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Abstract

Themajorproblemof roboticsresearchodayis thatthereis abarrierto entryinto
roboticsresearch.Robotsystemsoftwareis complex anda researchethat wishesto
concentrat®n oneparticularproblemoftenneeddo learnaboutdetails,dependencies
andintricaciesof the completesystem.This is because robot systemneedsseveral
differentmodulesthatneedto communicatendexecutein parallel.

Todaythereis not muchcontrolledcomparison®f algorithmsandsolutionsfor a
giventask,whichis thestandardscienti c methodof othersciencesThereis alsovery
little sharingbetweengroupsand projects,requiringcodeto be written from scratch
overandover again.

This thesisproposesa generalframevork for robotics. By examiningsuccessful
systemsandarchitecturesf pastandpresentyieldsa numberof key properties Some
of theseare easeof use,modularity portability andef ciency. Eventhoughthereis
muchconsensusn that the hybrid deliberate/reacte is the bestarchitecturamodel
thatthecommunityhasproducedsofar, aframevork shouldnot stipulatea speci c ar-
chitecture.Insteadtheframevork shouldenablethe building of differentarchitectures.
Suchaschemémpliesthatthemodulesareseerascommonpeersandnotdividedinto
clientsandsenersor forcedinto asetlayering.

Using a standardizedniddlevare suchas CORBA, efcient communicationcan
be carriedout betweendifferentplatformsandlanguages Middleware also provides
network transparencwhichis valuablein distributedsystems.

Component-base8oftware Engineering({CBSE)is an approactthat could solve
mary of the aforementionegroblems.It enforcesmodularitywhich helpsto manage
compleity. Componentsanbe developedin isolation, sincealgorithmsare encap-
sulatedin componentsvhereonly theinterfacesneedto be known by otherusers.A
completesystemcan be createdby assemblingcomponentdrom different sources.
Comparisongindsharingcangreatlybene t from CBSE.

A component-baseflamavork calledORCA hasbeenimplementedwith the fol-
lowing characteristicsAll communications carriedout beeitherof threecommunica-
tion patternsguery, sendandpush Communicatioris doneusingCORBA, although
mostof the CORBA codeis hiddenfor thedeveloperandcanin thefuturebereplaced
by othermechanismsObjectsaretransportedetweencomponentsn the form of the
CORERBA valuetype.A componenimodelis speci ed thatamongotherthingsinclude
supportfor a state-machineThis alsohandlesnitialization and setsup communica-
tion. Con guration is achiezed by the presenceof an XML- le per component. A
hardware abstractiorschemes speci ed thatbasicallyroute the communicatiorpat-
ternsright down to the hardwarelevel.

The framavork hasbeenveri ed by theimplementatiorof a numberof working
systems.

Keywords: robotics,mobile robots,autonomousobots,component-basesbftwareengi-
neering softwarearchitectures.
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Chapter 1

Intr oduction

Robotscomein mary shapesndsizesasthetermhasa quite broadmeaning.t canbean
android,a manipulatorarm,a mechanicatockroachanairplaneor a cart.

Whatpeopleassociatéo whenhearingtheword robotdiffers signi cantly but is often
in uencedby literatureand Im. Herethethemeis usuallydystopicwherearti cial super
intelligent beingsthreatento take over the world. The conceptionof the generalpublic
of what the robotsof today actually cando, is usually quite far from the truth. Those
with knowledgeof the eld know thatwe at besthave masteredo createmachineswith
intelligenceon parwith insects.

Thetermrobotcomesfrom robotawhich is a Czechword meaningforcedlabor. Un-
fortunatelyfor us Swedishroboticists theword robotin Swedishis alsousedfor military
missiles.Automatedsoftwareprogramghatcrawl the Internetarealsocalledrobots.This
thesishawever only dealswith robotsthathave physicalinstantiation.

Thisintroductorychapteistartsby providing ashorthistoryof roboticsandthendemon-
stratesareasn whichrobotsarein use.Thenwede ne somerobotcharacteristicfollowed
by anaccounf the problemsfacingroboticiststoday Theintroductionendswith detail-
ing the contributionsandanoutline of thethesis.



2 CHAPTERI1. INTRODUCTION

1.1 History

Therehasbeenacademiaesearchwithin the eld of roboticsfor somedecadesbut the
underlyingideasaremucholder.

Robotsin the Literatur e

Theideaof arti cial personglatesbackatleastto ancientGreekmythology, e.g.in Pyg-
malion wherethe statueof Galateacameto life. Thereis alsothe golemfrom Jewish
legendsa clay monstercreatecby magic. Leonardoda Vinci designediravings of a me-
chanicalknight, probablybasedon his anatomicaresearch As the technologyadvanced
in the eighteentrandnineteentttenturiesseveralmechanicatreaturesvereconstructed.
In 1738Jacquesle Vaucansorcreatedan androidthat playedthe ute, aswell asa me-
chanicalduckthatreportedlyateanddefecated.

The book Frankenstein written in 1818by Mary Shellgy, is analogoudo the theme
of robotsreplacingtheir humancreators. This is further expressedn the classicmovie
Metropolis (1927).Similar conceptiong@refoundin horrormoviesfrom the fties butalso
in morerecentmovies suchasBlade Runner(1982)and The Terminator (1984). In Star
Wars (1977),theimageof robotswasmuchmorepositive.

The science ction writer IsaacAsimov, createdthe Three Laws of Robotics(Asimov
1950):

1. A robotmaynotharmahumanbeing,or, throughinaction,allow a humanbeingto
cometo harm.

2. A robotmustobey the ordersgivento it by the humanbeings,exceptwheresuch
orderswould con ict with theFirst Law.

3. A robotmustprotectits own existence aslong assuchprotectiondoesnot con ict
theFirstor Second_aw.
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Modern History

Following is a collectionof samplemilestonesn themodernhistory of mobilerobotics.

1953

1956

1961
1968

1970

1973
1975

1977
1984
1990
1994
1995
1996
1997
1998

1999
2000

A robotictortoisewascreatedrom theideasof NorbertWiener whofounded
the eld of cyberneticsacombinatiorof informationsciencegcontroltheory
andbiology.

JoseptEngelbegertogethemwith Geoge Deroeformedthe rst robotcom-
pary, calledUnimate.

Unimateshipsthe rst commerciakobot.

Shaley was constructedat StanfordResearcHnstitute (SRI). It featureda
television cameraandbumpersassensors.

The Swedishcompaly ASEA formed a industrial roboticsdivision (today
ABB Robotics)anddeliveredtheir rst unitin 1974.

KUKA developedanindustrialrobot.

HILARE wasa robotprojectat LAAS in Toulouse France.To perceve the
world it useda videocameralaserrange nder andultrasonicsensors.

The StanfordCart usedstereovision in orderto navigate. Sincethe vision
processingvasslow, therobotonly movedaboutfour metersperhour.
WaseddJniversityin Japarpresented piano-playinghumanoidrobot.
Autonomoushighway driving at high speedwas demonstratect Carngjie
Mellon Institutein 1990with thevehicleNavlab 5, acorvertedPontiacTrans
Sport.

Dickmanns group in Munich demonstratecautonomousdriving through
heavy trafc aroundParis.

In a projectcalled No Hands AcrossAmerica Navlab 5 was usedto drive
mostof theway from Pittshurgh to SanDiego.

The Swedishcompaty Husgwarnaintroduceda roboticlawn mower.
Therover Sojourneroperatedn the surfaceof Mars.

HONDA presentedhe rst in arangeof very sophisticatedhumanoids.
SONY launchedheirwell known AIBO dog,anentertainmentobot.
Electroluxshippedhe rst robotic Trilobite vacuumcleaner
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1.2 Usesof Robots

Therearemary usesof robotstoday andmoreareanticipatedor thefuture. Hereis alist
of someareas.

Industrial manufacturing Industrialrobotsgainedwide usein manufcturingplantsdur-
ing the 1970s.Especiallythe automotve industryhasreplacedmary humanlabor
erswith robots.Thetypicalindustrialrobotis programmedo carry outonespeci ¢
task,suchasweldingor painting.

Mining Roboticvehiclesare deployedwithin the mining industry e.g. in Australiaand
Sweden.

Unmannedaerial vehicles(UAV) Flying vehiclesareprimarily in usefor military recon-
naissanceThe Predatoran UnmannedAerial Vehicle (UAV) wasdeployedin the
1999Kosovo air campaigraswell asover Afghanistanfrom 2001.

Underwater robots Underwaterrobotsareusedfor e.g.in cableinspectiorandrepairing.

Automated cars Tremendousesearchhasgoneinto developingautomatedsystemsfor
ordinarycarssothatthey canstayontheroadandavoid colliding with othervehi-
cles. Thesesystemsare mainly designedor highwaysandperformvery well. A
conceptcalledplatooningmeanghatcarsdrive very closelyspacedn orderto pro-
vide spacefor more vehicleson theroad. This technologyis matureand safe,but
thedeploymentis hinderedoy humanattitudeandthe unsolhedinsurancesituation.

Serwicerobots A servicerobotis asystenthatservicesiumansvherethecost/performance
ratiois bene cial. Examplesarethe automatedawn mower andvacuumcleaner A
sophisticatedype of servicerobotis the personalassistantobot. Theseare not
commontodaybut areexpectedo have agreatfuture. Thisis motivatedby anaging
populationin the Westand Japan. Robotscould hereaid the elderly with house-
hold taskssuchas cleaning,cooking, and even feeding. In hospitals,food-plates
andmedicinescanbedeliveredto therooms,andin of ce environmentamail canbe
deliveredto the staf. Pyxis hasdelivered120 Helpmaterobotic couriersto health
carefacilities. Anotherareaof serviceroboticsis actingastour-guidesin museums
andsimilar places For avision for servicerobotics,see(Engelbeger1989).

Bomb and mine disarming, hazardouservir onments Tele-operatedobotsarein wide-
spreaduseattaskswherea humarnwould beatrisk. For examplethepoliceusethem
for disarmingbombs.

Spacemissions Theuseof robotsin spaceaxplorationis ratherwell-known to thegeneral
publicafterthesuccessfumissiongo Mars. FirsttheSojourneFigurel.1)in 1997,
thenthe Spirit andOpportunityin 2004. Thereareotherusesof robotsin spaceeg.g.
in unloadingof cailgo on-boardspaceshuttles.

A recenttopic for researchinvolves havzing multiple robotscooperatingn carrying out
tasks. This however hasnot yet reachedpracticalusesbut will undoubtedlydo in the
future.
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Figurel.1: The Sojournemover.

1.3 Characteristics of Robotics

Roboticsis a multi-facetedeld coveringmary differentaspects Herewe take a look at
threeof thethese.

Mobility

Realrobotsalways hase moving parts. With mobile robotswe meanrobotsthat canlo-
comote,i.e. movein its entiretyin space.On the ordinarygroundthis usuallymeanshe
robot haswheels,legs or tracks. If the robot actsin the air or undervater, surely other
methodsof transportareused.

Industrialrobotsarealmostalwaysstationaryalthoughthey usuallyhave moving arms
(manipulators) This type of robotdoesthennot qualify asa mobilerobot. For robotsthat
performfetch-and-carntasksin anindoor setting, mobility is of coursea key property
Lik ewise,robotsthatareusedoutdoorsgenerallyneedamobility.

Autonomy

Anotherdegreeof freedomis autonomywhich describehow independenfrom humans
a robot canoperate. At oneendis a robotthatis fully controlledby a humanoperator
suchasa tele-operatedbombdisarmingrobot. At the otherextreme,the robotis totally
autonomousMostwould arguethatwe have notyet achievedthis. We have howeverseen
autonomousdlriving in rushhourtrafc (Maureret al. 1995)andautonomousight over
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extendeddistancesBut therobustnesgo differentkinds of disturbancess still limited, in
thesensdhatthey have a hardtime copingif 25% of thesensorgail, or whenmechanical
failuresoccurs.

The notion of autonomyis tied to the level of disturbanceshat canbe handledin an
"intelligent" fashion.To beautonomousherobotneedgo beableto adaptreasonablyvell
to unexpectedcchangedn theervironment.Theprimarymotivationfor theindustrialrobots
in wide usetoday is it high degreeof repeatabilitythat ensurea homogeneousguality.
Suchsystemsrely on no or minimum sensing,and as suchrequire engineeringof the
ernvironmentfor particulartasks. As suchthe systemis not termedautonomouslin order
to achieve a level of autonomy awarenes®f the world surroundings necessaryRobots
usesensorsuchassonarsaandcameraso obtainthis. Dealingwith sensorshereforforms
amajor partfor anyoneworking with autonomousobots.

A highdegreeof autonomydemandshatreasoningndplanningarepartof thesystem.
The word intelligenceis sometimesusedin this area,but is not really a goodterm since
intelligenceis mostlyin theeye of thebeholder A robotcouldlook very smartbut actually
have a very simple designandvice versa. For example,by addingspeechsynthesisand
recognitionarobotwill bepercevedasmuchsmarter

On asidenote,mostroboticistswould not agreethatthey areworking within the eld
of arti cial intelligence(Al), asthe elds arefairly decouplechowadays.Nonetheless,
techniquedrom Al are often usedwhen developingautonomousobots. Examplesare
arti cial neuralnetworks,fuzzy logic anddifferentmethoddgor learningandplanning.

Versatility

Robotsareoften built to performonespeci c task. Specializedobotsare easierto con-
structandcanbe mademorerobust. Again, industrialrobotssene to provide anexample
of thiskind, but alsothe automatedracuumcleanerasit performsonly onefunction.

Otherrobots,suchasa personakssistantobot, or robotic butlers, shouldin contrast
beableto carryoutawide rangeof tasks.This putshigherdemand®n boththe hardware
andsoftware. Rokbustnesss alsomuchharderto obtainin this kind of robot. Researchers
building anthropomorphicobots(humanoidskaandroidsevenhave highergoals,asthey
strive to mimic the capabilitiesof humanbeings.

Thisthesisis primarily concernedwith robotic systemshat are mobile autonomousand
versatile

1.4 Problemsof Modern Robotics

Roboticsis alsoa multi-disciplined eld. In encompassesontrol-theory computersci-
ence,computermprogrammingand mathematics Also electronicsmechanicandmecha-
tronicsarenecessaryo build andmaintainthe hardwareplatforms.

Thisthesisdealsfor themostpartwith the computeisciencepartof robotics.However
bothhardwareandsoftwarerelatedproblemsarediscussedh this section.
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Hardware

Roboticswasinitially partof several elds. The mostspectacularobotswere probably
derived from arti cial intelligence,but efforts have alsobeenmadein mechanicakngi-
neering,control engineeringsensorysystemsandvehiclestechnologyto mentiona few.
It wasonly recentlythatit wasrealizedthatthereis a needto integrateall of thesedisci-
plinesto facilitatedesignof systems.

Most researchersomingfrom arti cial intelligenceexperiencedhatmakingtheleap
from theoryto practicewasmoredif cult thananticipated.Realrobotsarehardto build
but alsovery hardto maintain- just askany roboticsgradstudent.Robotlabsaroundthe
world are lled with robotsthatno longerworks. Also robotsthatareboughtoff the the
shelfceasdo functionasthevendorsgyo out of businesser to which partscannolongerbe
obtained.Constructingnew hardwareis alsovery costly. Mostlabscannotafford to make
new designssotheevolution of hardwareis quite slow.

Thesituationtodayis howevermuchbetterthanit usedo be. A decadeago,researchers
hadto build their own hardware,but todayrobotscanbe readily purchaseaff the shelf.
Thecostdeclineof computingpoweranddatastoragehasalsobeenbene cial. Theareaof
sensinghasalsoimproved, e.g. camerasandlaserrange ndershave becomesmallerand
cheaper

Onespeci ¢ problemareaof robothardwareis thatof batteries Paver consumptions
oftenhigh andbatteriesusuallydo notlastlongerthana coupleof hours.Batteriesarealso
very heary which reduceshe utility payload. Thereareexampleof robotsthatcandock
to a power sourceandrechage, but this severelylimits therangeandversatility.

Figurel.2shovsa SONY AIBO with hardwarepartsmarkedout,andFigurel.3showvs
the samerobotwith the cover plating removed. Theseimagesgive a hint at how compli-
catedthe mechanicastructureof robotsusuallyneedto be.

Software

This sectionpinpointsthe mostimportantproblemsof roboticstoday problemsthat this
thesisaimsto address.

Barrier to Entry

Autonomousrobotic systemsare what is called complex systems They needto have a
numberof competence orderto function. Examplesof theseare:

locomotion

navigation
sensorydatainterpretation
localization

planning
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Figurel1.2: Externalview of the SONY AIBO.

Figure1.3: The SONY AIBO with removed cover plating.
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interactionwith humans
obstacleavoidance

Every competenceaequiresspeci ¢ domainknowledgefrom the developerand are
researchiopicsin themseles. Many researcherspecializean oneor moreof thesetopics,
whichusuallyinvolvesdevelopmenbf algorithms.However, in orderto testacompetence
onarealrobot,acompletesystems needednvolving mostof theabore mentioned Many
of thesearerequiredto runin parallelandneedto communicatéoth synchronoushand
asynchronouslyThis putsa tremendoudurdenon the developerif he or shehasto build
everythingfrom scratch Evenfor aroboticslaboratoryinvolving several people theeffort
is still considerabldo constructa completeand robust working system. The barrierto
entryinto roboticsresearchs thushigh. If themanpaverhasnotbeenavailableto furnish
acompletesoftwaresystempuresimulationhasoftenbeenthe only alternatve.

Comparison and Veri cation

Most other disciplinespride themseles by following the standardscienti c methodof
comparingdifferent solutionsand algorithmsin a controlledway. This hasbeenvery
dif cult in theroboticscommunitysincebasicallyevery laboratoryhasbeenrunningtheir
own software system. Thesesystemsare not compatible so a programimplementingan
algorithmcannot readily be executedat anothersite. So comparingdifferentalgorithms
thattry to solve the sameproblemhasbeenvery dif cult. From this follows also that
verifying a solutionin differentervironmentsandunderdifferentcircumstancebasbeen
hard.

Software Re-use

Anotherareawhich alsoneedgo be masteredapartfrom the speci c domainknowledge,
is computerscience. Domain expertisein this areais often overlooked, and cannotbe
expectedfirom everyone.Too seldomhowever, arecomputerscientistscalledin to assist.
Theresultsareofteninferior solutionsthatarehardto re-useandmaintain.

As statedabove, the situationtodayis thatmostresearcherhave to write mostof the
codethey needthemseles. Code cannotbe sharedsince eachpiece of software have
differentdependenciesEven re-usebetweenplatformsand software generationst the
samedaboratoryis quiterare.

Re-useby adaptingsource-codés possiblebut laborsomenderrorprone.Only if the
sharedprogramsarein a binary formatcaneffective re-useandsharingbe possible.This
would alsoopenup for amarket of re-usablesoftware.

Conclusion

Theoverall conclusioris thatthemajor problemsfor roboticstodaylie notin thehardware
but on the software side. Thereis however no shortageof well functioning and robust
algorithmsdevelopedby competentesearchersThe eld hasmaturedandmostneeded
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tasksaretodayunderstooc@ndhave goodsolutions.No, the biggestproblemis thelack of
a standardizedramework in which theseresearchersanplug their work without having
to hasslawith too muchcomplexity.

Thesemodulesneedto be putin an elaboratesystemthat prescribeghe interfaces,
communicationmethodsand limitations that the modulesmust adhereto. The system
shouldalsoprovide servicesso thatthe individual modulescanbe madeas coherentand
simpleaspossible.A long list of requirementganbe madefor a system.Herearesome
of themostimportantpropertieghatcanberequired:

modularity

easeof use
hardwareportability
run-timeef ciency
extendabilityandscalability
robustness

runtime e xibility

To createthis kind of systemandto performthis integrationof competencess exactly
whatthis thesisis all about.

1.5 Contributions

The contributionsof this thesisregardthe structuralprinciplesfor softwarearchitectures
for mobile autonomousobots. A rst iterationwasthe ISR (BERRA) architecture.This
systemwasan early exampleof a standardizedlient-sener topologyexhibiting network
transpareng It wasdesignedcandimplementedn cooperatiorwith Mattias Lindstrom,
with anequalshare.

This systembecamea very successfudlemonstratomwith a large setof capabilities.
Severalabilitieswerealsoaddedby short-termguestresearchergroving its extendability
andrelative easeof use. It hasbeenin operationon several platformsfor several yearsat
the Centreof AutonomousSystemsat KTH andalsoat otherinstitutions.

ISR/BERRAIs describedn thefollowing publications.

AnderssonM., Oreback,A., Lindstrom,M. & ChristensenH. (1999), Intelligent
SensoiBasedRobotics,SpringerVerlag, Heidelbeg, chapterlSR: An Intelligent
Sewvice Robot.

Lindstrom,M., OrebackA., & ChristensenH.l.: BERRA: A reseach architec-
tur e for sewvice robots Roboticsand Automation,2000. ProceedingsICRA '00.
IEEE InternationalConferencen ,Volume: 4, 24-28April 2000Pages:3278 3283
vol.4
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Next theemegingscienceof ComponenBasedSoftwareEngineering CBSE)wasstudied
andtheimplicationsfor roboticswereaddressedThe conclusionsverethat CBSE could

simplify:

exchangeof software partsbetweerlabs,allowing specialistdo focuson their par
ticular eld.

comparisorof differentsolutions.
startupin robotresearch.
Thework waspresentedh thefollowing paper:

Oreback,Anders, Componentsin Intelligent Robotics Component-Base&oft-
wareEngineering:Stateof the Art, MélardalenUniversity, 2000

An extensive comparatie studywaslater performedwhereseveral existing softwaresys-
temswere evaluated. This wasdoneby implementingthe samecapabilitieson oneplat-
form usingthedifferentsoftware.A numberof key principlesandcharacteristicsouldbe
de ned from this studywhich s publishedn thefollowing journalarticle.

AndersOreback& Henrik . ChristensenEvaluation of Ar chitecturesfor Mobile
Robotics AutonomousRobots Volumel4,Issuel, January2003,Pages33 - 49

The secondmajor designfor a new systemwaswithin the EU sponsoregroject ORO-
COS.The lessondearnedfrom the previous work resultedin a component-basefilame-
work. The systemis peerbasedwith standardizeccommunicationbut with very little
restrictionselsavherein the system. The rationalewasthat mary componentgannotbe
de ned aseitheraclientor asener. A strictlayeringis alsoabandonedor the samerea-
sons.Communicatiompatternsplay enintegral role. Furthermorea hardwareabstraction
schemads includedallowing for easyextensionof supportechardware. This systemhas
beendeployedin anumberof projectsaroundtheworld. It hasbeenrenamedo ORCA, is
availableat Sourcefogeandhasanactive userbase.

