable components.
Although the majority of system decomposition techniques are softwansdd,

they may be applied to the system as a whole.

Nesnas et al (2007) provides a comprehensive overview of common decomposition
techniques used for experimental robotics software engineering. Broadly speaking,

system decomposition techniques fatbithe following categories:
e Functional (Sectio2.9.])
e Behavioural (Sectio.9.2
e Operational analogous (Sectiar®.3
e Hierarchical, layered or stdystem (Sectio.9.4
e Data flow (Sectior2.9.5
e State/Schedule (Secti@9.6
e Object Orientated (Sectich9.7)

In reality, a combination of these techniques may be useda& dosvn a problem.
When performing decomposition, the developer should consider coupling,

cohesion (Zeng, 2007) and repetition:
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e Coupling is used to describe the interactions between components. Whilst
meeting the system requirements, coupling shouldibemsed to reduce

inter component communication.

e Cohesionis used to describe the interactions within components.

Cohesion should be maximised in order to minimise coupling.

e Repetition should be reduced. After decomposition it may become
apparent that odules rely upon similar processes. These processes may
be further modularised to reduce repetition. In certain situations, such as
redundancy, repetition may be advantageduss reduction is repetition
is one of the main objectives of the Servicee@@d Architecture (SOA)
approach to design (QHQ, 2008).

It should be noted that system decomposition is essentially a method of reducing
the solution search space, similar to that of hierarchical inclusion, described in
Chapter3. Whilst it provides simplification to the system developer, if should be
used wisely, as system decomposition may limit the designer to -aptiomal

solutionand may inhibit future enln@ements.

2.9.1 Functional

A common approach to decomposition is to split the required functions of the

system into hardware and software modules, which may then be further subdivided.

The functions should be based upon the functional requirements. Functional
requirements can be derived from user requirements. For example, the user may
require that 6éthe route taken is opti mal
del i berative architectur e, the functi ona

inct ude a path planning modul eéb.

2.9.2 Behavioural

System decomposition may also be approached using behavioural decomposition.

Here behaviours are directly based upon user requirements. For example, the user
may require that t he & r oabvoati dti man sa bt sst
Behavioural decomposition will therefore result in separate goal seeking and
obstacle avoidance behaviours. Although the developer may identify behaviours,
behaviours may be further subdivided into simple components using belahaour

functional decomposition.
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Behavioural decomposition is the basis for Behaviour Oriented Design (BOD),
(Bryson, 2007). The BOD methodology requires the development of a library of

behaviours along with an action selection plan.

Operational Analogous

In cases where a robot is to replace a human operator, it may be most appropriate to
replace each operation performed by the human operator with an analogous robot
operation. This approach enables seamless integration with an existing system.
This is pehaps most appropriate in the military domain, where command, control
and information flow are rigorously defined. Such approaches are being used in
the civilian UAV domain, where UAVs must interact with human operated traffic

control systems in the sam@anner as a human piloted aircraft (CAA, 2004).

Hierarchical, Layered or Sub - System

Hierarchical, layered or sttystem decomposition relates to the grouping of
modules into layers or stgystems. These layers/ssystems represent different
physical loat i ons, operational frequenci es,
example of the Subsumption architecture, layers are built to ensure the safety of the
vehicle and therefore low levels have greatest priority), hardware abstractions or

operational scope, sh as time or range.

Hierarchical decomposition is widely used (see Se@idrB to provide a level of
abstraction between the vehicle and its software. It alsy provide abstraction
between deliberative and reactive components within a hybrid architecture.
Hierarchical decomposition or sugdystem grouping can also be used to aid
visualisation of the system and may have no effect on the operation or itistantia

of the hardware or software in the system. As hierarchical decomposition may
represent different principles, such as priority or time scale, visualisations should

be carefully labelled.

Data - Flow

In Dataflow decomposition, the system is decompodeyl analysing the
communications and data flows required (Yourdon, 2007). The developer starts
with a high level Data Flow Diagram (DFD), which is then further decomposed.
The DFD represents the main processes of the system, their interaction being
repregnted by communications lines. Although components in a system described
using datelows may be based upon functional or behavioural decomposition, the
technique focuses on the communications between components.

Page 46



2.9.6

2.9.7

A Unified Framework for Mobile Robot Systems, James Goodwin, 2008

State/Schedule

A system may exhibit manyeates. These states may include, for example;déke

or landing. Stat¢ransition diagrams are a method of visualising the transitions
between states. Within these states a number of behaviours or functions may be
exhibited. The designer may therefochoose to base the breakdown of
components upon these states. It is likely that the mechanisms for changing state
will finally reside within a module that handles the activation andativation of

control systems or behaviours.

It should be noted the&tateTransition and DFD diagrams use similar notation to
describe different mechanisms. The Unified Modelling Language (UML) provides
statemachine and collaboration diagrams with differing notation, in order to
alleviate this problem.

Object Orientatio n

Object oriented design moves away from the software centred approaches of
functional decomposition, dafibow design and data structure design, by
considering the objects within the system. An object is an instance of a class,
where a class is used ttefine the characteristics of an object, including its
attributes and associated methods. Object orientation promotese rand
generalisation through encapsulation, inheritance and polymorphism:

e Encapsulationallows a class to be treated as a blaok, without the
necessity to know thexactcontento f a c¢ | a stbu§movidmga h o d s
layer of abstractionThe internal state of the class may also be hidden

from the developer by, for example, using private attributes.

e Inheritance allows a derived @lss to inherit methods and attributes from a
base class, therefore allowing derived classes a secure method of extending
existing functionality. This allows a system to easily expand upon its core

capabilities, but can lead to complex multiple levelgbéritance.

e Polymorphism allows derived methods to override those contained in the
base class. Polymorphism thus improves abstraction by allowing the
system to call an object at the most appropriate level of inheritance.

The UML is an appropriate methdor describing and visualising an object
oriented system (Holt, 2001However, it is difficult to find a direct mapping from
objectoriented principles to UML and its subsequent software language, such as
C++, C# or JAVA.
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TOP-DOWN AND BOTTOM -UP DESIGN

This thesis is concerned with the idea of softwarese and the necessity to set
standards within the robot industry, therefore allowing components to fit into a
generic framework. These components can then hesae in other systems,
essentially a botto-up approach to design.

The space industry, however, is conservative in its approach and generally wishes
to ensure that designs are tailored to the specific task. Ensuring that the vehicle
uses a minimum amount of resources is usually a significantraos Essentially

a TopDown design, based upon specific requirements.

In a reality a mixture of both bottoop and topdown techniques are used to create
a working solution (Terpenny et al, 1998A significant part of this thesis is
therefore to dermine how to optimise the results of a bottopnapproach to

design and take into account the highly specific constraints of the target vehicle.

COMPONENT RE-USE

In an area where so many research groups, exploréchnex A use reactive,
deliberative and hybrid architectures, software and algorithuseecould reduce
workloads. This is an area where a unified framework may be of significant

benefit.

Perhaps themain reason robot engineers have ignored the standardisation of
algorithms is that a standard architectural breakdown, or API is not available or
appropriate, as hardware and algorithm developments are fast moving (Gowdy,
2000). Standardisation may alse seen as restrictive or inappropriate in an area
of research that is not matureStandards from other domains may also be

applicable for robot systems engineering and may {oused in part or entirety.

A re-usable architecture may be built using layafrabstraction, where operations
become independent of one another within a general framework, therefore allowing
algorithms and/or components to be easily changed. This approach has been highly
utilised by the computer industries, where plug and playubesdare common.

Such an approach attempts to divorce the software and hardware components.
However, this approach may not be applicable in robotics, where control systems,
planning mechanisms and thus internal mapping are optimised on the basis of the

robot 6s dynamics.

A number of organisations promote software/componeniseethrough software

libraries. This allows the developer touse software components within their
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own architecture.  Software tools are also available for developing robot

architectures and behaviours. A list of examples are providédirex B

Schema theory may also be used taise behaviours, should sensors or actuators
change. Schersaconsist of data and methods. A behaviour schema is composed
of a perceptual schema and motor schema, which both create and perform actions
based upon shared data. It is therefore feasible in a behaviour schema to replace
actuators whilst retaining thperceptual schema of a behaviour, or replace the
sensors and maintain the motor schema. Schema theory lends itself well to object
oriented decomposition, where multiple perceptual or motor schemas may be

derived from the same base class (Murphy, 2000).

2.12 OPEN AND CLOSED SYSTEMS

The t er ms 60penbod and 060Cl osedd ar e us e

characteristics:

e In control theory, the terms open loop and closed loop typically refer to

the feedback nature of a control system.

A

e Insystems engineering 6 eapysmemsd are those that
that components may be added, altered or changed. In most systems
engineering cases Oopen systemsd or
improving component rase, interoperability, genericity, maintainability
and adaptability, thus reducing the cost of future developments. Open
systems can be achieved by modularisation and interface standardisation.

In software, open systems approaches are applicable for both open and

closed source code.

e In software developmen, 6open sourced is used to
transparent, accessible, modifiable and in some situationgropnetary.
Annex Bprovides examples of a mber of open source robotics projects.
Although open source is an admirable cause, it does not by itself provide
additional benefits to the community. Open source must be supported by
open documentation and a sustainable support group in order to make it
attractive to robot system developers, otherwise changes to source code
will promote a hackers approach to code development. In some cases, the
disadvantage to open source is the lack of support from COTS system
providers, increased configuration contisgues and increased complexity

in unit testing, over a single source provider.
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e In object-oriented design the OperClosed Principle (OCP) states that
software entities (classes, modules, functions, etc.) should be open for
extension, but closed for moitiétion Bertrand, 1988) An object
oriented system that follows OCP is one in which its base classes do not
alter and any additions or alterations are made though classes derived from
the base classes. This allows the design to expand whilst stiliredldar
backwards compatibility with existing components.

e In science an open system is one in which matter or energy can be

transferred between a system and its environment.

I n systems engineering, 6open systemsbd

dewelopment, the benefits of which will only be observed at the later stages of the
systemds l i fecycl e. T h e s e -usk emreduced s

maintenance cost. Projects that require a solution to a specific problem may not
focus on these hayterm objectives; in these cases a closed approach may be most
appropriate. The OSJTF (2008) is currently examining performance metrics and

software to analyse system openness.

ROBOT SOFTWARE DEVELOPMENT TOOLS

A common approach used by developers ofvgmie systems is to develop high
level breakdowns of the system using the decomposition techniques mentioned in
Section2.9. Although initially, these high levdbreakdowns had to be coded
manually, it is becoming increasing more common to use tools automatically create
code. Such tools are becoming more widely adapted by the engineering
community through the use of UML autoding, such as Enterprise Architect
(Sparx, 2007a). A number of examples are provideshinex B

Annex Balso provides other examples of robot software development tools.