This work hasnot beenpublishedelsavhere exceptfor in this thesisandin reports
in connectionwith the evaluationfor EU. However oneapplicationusingthis systemhas
beendescribedn thefollowing conferencarticle.

WenfengLi, DingfangChen,Christensenti.l., & OrebackA., An architecturefor
indoor navigation Roboticsand Automation,2004. ProceedingsICRA '04. 2004
IEEE InternationalConferencen ,Volume: 2, 26 April-1 May 2004,Pages:1783
1788
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1.6 Outline

Thethesisis comprisedf two main parts.

Part I: Fundamentals

This rst partaimsat providing afoundationon which the secondpartis based.

Chapter 2: Robot Ar chitectures

This chaptercontainsa brief exposéof the evolution of software architecturesThis will
give the readera senseof haw the fundamentaview haschangedver the yearson how
robotsshouldbe programmed.

Chapter 3: Software Systems

Herewe take a look at a numberof successfukoftware systemsat closerdetail. While
chapter2 is atamoretheoreticalevel, theseareactualimplementations.

Chapter 4: Software Engineering Issues

Software engineeringplaysa large role whenimplementinga robot system. The choices
madehave asigni cantimpactontheendresult. Herewe addressssuessuchasoperating
systemandcommunicatiortechnologies.

Chapter 5: Development

Sincethe developmentof a pieceof softwarein practicenever reachesa nal state,the
developmentervironmentin uencesthe daily life of a robotresearcherin this chapter
developmenimethodsprocesseandtoolsarediscussed.

Part 1l: A Designfor Robotics Software

This partof thethesisshawvs in somedetail the designandimplementatiorof a proposed
softwareframework for mobilerobotics.

Chapter 6: Intr oduction

In this chaptertheimportanttaskof stipulatingprerequisitegor our framework is carried
out. Designinga systenthatshouldbeableto carryoutary taskin any ervironmentis not
feasible solimitationsarede ned for whatour systemshouldbe ableto do.

Chapter 7: Communication

Communicationis a very importantpart of a robot software framewvork. This chapter
introducesa proposeccommunicatiorscheme.
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Chapter 8: Ontology for Mobile Robotics

Typesandobjectsthatareusedin roboticsis importantsinceit in uencesperformanceut
alsoimplicitly de nesa “world view”. This chapterde nes the typesand objectsof the
proposedoftwaresystem.

Chapter 9: ComponentModel

A componenimodelsenesthe purposeof establishinga standardor developingcompo-
nentswithing the framework. This easesdevelopmentand interactionbetweencompo-
nents.In this chaptera proposeccomponenmodelis presented.

Chapter 10: Hardware Abstraction

In orderto provide portability acrosdifferenthardwareplatforms,a schemdor hardware
abstractioris very valuable.Sucha schemads laid outin this chapter

Chapter 11: Ar chitecture and Implementation

This chapteraddresseshe activity of assemblingdifferentcomponentsnto a complete
runningsoftwaresystem.Deploymentof the systemis alsodiscussed.

Chapter 12: Summary and Futur e Reseach

A summaryanda sectionon futureresearcttoncludeghethesis.
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Chapter 2

Robot Ar chitectures

This chapterintroducesthe fundamentaideasthat shapedobot architectureover time.
For in depthreadingon this subjectseee.g. (Arkin 1998)or (Kortenkampetal. 1998).

The word architectureneedsa shortdiscussion. Traditionally, the word was always
usedwhendescribingthe software systemsdevelopedfor robots. The architecturepre-
scribesand limits how the differentactuities in a systemare organizedand scheduled.
Recentlyhawever, moregeneraframenvorks have becomepopular In theseframenorks,
modulescanbe assembledh orderto producemary differentarchitectures.

In this thesiswe make thefollowing distinction. An robotarchitectueis atheoretical,
organizationalview of the software. The implementationof an architecturebecomesa
system.An architectureeanactuallybeimplementedn anumberaways. Whengrounding
anarchitecturento a systemalot of issuessuchascommunicationmustbe solved. This
is discussedn laterchapters.

2.1 Sense-Plan-Act

Early robotic directedat single functionswere designedas control systemswith a clear
feedbackmodel. A sensomgenerateseedbackwhich is comparedo the expectedfeed-
backwhich is derived from a modelof the system. Any deviation is usedto updatethe
control signalso asto minimize the error over time. As compleity grew andthe robots
neededo performmore thanone function, the perception-actiodoop was extendedto
have a planningcomponentThis wasa naturallinearextensionbeyondtraditionalcontrol
towardscybernetics.Early Al, sometimegeferredto as GOFAI, goodold fashionedAl,
usedthismethodologyto build robotsystemsThisresultedn ahierarchicakystemhaving
anelaboratemodelof theworld, usingsensorso updatethis model,andto draw conclu-
sionsbasedon the updatednodel. Actions werenot a direct consequencef perception.
Thisis sometimesalledthe sense-plan-agaradigm.

Albusetal proposedheReal-timeControlSystenreferencarchitecturcRCS(Barbera
etal. 1984)which is a highly layeredsystem. Eachlayer consistsof four parts;sensory
processingworld modeling,taskdecompositiorandvalue judgment. All layerssharea

17
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globalmemorywhererepresentation&nowledgeis stored.TheUnited Stateggovernment
evendecidedin the mid 1980sto fund a standardarchitecturefor tele-roboticcontrol. It
wasjointly developedby NASA andNIST andwaswasbasedon RCSandcalledNAS-
REM (Albus et al. 1987). The architecturewas never widely acceptedout is still used
today In factit mustbe usedby thosecompetingfor contractsfor tele-operatedobotsin
thespacerogram.

The sense-plan-adystemddid not performvery well, especiallyin dynamicandun-
predictableervironments. Partly becauseof the dif culty in the modelingof the world,
partly becausef relying too muchon inadequatesensors Most would saythatthe com-
plexity was underestimatedAnother problemwasthat of groundingsymboilsin reality.
Especiallysimulation,which wasthe usedextensiely, suffersfrom this problem.

2.2 Behavior BasedSystems

In 1986 Rodne Brooks revolutionizedthe eld by presentingan architecturebasedon
purelyreactive behaiorswith little or no knowledgeof theworld. Brooksusedthe phrase

Planningis justa way of avoiding guring outwhatto do next.

Brookscalledit the subsumptiorarchitecturgBrooks1986).

The architectureconsistsof horizontallayers,not vertical layersasin the state-plan-
actarchitectures Eachlayer hasa distincttaskandthey all executeasynchronousland
concurrently Avoid-Objectsand Explore are examplesof layertasks. A priority-based
coordinationis achiezedby inhibition andsuppressionCommunicatiorbetweerayersis
allowed but only atlow bandwidth. Lower layershave no notion of higherlayers,which
makesthesystemeasyto extend. More recentwork by Brooksis COG(Brooksetal. 1999).
COGis basedbon theideaof developmentapsychologyin which the setof behaiors are
acquiredover time from simpleto complex. The rationalis that the interplay between
control,representatioandplanningmight betoo complex to be engineerednto a system,
soit might be bene cial to uselearningfor this. To testscalability beyond triviality, an
upperbody torso hasbeenconstructedvith humanlike competenciesn termsof motor
control.

Anotherbehaior-basedpproachhatsurfacedshortly afterthe subsumptiorarchitec-
turewasmotor schemas(Arkin 1989). Examplesof schemasre; Move-aheadMove-to-
goal, Noise Avoid-obstacle Eachmotor schemabehavior) outputsa vector (orientation
andmagnitude) Vectorsfrom all active schemasiresimply summed.

The Reactve Action PackagegRAPS)(Firby 1989),shouldalsobe mentioned It lies
in betweerthebehaior basedandhierarchicaimethods.RAPsaretaskbasedatherthen
behaior based,andrelies heaiily on a world model. In the architecturea setof task-
situationsareidenti ed andfor eachof thesea methodis described The methodscontain
sequencesf stepsthatareto be takenin orderto accomplishthe task. Several systems
werebuilt uponRAPS.
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Figure2.1: Thehybrid deliberatie architecture(No verticalmessaginghavn.)

2.3 Hybrid Systems

Robotsthat were running reactive behaior basedsystemsperformedvery well, alsoin
changingernvironments However, the purelyreactive schemes not capableof performing
comple tasks.
A hybrid approachcombininglow-level reactive behaviors with higherlevel delibera-
tion andreasoninghassincethenbeencommonamongresearchers.g. (Arkin 1990).
The hybrid systemsare usuallymodeledashaving threelayers;onedeliberatve, one
reactve andonemiddlelayer.

The Reactve Layer

Thereactie layerof a hybrid systemis oftenbehaior based.This meanghatthe subsys-
tem consistof separatdehaiors runningin parallel,whereeachbehaior hasonespec-
i ed non-complea task. Examplebehaiors are goto-goal,avoid-obstaclesandtraverse-
door.

The behaviors representsa tight coupling from the sensorgo the actuators. Part of
thereactie layerarealsosensorandactuators.Sensorproducedatathat arepassewn
to oneor moreconcurrentlyrunningbehaiors. Sensoifusionmodulescanextracthigher
level datafrom two or moresensors.

Sinceseveral behaviors canbe active at the sametime, the resultsmustbe fusedinto
asinglecrispactuatocommand.This is donein anactuatocommandusionmodule. A
modelof a generichybrid deliberatve architecturecanbe seenin Figure2.1.

Thecalculationsn thereactive layershouldbe carriedoutin nearreal-timefor safety-
critical considerationsThe modulesn this layerarenormally stateless.
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The Deliberative Layer

Thedeliberatie layerhandles
missionplanningandreasoning,
localization,
pathplanning,
andinteractionwith humanoperators

Hereis the global stateof the systemdecided. Differenttypesof state-machinesan
beusedhere.Oftenplanningis viewedascon gurationof underlyinglayers.Tasksin this
layer areallowed to be computationallyexpensve andtherefortake relatively long time.
Ideally, thislayershouldbeoccupiedwith preparingor actwitiesin thefuture. Butin most
implementationgthislayeris dormantasthereactve layeris active, exceptfor monitoring
humaninteraction.Learningtechniqueganbedeplo/edthatmakesthe systemmorefault
tolerant.

Localizationmeanshaving an a priori map of the world and comparingperceptual
inputsto this map. Whetherthis taskbelongsto the deliberatve layer canbe debatedbut
is putheresinceit oftenis verytime consuminglt shouldbenotedthatahotresearchopic
is having therobotautomaticallyconstructhe mapasit navigatesnew ervironments.

Thereareseveralalgorithmsfor path-planningA* beingaaverycommonone.A path-
plannershouldtake into accountistancedut alsothetime it takesto reachthetargets.If
routeis blocked,the plannershouldbe ableto rerouteif possible.

Interactionwith humanscanbe throughe.g. keyboardor speech.A syntaxandvo-
cahulary needto bede ned aswell ascommonreferencepointsin theworld. Thehuman
input needto be parsedandtranslatednto commandshatmakessensdor therobot.

Obviouslytheskills andcompleity thatareneededn thedeliberative layerarehighly
relatedto theamountof autonomyoneis seeking.

The SequencerLayer

The middle layer, often called eitherthe sequencetayer, or supervisorylayer, bridges
the gapbetweerthe deliberatve andthereactie layers.Its basicfunctionis to rewire the
reactvelayeraccordingo aglobalstateobtainedrom thedeliberatve layer, thusdeciding
which setof behaiors thatshouldberunning. It shouldmonitorthereactve layerandbe
informed of whenstepsare done,but also catchinstancesvherethe reactve layer fails.
It could thenexecuteauxiliary plansor surrendercontrol to the deliberatve layer The
sequencecane.g.berule-basedr a nite statemachine.

2.4 Lessond.earned

The hybrid deliberate/reacte hasproven very successfulpracticalandrobustin a large
numberof implementationsandthereis generalagreementhat this the besttype of ar
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chitecturethatthe communityhasproduced.However, sometype of modulesarehardto
forceinto ary particularlayer, sothestrictlayeringcanbe openfor discussion.

When constructinga generalfframenork, no speci ¢ architectureshouldbe enforced.
Neverthelessgood supportfor builders of the hybrid deliberate/reacte architectureis
important. Thisimpliese.g. parallelexecutionof behaiors.






Chapter 3

Software Systems

This chaptepresent&numberof implementedoboticsystemsTheselectionis basedn
successpopularityandto a certaindegreefame,but is by no meanscomplete At rst we
look at someof the propertiesby which a systemcanbe described

3.1 Properties

As statedn sectionl.4,therearea numberof propertiegshatcanbede ned for a system.
Herearethe sameonesnotedagainaswell asa coupleof more:

easeof use

portability

efciency

generalizability

versatility
extendabilityandscalability
procesdistribution
documentation

easeof development

Easeof userefersto whetherthe systemis easyto install, execute andnot leastof all,
shutdown. Portability meansf the software canbe run on differenthardware platforms
anddifferentoperatingsystemsEf ciency is abouttheruntime overheadvhichis de ned
by memoryand CPU requirements.Genealizability is a measuremendn how mucha
systemimposesa certainarchitecture.Versatility, asstatedin sectionl.3, refersto if the
systemis designedo carry outmary or just onetask.

23
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Extendabilityrefersto whetherthereis supportfor addingnew softwaremodulesand
alsoindeedhardware devices. A systemis saidto be scalableif the addingof modules
without the systembeing boggeddown, which might be the casewherea bottle-neckis
presentin the system. Researclervironmentstendto evolve in termsof both hardware
andsoftware. Adding new sensorss prettymuchastandardactivity in suchervironments.
In termsof software,in behaior basedsystemshe additionof new behaiorsis alsoa
commonpractice.

A robotsoftwaresystencanberunningin onesingleprocessin severalprocessesna
singlehost,or on processespreadver severalhosts.Thelattertype of systemsarecalled
distributed Obviously this presentdoth prosand cons. The prosarethatthe load can
be spreadover several machines.Rolustnesss alsoincreasedinceif a modulecrashes,
it will not necessarilyoring down the whole systemwith it. Insteadthe faulting module
canrestartedor exchanged. The consare e.g. increaseccompleity and more dif cult
dehugging.

Documentatioris very importantfor developersaswell asfor users.Documentings
unfortunatelynot the favorite activity of mostprogrammersRelatedto documentations
easeof developmentThis refersto how easyit is for otherdeveloperdo addnev modules
to, rewrite, or delug a system.

See(Oreback& Christenser2003)for moreon evaluatingpropertieof roboticsystems.

3.2 AuRA

The concepiof the hybrid deliberatve architecturdas generallyattributedto Arkin (Arkin
1986, Arkin 1987). The approachwasimplementedn the AuRA architecture. AURA
consistsof a missionplanner a spatialreasoneipath planner),a plan sequenceranda
reactve system.Thereactve systemis basedon motorschemagsection 2.2). A schema
managercontrolsand monitorsthe behavioral processesluring execution. A graphical
view of thearchitecturecanbeseenin Figure3.1.

Eachbehaior is associatedvith aperceptuaschemahatprovidesthestimulusthatthe
behaior requires.The controlcommandgrom thebehaiors aresummedandnormalized
in aspecialprocessaindthensentto the hardware.

AuRA is very modularand e xible. Several of the moduleshave beenreplacedover
time. Learninghasalsobeenincorporatedn variousforms. AuRA hasgoodgeneraliz-
ability which hasallowed it to be usedfor a wide rangeof tasks,suchas manufcturing,
indoorandoutdoornavigation,mobile manipulationandmilitary scenarios.

Ourconclusioris thatAuRA hasanumberof strengthghathasattributedto its success.
Oneis modularitywhich helpsextendabilityandeaseof development.lt doeshave some
generalizabilitybut it doesimposea certainarchitecture.

3.3 TaskControl Architecture (TCA)

The Task Control Architecture (TCA)((Simmons1994)) includescapabilitiesfor both
inter-processcommunication@ndtask-level control. The interprocesscommunications
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Figure3.1: The AuRA architecture.

featuresanorymoussoclet-baseccommunicationusing TCP/IP that supportsboth pub-
lish/subscribeandclient/serner modesof messaggassing. TCA alsosupportsautomatic
marshalingandunmarshallingf databasedon a formatde nition language All commu-
nicationsin TCA areroutedthrougha centralsener, which canlog all messagéraf c.

The task-lesel control portion of TCA includescapabilitiesfor hierarchicaltask de-
compositiontasksequencingndsynchronizationtesourcananagemengxecutionmon-
itoring, andexceptionhandling.By "task-level", is meanttheintegrationandcoordination
of perceptionplanningandreal-timecontrol to achiere a given setof goals(tasks). A
centralsener dispatchesasks.

TCA canbethoughtof asarobotoperatingsystemandcanbe usedfor awide variety
of robots,tasks,andenvironments.Oneexampleis the XAVIER robot (O'Sullivanet al.
1997)thathasbeendevelopedat CMU. Thesystermnis composeaf four layerswith speci ¢
functions:taskplanning,pathplanning,navigation,andobstacleavoidance.

Later, the propertiesof TCA wasrewritten split into two packageslPC (Inter-Process
CommunicationsandTCM (TaskControlManagement)lPC hascommunicatiorieatures
similarto TCA but alsopeerto-peercommunicationgswell asothernev enhancements.
TCM is acompletereimplementationwrittenin C++, of the TCA task-lesel controlcapa-
bilities.

Later the Task DescriptionLanguage(TDL)(Simmonsé& Apfelbaum1998)was de-
veloped. TDL is a supersebf C++ that includesexplicit syntaxfor task-lesel control
capabilities.The objective wasto facilitatewriting task-level controlprogramsyy embed-
ding suchsyntaxin alanguagdamiliar to roboticists. TDLC, atranslatomwritten in Java,
transformsTDL codeto pure C++.Morerecently TDL hasbeenextendedto work in a
distributedfashion MTDL (Multi-TDL).
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Figure3.2: The Saphirasystem.

TCA andits successorbiave beendeployed in a large numberof projectsat CMU,
NASA, andelsavhere.Thetask-contropartstipulatesa speci c architecturebut thecom-
municationgartis generaknougho suitmostpeoplebut thesoclet-base@pproachmight
betoorestrictive to provide a generaframework.

3.4 Saphira

SAPHIRA (Konolige& Myers1996)is arobotcontrol systemdevelopedat SRI Interna-
tional's Arti cial IntelligenceCenter It was rst developedin conjunctiorwith the Flakey
mobile robotproject(Safotti etal. 1993),asanintegratedarchitecturefor robotpercep-
tion andaction. The softwarerunsa reactve planningsystemwith a fuzzy controllerand
abehaior sequencer

Thereareintegratedroutinesfor sonarsensointerpretationmapbuilding, andnaviga-
tion. At the centerof thearchitecturds the Local PerceptuaSpacgLPS),seeFigure3.2.
It accommodategariouslevels of interpretatiorof sensotinformation,aswell asa priori
informationfrom sourcessuchasgeometricmaps. The main systemconsistsof a robot
senerthatmanageshe hardware,andSaphirawhichis a clientto this sener.

Saphirahasbeenimplementecon a numberof differentoperatingsystemsandin ad-
dition an API acrossa numberof languageshasbeendeveloped,in particularto support
differenttypesof experimentsfrom low-level controlto taskplanning. Thereare several
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Figure3.3: A Teambotsoccersimulation.

codingmethodsausedin the Saphiraarchitecture The coreof the systermis programmedn
theC languageA speciahigh-levelinterpretedanguageérasbeendesignedtalledColbert
(Konolige1997). It hasa C-like syntaxwith semanticdasedon nite statemachines.A
partof Saphirais writtenin LISP.

Oneratherconfusingmatteris the distinctionbetweeractiities, processedyehaiors,
tasksandroutines. The learningcurve is thus steepto masterthe systemat a reasonable
level althoughcolbertpresents corvenientscriptinglanguage The robotsener concept
is crudeand meansthat portability is dif cult. All sensorandcontrol datapassthrough
onecommunicationrchannel. Both this andthe LPS are potentialbottle-necks.The fact
thatfuzzy logic controlis basicallymandatedy Saphiraputsunnecessaryestrictionson
theprogrammer

3.5 Teambots

TeamBotqBalch2000)is a Java-baseaollectionof applicationprogramsandJava pack-
agedor single-andmulti-agentmobileroboticsresearchA verylargecollectionof classes
andinterfacesareavailablefor developingnew software.

Oneselectionof theseclassess calledClay whichis a packagef Javaclasseshatcan
becombinedo createbehaior-basedobotcontrolsystemsClay takesadvantageof Java
syntaxto facilitate combining,blendingand abstractiorof behaiors. Clay canbe used
to createsimplereactive systemsr comple hierarchicalkcon gurationswith learningand
memory A basicinterfaceis inheritedby all robot classes.TeamBotss widely usedin
researclandeducation.It hasbeenportedto a numberof robot platforms. TeamBotsis
primarily constructedor simulation,andit hasaneasyto usegraphicalinterfacefor such
purposegseeFigure3.3).



28 CHAPTER3. SOFTWARE SYSTEMS

The TeamBotsarchitecturehasno realdeliberationlayerbut doescontainmethodsfor
sequencingf tasks.

TeamBotsis entirely built in JAVA andthe sourcehasbeencarefully groupedinto a
collectionof ne grainedclassesTeamBotanthusberunon basicallyall platformsthat
supportJAVA. Thisincludesmosttypesof UNIX, MS Windows, aswell asMacOS.Note
thatin orderto runonarealrobot,theactualhardwaremustbesupportedy devicedrivers.
Thedevicedriversaretypically realizedby usingJNI (Java Native Interface)which wraps
platform-speci cfunctionality.

Many peopleconsiderJavato beinappropriatdor atime critical systemlik e thatof a
robot. It canbe easilyshowvn thata large portion of the time that the systemspendsn a
controlloop, consistsof callsto the hardware. This is totally irrespectve of the program-
ming languageused.Thereis alsothe possibility of usingJNI to embedtime critical code
writtenin otherlanguages.

Teambotscould be called a generalframewnork but doesstipulatean architecturegs-
pecially regardingrobot control. It is also a single processapplicationwhich makes it
non-distritutableandlessrobust.

3.6 BERRA

BERRA (BEhavior basedRobot ResearchArchitecture)(Lindstrom et al. 2000), is an
architecturewith the primary designgoalsof scalabilityand e xibility. All components
are heary weight processesand can be transparentlyplacedanywhere on the network.
The implementedsystemmalesheary useof the Adaptive CommunicatiorEnvironment
(ACE) (Schmidt1994) package.By usingthis package OS dependensystemcalls are
wrapped allowing for portability acrossa wide rangeof OperatingSystems.