SUMMARY

Historically, robot systems engineering has been based upon the following

paradigms:
¢ Deliberative, for well-defined deterministic environments.

e Reactive/Behaviourbased for simpletasks in an uncertain environment

combining reactive (eveftriven) and proactive (godriven) behaviours.

e Hybrid, for complex tasks in uncertain environments.
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These paradigms have been used to create instantiations in software and hardware.
As describedn the main text, these instantiation may be further categorised by the

following attributes:
e Generic/Bespoke
e Layered or Hierarchical
e Top-Down/BottomUp Controlled
e Coupled/decoupled
e Self Invariance or Sefimilarity
e Learning
e Centralised/Distributed
e Multi-Tasking
e Resource Sharing
e Decomposition
e Top-down/bottomup design

e Component raise
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ROBOT COMPONENTS

This chapter will examine the most common components exhibited within a mobile
robot system. Components relate to any element within the robot systerarand
include items such as hardware, software, or their human operators. Mobile robots
are created to navigate within and interact with their environment. From an
egocentric viewpoint they require sensors to detect obstacles and goal states. From
a globd perspective they require mapping and localisation techniques for long term
planning. Where multiple tasks are undertaken, action selection techniques may
also be necessafgr conflict resolution between behaviour outputs

Although these components ynde explored in significant detail, they are
introduced with only sufficient detail with which to design a unified framework.
This thesis is primarily interested in their inputs and outputs, rather than high
fidelity descriptions of their internal workj)s. The components are broadly

categorised into the following areas:

e Perceptionof the environment provided by sensors and other robots.
Perception includes map building, sprception, internal system

monitoring, fault detection and health monitori(§ection3.1)

e Planning to optimise the selection of and route between goals. (Section
3.2

e Managementto manage the activation and-aetivation of behaviours and

components. (Sectidi3)

e Action Selectionproviding decision making about the most appropriate
action. (Sectior8.4)

e Guidanceto determine the current location on a plan and provide the nex
action. (Sectior8.5)

¢ Human Robot Interaction (HRI) providing motivation to the robot and
feedback to the robot operators. (SecB8®%)

e Motivation allowing a robot operator to provide the robot with a set of
objectives. The robot may choose, depending upon its own motivations
(such as vehicle safety) to undertake some afdhese objectives.
(Section3.7)

e Behaviour providing one or more actions when provided with stimulus

from vehicle sensors or perception. (SecBd)
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e Actuators creating vehicle or manipulator motion when provided with an
action. (Sectior3.9

e Communicationsto communicate between distributed components, robots
and HRI devices. (Sectidh10

e Chassisproviding the hardware framework of the robf@&ection3.11)
e Processorto perform processg activities.(Section3.12)

e Powerto provide power to the robot components. This can include
harvesting, transfer or storage syste{8gction3.13

e Payloadto allow the robot to transport objects or tools, such as other
robots or remotely deployed sensors. (Sec3idd)

PERCEPTION

A robot requires sensory information to navigate within its environment.
Egocentric sensors provide range and bearing information about obstacles or
targets within the r obremaybe fitefre@tb kkmoved v i
unwanted noise. Sensor fusion may be used to improve the confidence in the
egocentric map. This egocentric information may be combined with localisation
techniques to form a global map of the environment.

There are far toonany sensor types to mention here, but a review of common
sensor types can be foundAnnex C Sensors may be categorised into passive or
active. Where activeensors are used, they require a beacon located on the robot,

or other object, to determine the characteristics of an echo or direct signal.

Robots with elements of sensor acquisition, egocentric mapping and world
mapping may require separate memory stdmmnding upon how the information

will be used for and for how long it is valid. These memory stores may be
analogous to the mulitore model (also known as the AtkinsShiffrin memory
model), which proposes separate memory stores, including sesisorsterm and
longterm (Atkinson and Shiffrin, 1968). The muitiore model considers how a
human will forget and transfer information from one store to another, which is
analogous to the confidence and importance associated to data within robot map
building techniques. An important aspect of the rastitire model is that the data

importance is temporal and its certainty therefore diminishes with time.

e W

The following section will explore el emei

e Sensor Fusion (Sectid.1.])

e Localisation (SectioB.1.2
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e Mapping (Sectiors.1.3

e Self-Perception (Sectio®.1.4)

e Perception of others (Secti@nl.5

e Confidence and uncertainty (Secti®ni.g

The accuracy, resolution and pattern
perception may be enhanced by using common sensor filtering and sensor
processing techniques.

Sensor F usion

Sensor fusion is the act of combining two or more sets of sensor data to either
improve sensory accuracy or increase the depth of information. Stereoscopic
vision is a typical example of an increased depth of information, where additional
processingconverts twedimension to thredimensional images. Various sensor
fusion techniques exist, including Kalman Filtering and Bayesian Belief Networks.
When dealing with behaviodrased systems, sensor fusion is also associated with
sensor fission and sesrsfashion (Murphy, 2000), where:

e Sensor fusionis the act of combining sensor information before it is

presented as an input to a behaviour.

e Sensor fashioris the action of choosing appropriate sensor information

before it is presented as an input to hahdour.

e Sensor fissioris the act of providing an appropriate behaviour output after
each sensor is provided as input to similar behaviour mechanisms. This is
similar in some respects to action selection, however action selection is

typically provided wih an output from different behaviours.