ACE alsoincludespowerful patterndor client/sernercommunicatiorandservicefunc-
tions (Schmidt& Sudal994)which areusedin the system.Theimplementedsystemhas
beentestedin a signi cant numberof missionsin the lab, whereoneroom hasbeenset
up asanordinaryliving room (Anderssoret al. 1999). An abstractepresentationf the
BERRA architecturds shovn in Figure3.4.

Sensorsand sensorfusion modulesare calledresouces Controllers represenboth
the actuatorsandactuatocommandusers.The middle layeris calledthe TaskExecution
Layer. BERRA hasbeentestedon SolarisandLinux andit hasbe evaluatedon a range
of different platformsincluding Nomadic 200, Nomadic Scout, Nomadic XR4000, and
ActivMedia Pioneer Theoretically all platformssupportecby ACE canbe considered.
BERRA s written entirelyin C++.

The BERRA systemclearly separateshe systeminto IPC, componentarchitecture,
and control. The multi-processbehaior basedschemeprovides good performancebut
alsomalkesit hardto dehug. It is poorly documentedvhich makesis hardto useandto
extend.
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Figure3.4: TheBERRA system.

3.7 Smartsoft

Smartsof(Schlegel& Worz 1999,Schlagel 2004)is acomponenframavork andarchitec-
turefor robotsystemsSmartsofis in mary waysvery similarto BERRA. Oneinteresting
differences thatat the coreof the framewnork area numberof communicatiorpatterns.

AutoUpdateTimed
AutoUpdateNewest

Command

Query
Event
Con guration

The AutoUpdatepatternis oftenreferredto asPush It is a subscriptiorbasedconcept
usedwhenclientswant new dataassoonasit is ready Typical usesarewhenbehaiors
consumedatafrom sensofdataseners.

In the Timedversion,whenclientsissuea subscriptiona valueis passedlongnoting
thedesiredime interval betweerupdatesThis canalsobe calledsynchronousnode.

In the Newestversion the clientswantupdatesassoonasnew databecomesvailable,
nomatterhow long or shortthetimeinterval is. This canbecalledanasynchronoumode.

Queryis likeamethod-calreturninga value. Thecall canoptionallyhave aparameter
Thisresemblesvhatis oftenreferredto asPull.

Commands asimplenon-returninglike void in C/C++) method-call.
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In the Eventpattern,the client asksthe sener to continuouslyevaluatea booleanex-
pressionandto inform the clientwhenthe expressiorreturnstrue.

Con gurationis aratherSmartSoft-speci gatternwhereclientscansetandquerythe
internalstateof a sener.

The communicationis soclet-basedbut was later rewritten to use CORBA (section
4.3). Thecomponenframework providesvery goodcommunicatiorbut is toocomplicated
andin a sensehierarchical. The componentsnternalstateis e.g. alwayscontrolledfrom
the outside somethingnot everyoneagreeswith.

3.8 Player/Stage

Player(Gerkey et al. 2001,Gerkey et al. 2003)is a robot device sener developedat the
Universityof SoutherrCaliforniaRoboticsResearch.abs.Playeris asoclet-basedlevice
senerthatallows controlof awide varietyof roboticsensorsindactuatorsPlayerexecutes
onamachinethatis physicallyconnectedo a collectionof suchdevicesandoffersa TCP
socletinterfaceto clientsthatwish to controlthem.

Clientsconnecto Playerandcommunicatevith the devicesby exchangingmessages
with Playerovera TCP soclet. In this way, Playeris similar to otherdevice seners,such
asthestandardJNIX printerdaemoripd. Like thoseseners,Playercansupportmultiple
clients concurrently eachon a differentsoclet. BecausePlayers external interfaceis
simply a TCP soclet, client programscanbe written in arny programminganguagethat
providessoclet support.

In orderto provide a uniform abstractiorfor a variety of devices, Playerfollows the
UNIX modelof treatingdevicesas les. Thusthefamiliar le semanticsold for Player
devices. For example,to begin receving sensorreadingsthe client opensthe appropriate
device with readaccesslik ewise, beforecontrolling anactuatoy the client mustopenthe
appropriatedevice with write accessIn additionto the asynchronouslataandcommand
streamsthereis a request/replynechanismakin to ioctl(), thatclientscanuseto getand
setcon guration informationfor Playerdevices. Several clientscan connectsimultane-
ouslyto adevice asthereis nolocking mechanismDevice interfacesare separatedrom
devicedrivers.

Stagesimulatesapopulationof mobilerobotsmaovingin andsensingatwo-dimensional
bitmappedervironment. Varioussensomodelsare provided, including sonar scanning
laserrange- nder, pan-tilt-zoomcamerawith color blob detectionand odometry Stage
devices presenta standardPlayerinterface so few or no changesare requiredto move
betweersimulationandhardware.

The Player/Stagerojectoffers a device abstractioracrossroboticsplatformsbeit in
simulationor physicallyinstantiated however it doesnot imposeary architecturalcon-
straintssoit may atleastin principle,beusedwith mary of theothersystemslescribedn
this section.

The Player/Staggrojecthasbecomevery popularandwidely used. The successs
undoubtedhjbecausef theopenandunrestrictve natureof thesystem.Therearehowever
somedrawbacks. It is using a client-sener model and not a peerto-peermodel. The
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messagdormatsareratherstatic. It alsomakesa numberof assumptionsbouthardware
whichmalke it hardto port someplatforms.

3.9 Lessond.earned

Quite a few lessonscan learnedfrom this study Unlessyou really want to imposea
architecturalconstraintsthe systemshouldbe as e xible and generalas possible. This
alsoimpliesa peerto-peemodelwithout centralseners.

Communicatiorshouldbe separatedrom the restof the framewvork. The conceptof
communicatiorpatternsasusedin Smartsofis very attractize. Furthermorehardwareab-
stractionshouldbe emphasizedh orderto ensureportability betweerhardwareplatforms
andto easethe addingof sensors.Documentatioris often a problem. This is of course
relatedto easeof use.But eventhebestdocumentatiomannot make up for acomplicated
design.

Notableis thatfew systemshave afully edged planner/deliberatiosystem.This is
likely becausdt is oftenthelastpartof asystemthatgetsattention.lIt is alsocomplex and
requiresspeci ¢ domainknowledge.Thisknowledgeis probablyrarein robotlaboratories
today

Regardingprogramminganguagemary systemsarebasedon C++. Otherlanguages
arepossible put atleasta C++ apiwould be good. Anotherobsenationis thatreal-timeis
rarelya majordesigncriteria.






Chapter 4

Software Engineering Issues

Goingfrom theoryto practice to actuallyimplementa system presentsa whole rangeof

problemsanddesigndecisiongo be made.Onehasto chooseoperatingsystemprogram-
ming languageandwhaterer tools andlibrariesto use. Theseissueswill be discussedn

this chapter

4.1 Operating Systems

The operatingsystem(OS), takes careof severalimportanttasksin a computersystem,
suchas

handlingof hardware,
providing a le system,
schedulinguserprograms,
handlingof security and
providing a numberof servicedor userprograms.
All of theseitemsareessentiabndarepresenin ary standarddS.Recommendetkading

onthis matteris the classicbook (Tanenbaun& S.\Woodhull1987,1997).

BasicPropertiesand Sewvices

Hereis alist of propertieghatmayor notbe supportecby anOS,
multi-tasking,
multi-CPU support,

multi-user

33
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threading,
network communication.

Therearehoweveranumberof low-level serviceghatareimportantfor arobotapplication
programmerTheseancludesemaphoresignals,sharednemory pipes, fos, andsoclets.
Thereare otherconsiderationsgo take into accountsuchas available software, tools and
hardwaresupport.

The propertiesandservicemeededrom the OSin aroboticsystemof coursedepends
on whattype of systemthatoneis constructing.Multi-taskingis needece.g. wheremul-
tiple behaviors will beexecutingconcurrently IPC (Inter ProcessCommunication)s then
alsorequired.Network communicatioris neededor a distributedsystem.

Fortunatelyall of theabove propertiesareavailablein modernoperatingsystemsuch
asrecentversionsof Windows anddialectsof UNIX. Granted,differencesexist e.g. re-
gardingprocesseandthreadsA potentiallist includes:

Windows XP/NT/2000
SunSolaris

Linux

QNX

VxWorks

Real-Time

Operatingsystemscanalsobe eitherreal-timeor non real-time. Strictly speakingthere
aresomethat are consideredo be in between(soft real-time),but that distinctionis not
madehere.In theservicerobotics eld, real-timeoperatingsystemsarerarelyused.Thisis
becauséardreal-timepropertiesarenotreally necessarnormalOS's provide satisactory
timely execution. A mobile robotdoesnot really have to reactto obstaclegasterthanin
the order of tenthsof a second(comparehumans). But if the robotis equippedwith a
manipulatoy real-time must be used. This is becausét is neededto performthe ne
controlnecessaryo pick up objects,andfor safetyreasonslt is actuallymoredangerous
to be hit by a robotic armthanby a robot moving around. A commonmisconceptioris
thatreal-timehasto do with speed.Thisis nottrue, it is a questionof guaranteeinghata
taskwill beexecutedwithin a giventime-frameor not.

Linux

Linux is todaythe mostwidely usedOS in robotics. Thereare a numberof reasondor
this.

is basedn the GNU toolsandervironment
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is opensourcewith afreelicense
goodhardwaresupport

is well documented

hasno monetarycost

hasexcellentperformancendstability

Regardinghardwaresupportjt maynotalwaysbethe rst OSto supporinew hardware,
anduncommorhardware might not be supportedat all. This issueis however constantly
improving.

Linux is notreal-time,althoughmoreandmorereal-timecapabilitiesarebroughtinto
the stockkernel. Beforethe eraof Linux, Microsoft DOS wasmary timesused. Among
thereal-timeOS's, QNX andvxWorks usedto be the mostpopular However, the trend
movestowardsusingthe Linux versionsRTLinux and RTAI. Especiallythe latter, asthe
RTLinux is encumberedvith patents.

4.2 Object Oriented Programming

Quitecontraryto commonbelief, object-orientegorogrammings notverynew. It rst saw
thelight of dayin theprogrammindanguageSimula67 developedatthe NorwegianCom-
puting Center Oslo, Norway by Ole-JoharDahl andKristen Nygaard.Simulaintroduced
importantobject-orientegorogrammingconceptdik e classesandobjects,inheritanceab-
stractdatatypes,anddynamichinding. Alan Kay's groupat Xerox PARC usedSimulaasa
platformfor their developmenbf SmalltalkandBjarneStroustrupstartechis development
of C++ (in the 1980s)by bringing the key conceptsof Simulainto the C programming
language Object-orientegprogrammings todaybecomingthe dominantstyle for imple-
mentingcomplex programswith large numbersof interactingcomponents.Among the
multitude of object-orientedanguageare Eiffel, Eifeel and PROLOG. In particularthe
Internet-relatedava (developedby Sun)hasrapidly becomewidely usedin recentyears.

In robotics,C wasthe predominantanguageup until the mid nineties.Thereasorfor
this is probablythe factthatroboticshasbeenvery closelyrelatedto programminghard-
ware.Eventoday device driversandhardwareAPI's aregenerallywrittenin C. Obtaining
the highestpossibleexecutionspeedhasalsobeendesirable and althoughnot necessar
ily true, C waswidely attributed asbeingthe fastestoption. As the ambition, size,and
compleity of roboticsprojectsgrew, the needfor propertiedike encapsulationsepara-
tion of concernsand codereusebecamemoreimportant. Sincethen, mostmembersof
theroboticscommunityhave beenusingC++ andlately we have seensystemseingpro-
grammedn JAVA.
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4.3 Communication

A key featurein a robot systemis a reliable and ef cient communicationmechanism.
Modulesneedto exchangedatasuchas sensordataand eventssuchasemegeng stop
commandsRuntimemonitoringanderrorhandlingarealsoof greatimportance.

Roboticsystemsareoftendistributedover a numberof hosts. This happensvhenthe
load is too high for the on-boardprocessingpower and off-board computersare needed.
Evensinglevehiclesaremoreandmoreequippedvith morethanonecomputer Distribu-
tionis alsointegralin sensonetworksandmulti-robotsystemsAnothersituationis during
thedevelopmeniphasewhereit is corvenientto work ata desktopcomputercontrollinga
remoterobot.

Communication Technologies

Operatingsystemgprovide varioussupportfor inter proces£ommunicatior{IPC). Soclets
andsharednemoryareprobablythe mostencounterednechanismsvithin robotics.

UNIX sockets Protocolfor connectiondbetweerprocessesnthe samemachine.
INET sockets Protocolfor connectiondbetweerprocessesn differentmachines.

Sharedmemory A communicatiorover sharednmemorycanbe usedbetweenprocesses
what cansharea commonmemoryblock. This is preferablyusedwhenthereare
large chunksof informationthatneedgo betransferredast,for exampleimages.

OtherOSsupportednethodfor communicatiorarepipes, les, FIFOs,andsignals.Note
that also single processprogramsoften needcommunicationrmethods,e.g. in orderto
synchronizébetweerthreads.

Thereare however someproblemsassociatedavith theseprotocols. Oneis thatthese
methodoperateon aratherlow level andthey arethereforerrorproneandnot corvenient
to usedirectly. But the biggestproblemis that different platforms use different byte-
ordering,the so-calledendianproblem. This meansthat datacannotbe sentacrosssuch
platformswithout corversion.

The rst standardo addresgheseshortcomingsvas remoteprocedue calls (RPC).
Here the caller doesnot call the remoteend directly, but calls a local stuh This stub
linearizes(marshals}he dataandsendgo the remotepart. Hereanotherstubunmarshals
the dataand passest on the the actualcallee. Neitherthe caller nor the calleeneedto
know, or indeedcareabout,thatthe communications not local. RPCis in usein mary
systemsnowadaysoften in combinationwith XML 4.5. Light-weight versionscan be
foundin the Windows NT operatingsystemandcommonlyprovide the communicatiorin
graphicaluserinterfaces.
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Middlewar e

A goodde nition of middlewareis providedby (Emmerich2000):

“A layerbetweemetwork OS's andapplicationsthataimsto resohe hetero-
geneityanddistribution”

Onecanalsosaythatmiddlevarecoordinatesiow partsof applicationsareconnectedgnd
how they inter-operate.This enablesandsimpli es theintegrationof programsdeveloped
by differentvendors. The mostwell known of theseare CORBA, (D)COM, and Enter
prise JawvaBeangEJB). They aredisjunctbut canbe madeto interactby variousbridges
available..NET is anewly arrived contendefrom Microsoft.

Somemiddlewvarecanalsobe calledcomponentechnologiesComponent-Base8oft-
wareEngineering([CBSE)is a rathernew approachowardssystem-bilding. Theideais
thatsystemsanbe madeby assemblindpuilding blocks,componentsThesecomponents
caneitherbe commercialoff-the-shelf(COTS) or producedin-house. Component$ave
thefollowing properties:

1. A components abinaryunit of deployment.
2. They implementoneor morewell-de ned interfaces.
3. Shouldbere-usabléetweerapplications.

Similar conceptsare alsofoundin plugin-basedarchitecturesuchasweb-bravsersand
media-players.

Componentaremeantto be moreeasilyre-usedhanclasseor objects.Components
shouldcorrespondo readily-understoo@ntities, while classesare generallymore ne-
grainedwith dependenciesequiringdetailedknowledge. Moreover, the binary natureof
componentsmply thefollowing:

They canbe deployed without any familiarity with the sourcecode,facilitating re-
use.

As new versionsof a components releasedthe usercan just replacethe entire
binary.

Componentsan be shippedby industrial companieswithout giving away source
code,paving way for a market.

The hopeis that software engineersvould be able to browse and purchasecomponents
from catalogsmuchin thesameway asmechanicaéngineergando with hardwareparts.
Thisis becomingrueat placedik e www.componentsource.cam

A numberof middlewaretechnologiesareexplainedbelow in somedetail. Onemajor
sourceof referencdor this sectionis (Szyperskil998).
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DCE

The DistributedComputingenvironment(DCE) is a standardf the OpenSoftware Foun-
dation(The OpenGroup1997). It implementsfull RPCbhetweemmachinesacrosshetero-
geneougplatforms. It alsousesversioncontrol of services.DCE is includedheremostly
for historicreasonssinceit introducedmary key aspect®f moderncomponentechnolo-
gies.Firstandforemosttheinterfacede nition language (IDL).

IDL IDL separateshe interfacefrom the implementation. It to de nes the interface
thatsits on the outsideof the boundary allowing the only communicatiorthatthe object
conductswith theoutsideworld. Thelanguagenforcesobjectorientationandsupportso-

bustexceptionhandling.IDL is independendf programmindanguagebut mapsto other
programminganguagesFor eachremotelycalledprocedure]DL speci esthe complete
signaturencludingthetypesof parameterandreturnvalues.Propertiedik e the rangeof

basictypesare x edin orderto ensurecrossingof machineboundaries Both the client-

andsener-stubsmentionedearlieraregeneratedrom the samelDL le. IDL is anpub-
lishedISO InternationalStandardISO/IEC 1999).

UUIDs DCEalsointroducedheconcepbf universallyuniqueidenti ers(UUIDs). Names
are constructedisingan algorithmthat guaranteesiniquenessThesenamesare unread-
ableandmeaningles$or humans.

CORBA

CORBA(CommonObjectRequesBroker Architecture)is a standardnanagedy the Ob-
ject ManagemenGroup(OMG) (OMG 2004). Seee.g. (Henning& Vinoski 1999)which
is anauthoritatve bookon CORBA and(Siegel 2001)whichincludeslaterdevelopment.

With CORBA, OMG setoutto solve the problemof allowing for object-orientedys-
temsimplementedn differentplatformsin differentlanguageso communicate Thetar
get areawas enterprisecomputing. Initially releasedn 1991, the openapproacHhed to
incompatibility betweenimplementations.With CORBA 2.0 releasedn 1995, the stan-
dardincludedthe Internetinter-orb protocol (IIOP). This recti ed the situationand the
CORBA storyeventuallyturnedinto a successMore sowith CORBA 3.0,importantnew
additionshave beenmade . Amongtheseareintegrationwith XML, theintroductionof val-
uetypesandacomponeniodel. Thelattermeanghat CORBA is becomingafull-featured
componentechnology Valuetypesnablesall-by-valueinsteadof call-by-reference.

CORBA applicationsaremadeup of objects,units of runningsoftwarethatcombine
functionality and data. For eachobjecttype, an interfaceis de ned in OMG IDL. The
interfaceis asortof contracthatthesener offersto clientsthatinvokeit. OMG IDL maps
to all of thepopularprogrammindanguage€£, C++, Java, COBOL, Smalltalk,Ada, Lisp,
Python,andpossiblymore.

In CORBA, the ObjectRequesBroker (ORB) takescareof all of the detailsinvolved
in routing a requestirom client to object,androuting the responseo its destination.On
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thesever side,the ORB alsode-actvatesinactive objects,andre-actvatesthemwheneer
arequestomesn.

Any clientthatwantsto invoke anoperationon the objectmustusethis IDL interface
to specifythe operationit wantsto perform,andto marshalthe argumentghatit sends.
Whenthe invocationreachegdhe target object, the sameinterfacede nition is usedthere
to unmarshakhe agumentsso that the objectcan performthe requestedperationwith
them.Theinterfacede nition is thenusedto marshakheresultsfor theirtrip back,andto
unmarshathemwhenthey reachtheir destination.

In orderto invoke the remoteobjectinstance,the client must rst obtainits object
reference. Thereare several waysto do this, e.g. the Naming Serviceand the Trader
Service(seesection4.4).

CORBA is notwithout criticism. It is by mary regardedasa slow-moving beastwith
asteeplearning-cure. Therearemary optionsandwayswithin CORBA to solve agiven
problem. Component/ersioningis a not fully solved problemin CORBA. The different
implementationstill suffer from minor incompatibilitiesandusuallyimplementthe stan-
dardsto a variabledegree. Many feel however thatthe situationhasimprovedduring the
lastyears.Several CORBA implementationgxist onalarge numberof platforms,mary of
themarefree andopen-sourceMany IDEs (IntegratedDevelopmentEnvironment)have
standardemplatedor CorbabasedPC.

COM and DCOM

COM is Microsoft's technologyfor componenbasedsoftware. COM standsor Compo-
nentObjectModel (Microsoft 2004). It is a binary standardandis language-independent
with primaryimplementationén VB (Visualbasic)andVC++ (VisualC++). Every COM
interfacehasto supportthe methodQuerylnterface. By usingthis method,a client can
getfrom ary interfaceto ary otherinterfacesupportedy thatcomponentBy startingat
themandatonyinterfacecalledlUnknown, initial entrycanbe made.This interfaceis also
usedto uniquelyidentify the component.COM usesa modi ed versionof UUID called
GUID (Globally Uniqueldenti ers). Referenceountingis usedfor memorymanagement.
COM hasit's own versionof IDL, but usingthe standarddevelopmenttools, the IDL is
automaticallygeneratedA COM interfacecanneverbechangedvithoutincrementinghe
versionnumber Furthermorepld versionsof interfacesmustbe presered. This canbe
seenasdrawbacks but actuallysolvestheversioningproblem.

Distributed COM (DCOM) builds on top of COM andusesRPCin orderto provide
communicatiorbetweerprocessesn differentmachines.

The mainnichefor COM hasbeenin desktopapplicationsn relationto the Windows
operatingsystem.The Microsoft Of ce suiteis a goodexample. However, a morefor us
relevantexampleis ABB's OperatelT

Apartfrom Microsoft Windows, COM is availableon the Macintoshanda numberof
otherplatforms.No free or open-sourceersionseemso exist though.Developmentools
areverywell advanced.

COM hasevolvedgraduallywith severalbekinderedechnologiesuchasVBX, OLE,
ActiveX andCOM+. Thestrive for maintainingoackwardscompatibilitymeanghatmary



40 CHAPTER4. SOFTWARE ENGINEERINGISSUES

reduntantmechanismsvithin thesetechnologiesxist. Microsoft now recommendshat
developersusethe .NET Framavork (seesection4.3) ratherthan COM for new develop-
ment.

Enterprise JavaBeans

SunhascreatedEnterprise]JaszaBeangEJB)in orderto provide a componentechnology
for Java. Thisis mainly achievzedby theintroductionof the objectserializationserviceand
theremotemethodinvocation(RMI). The garbagecollectionsigni cant for Java hasalso
beenextendedto work in a distributedsetting. The versioningproblemis addresseéh a
painstakingvay.

JaraBeandhasprimarily beenusedin webapplications.Developmentoolsaresome-
whatavailable.

XML-RPC and SOAP

XML-RPC and SQAP are very similar and sharesthe sameancestry They do remote
procedurecalling using XML asthe encoding. It communicateover HTTP in orderfor
it to go through rewalls. Thereare mary compatibleimplementationghat spanmary
operatingsystemsaandprogramminganguages.

XML-RPC came rst but is now morelike a subsetof SOAP. The speci cationsis
roughly vepagesandveryeasyto understandlt hasbeencalled"low-techwire protocols
basedn the standardsf the Internet"by Dave Winer, oneof its authors.

SQAP extendsXML-RPC by implementinguserde ned datatypes theability to spec-
ify therecipientmessagespeci c processingontrol,andotherfeaturesXML-RPM mes-
sagesanusedwith SOAP by embeddingt in anervelope.

.NET

The .NET framework is a vastMicrosoft initiative comprisingseveral technologies.lt is
primarily designedo be usedfor so called\Web services A Web serviceis designedo
be accessedirectly by anotherserviceor softwareapplication.Web servicesarereusable
piecesof softwarethatinteractover the network throughXML and SQAP. Web services
canbe combinedwith eachotherandotherapplicationsto build so called .NET experi-
ences

Theframeworkincludesanew programmindanguagesalledC#,which couldbecalled
a Microsoft fork from SUN's JAVA. It addsadditionalfeaturesrelatedto componente-
velopment.

A "commonlanguageruntime", which runs bytecodesn an Internal Language(IL)
format. Codeand objectswritten in onelanguagecanbe compiledinto the IL runtime.
Providing thatanIL compileris developedfor thelanguage.

The .NET technologiesarevery muchcon ned to the Microsoft platforms. While the
motto of JAVA is write once run anywhee, the .NET clr is quitethe opposite.

Thereis anopen-sourcénitiative calledMONO which aimsto provide somefeatures
of .NET to theLinux community
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Conclusions

Middlewarelift the problemof distributed programmingo a higherlevel of abstraction.
Thisis indeedusefulasroboticsis inherentlydistributed. Usinga technologythatis stan-
dardizedand usedby a vastnumberof people,is preferredover constructinga separate
communicatiortoolkit for robotics.

Introducingcomponent-basesbftwareengineeringo roboticswould certainlyalsobe
very bene cial. In fact,it could helpto solve muchof the problemsstatedin 1.4. First of
all, compleity couldbemanagedinceCBSEenforcesnodularityatafunctionallevel. By
allowing domainexpertsto only concentrat®n making“their” componentvithout having
to dealwith intricaciesof the restof the system.Furthermorecomponentshatinternally
usedifferentalgorithmsbut sharethe sameinterfacescan easily be interchanged.This
facilitatescomparisorandveri cation.

However, noneof the mentionediechnologiesanreally be calleda framework or a
systemarchitecture No matterwhich technologyis chosenthe availabledegreesof free-
domaremary. In orderto producesomethinghatcanbecalleda componenarchitecture,
restrictionson how componentganinteractmustbe setaswell ashow componentsanbe
assemble@ndused.

COMis probablythemostsuccessfulechnologylargely dueto thesuccessf theWin-
dows Operatingsystem A largenumbercomponentareavailablecommercially Thelack
of free andopenimplementationss however a major drawbackaswell aspoor platform
andlanguagesupport.

Basedon JAVA, EJBis of courseavailable on mary platformsbut thenalsoexcludes
otherlanguagesSinceit is mainly designedor web applicationsusagein adomainlike
roboticswhere(near)real-timebehaior is neededperformanceanbe questioned.

Thesamecande nitely besaidaboutXML-RPC, soapand.NET. Thelatteralsoposes
problemsbecauseét lacks supporton mary platformsand all the speci cationsare not
open.

Somearguethatusingmiddlewareresultsoverheadanda decreasén ef ciency. This
is howevernotnecessarilyrueandin ary caseahighincreaseén productvity andstability
shouldbeexpected Problemshatincurwhencommunicatindetweerdifferentplatforms,
languagesndoperatingsystemsarealsotakencareof. Middlewareis todaynotapplicable
in embeddedpplicationsdueto the large footprint. However, thereis a concerteceffort
to drive down the footprints. At the sametime hardware performances pushingup. As
it standstoday CORBA seemdo offer the bestsolution. Especiallyasit is the only true
vendorneutralproduct.



42 CHAPTER4. SOFTWARE ENGINEERINGISSUES

4.4 Sewices

Componentgypically make useof externalservicesn orderto e.g. locateothercompo-
nents.

CORBA Sewvices

OMG hasde ned anumberof services.Thefollowing list doesnotincludethemall, rather
asubsewhich containghe onesmostrelevantfor robotics..

Naming Selvice

The NamingServiceprovidesa basicservicelocationmechanismior CORBA systemsit
manages hierarchyof name-to-object-referenaeappings.Typically the sener process
hostinganobject,bindsanobjectreferencavith anamein the NamingServiceby provid-
ing the nameandobjectreferenceNamescanbe groupednto a hierarchyusingcontexts.
This is very similar to thedirectorystructurein le systemsln this analogy contets are
like folder-namesClientscanthenqueryfor namesandnavigatenamingcontexts.

More recently CORBA NamingServicewassubsumediaendedby the CORBA In-
teroperabléNamingServicea.k.a.INS. Thisinheritsall thefunctionalityfrom theoriginal
NamingServicespeci cationin additionto addressingomeits shortcomingsin particu-
lar, INS de nesa standardvay for clientsandsenersto locatethe NamingServiceitself.
The INS serviceallows the ORB to be con gured administratvely to return objectref-
erencegrom CORBA::ORB::resolinitialreference$or non-localityconstraineabjects.
The servicealsointroduceshe corbaloclOR format, which canbe usedto bootstrapser
vices not available at ORB installationtime. The corbalocformatis a human-friendly
formatwhichresembles www-address.

TheNamingServiceMechanisncanbe seenasatelephonébook's white pages,

Trading Sewice

The Trading Servicecanbe likenedto a telephonébook’s yellow pages.It is usedwhen
a client wantsto locateanothercomponenthat hassomespeci ¢ properties.In therobot
contet this couldbeabehaior wishingto locatearange-sensoA senerthatwantsto use
aTraderServiceto adwertiseits serviceis calledanexporter. Theexportermust rst ensure
thatits servicetypeis presenin the servicetyperepositoryof thetargettrader A service
typeis basicallyalist of propertiesTheexporterthensendshislist lled in tothetrader A
clientthatwantsto nd anexporteris calledanimporter Theimporterconstructsa query
in which providesthe nameof a servicetype andacceptableonstraintson the valuesfor
the propertiesUponreceptionof this query thetraderreturnsany matches.

Event Sewvice

The COSEventServiceprovidesa meansof distributing datafrom onesener to oneore
moreclients. This canbe donein eitherpushor pull fashion.
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The Implementation Repository

Accordingto the CORBA speci cation, "The ImplementatiorRepositorycontainsinfor-
mationthatallows the ORB to locateandactivateimplementation®f objects".As further
explainedin (Henningn.d.),the ImplementatiorRepositoryperformsthe following three
functions.

Maintainaregistry of known seners
Recordwhich seneris currentlyrunning,andwhich portandhostit uses.

Startssenersondemandf they areregisteredwith the ImplementatiorRepository

4.5 DocumentMarkup Technologies

SGML and XML are languageshat are usedfor de ning markuplanguages.In other
words,they aremetalanguagetatfacilitatethede nition of descriptve markuplanguages
for the purposeof electronicinformation encodingand interchange. SGML and XML
supportthe de nition of markuplanguageshatare hardware-andsoftware-independent,
aswell asapplication-processingeutral.

SGML

StandardGeneralizedViarkup Language(SGML) is an ISO standard(1ISO 1986). The
key ideaunderlyingSGML is separatinghe representatiof information structureand
contentfrom informationprocessingpeci cations.Informationobjectsmodeledthrough
an SGML markuplanguagearenamedanddescribedisingattributesandsub-element
termsof whatthey are,notin termsof how they areto bedisplayedor otherwiseprocessed.

SGML is very large, powerful, andcomple. It hasbeenin heavy industrialandcom-
mercialusefor over a decadeandthereis a signi cant body of expertiseandsoftwareto
gowith it.

XML

XML (ExtensibleMarkup LanguageW3C 2004)is a dialectof SGML thatis designed
to enablegenericSGML' to be sened,received,andprocessean the World Wide Weh
XML originatedin 1996,asa resultof frustrationwith the deploymentof SGML on the
Internet. XML simpli ed therequirement$or implementationwith the speci ¢ intention
of enablingdeployment of markupapplicationson the Internet. XML is a lightweight
cut-dowvn versionof SGML which keepsenoughof its functionalityto make it usefulbut
removesall the optionalfeaturesvhichmake SGML too comple to programfor in aWeb
ervironment.

A DTD is aformal descriptionn XML DeclarationSyntaxof a particulartype of doc-
ument. It setsout what namesareto be usedfor the differenttypesof element,where
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they mayoccur, andhow they all t together A broadrangeof commercialandfree soft-
warehasbeendevelopedto assistuserswith markupimplementationDOM andSAX are
corresponding\PIs thatarelanguagéndependenandsupportedy numeroudanguages.

XML canandis usedn mary moreareaghanthelnternet. Anywherewheredataneeds
to betransferedr processedXML is becomingthethe preferredchoicefor mary people.
Within roboticsthereis aprojectcalledRoboML (www.roboml.og), thatis anXML-based
languagdor datarepresentatioandinterchangen roboticapplications Combinedwith a
setof communicatiorprotocols,t is aimedat providing a commoninterfacefor hardware
andsoftwareroboticagentscommunicatingria Internetnetworks.

XML would be an usefultool to describeand con gure a robotic system. Wheniit
comesto using XML for transportone must be aware that the ef ciency is quite low.
Thereis however anassociatiorbetweenXML andthe CORBA Valuetypewhich canbe
usedastransporobject.

4.6 Lessons.earned

Themostimportant ndings in this chapterare
Usingoff-the-shelfmiddlevareis aneffective optionto handlecommunication.
The component-baseabproactcouldhelpto solve mary problemsof robotics.
Linux is agoodchoicefor operatingsystem.
XML is aneffectivetool for certainareasof robotics.

Thesendings will befurtherdiscussedn Partll.



Chapter 5

Development

The developmentside of any computersystemis of paramounimportance.Designand
structureneedto be communicatedetweerdevelopersandadequatéoolsshouldbeused
thataid theindividual developersaswell assupportsollaboration.Documentatiorshould
be extensve and current. The learningcurve for new developersshouldbe as shallov
aspossible. Easycodemaintenanceshouldbe plannedfor. All theserequirementsre
of courseeasyto list, but it is often hardto nd the time, resourcesand motivation to
satisfythem. Programmer®ften prefersto dive straightinto coding. Althoughit is not
immediatelyapparento theend-userseaseof maintenancalsoeffectsthem.if bug- x es,
updatesandfeatureextensionsare not beingput out by the vendoron a regular basis, it
mightverywell bebecausé¢he softwarewasnot developedwith maintenancén mind.

5.1 Levelsof Programming

Thereareseveralgoodreasongo separat¢éhe design,developmentandsystemusagéanto

differentlevels. Thesdayersshouldre ect thelevelsof abstraction®f a systemandthus
helpstheinitial designaswell asmalesit easierfor novice developersin gettingstarted.
Maintenances alsogreatlybene ted.

The SystemAr chitect

The systemarchitectis responsibldor the global designdecisionsthat malke the founda-
tion for all further development. This group usually consistsof the initial developersof
a system.For examplein thetype of systemwe arediscussingthis meansdesigningthe
infrastructurelf thearchitectcanmake the designcomprehensiblé otherprogrammers,
thearchitectdoesnotnecessariljhave to dotheactualcoding. Thesystemarchitectshould
have expertisein computeiscienceandsystemsbut shouldalsohave very goodknowledge
of thedomainfor which the systemis made(roboticsin this case).

45
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The ComponentProgrammer

The componenprogrammercreatesnen componentsvith speci ¢ competencee.g. de-
vice drivers,robotic behaiors, localizers. Componentshouldtypically be programmed
by domainexperts. Developingnew componentshouldnot requiredeepknowledgein
computersciencebut afair degreeof programmingskills couldbe expected.

The Application Programmer

The applicationprogrammelassemblesnd con gures componentsnto a working com-
pletesystem A graphicaluserinterfacecouldbe providedat this level.

The End User

The end-useistarts,executesmonitorsand stopsa working system. Thereshouldabso-
lutely be no requirement®f skills in programmingor indeedadvancedcomputingat this
level. The job could be carriedout using a graphicaluserinterface, voice recognition,
gesturesjoysticksetc.

This grouphardly exists for a research/academiobotic system but never the lessit
shouldalwaysbe consideredttheotherlevels. Of courseif andwhena systemis offered
commerciallythis level is very importantto guarantesuccessn the market.

5.2 Unied Modeling Language

The governingideasand principlesof a software systemcan be visualizedin a graphic
manner A singlegraphcanoftenclarify page<f explanatorytext. UML(UML 2004),the
Uni ed Modeling Languagehasbecomeis a standardool for both designandvisualiza-
tion.

UML dealswith things relationshipsanddiagrams Thingsaredividedinto structural,
behaioral, groupingor annotationakhings. The structureof a classis portrayedasin
Figure5.1, whereit canbe seenthatthe class-namés shavn in thetop compartmentat-
tributesin themiddle,andoperationsn thebottomcompartmentOnekind of relationship
is alsoshawvn in thatdiagram,inheritance.

Severaltypesof diagramscanbe madewith UML.

Classdiagram
Objectdiagram
Usecasediagram
Sequenceliagram

Collaborationdiagram

o g > w NP

Statechartliagram
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Figure5.1: A UML classdiagram.

7. Activity diagram
8. Componentliagram
9. Deploymentdiagram

UML doeshaveasyntaxbutit is generallyconsideredhatonehasasigni cantamount
of freedom- themaingoalis to corvey ideas.Several pro les have beenmadeto provide
standardmeansfor expressingthe semanticof differentareassuchas CORBA IDL. A
goodsourcefor learningmoreaboutUML is (Boochetal. 1999). UML hastheadvantage
thatit is supportedby severaltools thatallow design,re-engineeringanalysisand code-
generationMost of themcostrathermuch. Therearea numberof free open-sourcéools,
but they aregenerallynotasadwvanced.

Thereis onemajor pitfall associatedvith UML. Thatis the risk of puttingtoo much
into onediagram.Eventrying to t in all classesn a small systeminto onediagramwill
resultin somethingnessyandincomprehensibleSoinsteadof loweringthelearningcurve
of asystem|jt will effectively scarepeopleaway. This meanghatoneshouldreally try to
limit thescopeandto choosesuitableabstractionevelswhenconstructingJML diagrams.

5.3 The DevelopmentProcess

Most projectsare probably being executedwithout ary particulardevelopmentprocess
in mind. This may be ne for very small projects,but not if the projectis of greater
size,involvesa lot of people,or representa nancial stale. Using acceptednethods
andprocessess alsoa prerequisitdor somelSO certi cations whichin turn will provide

bene ts in a competitve market. The documentatiorobtainedduring the development
processs alsovery usefulduringlater maintenancandpossiblerefactoring.
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Requirements Verification
System spec. Integration
Programming Module-testing

Figure5.2: TheV developmeniapproach.

The Waterfall Approach

This is consideredo be the oldestmethod. It is basicallya single-passpproachfrom
requirementanalysisto delivery. Resultsarefrozenafter every stageandnothingcanbe
donein parallel. The nameprobablycomesfrom the analogythatin a waterfall the water
only owsin onedirection.Of coursethis makesit a highly in e xible approach.

It is worthnotingthatsome(Weisert2003)arguethatthis methodneverreally waspro-
posedor adwcatedoy arnyone,but rathera constructiorby peoplewhowantedto sell new
methodsand needold methodsto miscredit. Nonethe less,the essencef this approach
is in usestill today At a large Swedishtelecomcompary, binary patchesare known to
be appliedby the engineerat the testingdepartmentratherthanfeedingbacktheresults
upstream.

The V-Model

The V-modelis saidto beare nementof the waterfall approach A graphicalview of the

approacttanbeseenin Figure5.2. Thereareseveralversionsof the modelwith different

labelsacrossthe axes. The meaningof the arrows alsovary. Somemeanthat stages
canbe executedin parallel,otherssaythatit is single-pasgust asthe waterfall approach.
Onegood propertyis that testingand veri cation is assignedas high importanceasthe

programming.

The Rational Uni ed Process

TheRationalUni ed ProcessRUP (Jacobsortal. 1999),wascreatecby The Three Ami-
gos i.e. GradyBooch,lvar JacobsomndJamedfkumbaughA softwaklife cycleis acycle
over four phasesn thefollowing order:inception,elaborationgonstructionfransition.A
phaseis the spanof time betweertwo majormilestonesn the softwaredevelopmentpro-
cess.Major milestonescanbe thoughtof assynchronizatiorpointswherea well-de ned
setof objectvesis met,decisionsaremetto move or notto into the next phase.

Theessencef RUP s iteration. And theessencef iterationis thateachiterationends
in adeliverable.A projectplanis notastatemenof whatwill be. Ratherit is a statement
of how riskswill bemanaged.
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5.4 The Open Source Model

The open-souce modelis not really a developmentmodel althoughmary referto it as
such. It is rathera philosophy It emulateghe classicalscienti c researchapproach to
build on otherpeoplesvork andto sharethe results. Therearehowever a few interesting
methodologieshathave emegedwithin the open-sourceommunities.

Therearealarge numberof very successfubpensourceprojects.

Apachewebsener

Mozilla Internetbrowser
Linux operatingsystem
OpenOfce.org of ce suit

The Gimp imagemanipulation

All thesearewidely usedandare(exceptfor Linux) availablefor severaloperatingsystems.
Let ustake alook atthe background.

Background

In the beginning of the software developmenthistory, the cultural tradition wasto share
the software code(Stallman1999). But whencommercialsoftwaregren asan industry
the incentivesto protectinvestmentsn developmentincreasedand vendorsintroduced
restrictionsandnon-disclosuregreementso protecttheir productsfrom beingcopied.

This moveinto a proprietarysoftwaretraditionwasstronglyopposedy RichardStall-
manwho wasthena researcheat the MIT Al Lab. He supportedhe scienti c research
approachknowledgemustbe sharedanddistributedfreelyin orderfor societyto develop.

In 1984 Stallmanstartedthe GNU projectwith the aim to createa completeoperating
systemthat was completelybasedon free sourcecode. He starteda communityfor de-
veloperswho all could contritute. They startedwith constructinghe compilerandother
necessaryools. The work on the kernelprogressedatherslowvly. Thenin 1991 Linus
Torwalds, a Finnish student,announcedn the Internetthat he had beganworking on a
new UNIX-lik e kernelfor the standardPC. He publishedthe sourcecodeandinvited oth-
ersto help him in the development.By combiningthis kernelwith the GNU softwarea
completeoperatingsystenmwasobtained.(Thereis now anall GNU kernelcalledHurd.)
The GNU/Linux systemspavneda quite a hugefollowing which gave a big pushto the
GNU principles.

ThetermFreeSoftwae wascoinedby Stallman.Thetermitself hasled to someconfu-
sionsandStallmanusegheexpressiorfreeasin beeror freeasin speeb to emphasizéhe
dualmeaninginherentin theword free. Freemeansreedomanddoesnot have arything
to dowith price. Thebasicprinciplesfor FreeSoftwareare(Stallman1999):
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Freedomto runthe software.
Freedonto modify the softwarefor your own needs.
Freedonto distribute copiesof the software,eithergratisor for afee.

Freedomto distribute modi ed versionsof the software so that otherscanbene t
from yourimprovements.

Laterontheseprincipleshadto beformalized,in orderfor the growing FreeSoftware
communityto be ableto work by the samerules. The principlesfollowed the expression
copyleft,all rights reversedas opposedo copyright and statedthe rules for the use of
FreeSoftwarewith the purposeof keepingsoftwarecodefreeandnot privatized.Different
typesof licensedfor differentpurposeslevelopedout of this copyleft principle, the most
commonistheGNU GeneraPublicLicence(GPL)5.4. Thevery concepof FreeSoftware
codeis of coursecontroversialandopposeghe strengthof patentandcopyright laws that
hasdeveloped.

Someof the peoplein the FreeSoftwarecommunitywere concernedhatthe current
vision was too strict and anti-commerciabnd contributedto alienatethe Free Software
communityfrom therestof theindustry They wantedto make the FreeSoftwareconcept
more broadly available. In 1997 they took on a new term, OpenSourceSoftware (OSI
2004),andat the sametime got away from the ambiguity of the word free. OpenSource
wasde ned slightly different,oneof thedifferencedeingthatit takesamorerelaxedview
on mixing OpenSourceandproprietarysolutions.

Open Source Methods

The OpenSourceapproachis communitybased.In a developmentprojectaryonein the
project community can contritute to the software. Eachcontribtution is then generally
reviewed by a council or board,or sometimedy oneleadingdeveloperasin the caseof
Linux, beforeit is decidedvhatgoesinto theactualsoftware.

This procesof peerreview is what makesscienti ¢ resultsandthereforealso mary
meanopensourcesoftwarerobustandreliable. Anotherimportantbene tis control. Com-
paniesusingOSShave controlover their softwareandhave the freedomto modify it after
their own needs.They do nothaveto belockedin with avendorandlimited by whatthey
choseto offer. The openmentalityalsoimpliesanhonestyabouterrors. If onedeveloper
hasa problemwith somethinggoingwrong he will turn to the communityto gethelpto
getit x ed. This hasbuilt in a quality featurein the OSSculture. In proprietarysoftware
developmenthe companiegisuallydo not wantto admitany awsin their products.The
adwcatesof OpenSourcearguethatsoftwaredevelopmentasto be freeto maximizede-
velopmentandinnovation. By not sharingthe knowledgethe societywill not evolve and
therewould only beindividual gains.

This communityapproachcould not have existedwithout the developmentof the In-
ternet.In factthe whole Internetevolved muchby the samedriversasthe OSSapproach.
Several collaborationtools exist that aid developerscooperatingover the Internet. The
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Internetalso providesmeansfor distribution. This helpsanothercornerstonén the OSS
approachnamelywhatis referredto asReleasesarly and often By makingthe software
availableuserscandownloadit andhelpingin ironing out bugs.