Sensor fusion may also occur between Remotely Deployed Sensors (RDS) or Off
Board Sensors (OBS)such as remotely deployed sonobuoys for submarine
tracking (Johansson et al, 19973uch sensors may be statleployed by a robot,

or contained within another robot. Typically, when such sensory information is
combined to improve accuracy of depth of information, it is referred to as a sensor

network. Such networks may facilitate triangulation anti@cl commurgation.

Sensor fusion may be either tmbdal (same sensor types) or multimodal (multiple

sensor types).
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3.1.2 Localisation

Single sensors may be used to deter mine
Localisation is wused tmowithircatseenemiThere ar¢ he v e
primarily two methods for performing localisation:

e On-board Fusiort fusion of relative and known positions of features
within the scene, using dmoard sensors (Niculescu, 2002). Typical
examples include stereovision (Murp2p00).

e Off-board Fusion: fusion of relative and known positions of features
within the scene, using effoard sensors. Typical examples include GPS
networks, such as NAVSTAR (GPS, 2007) and GALILEO (Europa,
2007).

Triangulation, a typical localisationdRnique, is used to fuse the relative range of
three or more objects with known positions, to calculate the position of a robot.
With multiple readings a best fit may also be performAdaumber of techniques

are available to simultaneously create argdlise within a world map. These are
generally referred to as Simultaneous Localisation and Mapping (SLAM) or
Concurrent Localisation and Mapping (CML) techniques, (Leonard et al, 1991),
(Smith et al, 1998).

3.1.3 Mapping

A world map can be used to identify aseof interest for longerm path planning.

However, maps may also be used for shemn reactivity, such as obstacle
avoidance. For example, a robot may be exploring a scene with ntefomglan;

whilst exploring the scene it approaches a known olestavhich is not detected

using its sensor s, perhaps due to the ob
does not currently register the object, the robot may still react to the object using its

internal map.

Ultimately, mapping is used to build ant er nal representation
environment. This representation will inevitably be a simplification of the real
environment and may contain inaccuracies. In software, the environment is
commonly referred to as configuration space (Cspace) (Mug980). Murphy

(2000) and Thrun (2002) provide a survey of common map storage techniques.

Common types include:

e Regular occupancy gridsdissecting the environment into a regular grid of
free paths and obstacles, (Elfes, 1989), (Murphy, 2000).
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Quadtrees/Cctrees for recursive positioning of free space using regular
grids (Murphy, 2000).

Surface mapsproviding topology and bathymetifyom sensors, such as
Sidescan SONAR (Bournemouth, 2006).

Semantic mapsallowing the robot to reason about the functionalitg a
relevance of an entity. The interpretation of an object as a symbol type
allows the robot to associate it with a set of attributes (Nielsen et al, 2004).

These associated attributes can then be used to react to the entity.

Sensor databasetemporally or geometrically storing processed or
unprocessed sensor data, such as Database Associated Memory (DBAM)
(Peters et al, 2001).

Environmental force surfacessuch as currents or wind speeds (Woodrow
et al, 2005).

Geometric representation/Meadow Mapgositioning of free space using

convex polygons or generalised cylinders (Murphy, 2000).

Graphs connecting points (vertices) in free space using edges. For
planning purposes, edges may be associated with a cost, such as time or
distance. Voronoi Regioning isnaethod of dissecting free space, although

it initially relies upon a geometric representation of the environment
Murphy, 2000).

The internal representation of the environment may be used by planning and

behaviour components. The representation type shbelefore be selected in

conjunction with the planning and behaviour components.

Self - Perception

The robot may build a perception of its own internal workings and the way in

which it interacts with its environment. Building a sedfrception allows theobot

to perform the following operations:

Use of a dynamics model féault detection and health monitoring
(Patron et al, 2006)

Use of a dynamics model and world mapgerforming simulations
before undertaking a plan, therefore allowing the robot to anticipate

problems and produce alternatives.

Use of a dynamics model and robot shapeéth planning.
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Fault detection and health monitoring is necessary in situations where the cost of
the lossof the overall system is great enough to warrant the extra expense of
implementing redundancy or-penfigurable systems. Redundancy enables faulty
components to be isolated, remedied, sustituted or shutdown. Faults may be
detected by simple tests, suah engine operating temperature. Some faults are
more difficult to detect and may result in a small change in dynamics. Here there
may not be sufficient sensors to detect the specific change. Intelligent systems may
be used to identify the fault by thateration in behaviour. For example, a
reference model may be used and any discrepancies between the model behaviour
and the system behaviour may be monitored and problems intelligently diagnosed.
Such a system may also be used to detect sensor f@lassino and Yurkovich,
1998).

Fault detection may therefore be split into two branches, roskeland model

based (Podder et al, 2001). Podder et al (2001) discuss how redundancy can be
managed when considering the failure of thrusters in Unmanned \atder
Vehicles (UUV)s. Fault detection mechanisms are commonly referred to as Fault
Detection, Isolation and Recovery (FDIR) systems (Salkham, 2005). FDIR

systems can result in the following alterations within a robot:

e An alteration in the configuratioof a sensor or actuator. If a failure is
identified sensors or actuators can be shutdown to improve the likelihood

of mission success.

e An alteration in the characteristics associated with a sensor or actuator. If
the planning system is based upon a$eharacterises or models
associated with sensors or actuators, then the resulting plan will be robust

to certain failures.