Eric S.Raymonddescribesn anarticletitied TheCathedal andtheBazaar(Raymond
2000), two distinct typesof development. The rst approachis like the building of a
cathedralstructuredplanning,carefully craftedandcontrolledby a small gifted groupor
asingleindividual. Thisis the classicalway to approacta largeandcomple project. But
with Linux andotherOpenSourceprojectscameanothemway to handlethe situation.He
describest asa greatbabblingbazaamwheredifferentideasmeetandmelttogether

Onebig bene t of usingthe Free/OperSourcemodelis the fact thattherearelarge
numberof freely availablelibrariesthatcanbe used.Soby usingFreesoftware,time and
money canbesavedinsteadof building from scratchor buying code.

Licenses

Oneway to make a programFreeis to putit in the public domainwithout copyright.
But this also allows othersto corvert the programto proprietarysoftware. By placing
the softwareundera licensethe freedomsare protected.Note that the copyright mustbe
retainedby the programmeior transferedo someotherentity. It is only the holderof the
copyright that canchangethe license. Hereis a list of the mostcommonlicenses.The
completdicencetexts canbe seenat (FreeSoftwareFoundationjnc. 2004).

GPL

The GNU GeneralPublic License(GPL) is the mostpureand mostusedof the copyleft
licenseslt is the mostrestrictive. Basicallytherecanbe no mixing with non-freecode.lf
apieceof softwarerelieson codeunderthe GPL, thenthewhole softwaresystemmustbe
putunderthe GPL. Any modi ed GPLdsourcemustbe madeavailable.

LGPL

The GNU LesserGeneralPublic Licenseis usedfor somelibraries. Thesedibrariesmay
belinkedto by proprietarycode. Theuseof thislicenseis motivatedwhenthereareseveral
proprietaryalternatves. By allowing linking, the softwarehasa greaterchanceof gaining
wide use.

BSD

TheBSD (Berkely SoftwareDistribution) licenseis usedfor all softwarein theBSD UNIX

dialects. It is very permissve and allows for making modi cations without publishing
them. The original licenseincludedan adwertisementlause. Wherever softwarethatin-

cludedBSD codewasadwertised,a speci ¢ sentencénadto beincluded. This clausehas
for practicalreasondeenremoved. The BSD license(without the ad\ertisingclause)is
not copyleft, but is compatiblewith the GPL.
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5.5 Dehugging

Software dehuggingis a valuableTools for dehugging hasbeenaroundfor a long time.
However, thereare several problemsassociateavith currentdetuggingtools. Firstthere
is the issueof learninghow to operatethem. It is not very easywhich resultsin that
programmersften do not usethe tools. Second,mary problemscannotnot be solved
using currently available tools. This is especiallytrue whendealingwith distributed or
parallelsoftware.

GDB

GDB, the GNU Dehugger is the mostcommonly usedtool for dehugging, at leaston
UNIX- a voredsystems.The userexecuteshis/herprograminside GDB. It is possibleto
setbreak-pointsexaminevariablesandregistersandevenchangevalues.Mostly, it is used
for just nding whatline in thesourceles causescrash.

GDB supportsC, C++, Fortran, Java, Chill, assemblyand Modula-2. There exist
graphicaluserinterfacesouilt ontop of GDB. ExamplesareKDbg andDDD (DataDisplay
Dehugger).GDB is licensedunderthe GNU GeneraPublicLicense.

Valgrind

Valgrind is a fairly new tool thataidsin nding memory-managememtroblemsin pro-
grams.Whena programis run underValgrind's supervisionall readsandwrites of mem-
ory arechecled,andcallsto malloc/nev/free/deleteareintercepted Thus,problemssuch
asthe useof uninitialized memory reading/writingmemoryafter it hasbeenfreed,and
memoryleakscanbe effectively detected.

Problemdike thesecanbedif cult to nd by othermeanspftenlying undetectedor
long periods thencausingoccasionaldif cult-to-diagnosecrashesValgrindcanbe used
in combinatiorwith GDB. Valgrindis licensedunderthe GNU GeneraPublicLicense.

Logging

Logging is often usedfor dehuggingbut can be usedfor otherpurposesaswell. E.g.
the outputfrom a computationalinit canbe loggedin orderto validatethe calculations.
Anotheruseis to recorddatafor usein future simulations.Thesedifferentcasegequires
differentkinds of logging output. This needsto be consideredvhendesigninglogging
mechanisms.

Thereare a numberof ready-madeools available for logging. In Java thereis the
widely usedLog4J. Similar packagegor C++ exists calledlog4cppandlog4cplus.

5.6 Documentation

Documentatioris theAchilles heelof programming!Many greatprogramshave beenwrit-
tenthatlacksevenrudimentarydocumentationThis is mainly dueto the factthatwriting
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documentations considerednuchmore boring thanwriting code. Only in commercial
contets wherepeopleare hired strictly for that purposejs the situationbetter Another
big problemis thatof keepingthe documentatiorcurrentwith programsandcode. There
areseverallevelsof documentationrelatingto thelevelsof programmingb. 1.

DoxyGen

Doxygenis a documentatiorsystemfor C++, Java, IDL (Corba, Microsoft and KDE-
DCOP avors)andC.

It canhelpyouin threeways:

It cangeneratean on-linedocumentatiofrowser(in HTML) and/oranoff-line refer
encemanual(in ) from a setof documentedsource les. Thereis alsosupportfor gen-
eratingoutputin RTF (MS-Word), PostScripthyperlinkedPDF, compressetiTML, and
Unix manpages.The documentatiornis extracteddirectly from the sourceswhich makes
it mucheasierto keepthe documentatiorconsistentvith the sourcecode. Doxygencan
be con guredto extractthe codestructurefrom undocumentedource les. This canbe
very usefulto quickly nd yourway in large sourcedistributions. The relationsbetween
thevariouselementarebevisualizedby meansf includedependenggraphsjnheritance
diagramsandcollaboratiordiagramswhich areall generatedutomatically Youcaneven
“akuse'doxygenfor creatingnormaldocumentatiorfas! did for this manual).Doxygenis
developedunderLinux, butis set-upto behighly portable.As aresult,it runsonmostother
Unix avorsaswell. Furthermoreanexecutablegor Windows 9x/NT is alsoavailable.

5.7 VersionControl Systems

A versioncontrol systemis crucial for software development. Especiallywhen several
developersareinvolved. Its functionis to managenultiple versionf les. Theseversions
arestoredin a centralrepository Wheneeradeveloperjoins aproject,he/shecheksouta
privateversionwhichis storedocally. After modi cationsto thecodehave beendone the
developerthencommitghemodi ed les alongwith alog messageThecentralrepository
is thenupdated.

This way ary changesanbe tracked, androllbackscanbe carriedout if the modi -
cationslater areregretted. Several developerscanalsowork simultaneouslhon the same
le. Thesystemwill automaticallytry to memgethe les asthey arechecledin. Aslongas
modi cations have notbeenmadeon the samelinesof code therewill beno problems.If
con icts arisethey haveto besortedout manually

Herea numberof versioningtoolsarediscussed.

RCS

The Revision Control System(RCS)(Barbereet al. 1984) wasthe rst versioncontrol
systemanddatesbackto the eighties.RCSis rathersimpleandis hardly usednowadays.
It is haweverstill avalid alternatve for singledeveloperprojects.
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CVS

CVS is the mostwidely usedversioningtool today It builds uponRCS, providing addi-
tional featuressuchasreleasemanagementit workswell over the Internet. Severaltools
suchasgraphicalinterfacesexist suchasCervisia

CVS worksvery well but hasa numberof dravbacks.Oneis thatdirectoriesand le
cannotbe renamed.They have to be deletedandthenaddedwith a new name. Another
problemis thatseveral les anddirectoriescannotbe committedin oneatomicoperation.
Log messagearestoredper le insteadof percommit.

Subversion

Subversionwasstartedn orderto addresghe drawbacksof CVS mentionedabove. It can
alsousethe HTTP-basedVebDAV/DeltaV protocolfor network communicatiorandthe
Apachewebsener. It reachedrersionl.0early2004andis still not considerednatureby
everyone.

Bitk eeper

Bitkeeperis a commercialproductthat recevedfamewhenLinus Torvaldsstartedto use
it for the maintenancef the Linux kernelsource.In contrastto CVS and Subversionit
is a distributed peerto-peersysteminsteadof client/serer. The repositoryis storedin
a databasendis replicatedamongall peers. The nameBitkeeperrefersto its ability to
maintaindataintegrity. Othersystemsanhave undetectede corruption.
Bitkeepercostsmoney but thereis an alternatve to useit at no cost. The conditionis
thatall log messagearesentto awebsitewherethe messageareopento seefor arnyone.

5.8 Codelssues

Therearenumberof issueghatareimportantenoughto be mentionedout do not warrant
its own chapter

Versioning

Versionnumberof softwarereleasesanbehandlesn severalways. Commerciakoftware
oftenin ates versionnumbersn orderto signalgreatenhancementhat urgescustomers
to upgrade.Open/Freesoftwareis on the otherhandoftentoo restrictive in termsof in-
creasingversionnumbers.

Lately a standarchasmoreor lessemegedin this area. This schemds e.g. usedfor
the Linux kernel. The notationis major level, minor level, and patc level, like 2.4.27.
A changen the major numbermeansmajor changes.The minor numbersigni es added
or changedunctionality The lastnumberusuallyonly meanshatbugshave been x ed.
Only for achangen thepatchlevel numbercancompatibilitybe assumedndthatthe API
will nothave beenchanged.
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LanguageBindings

Languagebindings,or wrappersmeansthat a library canbe usedfrom a programming
languageother than the one usedto build the library. This meansthat even thougha
projectmight decideto usea speci ¢ programminganguageotherlanguagesanbeused
if languagebindingsaremadeavailable. The bindingis saidto be completeif every part
of the API is wrappedby thelanguage.

A commonbinding tool is the Java Native Interface(JNI)which helpsto createJasa
bindingsfor a C library. Anotherusefultool is the Gnu Compilerfor Java (GCJ). This
makesit very easyto createJava bindingsfor C++ code.

Coding Guidelines

A projectof decentsizemustdecideon a setof guidelinesfor how the codewill bestyled.
This will help programmergyo into ary codeand quickly gure out whatis going on.
Mistakesin the codearealsomoreeasilyspotted.Theguidelineswill dictatehow classes,
methodsandvariablesshouldbenamed.This cane.g. bethatclassnamesshouldstartwith
a capitalletter, andthat capitallettersshouldbe usedasword separatorsOf coursethese
guidelinesshouldbe agreediponearlyin a projectbeforemuchcodehasbeenproduced.

A relatedissueis thatof namespacest shouldbe decidedearlyhow namespacshall
be used. For examplewhethera projectshouldbe put into one single namespacer if
differentpartsshouldhave its own or nestechamespaces.

5.9 Lessond.earned

Herewe summarizahe mostimportantaspect®f thechapter

The concepbf dividing programmingnto levelsis very usefulwhenconstructinga
programmingramework.

Modeling of systemis preferablydoneusingan UML tool.
Usinglicensesandmethoddrom the OpenSourcecommunitybringsmary bene ts.

A versioncontroltool is de nitely invaluable.
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Chapter 6

Intr oduction

This partof thethesisshawvs in somedetail the designandimplementatiorof a proposed
softwareframawork for mobilerobotics.Our maingoalwasto construcia genericframe-
work for roboticsthatdoesnotimply a speci ¢ architectureThis becauseve believe that
onearchitecturecannot be designedhat ts ary robotapplication.And hadwe restricted
ourwork to a speci ¢ architecturearchitecturaesearctand experimentingwould not be
possible.

The ndings asdescribedn the rst partof this thesiswasusedto designandimple-
menta componenframevork (ORCA 2004). It wasinitially a partof an EU sponsored
project(OROCOS2002). The software hasattractedroboticistsfrom aroundthe world,
andhasbeensuccessfullydeployedin a numberof projects. Additionsto the framework
hasprimarily beenmadeat the AustralianCentrefor Field Robotics(ACFR). Thiswill be
indicatedin thetext whereapplicable.

6.1 Prerequisites

Beforesettingoutto designa softwaresystemalist of prerequisitesnustbe de ned. Al
to often, this stepis overlooked. Eitherthe list doesnot exist, or it includeseverything
imaginable.This is very importantfor the following reasons Firstly, all peopleinvolved
may not have thesamegoalsor ideasasfor whatthedesignwill beusedfor. Secondlythe
choiceof toolsarea consequencef the prerequisitesE.g. CORBA might notbea good
choiceif the tamgetis embeddechardware with low computingresourceswhile it may
be anexcellentchoiceon a standard”C. Thirdly, without clearly de ning limitations, the
unachieablegoal of makinga supergeneral-purposgoodfor everythingkind of system,
might be strivedfor, andthusneverreached.

Domain and Application

The domainthatthe robotswill be usedin, is primarily a researctervironmentwith em-
phasison e xibility, re-usabilityandscalability Performancés notgivenashighapriority.
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This contrastgo e.g.anindustrialdomain,wherespecializationperformancendproduc-
tion costsarehighly importantfactors.Becausef thechoserdomain,adesirableproperty
is thatit shouldnot betoo hardto learnfor a novice. However, afairly high level of pro-
grammingskill could be demandedrom the programmercorrespondingo the education
obtainedby a mastersthesisstudent.

Furthermorethe designis mostly aimedfor robotsoperatingin indoor ervironments,
e.g. of ce, industrial or hospitalsettings. Applicationsin mind are of the type usually
referredto asfetch-and-carryThis meanghattherobotshouldbe ableto navigatearound
andperformtasksaccordingto commandsn aninteractive manner Commandsould be
issuedby a humanoperatore.g.via voice,web, PDA or keyboard.Exampleof tasksare:

1. takevisitorsonatourof theervironment
2. locateandbring backanobject

3. patrolling

4. delivermessages

5

. createamapof theervironment

Platform

Thechosemlatformsarerobotswhichtypically consistof abaseacomputerandsensors.

Base

The basehaswheelsand electric motorsfor drive andsteer A holonomicbaseis both
commonanddesirable Themotorscanbeeitherof typesynchro-drveasonthe Nomadics
Scout,or differential-drive ason the Nomad200. On somerobots,e.g. Nomad200, a
revolving turretis tted onthebase.

Computer

The computeris a PC or anindustrialboard. Speci cationson CPU, RAM, disk etc are
comparabldo a normaldesktopPC. The operatingsystem(OS)is alsoof standardype.
Linux is the obvious choicefor reasongxplainedin 4.1. As manipulatorsarenot consid-
eredin this design real-timeis notnecessary
Sensors
Standardsensorsn serviceroboticsinclude:

1. sonars

2. laserrange nder

3. infrared(lidars)
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4. cameras
5. bumpers

Sonarstypically consistof 8 to 24 sensorsachoperatingat a speedaround5 Hz. A
laserrange ndeoperatesat speedaup to 500 kbs (USB interface). Bumpersoperateby
triggeringdiscreteinterrupts.Odometryrequiresatleast1l00Hz in dataresolution.Band-
width requirementgor the cameraaremuchhigher, typically around50000kbs andthus
demandspecialattentionregardingchoiceof communicatiormechanism.

License

Thesoftwarewill be madeopen-sourcésection5.4)with afreelicense.This hasimpacts
onthechoiceof toolsthatwill beusedsincelicensesanbeincompatible.Thechoicewas
madeto useLGPL (section5.4)for librariesandGPL (section5.4)for applicationcode.

Programming Language

In generaimostOOPwould beapplicablefor thedesignof asystem.For applicationsuch
asroboticsthereis typically a needfor I/O programmingor accesso APIs, which makes
C or C++ anobviouschoice. However, givena de nition of genericAPIs with language
bindings,mary differentlanguage€ould be used,in particularfor interfacesandreactve
partsof a hybrid deliberatve system.

Java might be an ef cient choicefor GUI programmingwhich functionallanguages
suchasHaskallandLisp might be optionsfor the deliberationpart. However, C++ might
beanoperationathoicefor mostof thefunctionsconsidered.

6.2 Lessondrom Part |

Herewe recapitulatesomeof out conclusiongrom the rst partof this thesis.

Architecture

We have seenthata numberof traitshave provensuccessfulor systemsandthatthelack
of certainpropertieshave raisedhindrances.Modularity, opennessnd extendibility are
indeedvaluableassets.Anotheroneis simplicity. Thereis a goodrule of thumbcalled
KISS,Keeplt SimpleStupid

No systemhasreally gainedwide use. We think this is becausehat most of them
enforcetoo mucha speci ¢ architecture.Player/Stagdsection3.8) is the exceptionand
is probablythe mostpopulararoundthe world. It doessuffer somedravbackssuchasa
client-senermodel.To createanarti cial layeringstructureshouldalsobeavoided,asthe
placingof componentganbeambiguous.

In orderto enableaneffective behaiior basedarchitectureparallelexecutionof behar-
iors is necessary This meanswe mapthe behaiors onto processesThis alsoincreases
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vulnerabilityagainstrashesAnother(well-known) lessonis to avoid bottle-necksn order
to facilitatescalability

Providing a framework for hardware abstractionis importantso that new hardware
can be supported. Onetricky partis to make assumptiongboutthe hardware that are
generalbut still non-compl&. To enableinterproces£ommunicatioranddistribution of
the systemacrosssereral hosts,the communicatiorframevork needsto be powerful but
simple.

Communicatingatternsasthoseusedin Smartsofisection3.7)arevery usefulin that
they provide simplestandardizeanethodsfor communication.Player(section3.8) hasa
similar conceptwheredevicesaretreatedasUNIX les.

6.3 What We Are Aiming At

This part of the thesiswherethe designis describedjs written in a bottom-upfashion.
While atop-dovn approactwould have beenmorepedagogicahndbettermirror theactual
processjt presentdif culties. As every part builds upon, andis explainedwith terms
describedn lower levels.

To try to remedythis in someway, a simple graphicalview (Figure6.1) of a hypo-
theticalimplementationis presentechere. This canbe comparedio the generalhybrid
architecture Figure 2.1. By usingour systemand frameworks, this type of architecture
shouldbe easyto construct.
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Figure6.1: A simpli ed view of anexampleimplementationThe arravs indicateprincipaldata o w.







Chapter 7

Communication

7.1 Communication Toolkit

For reasonstatedn section4.3, CORBA hasbeenchoserascommunicationtechnology
If the systemhadto be implementedon microcontrollerssuchasMC68332with limited

memorythe choiceof CORBA would have beenlessobvious. Whatremainsis to choose
theprimarytoolkit. Thisturnsoutto be quite a dauntingtask.

CORBA Implementations
Themainfactorsto considewhenmakingthis choiceis
1. popularity
2. documentation,
3. adherencéo CORBA speci cation,
4. availableservices.
Therearequitealarge numberof toolkits available.Hereis alist of themostpopular
1. ORBIt
2. omniORB
3. TAO
4. JacORB
5. MICO

6. Numerous
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ORBIt is part of the GNU projectandis supportedby Redhatand Ximian. ORBit
is usedby the GNOME GUI desktopervironment. This ORB is written in C which is
alsothe primarytargetlanguage Maturebindingsexist alsofor C++ andPython. At the
time of writing, it is compliantto CORBA 2.4. ORBiIt2 is developedandreleasedinder
GPL/LGPL.

TAO is basedon the famous(and infamous)ACE (Adaptive CommunicationEnvi-
ronment)(Schmidt1994). ACE is a framework thatimplementsa numberof standard
communicatiorpatternslt providessupportfor signalsevents,|PC,concurrenexecution
andmuchmore.

TAOQ is progressingjuickly andis in wide use. It is howeverconsideredo have alarge
footprintin all aspectsThedistributionis impressie but rathermessyandhardto grasp.lt
providesalarge numberof servicesandsupportsalmostall recentCORBA speci cations.
TAO is not GPL but releasedindera Freelicenceapproredby OSI (0S12004).

OmniORB s a toolkit developedat AT&T LaboratoriesCambridge. When AT&T
closeddown operationtherein 2002, developmentceased. OmniORB then becamean
independenproject,but several of the original developerscontinuetheir involvement. It
adheredo version2.6 of the CORBA speci cationandis GPL.

JacORBis an ORB for JAVA. It is at 2.3 of the CORBA standardbut also supports
OBV. It is GPL.

MICO, acrorym for MICO Is COREBA, is aratherpopularimplementationespecially
in Germaly, whichis its native country

TAO was nally chosenApartfrom theissuesmentionedabove, therewasthefactof
positive experiencewith usingthetoolkit ACE onwhich TAO is based.

Protocols

OneseriousdrawbackthatchoosingCORBA astransportatiormechanisnis the factthat
basicallyall communicatiorwill take placeusingINET soclets. INET (Internet)soclets
work betweenprocessesn differenthostsaswell ason a singlehost. This is of course
practicalwhendealingwith a distributedsystem.But if all communicatingprocessesun
on the samemachine thereare more ef cient methodsof transport.Both UNIX soclets
andsharednemoryprovide morethroughputindshouldbeusedwhenrunningbandwidth-
intensecommunicationon one host. For instancevision applicationsneedsthis, where
large amountof video-dataneedto betransportedastbetweerprocesses.

ISR (section3.6) automaticallyidenti es asalink is beingsetup jf thecommunicating
processesesideon the samehostor not. If they do, UNIX socletsare used,otherwise
INET. This is totally transparento the user TAO providessomethingcalled pluggable
protocols Thisis meantto be somethingsimilar, and canswitch betweenNET, UNIX,
sharednemory SSL,UDP/IPandunreliablemulticast.Our planis to utilize thiswhenthe
needarises.

Ideally, sinceCORBA is a standardpne shouldeasily be ableto switch toolkit later
without having to make changedo the code,but in practiceit is quite a bit of work. All
toolkits vary slightly on the syntax.
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7.2 Transportation Data-format

Therearea numberof optionsto choosefrom concerningvhatto actuallytransportacross
thewire. The choicesare sometimesstipulatedby the choiceof communicatiortoolkit.
Whencommunicatingacrosdifferentplatforms,the endianproblemmustbe handled.In
Java, basicallyall class-objectsanbetransportedhanksto theserializemethod.Whenus-
ing puresoclet-basedchemesstringsor structsarecommon. XML is usedn conjunction
with SOAP (section4.3).

RecentCORPBA standardincludea new constructcalledvaluetype Unlike traditional
CORBA callswhich areof type copy-by-referencethe valuetypeis copy-by-value. This
meanghatthe datais copiedacrosshe wire. Valuetypesalsohave propertieshatmakes
themeasyto usetogetherwith XML (OMG 2003). Somepeople nd valuetypeshardto
use(they resembleéC++autopointers)Neverthelessthechoicewasmadeto usevaluetypes
for this project.

In orderto be ableto usethe samelDL- le andunderlyingcoderegardlessof what
objectswill be transportedsingle ancestomwas made. It was called OrcaObject and
hasonly afew basicoperations.

valuetype  OrcaObject {

void dump();

public  ORCA:TimeValue creationTime;
public  string  origin; /I name of sender
factory  create_default(in string  name);

factory  create(in string name, in ORCA:TimeValue tv);

%

Basedin this object, several standardobjectssuitablefor roboticswere constructed,
suchasPose2D, MotionCommand andSonarRangeReadings
7.3 Communication Patterns
A communicationtoolkit usually provides genericand often low-level communication
mechanismsSoafterchoosingwhichtoolkit to use,decisionshave to madewhetherrules

andmechanismseedto beconstructeantop of thattoolkit. Thereareanumberof issues
thatcomeinto play here.Theadwantagesre

1. Freedonfor developerss restricted
2. Easierto learnfor novice users
3. Thenameof aremotecalling methodcanusuallybeguessed

4. Theremotecallscanbereimplemented
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Therestrictionon freedommaysoundlik e abadthing, but framewvorksareactuallyall
abouttherestrictingof freedom.Szyperskputsit well: “An importantrole of aframeavork
is its regulation of the interactionsthat the partsof the framewvork canengagein. By
freezingcertaindesigndecisionsn the framawork, critical inter-operationaspectsanbe
x ed. A framework canthussigni cantly speedthe creationof speci ¢ solutionsout of
thesomavhatsemi- nisheddesignprovidedby theframavork.” (Szyperskil998)

Onecouldof coursechoosenotto addalevel ontop of thetoolkit. In the CORBA case,
this meanghatdeveloperswho constructnew componentgust createsanew IDL- le (see
section4.3) and can choosewhatever nameand parametergie or shewishes. This will
mostlikely leadto a disparateandheterogeneousystem.

Callbacksare a commonway to handlecommunicatiorbetweencomponents.Call-
backshave however receved a lot of criticism. One problemis that the sener cannot
know if aregisteredclientis still alive atthetime of deliveringa callback.Anotheroneis
scalability(seee.g.(Henning& Vinoski 1999)).

The ORCA Patterns

After evaluatingthe patternsusedin Smartsoft3.7, a smallersubsetwas chosen. The
nameswerealsochanged.

Push(AutoUpdate)

Query
Send(Command)

The Event patternwas removed as seenredundantthe Pushpatterncould be used
instead. The Con guration patternwas regardedastoo much architecturespeci c, and
couldbeimplementedvith SendandQuery

ThepatternavereimplementedisingC++templatesThereasorfor thiswasto enable
differentclassedo betransportedisingthe patterns.

Push

The Pushpatternis corvenientto usewhena componenis sendingdatacontinuouslyto
anothercomponent.This is often the casein a reactive loop wherea sensotis updating
abehaior. Figure7.1shavsin UML the PushSerer class. The methodsstart() and
push() arecalledby thehostingobjectwhile subscribeandunsubscribarecalledby the
clientoverthe network.

The client sideproxy is shavn in Figure7.3. Herewe recognizesubscribe(andun-
subscribe(thataredirectly routedto thesener. The methodpush()is calledby the sener
delivering new data. The methodgetUpdate()is called by the client in orderto getthe
latestavailableupdate It blocksif no updatehasbeenreceivedyet.

ThemethodgetUpdateValit() is lik e getUpdate()but blocksuntil new datahasarrived.
ThemethodgetUpdateViitMax(constong msecs)s alsolik e getUpdate()but blocksuntil
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Figure7.1: ThePushSerer class.

Figure7.2: A sequenceliagramshaving the Pushpattern.

new datahasarrivedor the speci edtime haselapsedThe methodnewvDataArrived() can
beusedto checkif new datahasarrivedfrom thesener.

Figure 7.2 shows a sequenceliagramof the pushpatternin operation. Note thatin
sequenc®, the getUpdatecall returnsthe sameobjectasin sequenc®. Notealsothatin
sequencéd?2,the maximumtime hasexpiredandno objectis returned.

The pushpatternshouldbe extendedto take an additionalparametede ning thein-
tenal atwhich theclientwould like to be updated.To implementthis on the senersideis
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|

Figure7.3: ThePushProxylass.

Figure7.4: TheQuerySerer andQuerySererHandlerclasses.

however notwithout problems.This sincethe control-looprunsatamoreor less x edfre-
queng ultimately adaptedo the hardware. A solutionis to let the clientspick a multiple
of thisfrequeng. Theclientsmustthenbe providedwith this informationbeforehand.

Query

The Querypatternis usedwhena componenneedsto make a one-timerequestfor data
from to anothercomponent. It canof coursebe usedseveral times, but for continuous
updating,the Pushpatternis a betterchoice. A UML classdiagramof the QuerySerer

canbeseenin Figure7.4. Themethodquery()is the only onevisible by the client. As can

be seen;it alsotakesan argumentthatcanbe usedto parameteriz¢he query The sener

componentmplementghe classQuerySererHandletto which the queryis routed.



7.3. COMMUNICATION PATTERNS 71

Figure7.5: The QueryProxyclass.

Figure7.6: A sequenceliagramshaving the Querypattern.

On the client side (Figure 7.5), the query() methodis straightforward, but the others
needclari cation. They areusedfor sendingasynchronougueries.ThemethodqueryRe-
guest(returnsan ID thatis thanusedfor picking up the answerwith queryReceie() or
queryReceaieWait(). Thelatteroneis blockinguntil theresponsés available.

Figure 7.6 shavs a sequencaliagramof the Query pattern. Sequencéd.-3 shavs the
regularblockingquery Sequencé-8 shavsthenon-blockingversion.Notethatsequence
7 returnswithout ananswerwhile sequenc® waitsuntil the answeris available.
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Figure7.7: The SendSersr andSendSererHandlerclasses.

Figure7.8: The SendProxlass.

Send

The Sendpatternis a one-timesendingof datafrom onecomponento another The pat-
terndoesnotincludethe recever requestinghe transferaforehand. Sendis the simplest
pattern.Onthe sener side(Figure7.7), the componentmplementsa SendSergrHandler
thatrecevesthe object. The clientinterfacejust consistof the methodsend().Figure7.7
shavs thesimplesequenceéliagramfor the Sendpattern.

Oneshouldnoteherethatin the Sendpattern the client sendsdatato the sener. Here
theclient-senerterminologymay seemconfusing.

7.4 Synchronization

A problemthat a developerwho designsan asynchronougpush-basedpehaior-based
systemdaces ariseswhenfusing the outputfrom differentbehaviors (Figure7.10). Usu-
ally the behaiors operateat different frequenciesand thus pushtheir dataat different
pointsin time andwith varyinginterval.
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— == — =

Figure7.9: A sequenceliagramshaving the Sendpattern.

This canbehandledn differentways.
Wait until all behaviors have delivereddata,thenfuseandsend.

For every incomingdata,fusewith the latestavailable outputsfrom the othersand
thensend.

Have a globalclock or schedulermakingit a synchronousystem.

The rst optionis a goodchoiceif the timings are modestlydisparate.If the timing
differencesaregreaterthe secondptionmaybe moresuitable.In ISR (section 3.6), this
schemas usedrathersuccessfullyin all cases.Thelastoptionis of coursemoredrastic.
Abandoningthe asynchronousnodel doeshave advantagesut also addsto compleity
performancdoss.

To aid in this area,a SynchronizerclasswasdesignedseeFigure7.11). The compo-
nentdeveloperinstantiatesan object of this classand calls the addSubject(methodfor
eachproxy thatshouldbe synchronized The methodwait(subject) is thenusedfor
waiting for aspeci ¢ sener. ThemethodwaitAll() is usedfor waiting until all seners
have pushedhew data. Both of theseareblockingandwill wait inde nitely. The method
waitAll(msecs) canbeusedto de ne amaximumamountof time to wait.
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Figure7.10: Synchronizatiorsituation.

Figure7.11: The Synchronizatiortlass.

7.5 Sewices

Componentsypically make useof externalservicesin orderto locateothercomponents.
Also otherservicesexist, suchasthe Time, SchedulingandSecurityservices.

Naming Setvice

As statedn sectiord.4,the COS(CORBA ServicesNamingServices theservicethrough
which mostclientsof an ORB-basedystemlocateotherobjects.It correspondso atele-
phonebookswhite pages,clients are storedandretrieved by their name. The datacan
be structurednto hierarchiesyery similar to the directorystructurein le systems.The
entity correspondindo directoriesare called contexts. Clientscanqueryfor namesand
even navigatethesenamingcontexts. This givesyou the choiceon how to organizethe
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Figure7.12: A view of arunningsystemof componentsisregisteredwith aNamingService.

structure. Here we found that a functional, ratherthat physicalhierarchyis mostoften
desired.Only wherephysicallocationis of importanceshouldthe physicalview be used.
For example,behaior componentganbe putin atop-level context, while sensorsener
componentshouldbe placedin a context relatingto the platform on which the sensoiis
located.This becausé¢he physicallocationof sensorareimportant.Figure7.12shawvsis
agraphicalview of arunningORCA systemasregisteredwith the naming-service.

Supportfor the Naming Servicewasconsideredundamentalandwasthusbuilt into
our system.This to the extentthatactuallyno componentanbe startedwithoutthe pres-
enceof arunningNamingService.Somepeoplewill undoubtedlyobjectto this.

Trading Sewvice

The COS Trading Service(seesection4.4) is a corvenientway for componentso nd
othercomponentshatoffer a particularservice.By usinga TraderService speci ¢c names
of othercomponentsieednot be known which enhancese xibility. It alsoincreaseso-
bustnessinceif a sener hasgonedown, anothersener offering the sameservicecanbe
located. It wasconcludedhatthe TradingServiceis mainly usefulin large complex sys-
temswith a large numberof components.Supportfor it shouldbe includedbut with a
lower priority.
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Event Sewice

The COSEvent Service(section4.4) seemedo be the perfectmechanisnto implement
the Pushpattern(section?.3). It turnedout howeverthatour choiceof valuetypegsection
7.2)wasnotcompatiblewith the currentTAO implementatiorof the EventService.

SothePushpatterrwaseventuallyrewrittenfrom scratch.TAO alsooffersother a vors
of the Event Service,notablythe Real-timeEvent Service. Thereis alsoa Fault Tolerant
Real-timeEvent Service. Suchoptionsare a naturalchoicesfor consideratiorin future
work.

Logging Service

Mainly for deluggingThe CORBA Servicesincludesa TelecomLog Service. It canbe
usedfor logging and monitoring the executionof a running system. This can also be
usedfor puredehuggingof applications.This is especiallyhelpful, since nding bugsin

distributedsystemscanbe extremelydif cult. In our systemwe endedup implementing
our own logging servicewhich wasintegratedwith the Log4cpp.

7.6 Summary

Hereis asummaryof thedecisionamadein this chapter
CORBA waschoserascommunicatiortechnology

TAO was chosenas CORBA toolkit, primarily becauset is up tp dateregarding
standards.

The CORRBA valuetypevasselectedastransportatiordata-formain orderto enable
copy-by-value.

Threecommunicatiorpatternsverede ned; Push SendandQuery.

A Synchronizatiortlasswasdesignedo assisivhenacomponenteciesesdatafrom
severalothercomponentasynchronously

The Naming Servicewas chosenas primary mechanisnfor componentdocating
othercomponents.

The TraderServiceshouldbe supportedat a later stage.
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Ontology for Mobile Robotics

Thedata-typesisedfor roboticsplay mary importantroles. Theway they arechoserand
organized

structuresandorganizeghingsinto a hierarchy
de nesthecommonsetof informationthatis passediroundin the system,

implicitly corveysthedesignerwview of theworld.

This chapterpresentshortly relatedwork, andthena choserontologyis presented.

8.1 RelatedWork

In somescienti ¢ disciplines tremendousvork hasbeenputinto de ning acohesve stan-
dardof data-typesOneexampleis theImageUnderstandingnvironment(IUE), whichis
anobject-orientectlasslibrary for usein computervision. It is implementedn C++ and
containsalarge numberof classes.

In robotics,so far no seriousattempthasbeenmadeto form a standardsetof types
that the communitycan agreeupon. Recentlya numberof initiatives hasbeenstarted.
Oneis calledKinematics(Bruyninckx2003)andis developedin relationto the OROCOS
project(OROCOS2002). Theaim is to developapplication-independefibrariesfor the
geometry kinematicsand dynamicsof robots,which coversa large areaof the robotics

eld.

Anothernewly startedprojectis RETF(RETF2003). It is a coalition of industryand
academiathat strives to produceand maintainspeci cationsfor reusable nteroperable
building blocksfor mobile robots. This alsoincludesde ning relevant data-types.It is
alsoatavery early stagebut seemso have stalledalready

JAUS (Joint Architecturefor UnmannedSystems)s an Americanmilitary project. It
hasbeencriticized for imposingarchitectureandprotocolsandto be very cumbersoméo
implement.
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Therearemary successfuibrariesbut de nition of ontologoegor broaddomainssuch
asroboticshave sofar notbeenassuccessfulThey oftenfail for anumberof reasonsThe
numberoneproblemis thatthey setthe scopetoowide, they try to covereveryconcevable
area. This resultsin very large librariesand documentation.This make usershesitateto
install themand getshardto manage. Gettingmary peoplefrom differentsub-area®f
roboticsto agreeon commonterminologyandclassi cationis not alsoan easytask. So
the standardeftengetsrewritten over andover again.And sometimeshe projectsdo not
reachtheimplementatiorstageat all.

8.2 A ProposedOntology

The types normally neededfor mobile robots can be divided into six areas: Geome-
try \World geometry, Time ,Navigation,Graph, and Estimatos. The restof this chapter
presentsn aratherad-hocway a proposedntology The lasttwo of the above areasare
notaddressed.

Choiceof unitsis a very importantfactor The obvious choicehereis Sl units, i.e.
metersyadiansetc. Traditionally otherunits have beencommonin robotics,suchasmil-
limeters,inchesor tensof inches. This hascauseda lot of headacheshencorversions
have hadto bedone.

Geometry

Theseaddresshestandardnathematicajeometrigprimitives. They form thebasisfor the
subsequertypes.

Geometry::

typedef float  Matrix22[2][2]
typedef float  Matrix33[3][3]
typedef float Angle
typedef float Distance
typedef float  Point2d[2]
typedef float  Point3d[3]

typedef  Angle Rotation2d
typedef Angle Rotation3d[3]

Line
Plane
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World Geometry

The World Geometrytypesdiffer from the Geometrytypesin the sensethatthey contain
uncertaintiesBut just aswith the Geometnytypes,they areprimitivesfor the higherlevel

Position2d

{
geometry::Point2d position
Matrix22  uncertainty

}

Position3d

{
geometry::Point3d position
Matrix33  uncertainty

}

Orientation2d

{
geometry::Rotation2d ori
float  uncertainty

}

Orientation3d

{
geometry::Rotation3d ori
Matrix33  uncertainty

}

WhDistance

{
geometry::Distance distance
float  uncertainty

}

Velocity

Acceleration

Translation

Time

ThesingleTime type containgthe S| unit secondaswell asmicrosecondSincetheseare
usedin UNIX operatingsystemsgcorversionwill notbenecessary

TimeValue
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{
long seconds
long useconds
}
Navigation

Thesere ect the higherlevel typesthatare composedf the typesde ned abore. These
canbeimplementedasclasse®r structs.Thesecontainersarethenwhatis passedround
in asystem.

Someof thesemight needexplanation.Poseis a commontermfor positionestimation
which is usede.g. for describingthe positionof a robot. The threedimensionalvariant
is usedfor ying or undervatervehicles,but alsofor groundvehicleswherealtitude is
regarded.A Poseis alwaysusedin conjunctionwith a timestamp.Rangereadingarethe
dataprovidedby certainsensorsuchsonarsandlaserrange nders.

A Goalpointis usede.g. wheninstructinga robotto navigateto a point. A Goalpoint
needso have anamesoreferringto it is madeeasierfor humanoperatorsThe Door is a
Goalpointwith someaddedpropertiessuchaswhich way thedooropens.

typedef  sequence<worldgeometry::WDistance> RangeSequence

Pose2d

{
geometry::Point2d position
geometry::Rotation2d rotation
time::TimeValue timestamp
Matrix33  uncertainty

}

Pose3d

{
geometry::Point3d position
geometry::Rotation3d rotation
time::TimeValue timestamp
Matrix66  uncertainty

}

typedef sequence<Pose3d> PoseSequence

RangeReading
{

RangeSequence range
pose3d pose
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MovingRangeReading : RangeReading

{
PoseSequence poseSeq

}

GoalPoint

{
Pose3d position
string  name
worldgeometry::Orientation3d orientation
worldgeometry::WDistance reachRadius
boolean useOrientation

}

Door : GoalPoint

{
worldgeometry::WDistance doorWidth
worldgeometry::WDistance doorHeight
worldgeometry::Orientation2d leafAnglge
boolean doorLeafExists
boolean rightSideHinges
boolean opensOut
boolean passable

}

8.3 Objects

As statedin section7.2, CORBA valuetypesvaschoserasformatof the objectsthatare
transportedaicrosscomponentsWhile the previous sectionforms a theoreticalguideline,
this sectiondescribeghe actualimplementation®f objectsin the system.

The OrcaObject

A commonsuperclasgalledOrcaObijectis de ned thatis subclassedy all otherobject
types. This simpli ed the implementatiorof the communicatiorpatternsr.3. It wasalso
inspiredby thejava.lang.Objectwhich s theroot of the classhierarchyin Java.

Whenconstructingasuperclasgou generallyneedto think carefullybecausgouwant
to keepit smallandnot changat frequently Thefollowing attributeswereincludedin the
object:

origin A stringcontainingthe nameof the componenfrom which the dataoriginates.
creationTime A timestampelatingto whenthe objectwascreated.

copy_\alue() Createsandreturnsacopy of this object.
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dump() Printsoutthevalues.

The creationTme attribute is itself an objectcalled TimeValue which includesan at-
tribute for secondsand onefor microsecondsasde ned in the previous section. Many
otherobjectsinclude additionaltimestampsvhich may seemstrange. The motivation is
thatthe creatationime re ects whenthe valuetypewas constructedwhich in generalis
right beforethe objectis transmitted. This canbe usede.g. to measurecommunication
latencies. The other timestampcan e.g. be usedfor representinghe time at which a
sensoivalueis retrieved. Sucha timestampshouldbe usedwhen measuringhe ageof
sensorydata.

Navigation

Figure8.1shows the objecthierarchyfor navigation.
A Point correlatego the Point3Dasde ned above.

The WorldCoordinate3D is an implementationof the Position3Dabove. It includesa
Point,an Gaussianuncertaintyvectorandshort-handunctionsfor gettingx, y andz.

The WorldCoordinate6DOF extendsthe above for six degreesof freedom. It addsa
Pointrepresentinghe 3D orientation,andshort-handunctionsfor gettingthe pitch, roll,
andyaw.

RobotPoseis an objectthat canbe usedfor describinga robot position. It includesthe
orientationof the robot, the translationalvelocity, the steeringvelocity and a timestamp
from whenthe datawasretrievedfrom the hardware.

Odometry containsapositionx, y, steerangle translationalrelocity, steeringvelocity, and
a timestamp.Whetherthe positionandsteerangleshouldbe includedcould be debated,
but atleastonerobotplatformsuppliesthis by the hardware.

RangeReadingsontainsa rangeof values. The size of the rangeis given by nrOfRead-
ings.

SonarRangeReading&xtendsthe above objectby addinga vectorof posesasall scans
cannotbe regardedas red from oneplace. It alsoaddsa vectorof timestampdor the
samereason.

LaserRangeReadingnly addsone timestampas the readingsare treatedto originate
from the samepointin time andspace.
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Figure8.1: A view of objecttypesusedfor navigation.

83



84 CHAPTERS8. ONTOLOGY FORMOBILE ROBOTICS

Hardware

Figure8.2shows the objecthierarchyfor hardwarerepresentation.

Robot is composedf actuatorsandsensorsAdditionally it includes elds for name ven-
dor, model,radius,bumperradius,andnameof hardwarelibrary.

Actuator includes elds for vendor model,library, driverandport.

Dri ve extendsthe above objectby addingtype, maximumspeedmaximumsteeringspeed
amongothers.

Sensoralsoincludesvendor model, library and port, but also updateinterval. Thereis
alsoa eld whichis usedto statethetype of thesensor

SonarRing extendsthe above objectby addingthe numberof sonarsandalsoothertech-
nical details.

LaserSensoraddstechnicaldetailsrelatingto thattype of sensor

Navigation

Figure8.2 shavs the objecthierarchyfor navigation.

GoalPoint containsa name,a WorldCoordinate A eld calledreachRadiuspeci eshow
closeto the point onemustgo in orderto succeedn reachingit. A radiusof zerowould
effectively makearobotmovearoundit inde nitely. If anangleis given,it meangherobot
shouldfacethis directionafterit hasreachedhe goal. Thereis atoleranceto this called
reachAngle.

Door extendsthe above objectwith elds relatingto a door suchaswidth, height,and
leaf-angle.Therearealsoa numberof boolearvaluesrepresentingf thedooris passable,
which sidethehingesareon etc.

MotionCommand canbe usedin two ways. Either the desireddirection or the desired
directionalvelocityis given. In both caseghedesiredspeedandweightaregiven. Weight
signalshow muchthis motioncommandhouldbe consideredvhen fusing it with other
motioncommandsThis objectcanbe of two moretypes,DONTCARE andFULLSTOR
Theformermeanghatthis motioncommandhouldbedisregardedweight=0)andFULL-
STOP of coursemeanghattherobotshouldstopimmediately
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Figure8.2: A view of objecttypesusedfor representingnardvare.
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Figure8.3: A view of objecttypesfor navigation.



Chapter 9

ComponentModel

In orderto ease¢hedevelopmentindinteractionbetweercomponentsacomponentnodel
neecdto bede ned. As statedpreviously, thisis usuallynot somethinghatthemiddle-ware
softwareprovides. Accordingto (Wanget al. 2004),the solutionis to de ne a component
middle-wae with thefollowing capabilities:

Createsa standard'virtual boundary"aroundapplicationcomponenimplementa-
tionsthatinteractonly via well-de ned interfaces.