A dynamics model for the entire robot may incorporate many actuators. In some
cases it may not be possible to consider the endbbet as a rigid body, perhaps

due to the addition of legs or manipulators, in which case it may be necessary to
treat the robot as a kinematic chain consisting of rigid links connected with joints.

The Kinematics and Dynamics Library (KDL), describedSectionB.1 can be

used for calculating kinematic chains (OROCOS, 2007). It is also feasible to
automatically build kinematic models by
Pollefeys, 2006).
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Perception of others

A robot may build not only a perception of its own internal workings, but a
perception of other robots. In a similar fashion to-pelception, this may include

a dynamics model and allow robots to
alsobuild a cognitive model of another robot, allowing it to predict its behaviour.
This ability to build a perception of cognition and interpret and detect intentions, of

ei ther onesel f or ot her s, i s commonly

(Premack ad Woodruff, 1978).

Confidence and Uncertainty

A robotdos perception of others, It sel
free, as it may be built upon unreliable sensor information. However, this accuracy
can be improved using sensor fusion téghes for egocentric and global map
building.

A level of confidence or probability may be associated with perception. This level
of confidence can be used by behaviours or planners. For example, if the robot is
uncertain of its sensor information, iasnchoose to navigate a scene more slowly
than it would if its confidence were high (Fulgenzi et al, 2007). Similarly, path
planning may be undertaken using confidence information and the robot may
choose a nowoptimal path that maintains the safety oé thehicle (Petti et al,
2005).

A robotés confidence and uncertainty
that these metrics will also be subject to uncertainty. This may be due to a lack of

appropriate sensor information, or a lack of knowledgh®fobots environment.

PLANNING

mor

f :

ma y

Pl anning relies upon an internal represe

motivation in order to create a sequence of actions. Setia®explores methods

of quantising and simplifying the environment model for planning and
interrogation.  The resulting plan may include the movement of the robot, the
command of its manipulators and the scheduling of housekeeping funciions.
robotics, planners can be used to perform the following operations, which are

examined in further detail in the following sections:
e Path planningto determine an optimal route between a start and end state.

e Sequencingproviding an order in which to hieve goals.
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e Sharing to share goals amongst multiple robots.
e Splitting to split tasks amongst multiple robots.
e ResourceSchedulingto manage the use of resources.

Fundamentally, planners convert hilglvel tasks into lower level activities.
Planning canincorporate a search method to find an appropriate or optimal
solution, where optimality is linked to a cost, such as time, energy or risk. An
opti mal sol ut i ol oibsal g iSgndermethe®egtbbal skarcla 06
will determine all possibilies and return the optimal plan based upon the lowest
cost. However, global searches are generally impractical, due to processing
limitations. More commonly, the search space is limited, by providing planning
algorithms with a bias towards a solutionby decomposing the planning problem

i nto small er, more manageabl e sPhartia i ons.
S e a r(lcalWalle, 2006).

The search space may Hber d&uchheal rPedacmp
Hierarchical decomposition prales an initial rough plan. This plan is broken

down into sections, such as goals or time windows. Each section is then planned in

more detail.  Alternatively, hierarchical decomposition may be bettpm

Detailed plans are created and an appropriates toetween plans determined at a

high level. Such an approach has been used in the BAUUVbgsal planning

system (Woodrow et al, 2005a, 2005b, 2006).

Search techniques for planning may be broken down into constructive or repair
basednethods.

e Constructive techniques assume a start or end state. The plan is created
by progressively selecting new states. Graph and tree searches are a
typical example, and categorised by their approach to navigating the search
space (LaValle, 2006).

e Repair techniques,such as relaxation (Thorpe, 1984) and eldsdicd
techniques (Quinlan et al, 1993) are provided with an initial plan, which

may be incomplete or may conflict with the environment.

In path planning, for example, a rephased algorithm may be presented
with a straight line; the straight line is modified to avoid obstacles, perhaps

represented by vertices in the environment map.

Alternatively, the plan may not initially include alyoals to be

accomplished and a repdiased algorithm may aim to include more goals.

Repairbased planning is appropriate where information about a scene may
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be continually updated. For example, an obstacle avoidance sensor may

place an object within h r ob ot 6 s ma p ; repair bas
incorporate this obstacle within the plan, by placing additional waypoints

around the object. Repdiased techniques may also take into account

other constraints, such as the vehicl

Graph searchlgorithms, a constructive approach, provide a global or partial search
of the problem domain. The problem is described using a graph, connecting nodes
with vertices within free space. The search may provide numerous links between a
start and end stateSome search algorithms may be designed to perform a partial
search by completing the search after a specified number of solutions have been
found, or a cost criteria has been met. The cost criteria may, for example, be based

upon distance, time or energy.

Where search algorithms focus on finding a solution to the problem quickly,
without considering alternati v@eedypti ons,
s e a r(lcaYafie, 2006). Greedy algorithms may accomplish their task by further

reducing the searcépace by using heuristics, which attempt to focus on the path to

the end state with the minimum remaining cost. Although greedy algorithms

attempt to find a solution quickly, their results are not guaranteed to be optimal.
Graph search algorithms inclidLaValle, 2006):

e Depth first will search transitions given an initial depth. If a solution is

not found, the depth is increased.

e Breadth first explores all neighbouring nodes, the depth of the search will

increase when all neighbours have been explored

e Best first (greedy algorithm) selects the node with the lowest estimated
remaining cost to reach the end state from the current node. The algorithm

quickly determines a solution, but it may not be optimal.

e A*i s an extensi on ofchBtejppkssaredacé the al gor
number of states explored by including a heuristic estimate of the cost to

the end state from the current node.

e D* (Dynamic A*) (Stentz, 1994) a modification of A*, allow existing

plans to be modified, therefore minimisinggkaming times.