De ne standardcontainermechanismsieededto executecomponentsn generic
componenseners.

Specifytheinfrastructureneededo con gure anddeploy componentshroughouta
distributedsystem.

RecentCORBA standardsloeshowever includea componenmodelcalled CCM. There
have notbeenary implementationswvailableuntil Decembef003,long beforeour system
wasdesigned.The above pointshave beenaddressedh out system this is explainedin
this chapter

9.1 Fundamental Properties

Theclassiadivision of componentinto clientsandsenersis notreally applicable A com-
ponentcanbebothsenerandclientatthe sametime. For example,abehaior component
canbeaclientof asensofsenerandatthesametime a sener for anactuatorcomponent.
Soasystemof equalpeesis whatwe want. Moreover, our philosophyis basedn thatthe
componentén the systemwork very independentlyThis meanghatasfar aspossibleno
centralcomponengovernsexplicitly the executionof othercomponentsThe motivation
for thisis

Minimize bottleneck®or singlepointsof failure (exampleof this canbefoundatthe
endof (Lucas1999)).
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Reducenumberof communications.

Reduceesourceallocation.

A systemshouldin principlebeableto runinde nitely withoutarestart.Furthermore,
we oftenhave adynamicsystemwherewe will notknow from the startwhich components
may be started.Whatwe do know is thatwe have limited resourcesn termsof memory
cpuetc. Thisleadsusto a conserative approactregardingresourcenandling.ldeally, all
componentsot neededshouldshutdown completelyin orderto releaseall its resources.
Alternatively, they shouldreleaseasmuchresourcegspossiblethatarenotin useandthen
be suspended.

Thereare however dravbacksto this schemeone of which is ef ciency. A central
componenthathasanotionof globalstatecould prepareothercomponentshatwill come
in usein the nearfuture. This would matterif thereis lateng involvedin initiating e.g.
a pieceof hardware. But with our scheme a componenimay restartimmediatelyafter
shutdavn.

A trade-of wouldbeto ag componentshatcanbeexpectedo beusedfrequentlyand
thatshouldnot shutthemselesdown wheninactive. This howeveraddsto the compleity.

9.2 Granularity

Whendividing a systeminto componentsgranularitybecomesanissue. TeamBotgsec-
tion 3.5)is anexampleof a systemwith ne granularstructure while ISR (section3.6)is
morecoarse-grainedsindeedis commonin behaior basedsystems.

Thelatterschemewvaschoserfor our designfor anumberof reasonsComponentsire
by de nition binary (seesection4.3) andthusfairly coarse-grainedith onewell-de ned
purpose.In a behaior-basedarchitecture behaiors map naturally onto components A
behavior thenis afull blown procesandtheoperatingsystentakescareof schedulingand
parallelexecution.And if sucha procesdor somereasorcrashe®only oneactiity will be
effected.

9.3 The OrcaComponent

A standardcomponentskeleton, or wrapperwas createdcalled OrcaComponent.This
includescodethatinitializesall CORBA communication.lt alsoregistersthe component
with theNamingService(section7.5). Implementation-wiséhe OrcaComponeris aclass
which all componentsvill inherit.

Anotherutility classcalledComponentStartds templatedwvith the actualcomponent.
It takescareof parsingthecon guration le, parameterizinghecomponentodeandthen
settingthecomponentn aninitial state.
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start working cond

PREPARE_WORK

work failed cond | work finished cond

WORK_FAILED WORK_DONE
CLEANUP_WORK

Figure9.1: Thestate-machinesed.

9.4 State-Machine

State-machinem variousforms have alwaysbeenpresentin robotic systems.Thereare
usuallystatedde ned ondifferentlevelsin asystem.Thereis oftenoneglobalstatefor one
or morerobots. SubsystemsndcomponentEanalso have its own internal states. This
sectiondealswith thelatter.

For this projectwe decidedto build upon successfukxperienceswith the BERRA
(section3.6). Theresultcanbe seenin Figure9.1. This state-machinbdasprovento work
ne with behaiiors aswell aswith sensoiseners. Changedetweerstatesare controlled
by testingspeci ¢ conditions.Thistestingis triggeredby eventssuchasclientsconnecting.
Implementation-wisegachstatecorresponds$o a method-call.The method-callwork()
returnsaboolean.If it returnstrue , thenthe stateWORK_DONEis entered.Otherwise
thestateWORK_FAILED is enteredTheINIT andEXIT (missingfrom thepicture)states
areactually not explicitly implemented.The object's constructorsand destructorcanbe
usedinstead.

As statedin section9.1, the high degreeof independencef componentsimpliesthat
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Figure9.2: Statechange@hawn for SonarAoid) occurautomaticallyuponclientsconnecting

a componentecidesfor itself whento changeits internal state. This is for examplein
contrastto the principle in SmartSoft(section3.7). Figure 9.2 shovs how the behavior
SonarAoid, the middle componentchangesstateautomaticallywhen a client startsto
subscribeo its outputdata. An connectiorthusoftenresultsin severalotherconnections
in acascade-lik manner
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9.5 Con guration

Con guration is anotherimportanttopic. A systemneedsto be con gured on different
levels,onagloballevel aswell aspercomponent.

Initialization

Thiscanbedonein severalways:
Ordinarytext- les.
Database.

XML- les.
Commandine arguments.

Ordinarytext- les is probablythe mostcommonway. Oneproblemwith thoseis thatthe
parsingis error-proneandhasto be custommade.Checkingthe formatandsyntaxis also
dif cult. Theseproblemsaresolvedby usingthe XML format. While thisis notthegolden
axe thatmary would have you believe, it doesprovide standardsndtoolsthatmalkeit a
goodchoicefor usein con guration les. However, it is highly e xible andleavesgreat
freedomto thedesigner

Usageof database$or con guration within roboticsis an interestingapproachthat
have gainedsomepopularityrecently This hasmary adwvantagesut alsodisadwantages
suchasaddedcompleity andrelianceon anexecutingdatabas@rogram.For this project
we choseto useXML.

Decisionshave to madeon what shouldbe con gurable. The obvious optionis to
hard-codethe parametersnto the sourcecode. This implies of coursea recompilation
if an eventmustbe changesand shouldthusbe avoided. But thereis no reasonnot to
hard-codevaluesthat can be expectedto remainconstant. Examplescould be physical
properties.

Sinceit canbe hardto predictwhat parameterganbe usefulin the future, an open-
endedformatthatcanbe extendeds agoodchoice.

Thefollowing propertieswvereidenti ed to be con gured by XML- les. Thereis one
such le percomponent.

Componenthame.
Namesof exportedservices
Namesof requestedervices

In the caseof acomponentepresenting hardwareunit suchasa sensorthefollowing
itemsareaddedo the con guration le.

Nameof hardwarelibrary.
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Hardwaretype.

Hardwarevendor

Hardwaremodel.
Hardwareparameterslependingn hardwaretype.

Physicalparameterslependingn hardwaretype.

Someof theseparametergontradictwhat was said regardingconstantvalues. But
theseparametersene a dual purpose.Apart from con guring the hardwareandsener,
clientsmay querythe sener for thesevalues. By putting thesein the con guration le
accordingto a format, they canmoreeasilybe putin awell-de ned structurethatcanbe
transportedo theclient.

A completeexampleof an XML con guration le canbefoundin AppendixA.

The parsingof the XML- le is doneby convertingit into a DOM (DocumentObject
Model) tree.

Runtime Con guration

Oneveryimportantissueis dynamicrecon gurationof interconnectionatruntime.While
somesystemsnaynotneedthis, it is neverthelessisefulfor errorrecovery. A component
maythenreconnecto anothercomponentn the caseof crash.

In atypical behaior-basedarchitectureg(section2.2), differentsetof behaiors send
motion-commands$o the motion hardwaredependingon the currenttask. Thereforsuch
systemseedto berecon gurablein runtime.

Our solutionto this problemwasto usethe standardSendpattern(section?7.3) which
is usedto senda string containingthe namesof othercomponentdo which the recever
shouldconnect.

Fanciersolutionswould be to sendnewv con guration consistingof XML. Another
featurewouldbeto beableto con gure theconnection®y usingagraphicaluserinterface.

9.6 Summary

In this chapter

anOrcaComponenvasde ned in orderto provide a standarccontainerfor compo-
nents.

a standardstate-machinevas speci ed for managingthe internal stateof compo-
nents.

con gurationis carriedout with theuseof XML- les.

runtimecon gurationwasdiscussed.
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Hardware Abstraction

Portability acrosshardwareplatformsanddevicesis a highly desirabledesigngoal. This

ohviously easeslevelopmentvhenaddingnew devicessuchassensorsThoughgenerally
notconsideredatleastnotin academiagsoftwareimplementations oftenmorecostlythan
the hardware on which it runs. Obviously thereis thengreatbene t from beingableto

move existing softwareon to new hardware. Remembealsothathardwaretendto change
quite often, sothatsoftwareoften outliveshardware(if it is well written).

10.1 Basics

A portablesystemshouldprovide abstractiorof hardware suchas sensorsandactuators.
Although robot manugcturershave differenthardware solutions,the fundamentabasis
oftenremainssimilar. At thelowestlevel, oneor two motorscontrolthedrive andsteering.
Oftenasonaring andbumpersarepresent.

Themanufcturerusuallyprovidesan API thatletstheprogrammeuseslightly higher
level commandsuchasto move in absoluteor velocity mode. Thesystemshouldencap-
sulatethesehardwarespeci c commandsnto a generalizegetof commands.

Abstractionsshouldbe madeat differentlevels. For instancepn a synchro-dive sys-
tem,a move commandat a higherlevel will betransformednto separatéow-level com-
mandsfor the drive-motorandthe steermotor. This way, a programmeican choosethe
level suitablefor his applicationprogramming.

Ideally the hardware characteristicsshould be kept in a single le in the software
source. Thenthis le would be the only placewhere changeshave to be madewhen
moving the systenmto new hardware.

This abstractionat the sametime makesit more dif cult to exploit specialpurpose
sensorandhardwareandthereis thusabalancebetweerabstractiorandef ciency.
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10.2 A Hardware Abstraction API

This sectiondescribesour designregardinghardwareabstraction.The guiding principles
have beento make as simple and practicalas possible. Where possible,other patterns
from the framawork shouldbe reused. Following this principle, we managedo usethe
aforementionedommunicatiorpatternsll theway down to the hardwarelibrary.

The Hardware Container

Whensettingout to partition the hardware of a robotinto componentspneimmediately
runsinto problems.This is dueto the factthatmostoff-the-shelfrobotsconsistf a base
containinglocomotionaswell sensorhardware. Often theseare controlledby the same
electronicsaccessedsasingledevice, e.g.via aserialport. Thismeanghatthehardware
modulescannotbe separatednto differentbinary componentsincenot morethanone
processanaccess portatonetime.

On e.g.theNomad200, the hardwarecanactuallybe accessetyy differentprocesses
simultaneouslybut this is very inefcient becausehe they will then poll the hardware
individually. And asthe the polling commands the samefor all hardware,andthe fact
thathardwareaccesgsakesavery longtime (in the orderof tenthsof seconds)muchtime
is wasted.

This meansthat the hardwarethatis controlledby the sameport shouldbe bundled
togetherinto onecomponent.This doesviolate the designerairge to separateccording
to abstractionput is neverthelessecessaryOftenthe robotis equippedwith additional
sensorsThesecanreadilybehandledby separateomponents.

Somewould argueto placeall the hardwareof a robotinto one singlecomponenta
Robot-ServerBut thatleadsto otherproblems.E.g. whatconstitutesarobot?Is a sensor
placedon arobottotally differentfrom a similar sensoiplacedon thewall, or on another
robot? Thatschemesilsomeanghatthe sourcecodeof thecomponenhasto be modi ed
when placing a new sensoron the robot. This addsto compleity and modi cation is
known to introducebugs.

Our approacthis to de ne a generichardware containet Figure10.1. This hardware
containercancontaina numberof sensolandmotioncontainersseeFigure10.2. A hard-
warecontainethandlesonly onehardwarelibrary. The hardwarecontainetandlesnitiat-
ing, startingandstoppingthe underlyinghardwarethatit is responsibldor.

ThisHardwareContainells theneedsserywell for representingrobot-basesthose
describedabove. It is sub-classedor every speci ¢ robot-basesensoror othertype of
hardware. TheHardwareContaineis thenwrappedn acomponente.g.alaserrange nder
seneror arobot-basesener.
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Figure10.1: TheHardwareContaineshovn at somedetail.

Figure10.2: The HardwareContainecontainssensorsnd/ormotion hardware.

Sensors

Sensorsarerepresentedby the SensorHWbase-classlt is in turn sub-classedor every
majortypeof sensorsuchaslaserrange nderssonarsetc (Figure10.4).

If thesensoiis of standalongype,it is putin it's own HardwareContaineif it belongs
to arobotsuchasthe Nomad200it is putin thatrobot's HardwareContainer

A SensorHWclasstypically providesa PushSergr and/ora QuerySerer (seesection
7.3),asshowvn in Figure10.5. Thesesenersareinstantiatedat the componentevel, ac-
cordingto thecon guration. This is becauséheir presencareoptionalandthe namecan
besetatruntime.
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Figure10.3: The HardwareContainewith neighboringclasses

Figure10.4: A SensorHWtlassis sub-classeébr differenttypesof sensors.
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Figure10.5: A sensotypically providesa PushSerer anda QuerySerer.

Motion Hardware

The MotionHW classis usedfor actuatorghatlocomotesa robot. The classmay needto
be sub-classefbr speci ¢ hardware (Figure10.6). Thisis alsoinstantiatecat component
level accordingto con guration.

Usually only a SendSerer, acceptingmotion-commandss associatedvith with this
class(Figure 10.7). Note that a crisp motion-commands required,as no blendingis
carriedout. A standaloneomponenthatfusesmotion-commandshouldbe usedif that

needexists.

10.3 Concluding Remarks

Someclientsmayneedto know speci csabouta hardwaresenersuchasmaximumspeed,
rangeetc. As statedin section9.5, this datacanbe madeavailablein con guration les
andthensuppliedby the sener via anotherQuerySerer. This hassofar not beencalled
for in currentimplementationshut caneasilybeadded.

The implementedRobotBaseSerr is, as said earlier designedto be as genericas
possible. It canbe usedwithout modi cation for a numberof robots. Its mainjob is to
parsethe con guration le andinstantiatesenerswhich aretied to the hardwarelibrary
thatis linked in dynamicallyat runtime. The only thing the developerneedsto do is to
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Figure10.6: A MotionHW canbe sub-classefbr aspeci ¢ platform.

-2

Figure10.7: A MotionHW canbe sub-classeébr aspeci ¢ platform.

supplyahardwarespeci ¢ con guration- le andahardwarelibrary thatis built according
to theabove presenteddardwareContainer

The RobotBaseSeer classis however too muchhard-codedn our view. E.g. it has
to be modi ed in casenew (major) typesof sensorsaswell asnew objectsare needed.
Theinitial ideawasto make a perfectlygenericcomponenthatcouldinstantiatevhaterer
classesvasnamedin the con guration- le. This however failed. The main reasonwas
the choiceof programmindanguageC++. Had a languagehatsupportge ection(Green
2004),suchasJava, beenchosenit would have hadgreaterchanceof success.

Recentlyabridgewasdevelopedby ACFR,thatletsusinterfacedirectlyto Player/Stage
(seesection3.8) supportechardware. This givesus accesgo hundredof differenthard-
waredevices.
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10.4 Summary

In this chaptemve introducedsomenew ideasregardinghardwareabstraction,

a HardwareContaineclasswasde ned thatcanrepresengverythingfrom arobot-
baseto alaserscanner

a SensorHWelasswasusedto representry sensodevice.

aMotionHW classfor representingctuators.






Chapter 11

Ar chitecture and Implementation

Thissectiondescribesnarchitectureandimplementationthatusestheproposedtomponent-
framework. Accordingto IEEE 1471 ,architectures thefundamentabrganizationof a sys-
temembodiedn its componentsheir relationshipgo eat otherandto the ervironment,
andthe principlesguidingits designand evolution

11.1 Components

Herewe describea selecthumberof implementeccomponentsRemembethata compo-
nentrunsin its own processandis executable For eachcomponenthereis a correspond-
ing con guration le (section9.5. This le containsthe namesthat shouldbe usedfor
exportedinterfaces.lt alsoincludesthe namesof the interfaces(or seners)thatthe com-
ponentshouldconnectto. This makesthesethingstotally con gurable at runtime. This
alsomeanghatthenamef interfacedoundin thefollowing pagesarejustexamplesand
couldeasilybechanged.

Thefollowing presentatiorof componentaredividedinto behaior, hardware,delib-
erateand other components.Trying to label componentdik e this canbe hardandeven
unfortunate.This is becauset implicitly enforcesan architecturalview. Remembethat
componentshouldberegardedasequalpeersfrom the frameworkspoint of view. In that
sensehereareno differencesbetweenthe cateyories. Thesecatagyoriesare usedherein
referencdo the commonlyusedhybrid architecturgsection2.3).

Behavior Components

Thefundamentabuilding blocksof a behaior-basedsystemareof coursethe behaiors.
As statedearlier (seesection 2.3), one or more behaiors canexecuteconcurrently If
morethanonebehaior that effectsthe samehardwareexecutestheir outputneedsto be
fusedsincethe hardwareneedsnecrispmotion-command.
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Figure1l.1: TheGotocomponent.

Goto

A Goto behaior takes as parametem goal-pointin 2D- or 3Dspaceand strivesto drive
the robot to that goal. In orderto be ableto this, it needsto have information on the
currentlocationof therobotonaregularbasis.Thisinformationcane.g.be obtainedrom
localizationcomponent®r odometryseners.

An implementatiorof a Goto behaior canbe seenin Figure11.1. This component
exportsthreeinterfaces. GotoCoordinateSenatcevesthe goal-pointto which the robot
shouldmovetowards.Remembethatthe o w of datais from aSendProxyo aSendSerer
(section?.3).

The secondexportedinterfaceis namedMotionCmdPushand is a PushSerer that
sendsa motion-commandor every motion-controlloop lap. The lastinterfaceis called
ArrivedPushinterestegartiescansubscribeo this PushSergrin orderto learnwhenthe
robothasarrivedat thegoal.

This particularGotocomponentiepend®n anothercomponenthatexportsa odome-
try datavia a PushSerer.

Avoid

The task of an Avoid behaior is to have the robot avoiding driving into obstacles.An
Avoid behaior canavoid stationaryaswell asmoving obstacleslependingn theimple-
mentation.If thereareno obstaclesn the vicinity, this behaior shoulddo nothing. But
in the presencef obstaclesits job is to have the robot keepa safedistancebetweerthe
robotandthe obstacles.In its simplestform, it will just stopthe robotif anobstacleis
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7N

Figure11.2: The Avoid component.

too close.More advancedalgorithmscanhave the robot steeraroundobstaclesn smooth
curves.Avoid behaviors arealmostalwaysusedin conjunctionwith otherbehaiors, such
asGoto.

Avoid behaiors usedatafrom sensorsn orderto detectobstacles.Several different
kinds of sensorganbe used. SonarsJaser camerasandinfra-redarethe mostcommon
sensors.

The textbooksarevirtually lled with algorithmsconcerninghe ne art of obstacle-
avoiding. Commonrmethodsusepotential eld histogramgPFH)or vector eld histograms
(VFH). Seee.g. (Borenstein& Koren1991). Thoughit seemshardto nd analgorithm
thatgivessmoothtrajectoriedn every situation.

Figure 11.2shavs an Avoid behavior that utilizes sonarrange-readingfor detection.
It exports an interfacethat provides a push-service. This servicewill pusha motion-
commandor every lap of its calculationloop.

The ORCA distribution containstwo Avoid behaiors, one useslaserreadingsthe other
usessonafreadings At ACFR,anAvoid behaior basedn VFH+ is beingdeveloped.

Hardware Components

A Hardware componentencapsulates piece of hardware suchas a sensoror a robot-
basel0.2. They area bit differentthanothercomponentsn a numberof ways:

They wrapaHardwareContainer
They seldomimport (need)otherothercomponentn orderto execute.
They dynamicallylink to ahardwarelibrary.

They seldomdo anything elsethaninstantiatesenerswhich arethenhandedverto
thehardwarelibrary.
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e
e

Figure11.3: TheRobotBaseSeer componentinkedwith thelibrary libNomadScout.so.

RobotBaseSever

The RobotBaseSesris afairly genericwrapperfor severaltypesof robot-basegseesec-
tion 10.3). The currentimplementationcan handlesonarsand odometryin ary combi-
nation with Pushand Query as statedin the con guration le. It alsohandlesmotion
actuatorsusingthe Sendpattern. So far hardware libraries and con guration les have
beenconstructedor threedifferentrobots,SuperScoutRioneerzandPeoplebot.

As seenin Figure11.3,whenstartedwith the con guration le for the NomadicsSu-
perScoutijt exports veinterfaces.SincethescouthassonarandodometrysensorsPush-
SenersandQuerySerersfor sonarsand odometryare started. And sincethe scoutcan
move, a SendSergracceptingnotion-commandss thereaswell.

LaserSewer

The LaserSerer componentvrapsalaserrange ndesensor It canbe usedwith different
brandsaslong asa hardwarelibrary exists that supportshe HardwareContaineclass. It
exportsPushandQueryfor the LaserRangeReadingdject.

Deliberate Components

To the categyory deliberatecomponentbelongplanning,reasoninghuman-robotnterfac-

ing etc (seesection2.3). For examplein ISR (section3.6), one module simply called

Plannertakes careof communicatingwith humansin differentways, mission-planning,
path-planningandarangeof othertasks.This wasclearly a mistale sincethe sourcecode

hasbecomespclutteredandcomplicatedhatnoonecandehugit. Thesolutionis of course
to split thetasksinto severalcomponents.
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Figurel1.4: TheLaserSerer component.

Command

For this prototypeimplementationwe so far only have very simple somevhatdeliberate
componentseeFigure11.5. It asksfor typedin coordinatesaindtheninteractswith other
componentso in orderto take the robotsto thosecoordinatesndthenstop. Thenit asks
for new coordinatedgrom the userandthetaskis repeated.

To carry out its mission,it rst sendsthe coordinateso a componeniexporting the
GotoCoordinateSenuhterface,typically a Goto componenisection11.1). It alsostarts
subscribingo thatsamecomponent ArrivedPuslsener. Thenit sendsalist of clientsto
a componengxporting the ClientListSendnterface,whichin this casewill be a Motion-
CmdFuserlt will thenwait for amessagarriving via the ArrivedPushnterface.Thenthe
procedurds repeated.

Other Components

Therecanbe componentshatarehardto t into theabove catgyories.E.g. helpercompo-
nentscarryingout transformation®r generalcomputations.Here only onesuchcompo-
nentis studied.

MotionCommandFuser

In abehaior-basedsystem severalbehaiors canrun concurrently But a hardwareactu-
atorcanonly acceptonecrispcommand.Thereforthe motion-commandfom the beha-
iorsmustbefusedinto one. Thisis thejob if theMotionCmdFuse(seeFigurel1.6).This
componenwill betiedto acertainhardwarecomponenaccordingo thecon guration le.

But sincethe runningbehaviors will vary during execution,thesearenot known initially.
Insteadthe componentxportsaninterfacethatacceptsa list containingthe namesof the
thebehaviors. Uponreceving suchalist, it will contactthesecomponentandstarta sub-
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Figure11.5: The Commandzomponent.

scription. The motion-commandseceved arefusedandsentto the hardwarecomponent.
It usesthe synchronizatiorfieature(seesection7.4).

Missing Components

This chapteronly presents very simpleroboticssystem.To ableto do anything useful,a
numberof componentsieedto beadded.

Localizer

For all but the simplestmission,arobotneedso know it's location. This locationshould
have an margin of error within a couple of centimeters. The odometrysensorpresent
on mary robotstendto drift quite rapidly. Thereformore elaboratemeansneedto be
deployed. Many methodsuseothertypesof sensorsuchassonarlaseror camerasSome
fuseinformationfrom severalsensor¢o geta moreaccurateesults.Different Iters such
astheKalman lters arealsoused.

Onetechniques to recordsocalledlandmarksn theernvironment.Landmarksareseg-
mentsthatareeasilydistinguishedndthesensopicksup onseveralruns.Cornersaree.g.
goodlandmarkdor a sonarsensorThelandmarksarestoredin amapandlatercompared
to the sensoireadingsobtainedwhentrying to localize.Themap that the robotis using
for localization,shouldhave commonreferenceswith the humanoperators. Otherwise
commandingarobotto acertainplaceis very hard.
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Figure11.6: TheMotionCmdFusecomponent.

Recentlytherehasbeena large amountsof researclon simultaneousgocalizationand
mapping(SLAM). This is especiallyusefulin missionsoperatingin unknovn, unmapped
ervironments.

Localizationcan actually be split betweenseveral components.E.g. one position-
sener gatheringandfusing datafrom oneor morelocalizerandposition-traclers. Local-
izing algorithmsaretypically very computationallyexpensve.

At ACFR,work is goingonto adda SLAM localizerto thesystem.

Planners

A mission-planners neededf the robot shouldbe ableto performreasonablycomplec
tasks. It handlesthe global stateof the system. The task at handis broken down to a
sequencef global states. Eachglobal stateis associatedvith a certainsetof running
behaiors. E.g. the stateGoto (aka GoPointaka GotoGoal)is usually mappedto the
simultaneousunningof the GotoandAvoid behaiors. A mission-planneshouldalsobe
ableto detectandcompensatéor errors.

Path-planningis also necessaryf the robot shouldbe ableto navigatee.g. between
rooms. Thereare mary waysto do this. One popularalgorithmis called A* (seee.qg.
(Hwang& Ahuja1992)).

A pathplannerwhich usesoccupanyg grid representatiois beingdevelopedat ACFR.



108 CHAPTER11. ARCHITECTUREAND IMPLEMENTATION

Human-Robot Interface

Althoughnot strictly necessarya multi-modalhuman-robotnterfaceis a vital component
in roboticsystem.Commonlyspeechgestureandweb-basednteractionsareused.

Having the robot provide feedbackis almostmoreimportant. Speechsynthesiss an
obviouschoicehere.

11.2 Deployment

Running the System

The systemis presentlystartedin a very crudeway. The componentsre startedone by
onein aterminalwindow. Thecon guration le is givenon the command-line.First of
all the CORBA NamingServicanustbestarted.This canhoweverbeleft runningbetween
sessions.The TAO NamingServicausesmulticastwhich is non-standardbut providesa
very cornvenientway for othercomponentso locateit. Onecanexpecttroubleif several
peoplerun similar systemswith NamingServicesunningon the sameport.

Collaborationdiagramsof the phasesn a typical run of the systemare shavn on the
following pages. Figure 11.7 shaws the initialization phasewhich startsfrom the Com-
mandcomponentIn Figure11.8all thereactve componentareactive anddatais being
pushedepeatedly This phasecontinuesuntil the goalis reachedIn Figure11.9thegoal
is reachedvhich resultsin therobotbeingstopped All connectiongreshutdown.

Simulation

Thesimulatorfrom NomadicscalledNSener canbeusedo simulatethe SuperScoutobot
with thesystem.Thisalsoprovidesagraphicaliew of therobotaswell assonarandinfra-
redreadings.Obstaclesanalsobe addedto the map. A screenshotanbe seenin Figure
11.10.

As brie y mentionedn section10.3,we cannow usehardwarelibrariesthatis devel-
opedfor the projectPlayer/Stage. This supportalsoincludessimulationfor alargeamount
of hardware.

Graphical User Interface

Graphicaluserinterfaces(GUI) canlook very differently. They aresometimesleveloped
without ary speci ¢ usercategory in mind. However, they shouldreally be differentde-
pendingon theintendeduse.A programmemwho mainly wantsto do detugginghasother
needshanan end-usewho wantsto operateon andmonitora system.A solutionwould
beto have ahighly con gurableinterfacewheremostof theviews canbe hidden.

Anotheraspecits thataddinga GUI may decrementhe performanceor alter the be-
havior of a systemsinceaddedoadandcommunicatiommight have animpact.

Currently a GUI exists that can display entities of the world in differentviews. It
connectdo theordinaryPushSergrsof hardwarecomponentsFigurell.11shavsalocal
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Figure11.7: Collaborationdiagramshawing theinitialization phasein atypical run.

view of a platformdisplayingits sonarscan(yellow), laserscan(blue),speedverticalred
arrow) andturn-rate(red arcarrov). This GUI is basedon the graphicstoolkit QT. This
GUI hasheenmadeby ACFR.

Plansareto constructa GUI in which which re-wiring of componeninterconnections
canbe madedynamically

Performance

A scienti ¢ evaluationof theperformancéasnotyetbeemrmade.An undegraduateroject
hasbeenstartedo measurehis, but sofar no numbersareavailable.

Thereare however someconclusionghat canbe dravn. Of the several projectsus-
ing the framawork, nonehave so far expressedconcernsaboutlatencies.This is alsothe
casewhenmary componentareactive atthe sametime. This meanghatthecommunica-
tion overheaddoesnotintroducelatenciescomparabldo the time interval with which the
hardwareis probed.
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Figure 11.8: Collaborationdiagramshawing therunningphasen atypical run.

In (Wenfenget al. 2004), 40 millisecondsis measuredetweensensoiresponsesn
average. The ORBIt peoplehave donesomecomparison®n different CORBA toolkits,
which clocked 10,000simple operationinvocationsand TAO nished after 8.81seconds
(GNOME 1999).

Oneempiric resultis thatwhenthe Query patternis usedextensiely, the load of the
systemcanbecomehigh. Thisis recti ed by switchingto the Pushpattern.
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Figure11.9: Collaborationdiagramshawing the closingphasen atypical run.

11.3 Development

Easeof developmentis of paramounimportanceif a a pieceof software shouldwidely
used.Thefollowing featuresarepresento aid the developer

Onestandardizedomponentnodel.

A smallnumberof, but versatile communicatiorpatterns.
Helperclassedor state-machineXML-parsing,synchronizingetc.
Most (but notall) CORPBA callsarehidden.

Developmentis currentlybeingdoneto will hide more CORBA speci ¢ codeandto
let the componenteveloperonly have to dealwith oneclass le.
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Figure11.10:A screenshoof the NomadicsScoutsimulator

Toolkits and Libraries

Hereis a summaryof thetoolkits andlibrariesthatthe framework currentlydependsipon.
TAO isthe CORBA implementatiorwe use.

Log4Cpp is atoolkit to assistn logging.

XMLwrapp aC++library for working with XML data.

libxml2 isanXML C parseronwhich XMLwrap is built.

Doxygen Doxygenfor generatinglocumentation.

SinceACFRaddedsupportfor Player/Stageit is requiredfor somehardwaresupportand
for useof the Stagesimulator QT is alsoneededor the ACFRgraphicaluserinterface.

XMLwrapp is a very nice toolkit that unfortunatelyhasnot gaineda wide userbase.
ORCA s currentlyin the procesf switchingto themorepopulartoolkit Xerceswhichis
underthe Apacheumbrella.Log4Cppwill probablybeexchangedor log4cplussincethat
toolkit is bettermaintained.
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Figure11.11:A GUI shaving sonarscan(yellow), laserscan(blue), speedverticalred arrov) andturn-rate
(redarcarraw)

Documentation

The documentatiorfor ORCA is all available at the website. This includesinstructions
dealingwith gettingandinstallingthe ORCA softwareandotherrequiredtoolkits. There
is alsoa guide on how to quickly getthe software running. The available developerin-
formation consistsof webpagesgxamples,and presentations.The codedocumentation
generatedvith Doxygencanalsobe browsed,aswell asthe CVS repository Thereis not
yetsomethinghatcouldbe calleda manualor handbook.

11.4 Problemsand Unhandled Issues

ThreadingProblems

Whenbuilding distributedmulti-threadedystemssomeproblemsendto behardto avoid.
Oneof theseis threading It is very hardto predictexactly whatpartsof the codethatmay
end up running at concurrentlyin differentthreads. The problemis usually solved by
introducinglocks all over the code. This canstill leadto all kinds of problems,but also
makesit morehardto understandhe code.Ef ciency mayalsobereduced.
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Err or Handling

The handlingof errorsis severely lackingthe presensystem.Hereare someideastaken
from the TODO list:

Implementsomethindik e analarm-centralvherecomponentgansendtheir errors
andotherscansubscribeo them.

IntroduceMissionNumber/IDin all communicationsothaterrorscanbe mappedo
Speci ¢ missions.

A senermustbeableto "survive" a client disconnectingpreferablyno matterhow
it is disconnectedThisis notthe casepresently

Security

Securityissuesarevery seldomlyaddresseéh researctsoftware,andthis softwareis no
exception. Commercialsystemsould be expectedto provide securityat differentlevels.
Requirementsvould includeauthenticatiorbetweencomponentandencryptionof com-
municationchannelsMore advancedfeaturesncludeaccesgontrolat differentlevels.

CORBA providesspeci cationsfor a SecurityService.lt is a securityreferencanodel
thatprovidestheoverallframewvork for CORBA security TAO containsanimplementation
of this service.

It is doubtfulwhethersecurityneedgo be consideredn the shortrun. The datathatis
availablein aroboticervironmentis hardly of ary interestto ary exterior party. The only
realisticscenarids if amaliciouspersonconnectdo robotcomponentsvith theindentof
taking over control or to causedamageo the system.Sincesecuritymeasuregenerally
increasecompleity anddecreas@erformancewe have decidedio postponémplementa-
tion until the needarises.

Automatic Startup

The way the systemis startedcurrentlyis not satistctory By usingthe CORBA service
calledImR (seesection4.4), a componenwill be startedassoonasanothercomponent
requestgo useit.

11.5 Summary

The ORCA framenork hasgainedsomematurityandis beingusedin severalprojects see
e.g.(Wenfengetal. 2004).

Available Components

ORCA comeswith a numberof ready-madeomponentsandmorearedevelopedall the
time. Thefollowing wereavailablebeforeACFR begandevelopingfor ORCA.
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Goto gotogoalbehaior.

SonarAvoid obstacleavoidancebehaior usingsonars.
LaserAvoid obstacleavoidancebehaior usinglaser
RobotBaseSever componentepresentingrobotbase.
LaserSewer senercomponenfor alaserrange nder.
Command acomponenfor interactingwith thesystem.

MotionCommandFuser acomponenthatblendsmotioncommandfor sendingo anac-
tuator

LogServer acomponento whichlog messagesanbe sentandprocessed.

Additionally, herefollows a partiallist of componentsurrentlybeingdevelopedat ACFR.
They areall in variousstageof development.

GaussMapMewer asimpleviewer thatoutputsa Gaussiarpointmap.
GUI aGraphicalUserlInterface.

LaserViewer asimpleexamplethatdisplayslaserranges.
LocalizerViewer asimpleviewer thatdisplays2-dimensionaposedata.
OgPathPlanner apathplannemwhich usesoccupanyg grid representation.
RandomWalk drivesrobotrandomlywhile avoiding obstacles.
SlamLocalizer simultaneou$ocalizationandmapbuilding.
TeleopControl aremotecontrolinterface.

TruthLocalizer localizerthatprovidesposeusingStage.

VFH+ obstacleavoidance.

Higherlevel missionplanningis still not present.
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Hardware Support

Hereis alist of the currentlysupportechardware:
NomadicsScout
XR4000
SICK laserscanner
Pioneer2
PeopleBot

While theabove aresupportedhatively, the Player/Stagéridgedevelopedat ACFRmeans
thatalarge numberof otherhardwarecanbeusedaswell.



Chapter 12

Summary and Futur e Reseach

This chapteraimsto summarizehethesis,andto alsopresentsopicsfor furtherresearch.

12.1 Summary

This thesisdealtwith software systemsandarchitecturegor mobile robots. In theintro-
duction, the biggestproblemsof roboticswere de ned asthe lack of re-useandsharing
resultingin a barrierinto roboticsresearch.The rst partlaid a foundationby studying
variousaspectghat are necessaryo take into accountwhendeveloping sucha system.
Firstwe brie y reviewedtheevolutionof robotarchitecturesThenwe lookedatanumber
of systemsboth contemporarandfrom the past.We evaluatedhesein orderto nd what
propertieshave shavedto be successfulandwhatshouldbeimproved. Some

modularity
opennessndextendability
soundhardwaremodel

simplebut powerful communication
easeof use

We alsoconcludedhatenforcinga certainarchitectureestrictsthe versatilityandhin-
dersthesystermof becomingwidely adopted We alsofoundthatawell designedhardware
abstractiorinvites developersto producedrivers. Furthermorethe traditionaldivision of
clientsandsenersshouldbe replacedoby a frameavork of commonpeers.The useof pat-
ternsin theinteractionbetweercomponentsverefoundto be highly effective.

Thenwe studiedsomesoftwareengineeringssuessuchasoperatingsystemsandpro-
grammingtechniques.Differentcommunicatiortechnologiesvereinvestigatedwith an
emphasi®n middlevare. Component-basesbftwareengineeringvasfoundto beavalu-
abletool thatcould helpresolvingthe problemsde ned in theintroduction. The develop-
mentprocessnvasalsolookedinto. We de ned the differentprogrammingolesandand
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touchedon systemmodeling. The opensourcemodelwas then discussedfollowed by
delugging,documentatiomndversioningsystems.

Part two of the thesispresentedi proposedsoftware framework for mobile robotics.
First a numberof prerequisitesuchasapplicationdomainand hardware platform. We
thendiscussedur choiceof communicatioriechnologyalongwith aproposedetof com-
municationpatterns.Thefollowing chapterdiscusse@ndpresentedhe typesandobjects
thatarecommunicateéh thesystem Next, theconcepbf componenimodelwasexplained
andthemodelusedin our systemwaspresentedTheimportanceof hardwareabstraction
wasdiscussedn thefollowing chapteralongwith the schemeausedin the proposedrame-
work.

Thelastchapteranimplementedsystemusingthe proposedramenork. Thedifferent
componentsn theimplementatiorwere presentedlongwith their deployment. Finally a
numberof unhandledssuesverediscussed.

12.2 Future Reseach

Roboticshasasaresearcheld maturedsigni cantly. Therearehowevertopicsthatneed
to beaddressedOnesuchtopic is thatof standardization

Standardization

The software engineeringcommunityhave beenaddressinghe issuesof standardization
andreusefor severalyears.Many peoplemeanthatit is high time for theroboticscommu-
nity to adoptthe knowledge,methods andtools created.To re-iterate a standardvould
simplify thefollowing:

exchangeof software partsbetweerlabs,allowing specialistdo focuson their par
ticular eld.

comparisorof differentsolutions.
startupin robotresearch.

Standardizatiom a eld is asignof maturitybut therearealsonegative aspectsStan-
dardizationmeansthat at a particularpoint in time, a line hasbeendravn. This means
thatfurther evolution is if not stoppedput hinderedin ways. But standardizatioanbe
doneat differentlevels. It canbe at a high level describinge.g. commonterminology
anddatastructures.The other extreme,wherecomponentgrom differentsystemsactu-
ally caninter-operatampliesof coursea muchmoredetailedandthereformorerestrictve
standard.

Oneobstacldgowardsstandardizatiois thefactthatthereareanumberof robotic elds
with differentdemandsterminologiesandtraditions.Therearee.g. differentcommunities
for mobile robots,manipulatorsandhumanoids.The taskof gettingall theseresearchers
to agreeon commonstandardss notaneasytask.
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Recently a numberof exciting robot software projectshave emeged. Apart from
the one describedn this thesis,thereis Marie, CARMEN and Miro. The Player/Stage
projectis alsopreparingto entera secondgeneration.The software of theseprojectsare
notcompatiblebut therearemary similaritiesandtheir designersharemuchof thesame
ideas. During the summerand autumnof 2004, discussionshave beencarried out on
mailing-listson to which extentcommonstandard€anbe adopted.This collaborationis
beingcoordinatecdy HermanBruyninckx,who manage©ROCOS.

More on standardizatioin roboticscanbefoundin (Vaugharetal. 2003),(Roy etal.
2003),(Nesnastal. 2003),(Huangetal. 2003)and(Hattig et al. 2003).

Hardware Range

A relatedissueto standardizatiois thata framework only canbe usedon a limited range
of hardware.In this context we referto thecomputingresourcesuchasCPUandmemory

Thosedealingwith e.g.servicerobotsusuallyhave a standard® Cthatoffersthe possibility

touseaffective butlargefootprintsoftwaresuchCORBA. Butthiskind of technologyis not

usableon smallembeddeaystems.And sincethe formerdo not wantto settleon a least
commondenominatarbut ratherfully exploit available resourcesconstructingstandard
mechanismshatcanbe deployedonboth caseds very hard.

Separatindghelibrariesfrom the APl is onewayto doit. Orin otherwords,separating
the policy from the mechanism. This is mostlikely the bestway to go, but thereare
disadantageslt drasticallyincreasegompleity andmeansghattwo or morepartshave
to bemaintainedandsynchronizedThis schemausuallyalsoimpliesthe useof #ifdefs
which is saidto be the roadto disaster Wrappersin generalresultsin codethatis hard
to maintain. The questionis if our currentprogrammingtools are enoughto solve this
problem?

At ACFR,the CORBA speci ¢ codehasactuallybeenseparatedn orderto createa
truly transporineutralframeavork. This wasimplementedy usingthewrappingmethod.

Mobile Manipulation

It is moreandmore commonto placea manipulatorarm on a movablerobot base. This
introducesanumberof problems.Onethatis relevantto this thesisis thefactthatthe ma-
nipulatorneedgo becontrolledby acomputerunningareal-timeoperatingsystemwhile
thebase-softwrein mostcasedwill becontrolledfrom anonreal-timeOS.Thesesystems
needto communicategspeciallysoif the manipulatotis to be operatedn synchronization
with thebase.This cannotbe donereadilywithout compromisinghereal-timeproperties.
Solutionsfor this have beenproposeck.g.in (Petersso2002),but furtherresearchs nec-
essary Thelong-termsolutionis likely thoughthatall roboticssystemsyravitate towards
usingreal-timeoperatingsystems.
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Appendix A

ComponentCon guration

An exampleXML con guration le.

<?xml version="1.0" encoding="1S0-8859-1" standalone="no"?>

<IDOCTYPE component SYSTEM"component04.dtd">
<component>

<componentName>RobotBaseServerCompo nent< /compo nentN ame>

<rootContextName>default</rootConte xtName>
<context id="sensors" name="Sensors">
<context id="sonar" name="SonarServer">
<server id="sonarquery">
<NameService>
<use>true</use>

<nsName>SonarRangeReadingsQuery</ns

</NameService>
<TraderService>
<use>false</use>
<serviceType></serviceType>
</TraderService>
</server>
<server id="sonarpush">
<NameService>
<use>true</use>

<nsName>SonarRangeReadingsPush</nsN

</NameService>
<TraderService>
<use>false</use>
<serviceType></serviceType>
</TraderService>
</server>
</context>
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<context id="odometry" name="OdometryServer">
<server id="odometryquery">
<NameService>
<use>true</use>

<nsName>0dometryQuery</nsName>
</NameService>
<TraderService>
<use>false</use>
<serviceType></serviceType>
</TraderService>
</server>
<server id="odometrypush">
<NameService>
<use>true</use>
<nsName>OdometryPush</nsName>
</NameService>
<TraderService>
<use>false</use>
<serviceType></serviceType>
</TraderService>
</server>
</context>
</context>
<context id="actuators" name="Actuators">
<context id="motion" name="MotionServer">
<server id="motionsend">
<NameService>
<use>true</use>
<nsName>MotionCommandSend</nsName>
</NameService>
<TraderService>
<use>false</use>
<serviceType></serviceType>
</TraderService>
</server>
</context>
</context>
<hardware>
<library>libOrocosNomadScout.so</li brary >
<robot>
<name>Dewey</name>
<vendor>Nomadics</vendor>
<model>SuperScout</model>
<radius>190</radius>
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<bumper_radius>205</bumper_radius>
</robot>
<sensors>
<sensor id="sonarringl">
<sensor_type>

<sonar-ring number_of sonars="16" dphi="225"
angle_sonar0_x_axis="0" half_lobe_angle="125"
scalefactor="0.0435" offset="-12.0" />

</sensor_type>
<vendor>Polaroid</vendor>
<update_interval>0.2</update_inter val>
</sensor>
</sensors>
<actuators>
<actuator  id="actuatorl">
<actuator_type>
<drive>
<drive_type>
<differential/>
</drive_type>
<maxspeed>1000</maxspeed>
<max_steerspeed>1</max_steerspeed>
<steergain>0.5</steergain>
<dspeed>50</dspeed>
<big_turnangle>1</big_turnangle>
<big_turnspeed>12.5</big_turnspeed>
</drive>
</actuator_type>
</actuator>
</actuators>
</hardware>
</component>
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