Graph searches may also combine navigation from goal state to start state and

examples include fiBackwardo and fABidirec:
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Dynamic programming also offers an optimal solution to the search space, by
dividing the problem into stagewith a decision required at each stage. Dynamic
programming technigques can be used to breakdown a graph search problem, to

provide a solution to both path planning and goal based problems (Trick, 2007).

Evolutionary search techniques, such as GenetgorRhms (GA) can also be

considered for planning (Castillo and Trujillo, 2005).

Path Planning

Path planning is used to plan a route between a start and end state. In many cases a
straight line would be most appropriate; however with known obstacleshimlere
dynamic constraints, a straight line may be impossible. A straight line may also be

a nonoptimal solution when taking into account time, energy or safety. In an
underwater vehicle, for example, energy may be conserved by positioning the robot
within advantageous currents that result in seemingly erratic, but optimal paths
(Woodrow et al, 2005a, 2005b, 2006).

Figure 3-1 Optimal (shortest) Path between points AB for given vehicle size

Motion planning may be categorised through its consideration of obstacles as static
(obstacles are stationary) or dynamic (obstacles are capable of movement and may
even change shape or size). The environment may be completely known (when
the trajectory of the obstacle is known) or partially known (when obstacle

trajectory is unknown or information is incomplete).

Kinodynamic path planning incorporates dynamic constraints (Williams, 2005).

They hence plan for position as well as velocity anding circles. Tree planning

Page6l



A Unified Framework for Mobile Robot Systems, James Goodwin, 2008

methods, such as the Moving Obstacle Planner (MOP) and the Rapmdring
Random Tree Planner (RRT) both take into account the vehicle constraints and

time variation of the environment (Williams, 2005).

3.2.2 Goal-Based Sequenc ing, Sharing and Splitting

Goatbased planning is used to reduce the o
to create better, more optimal plans. Various types of user input are described in
Section3.6. Goals can be used to describe Higlel objectives, such as a survey

area. Providing the robot with goals allows it to determine an optimal route and
ordering of goals and also an optimal plan to undertakgdhkitself. Goabased

planning and the hierarchical decomposition of plans is undertaken by the BAUUV
planning system (Woodrow et al, 2005a). Goabed planners can also be used to

distribute goals amongst multiple robots, therefore allowing a sintgeface to

control more than one robot (Woodrow et al, 2005a, 2005b, 2006).

The travelling salesman problem is a typical example of-lgaséd problem
(LaValle, 2006). The problem may be confounded by inter goal constraints
(predecessors, followers, dusions, dependencies), goal time constraints,
priorities, dynamic environmental conditions and the use of multiple robots. These
constraints have been accommodated by the BAUUV -lgaséd planner
(Woodrow et al, 2005a, 2005b, 2006).

3.2.3 Scheduling

Schedulingmay relate to both the resource planning required to undertake a
mission and also the planning of goals with time constraints. Scheduling is
particularly necessary where energy resources are low and the ability to replenish
energy is limited, or where seurces are only available at certain times, such as

spacebased missions (Woods et al, 2002).

MEXAR is an example of a scheduling technique for ground based space activities,
such as Markxpress (Cesta et al, 2002). Here the operations of the schadler
purely grounebased and are developed to reduce the workload of a ghased
operator.

3.2.4 Global, Local, Reactive and Reflexive

Although planning is primarily associated with deliberative architectures, planning

occurs within reactive/behaviour basadhitectures, as until an output is executed,
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it is essentially a form of plan. Planning may therefore be categorised by its scope

and ability to meet redlme constraints:

e Global planning determines a plan based upon a global perspective and
requresbcal i sati on and a map of the robo:

the gl obal pl an includes detailed act

e Local planning determines a plan based upon a local perspective and
requires an egocentric map of the environmetite dutput contains a

small set of actions to navigate the local scene.

e Reactive/Reflexiveplanning provides a plan within re@ine constraints.

The output contains one action.

With perfect sensory information and significant increases in processing,@wer
architecture comprising of only global path planning will provide the most optimal

solution. Global path planning allows a global search to take place, therefore

taking into account all possible outcomes. As the level of planning reduces from
globalt o refl exi ve, the planning must becon
the likelihood of finding an optimal solution.

The heuristics provided in greedy planning, in essence, perform an internal
simulation of behavioubased action selection. The remgt paths of the
simulations are then analysed to determine the optimal path. A greedy tree search,
for example, can be used to describe the motion of a robot using a bettmsedr
architecture, or the planning mechanism of a robot with a deliberatiéesture.
Whereas behaviodyased systems enact their search of the environment using the
real environment, deliberative architectures enact behabimaed action selection

heuristics in a representation of their environment.

It is unlikely that theobot will possess a perfect representation of its environment.

It may therefore be necessary to combine these categories of planning within a
single architecture, i.e. a hybrid architecture. Where uncertainty in a global/world
map is high, it may be @ifective and wasteful to create a global plan, therefore

advocating the use of reactive or reflective planning.

3.2.5 Re-Planning

A robot may create a plan at the beginning of a mission. However, it may, during

its mission find that it is behind or ahead sfglan. This may be due to:
e An inaccurate representation of its environment,

e A change in the environment
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e An incorrect representation of its own dynamics,

e The inclusion of reactive/reflexive behaviours that have diverted the robot

off its intended course.

In these cases it may be desirable to create a new plan from its current position. As
it may be costly (in terms of time and processing) to undertakgkamevhen the

robot does not exactly meet its planned state, it is necessary to determine a range of
allowable states before apéan is instigated. For example, the robot may only be

10 minutes behind in a mission that lasts five hours; in which casplarrenay be
unnecessary. Where appropriate, the planner should not completely disregard the
current plan, but allow it to be repaired (Woodrow et al, 2005a, 2005b, 2006).

3.2.6 Contingency Planning

Contingency planning is the process of creating plans that allow for uncertainty
within maps or dynamic models (Albore et al, 2006). Should a robot find itself

an unplanned state, rather than instigate a replan, it may select a contingency plan.
In some cases, the contingency plan may return the robot to a safe state. In other
cases, the robot may find itself behind schedule, in which case the continggmncy p
may remove low priority goals, leaving only those of high priority (Woodrow et al,
2005a, 2005b, 2006).

3.3 BEHAVIOUR MANAGEMENT

Behaviour management is used to activate, deactivate and/or alter the weightings of
behaviours 't hr ough oThis isttypieally the baset id Bng mi s s i
duration space missions (Wertz and Bell, 2003). During a landing stage, for
example, obstacle avoidance behaviours may be turned off, therefore allowing it to

touch an object. Behaviour management may therefore be bpee robot states,

such as hover, land, takdéf or move forward. In the Subsumption architecture,

distributed behaviour management is achieved though inhibition.

More generally, an architecture and planning system may not only be responsible
for managng the activation of behaviours, but will also manage other components,

such as planning systems, sensors and resources.

3.4 ACTION SELECTION

Action selection encompasses methods for determining an action output from a
selection of action inputs. Action sefien may be centralised or decentralised.

The Subsumption architecture, described in Sedi@7, is a typical example of
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distributed action selection. DAMN, dmthed in SectionA.12, is a typical
example of centralised action selection. DAMN also makes use of Behaviour

Management.

Broadly speaking selections are made gigtommand Arbitration or Command
Fusion (Rosenblatt, 1997). Command Arbitration is used to select one output
action based upon a set of desired output actions. It is also known as a competitive
method where all the behaviours are vying for control. CantmFusion is a
method of combining the behaviour outputs and is known as a cooperative method,
where all behaviours have an influence on the final control output. Rosenblatt
(1997) and Carreras et al (2000) provide a detailed analysis of Action Selection

methods.

3.4.1 Command Arbitration (Competitive Methods)

Subsumption is a simple form of command arbitration, allowing an output from a
behaviour to subsume that of another. Multiple, or layered, behaviour
Subsumption may be achieved through distributed Subsumption mechanisms.
Where output selection is cents#ld, such as DAMN, arbitration between multiple
behaviour outputs may be based upon priority. These prianitgsbe set for the
entire mission profile, may be adaptive,

current state.

Command arbitration may s be based upon not only a set priority of the
behaviour, but also an internal priority, set by the behaviour itself. The behaviours
may therefore exhibit a level of desire to operate. This could be based upon
controller error, such as that measuredmperforming waypoint guidance using a
PID controller. For example, if the controller error is continually high, this could

result in an increased or decreased level of internally set priority.

Rather than basing the new output purely on adpfsed prority, command
arbitration may also consider the effect of the behaviour outputs, by estimating a
discrete change in the robot state. The appropriate next state may be determined by
maximising the utility (cost/benefit) of the action. Considering theade in state

also allows the system to incorporate i
therefore allowing the arbitration mech
account.

Command arbitration may therefore be classified as either:

e Priority -based,such as Subsumption (distributed) or DAMN (centralised).
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e State-based,as described above.

3.4.2 Command Fusion (Cooperative Methods)

Command Arbitration methods may subject the robot to abrupt changes whilst
behaviours are selected ands#dected. Command fies attempts to overcome
this problem by providing smooth and stable behaviour transitions as each

behaviour has a gradual increase in influence on the commanded output.
At present, command fusion techniques may be classified as:

e Superposition,where the atput of the command fusion is a product or

average of the behaviour output actions.
e Voting, allowing behaviours to vote on a selection of output actions.
e Fuzzy,facilitating intuitive behaviour switching using rule bases.

Voting requires multiple outpst from each behaviour. As in Command
Arbitration, the Command Fusion mechanisms and weightings may be altered

throughout the mission profile.

3.4.2.1 Superposition

Superposition is a method that combines behaviour outputs through summation.
An appropriate form fobehaviour output must be chosen, with which to perform
superposition. For example, in a twbeeled robot, the behaviour may provide
output in the following forms:

¢ Wheel speeddor direct input to lowlevel motor controllers.

e Arc trajectory conforming b the vehicle dynamics, providing speed and

turning circle.

e Velocity vector for defining a desired velocity. Note, this desired velocity

may not be achievable, due to the dynamic constraints of the vehicle.

e Force vector for defining attractive and repul& forces, relating the
acceleration of the vehicle. Similar to a velocity vector, force vectors may

not be achievable due to the dynamic constraints of the vehicle.

Treating the vehicle path as a velocity or force vector enables the designer with a
level o f abstraction from the vehiclebs dyn:
lead to a potentially unstable and dangerous output. For example, superposition

using force vectors may demand a sharp turn at high speed.

Superposition methods may be visualisesing potential fields. Potential fields

may be used to map the resulting combined velocity or force vectors, based upon
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t he robot ds proximity and orientation
Potential fields may be used to identify possible arédscal minima or points of
oscillation. Commonly, potential fields are visualised as two dimensional force

maps. However, they may also be visualised tHisensional surfaces.

In the example shown iRigure 3-2 (Arkin, 1998), the goal possesses a positive
potential and obstacles a negative potential. The resulting vectors provide the robot
with a desired direction and speed. The robot can get stuck at a pbsttiod the
obstacles, in a similar way to that of fluid flow where an eddy is created behind an
obstacle. Visualising the problem in three dimensions better illustrates the local
minima problem. It is these local minima that cause the vehicle to gt aal

are a particular problem in behaviehaised robotics and greedy deliberative plans.
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Figure 3-2 Potential Field using simple avoidance and goal setting. An
adaptation of Arkin (1998)

3.4.2.2 Voting

Voting requires each behaviour to provide a vote upon a unified selection of
actions, such as turn left, turn right or move ahead. The resulting action is the one
with the most votes (Rosenblatt, 1997).
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3.4.2.3 Fuzzy

3.5

3.6

Fuzzy techniques allow thdeveloper to create an intuitive rule base of desired
outcomes, provided with input scenarios. The fuzzification aAdzgfication is
then used to interpolate between these outcomes (Passino and Yurkovich, 1998).

GUIDANCE

Guidance is used to determairthe current element within a plan. For example,
when following a path consisting of waypoints, a guidance mechanism may be
used to determine the range to the next waypoint. When the robot is within a
specified range, the guidance component will sdleetnext waypoint within the

list. This range limit to the waypoint is forms an exit criteria from the current
action. Exit criteria may consist of various constraints, including time, range or
approach path (Woodrow et al, 2005a, 2005b, 2006).

Guidancecan be used to combine Deliberative and Reactive architectures to form a
Hybrid architecture. The deliberative architecture may provide a series of actions.
The current action can be determined using a guidance component. The resulting
output of the gulance component along with the output of reactive mechanisms
can then be fed into an action selection component. The process is described in
Section5.2.8

Guidarce is occasionally referred to as sequencing fsmeex A). However,
sequencing may also refer to planning a sequence of actions, rather than

undertaking a sequee of actions.

HUMAN ROBOT INTERACT ION

Human Robot Interaction (HRI) covers all aspects of human interaction with one or
more robots including robot operation and developmentThis encompasses
Human Computer Interaction (HCI) methods, using equipmerit aganonitors,
keyboards and mice, but also includes more natural methods of communication,
such as speech and facial expressidmnex D provides a review of HRIobDls.
Although more novel devices exist, common HRI devices may be categorised as

follows:

e Remote control interface. The user is provided with a method of
controlling the actuators of the vehicle. Sensory feedback is through

human senses and these argtéd by range, noise and line of sight.

e Tele-operation interface. The user is provided with a method of
controlling the actuators of the vehicle. The user is also provided informed
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of the robotédés status us i-vsgalisaoo mmuni c

techniques.

e Waypoint interface. The user is provided with a method of defining the
robotds waypoints. The robot can t
behaviourbased methods or classic control. The robot cannot change the

waypoint ordering, in orddp provide a more optimal solution.

e Goal basedinterface. The user is provided with a method of defining
robot goals (high level tasks, such as survey an area). The robot may plan
the optimal ordering of goals, the actions within a goal and the route
between goals. Goals may then be converted into waypoints or lists of
actions either before transmission, or-tward the robot. Godlased
planning allows constraints to be set between goals. -&sad planning

reduces the level of user input when conedawith a waypoint interface.

e Scenario basednterface. The user is provided with a method of selecting
a scenario. The scenario may contain a set ofdefieed goals and
ordering constraints. This reduces the level of user input when compared
with a goatbased interface, but reduces the flexibility to change the
number and type of goals.

e Configuration. The user is provided with a method of configuring the
robot. This may include hardware, software, robot types or number of

robots.

e Data-visualisation. The user is provided with status information from the

vehicle. This may include:
0 On-board sensors
o Robotds perception, including worl
o Robotds plans

These categories of HRI interaction are exhibited within the PAT architecture
(Novales et al, 2(8), described in Sectiod.21. The blue boxes on the left of the
architecture illustrate how telgperation can be used to take control of a robot at
various levés within the architecture. For example, tefgeration at Level 4 will
replace the inputs provided by a path planner with the inputs provided by a human
operator. In PAT a human can therefore provide the following inputs:

1. Open loop actuator values (Léeg

2. Setting points (Level 2)
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3. Trajectory (Level 3)

4. Path (Level 4)

5. Goal (Level 5)

With regard to the PAT levels, the level of Human Robot Interaction is therefore

directly

HRI interaction, the higher the level of autonomy.

Figure 3-3 PAT Architecture (Novales et al, 2006)

pr opor t-board autonomyo The tigherrthe tewet od s

Another useful taxonomy of HRI systems is provided by Yanco et al (2004). The

taxonomy is illustrated inFigure 3-4. The taxonomy indicates the type of

interactionbetween multiple humans and robots (Yanco et al, 2004):
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